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Phlorizin alleviates mastitis and preserves the blood-milk barrier by 
metabolizing into phloretin

Xin Ran1, Kefei Li1, Juxiong Liu1, Xiaoxuan Wang, Wenjin Guo, Guiqiu Hu, Shoupeng Fu*
State Key Laboratory for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, Key Laboratory for Zoonosis Research of the Ministry of Education, Institute of Zoonosis, 
College of Veterinary Medicine, Jilin University, Changchun 130062, China

A B S T R A C T

Mastitis is a common disease that affects women during lactation, posing a threat to the health of both 
mothers and infants. Recent studies have shown that insufficient nutrient intake increase the risk of mastitis. 
Phlorizin (PHZ) is one of the nutrients present in apples. This study uses lipopolysaccharide (LPS)-induced 
mastitis mice and LPS + ATP-stimulated mouse mammary epithelial cells (mMECs) as research objects to 
explore the effect and mechanism of PHZ on mastitis. Different from in vitro beliefs, our findings 
demonstrated that PHZ significantly reduced inflammation and protected the blood-milk barrier (BMB) in vivo. 
Additionally, we observed that oral administration of PHZ regulated the intestinal flora and exhibited 
prebiotic functions. However, the anti-inflammatory effect of PHZ was not solely dependent on the intestinal 
flora, as antibiotic disruption of the intestinal flora does not completely abolish the improvement of mastitis 
by PHZ. Further mechanistic research revealed that the anti-inflammatory properties of PHZ were attributed 
to its metabolism into phloretin (PHT). Moreover, our results demonstrated that PHT reduced inflammation and 
protected the BMB by promoting autophagy to prevent the pyroptosis of mMECs. This study provides a theoretical 
basis for reducing inflammation in lactating women by consuming fruits, such as apples, that contain PHZ.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Mastitis, a common disease among lactating women, often occurs 
within the first month after delivery. Primiparas are at a significantly 
higher risk of developing mastitis compared to women who have 
given birth multiple times[1]. Infections caused by Escherichia coli 
and Staphylococcus aureus are important factors contributing to mastitis. 
Untreated mastitis can progress to suppurative mastitis and increase 
the chances of sepsis[2-3]. Mastitis not only poses a threat to women’s 
health but also hampers breastfeeding, affecting the nutritional intake and 

composition of infants during their growth period[4]. Consequently, 

preventing and treating mastitis are crucial for maternal and child health[5].

Mammary epithelial cells, which are plentiful in the mammary 

gland, are important in both regulating inflammation through 

immunological activity and building the blood-milk barrier (BMB), 

thereby maintaining the homeostasis of the mammary internal 

environment[6]. Pathogenic bacteria stimulate mammary epithelial 

cells, causing them to pyroptosis and release a significant number of 

intracellular proinflammatory factors, creating an inflammatory 

cascade reaction[7-8]. Moreover, the death of mammary epithelial cells 

disrupts the integrity of the BMB, reducing the migration threshold of 

immune cells, including macrophages, across the BMB. This induces 

immune cell aggregation in the mammary gland and promotes 

mastitis intensification[6,9]. Thus, inhibiting pyroptosis of mammary 

epithelial cells may help alleviate mastitis.
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Recent studies indicate that lactating women with insufficient 
nutrient intake have a higher risk of developing mastitis[10]. Apples 
have long been known to have a substantial favorable impact on 
preserving body health, as evident in the saying “an apple a day keeps 
the doctor away”[11]. The high nutritional value of apples was previously 
attributed to their high vitamin content, such as vitamins C and E[12]. 
Later, the discovery of the nutrient phlorizin (PHZ) in apples validated 
its efficacy in alleviating multiple diseases[13-14]. PHZ, a dihydrochalcone 
compound, has been extensively studied for its potential to improve 
obesity and type 2 diabetes owing to its competitive inhibition activity 
of sodium-glucose cotransporter 2[15-16]. Moreover, the anti-inflammatory 
effects of PHZ also have been reported[17-18].

Therefore, the question arises: can PHZ, a nutrient present in 
apples, alleviate mastitis when administered orally? Using the 
lipopolysaccharide (LPS)-induced mice mastitis model, we sought to 
investigate the impact of PHZ on mastitis and its underlying 
mechanism in order to answer this question. This study provided 
theoretical support for consuming PHZ-containing fruits, such apples, 
during lactation in order to reduce inflammation in the body.

2.　Materials and methods

2.1　Animal and experimental design

In this study, the specific pathogen-free BALB/c mice (7 weeks old) 
were obtained from Liaoning Changsheng Biotechnology Co., Ltd. 
(China). After 1 week of acclimation to the environment, the mice 
were placed in breeding cages with 1 male and 2 females, and they 
had ad libitum access to food and water with 12-h light and dark 
cycles. Pregnancy was determined via vaginal plug observation, and 
pregnant mice were then transferred to new cages for the 
experiments. All mouse experiments strictly followed the guidelines 
of the Institutional Animal Care and Use Committee of Jilin 
University (Protocol No. SY202309041).

The in vivo experiment was divided into 2 key parts: a PHZ 
supplementation experiment and an antibiotic treatment experiment. 
For the PHZ supplementation experiment, standard product of PHZ 
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. 
(HPLC ³ 98%). The PHZ was dissolved in sterile saline for oral 
administration. A total of 24 pregnant female mice at 1 week of 
gestation were randomly divided into 4 groups, each containing 
6 mice. (1) NT group: normal feeding for 3 weeks; (2) PHZ group: 
gavage of PHZ (80 mg/(kg ∙ day)) for 3 weeks; (3) LPS group: 
a mastitis mouse model was established after 3 weeks of normal 
feeding; (4) PHZ + LPS group: a mastitis mouse model was 
established by gavage of PHZ (80 mg/(kg∙day)) for 3 weeks. In the 
antibiotic treatment experiment, an antibiotic cocktail (ABX) was 
prepared by dissolving 1 g ampicillin, 1 g metronidazole, 1 g neomycin, 
and 0.5 g vancomycin in 1 L drinking water. A total of 18 newly 
pregnant female mice were randomly divided into 3 groups, each 
containing 6 mice. (1) ABX group: normal feeding and supplemented 
with ABX for 4 weeks; (2) ABX + LPS group: a mastitis mouse 
model was established after normal feeding and ABX supplementation 
for 4 weeks; (3) ABX + LPS + PHZ group: after 4 weeks of ABX 
supplementation, the mice received gavage of PHZ (80 mg/(kg∙day)) 
for 3 weeks to establish the mastitis mouse model. The mastitis 
mouse model was constructed by injecting LPS into the mammary 
ducts on the seventh day after delivery.

2.2　Construction of mastitis mouse model

One week after delivery, the female mice were separated from 
their offspring and anesthetized with pentobarbital sodium. They 
were placed supine on a mouse fixation plate, and the fourth pair of 
nipples was disinfected with 75% ethanol. Surgical scissors were used 
to remove 1 mm of the nipple, and 50 μL of LPS (2 μg/mL) was 
injected into the mammary ducts using an anatomical microscope and 
a 34 G needle. The control group received PBS injection into their 
mammary ducts after anesthesia. After 24 h of mastitis model 
construction, mammary tissues from all mice were collected for 
further analyses.

2.3　Hematoxylin and eosin (H&E) staining

Mouse mammary tissue slices were dewaxed with xylene, 
hydrated with different concentrations of ethanol, stained with 
hematoxylin, rinsed with water, and placed in 80% and 90% ethanol. 
Subsequently, the slices were stained with eosin, dehydrated with 
various concentrations of ethanol, sealed in xylene, and mounted with 
neutral resin. Based on a prior study, the mammary injury score 
was determined[19].

2.4　Immunofluorescence

After removing the paraffin from the mammary tissue slices, they 
were hydrated with different concentrations of ethanol. The slices 
were placed in a citrate buffer and heated 2–3 times to complete 
antigen repair. The slices were sealed with 5% donkey serum for 2 h 
after they had cooled. The first antibody was diluted with 5% donkey 
serum and used to incubate the slices overnight at 4 ℃. The slices 
were then incubated with the secondary antibody diluted in PBS for 
1 h. The nucleus was stained with DAPI, and a fluorescence 
microscope was used to observe and record the target protein. The 
mMEC slides were fixed using the immunostaining fixative solution 
and sealed with donkey serum. Subsequent steps were the same as 
those for the immunofluorescence of tissue slices.

2.5　Myeloperoxidase (MPO) analysis

Mouse mammary tissue was treated with 50 mmol/L of 
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) 
solution at a ratio of 1:5 000. An automatic grinder was used to grind 
tissues, followed by centrifugation (10 000 × g, 8 min, 4 ℃) to obtain 
the supernatant for enzyme-linked immunosorbent assay (ELISA) 
samples. To the EP tube containing the precipitate, 0.5% 
cetyltrimethylammonium chloride (CTAC) was added in an amount 
equal to the volume of HEPES, followed by grinding and centrifugation 
(10 000 × g, 8 min, 4 ℃ ). The supernatant was collected, and a 
substrate chromogenic solution containing tetramethylbenzidine (TMB), 
H2O2, and resorcinol was prepared and added to the supernatant to 
detect the MPO content in the samples.

2.6　ELISA

An ELISA kit (Biolegend, USA) was used to detect the content of 
pro-inflammatory factors (interleukin-1β (IL-1β), interleukin-6 (IL-6), 
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and tumor necrosis factor-α (TNF-α) in the mammary tissue of 
mice. The sensitivity of kits of IL-1β, IL-6, and TNF-α respectively 
are 0.5, 2.0, and 4.0 pg/mL. The standard range of kits of IL-1β, 
IL-6, and TNF-α respectively are 2.0–125.0, 7.8–500.0, and 
7.8–500.0 pg/mL.

2.7　16S rRNA sequencing of intestinal flora

The total DNA in each sample was extracted. Primers were 
designed according to the conserved region, and sequencing connectors 
were added to the end of the primers for PCR amplification. The 
products were then purified, quantified, and homogenized to form 
sequencing libraries. Based on the Illumina Hiseq 2500 platform 
(Biomaker Technology, China), a small fragment library was 
constructed using the paired-end method for sequencing bacterial 
genes. The high-quality sequences were clustered, denoised, and 
divided into operational taxonomic units (OTUs). Taxonomic analysis 
was performed for each sample at each classification level based on 
the OTU analysis. Community structure maps and species clustering 
heat maps of each sample at the taxonomic level of phyla, class, 
order, family, and genus were obtained. Species diversity was 
analyzed using α-diversity, and the Ace, Chao1, Shannon, and 
Simpson indices of each sample were calculated. Additionally, 
sample dilution curves and grade abundance curves were drawn. 
β-Diversity analysis was used to compare the size of differences in 
species diversity, such as community composition and structure, 
between different samples. Based on the distance matrix, 
the unweighted pair group method with arithmetic mean (UPGMA) 
tree, non-metric multidimensional scaling (NMDS) analysis graphs, 
sample clustering heat maps, principal component analysis (PCA), and 
principal coordinate analysis (PCoA) graphs were obtained.

2.8　Detection short-chain fatty acids (SCFAs) in feces

The mouse feces were mixed with phosphoric acid, isohexic acid, 
and ether and subsequently centrifuged (12 000 × g, 8 min, 4 ℃). 
The supernatant was collected for the detection of SCFAs. 
Specific gas (Trace 1300, Thermo) and mass (ISQ 7000, Thermo) 
chromatography methods were used for the detection, as described 
previously[20].

2.9　Western blotting analysis

NP40 (Beyotime, China) was used to lyse cells or mammary 
tissue. The protein concentration was determined using the BCA 
kit (Thermo Scientific, USA), and all samples were grouped 
based on their protein content, which was standardized using 
the protein concentration. Subsequently, 12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed. After the protein was transferred to a PVDF membrane, 
it was incubated at 4 ℃ with the primary antibody overnight, 
followed by incubation with the secondary antibody at room 
temperature for 1 h. The information on antibodies used in this study 
is listed in Table S1. Finally, the electrochemiluminescence detection 
kit (Beyotime, Wuhan, China) was used to obtain the visual results of 
protein bands.

2.10　Reverse transcription quantitative real-time polymerase 
chain reaction (qRT-PCR)

The total mRNA of mMECs was extracted using TRIzol 
(Invitrogen, USA). The process of RNA qRT-PCR were performed as 
previously reported[19]. The primer sequences are listed in Table S2.

2.11　Cell viability test

The cell counting kit-8 (CCK-8; Saint-Bio, Shanghai, China) was 
used to detect the cell viability of mMECs. After inoculating mMECs 
into 96-well plates, they were treated with PHZ, phloretin (PHT), or 
LPS and adenosine triphosphate (ATP) successively. The CCK-8 
reagent was added to each well for 4 h, and the detection results were 
obtained using an enzyme labeler. The Annexin V-FITC apoptosis 
detection kit (Beyotime, China) was used to detect pyroptosis. 
Following the respective treatments, the cells were incubated with PI 
and Annexin V-FITC reagents, and flow cytometry was used to 
analyze cell pyroptosis. For further details, please refer to the 
operating instructions provided with the kit.

2.12　Determination of PHZ and PHT levels in the serum

A 100 μL mouse blood sample was taken, and 1 mL ethyl acetate 
was added to the samples and mixed by shaking. The test tube was 
then centrifuged at 10 000 × g and 4 ℃ for 10 min. The upper organic 
phase was transferred to a new 1.5 mL tube and evaporated to dryness 
under a stream of nitrogen. The precipitate in the 1.5 mL tube was 
dissolved using 100 μL methanol. The methanol solution was 
centrifuged (10 000 × g, 5 min, 4 ℃), and the supernatant was 
collected for detection. An established HPLC method was used to 
quantify the contents of PHZ and PHT[21].

2.13　Autophagy flux analysis

The mMECs were transferred to a 24-well plate and transfected 
with mRFP-GFP-LC3 double standard plasmid (0.8 μg/well) and 
Lipofectamine 2000 (Invitrogen, USA) for 48 h. After the mMECs 
were treated according to the experimental conditions, they were 
washed with PBS and then fixed with immunostaining fixative 
(Beyotime, China) at room temperature for 20 min. Subsequently, the 
mMECs were sealed using a tablet containing DAPI. Laser confocal 
microscopy was used to observe and record autophagy flux. Finally, 
the assessment of autophagy flux involved counting the number 
of yellow dots (representing autophagosomes) and red dots 
(representing autolysosomes).

2.14　Molecular modeling

The structure of PHT was downloaded from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/), and the 2D structure 
model was converted to a 3D model. The 3D structure of the AKT 
protein was downloaded from the RCSB Protein Data Bank 
(https://www.rcsb.org) and used as the protein for this project. The 
compound was virtually docked with the protein target using 
Autodock 4.2.6. The docking results were visually analyzed using 
PyMOL 2.2.0 and Discovery Studio Client v19.1.0.
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2.15　Data analysis

GraphPad Prism 8 software was used to perform statistical 

analysis. All data are presented as mean ± standard deviation (SD), 

and one of the 3 independent and repeated experiments was selected 

as the representative data. One-way analysis of variance (ANOVA) 

and Tukey’s post-hoc test was used to analyze the significance of 

differences between multiple groups. T-test was used to verify the 

statistical difference between the two groups. Results at P < 0.05 were 

considered statistically significant, and those at P < 0.01 were 

considered extremely significant.

3.　Results

3.1　 Oral administration of PHZ ameliorates LPS-induced 
mastitis in mice.

To investigate the potential effects of PHZ on mastitis, mice 
administered PHZ orally before establishing the mouse mastitis 
model. Visual observation revealed that LPS stimulation remarkably 
induced redness and swelling in the mammary tissue, and PHZ 
treatment significantly alleviated these symptoms (Fig. 1A). 
Histological analysis using H&E staining further validated that PHZ 
significantly reduced the thickening of mammary acinar walls and 

Fig. 1　Oral administration of PHZ ameliorates LPS-induced mastitis in mice. (A) Representative photographs and H&E staining images of mouse mammary 
glands. The red arrows indicate inflammatory cell infiltration. Scale bar: 50 μm. (B) Mammary injury score based on H&E staining. (C) MPO levels in mammary 
glands. (D and E) Representative bands and relative protein levels of proinflammatory enzymes (INOS and COX-2). β-Actin was used as the internal control to 

obtain the relative protein intensity. (F-H) Contents of proinflammatory factors IL-1β (F), IL-6 (G), and TNF-α (H) in mouse mammary tissue. 
(I and J) Representative bands and relative protein levels of TJs (ZO-1, Occludin, and Claudin-3). (K) Representative images of the immunofluorescence of TJs (ZO-1, 
Occludin, and Claudin-3). Scale bar: 50 μm. Data are presented as mean ± SD (n = 6). ##P < 0.01 vs. no-treatment (NT) group; *P < 0.05 or **P < 0.01 vs. LPS group.
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infiltration of inflammatory cells in mammary acini caused by LPS 
stimulation (Fig. 1A). Subsequently, the evaluation of mammary 
injury score and MPO levels demonstrated that PHZ alleviated the 
symptoms of mastitis and reduced inflammatory cell infiltration in 
mammary tissue (Figs. 1B and C). Pro-inflammatory mediators play 
a pivotal role in exacerbating inflammation. The analysis of 
pro-inflammatory factors in mammary tissue revealed that LPS 
stimulation significantly increased the secretion of IL-1β, IL-6, and 
TNF-α, whereas PHZ treatment effectively reduced their secretion 
(Figs. 1F-H). The results of pro-inflammatory enzymes, inducible 
nitric oxide synthase (INOS) and cyclooxygenase-2 (COX-2) 
displayed a similar pattern (Figs. 1D and E). Mammary inflammation 
often results in the destruction of the BMB, further aggravating the 
inflammatory response. Therefore, we investigated the integrity of the 
BMB and observed that LPS stimulation reduced the expression of 
the tight junction proteins (TJs) ZO-1, Occludin, and Claudin-3, 
whereas oral administration of PHZ significantly increased their 
expression (Figs. 1I-K). Collectively, these results indicated that 
oral administration of PHZ alleviates LPS-induced mammary 
inflammation and disruption of the BMB in mastitis mice.

3.2 Oral administration of PHZ inhibits LPS-induced 
pyroptosis in mouse mammary tissue.

Numerous studies have confirmed the association of mastitis with 
pyroptosis, which exacerbates inflammation and tissue damage. 
Firstly, the results showed that PHZ significantly reduced the 
expression and activation of gasdermin D (GSDMD), which was enhanced 
by LPS stimulation (Figs. 2A and B). The immunohistochemistry results 
of N-GSDMD in mammary tissue showed that PHZ significantly 
reduced the production of N-GSDMD (Fig. 2C). Moreover, the 

expression of N-GSDMD was notably concentrated in mammary 
epithelial cells, indicating that PHZ reduced the occurrence of 
pyroptosis in these cells during mastitis. The NF-κB signaling 
pathway and NOD-like receptor thermal protein domain associated 
protein 3 (NLRP3) inflammasome promote pyroptosis by regulating 
the expression and activation of GSDMD, respectively. Our results 
indicated that PHZ reduced the activation of the NF-κB signaling pathway 
and NLRP3 inflammasome in mouse mammary tissue (Figs. 2D-G). 
These findings suggest that PHZ suppresses pyroptosis in mammary 
tissue by inhibiting the activation of the NF-κB signaling pathway 
and NLRP3 inflammasome.

3.3　 Lack of anti-inflammatory effect of PHZ in LPS + 
ATP-stimulated mMECs.

We conducted in vitro experiments using mMECs to validate the 
anti-inflammatory effects of PHZ. Initial cell viability tests revealed 
that concentrations of PHZ below 200 μmol/L did not affect mMECs 
(Fig. S1A). Consequently, we used PHZ at 25, 50, and 100 μmol/L 
were used for subsequent experiments. When mMECs were 
stimulated with LPS + ATP, the expression of IL-1β, IL-6, TNF-α, 
INOS, and COX-2 was significantly increased, whereas PHZ did not 
affect the high expression of these pro-inflammatory mediators 
(Figs. 3A and S1B). Based on these results, we selected 100 μmol/L 
PHZ for further analysis. Our investigations into the NF-κB signaling 
pathway revealed that PHZ had no significant effect on their 
activation (Figs. 3B and C). Moreover, PHZ did not affect the nuclear 
translocation of NF-κB p65 in LPS + ATP-stimulated mMECs 
(Fig. 3D). The detection of TJs in mMECs showed that PHZ did not 
alleviate the loss of TJs caused by LPS + ATP (Figs. 3E and F and H). 
Additionally, PHZ did not mitigate the reduction in cell activity of 

Fig. 2　Oral administration of PHZ inhibits LPS-induced pyroptosis in mouse mammary tissue. (A, B) Representative bands and relative protein levels of 
GSDMD and N-GSDMD. (C) Immunohistochemistry of N-GSDMD in mouse mammary gland. Scale bar: 50 μm. (D) Representative bands of p-IκBα, IκBα, 
p-NF-κB p65, and NF-κB p65. (E) Relative protein levels of p-IκBα and p-NF-κB p65. (F and G) Representative bands and relative protein levels of NLRP3, 

ASC, pro-Caspase-1, and Caspase-1. Data are presented as mean ± SD (n = 3). ##P < 0.01 vs. NT group; *P < 0.05 or **P < 0.01 vs. LPS group.
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mMECs caused by LPS + ATP stimulation (Fig. 3G). Taken together, 

these results indicate that PHZ did not inhibit the inflammatory 

response or protect the BMB in vitro.

3.4　Oral administration of PHZ regulates the composition of 

intestinal flora in mastitis mice

The involvement of intestinal flora in regulating mastitis has been 

established[20]. We investigated whether oral administration of PHZ 

regulates intestinal flora using 16S rRNA high-throughput sequencing 

to detect changes in the intestinal flora. OTU analysis of intestinal 
flora revealed that PHZ caused the emergence of different OTUs to 
NT group (Figs. S2A). α-Diversity analysis indicated that PHZ did 
not alter the species richness and diversity of intestinal flora in 
mastitis mice (Figs. S2B-E). However, PCoA, NMDS, and UPGMA 
analysis demonstrated that PHZ significantly changed the intestinal 
flora composition of mastitis mice (Figs. S2F-H).

Linear discriminant analysiseffect size (LEfSe) analysis was used 
to identify significant differences in intestinal flora between the 
2 groups of mice. The results showed that oral administration of PHZ 
decreased the relative abundance of Bacteroides and increased the 

Fig. 3　Lack of anti-inflammatory effect of PHZ in LPS + ATP-stimulated mMECs. The mMECs were treated with PHZ for 1 h, followed by stimulation with 
LPS (1 μg/mL) for 4 or 24 h, and ATP (5 mmol/L) co-stimulation was introduced either 30 or 90 min before the completion of LPS stimulation. (A) Relative 

mRNA expression of pro-inflammatory factors. (B) Representative bands of p-IκBα, IκBα, p-NF-κB p65, and NF-κB p65. (C) Relative protein levels of p-IκBα 
and p-NF-κB p65. (D) Nuclear translocation of NF-κB p65 of mMECs under different treatments. Scale bar: 5 μm. (E) Representative bands of TJs. 

(F) Representative relative protein levels of TJs. (G) Cell viability of mMECs under different treatments. (H) Representative images of the 
immunofluorescence of TJs. Scale bar: 100 μm. Data are presented as mean ± SD (n = 3). ##P < 0.01 vs. NT group; n.s. not significant.
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relative abundance of Lactobacillus in the intestinal flora of mastitis 

mice (Figs. 4A, B, F-I). Moreover, the species distribution histogram 

at the species level displayed the different relative abundance of Bacteroides 

and Lactobacillus (Fig. 4E). The analysis of the species distribution 

histogram at the phylum level indicated that oral administration of 

PHZ increased the abundance ratio of Firmicutes to Bacteroidota 

(Figs. 4C and D). To determine whether these changes in intestinal 

flora affect the level of SCFAs metabolism, we measured the SCAFs 

content in the feces of mice. The results showed that PHZ 

significantly increased the contents of acetic and propionic acids but 

did not affect butyric and caproic acid levels in the feces of mastitis 
mice (Figs. 4J-M).

3.5 PHZ does not solely rely on regulating intestinal flora to 
improve mastitis.

To determine whether the protective effect of PHZ on mice 
mastitis depends on intestinal flora, we treated mice with an ABX to 
disrupt the intestinal flora (Fig. 5A). Even after disturbing the 
intestinal flora, PHZ significantly improved pathological symptoms, 

Fig. 4　Oral administration of PHZ regulates the composition of intestinal flora in mastitis mice. (A, B) LEfSe analysis of intergroup samples revealed 
differences in phylum to genus classification between the 2 groups (lg (LDA score) > 3). The analysis results are shown as LEfSe analysis of the evolutionary 
(A) branching diagram and (B) histogram of LDA value distribution. (C) Comparison of phylum abundance in the 2 groups. (D) Relative abundance ratio of 

Firmicutes to Bacteroidota. (E) Comparison of genus abundance in the 2 groups. Relative abundance of (F) Bacteroidaceae, (G) Bacteroides, (H) Lactobacillaceae, and 
(I) Lactobacillus in the 2 groups. Concentrations of (J) acetic, (K) propionic, (L) butyric, and (M) caproic acids in the feces of the 2 groups of mice. 

Data are presented as mean ± SD (n = 6). *P < 0.05; n.s. not significant.
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such as mammary redness and inflammatory cell infiltration in 

mammary acini caused by LPS stimulation (Figs. 5B-D). Additionally, 

the detection of pro-inflammatory mediators revealed that the secretion 

of pro-inflammatory factors and enzymes in the mammary tissue of mice 

in the ABX + LPS + PHZ group was lower than that in the ABX + LPS 

group (Figs. 5E-I). The BMB analysis results demonstrated a 

significant decrease in the protein expression of TJs in the mammary 

glands of mice in the ABX + LPS group. PHZ administration 

significantly increased the expression of TJs in this group (Figs. 5J-L). 

Consistent with these findings, the activity of the NF-κB signaling 

pathway, NLRP3 inflammasome, and GSDMD were significantly 

decreased in the ABX + LPS + PHZ group compared with that in the 

ABX + LPS group (Figs. S3A-G). These results suggest that the 

inhibitory effect of PHZ on mastitis and its protective effect on 

BMB do not solely depend on regulating intestinal flora, implying 

that PHZ may improve mastitis by metabolizing to other substances.

Fig. 5　PHZ does not solely rely on regulating intestinal flora to improve mastitis. (A) Timeline of the experimental procedure. (B) Representative photographs 
and H&E staining images of mouse mammary glands. The red arrows indicate inflammatory cell infiltration. Scale bar: 50 μm. (C) Mammary injury score based 
on H&E staining. (D) MPO levels in mammary glands. (E and F) Representative bands and relative protein levels of proinflammatory enzymes (INOS and COX-2). 

β-Actin was used as the internal control to obtain the relative protein intensity. Contents of proinflammatory factors (G) IL-1β, (H) IL-6, and (I) TNF-α 
in mouse mammary tissue. (J, K) Representative bands and relative protein levels of TJs (ZO-1, Occludin, and Claudin-3). (L) Representative images of the 

immunofluorescence of TJs (ZO-1, Occludin, and Claudin-3). Scale bar: 50 μm. Data are presented as mean ± SD (n = 6). ##P < 0.01 vs. ABX group; *P < 0.05 or 
**P < 0.01 vs. ABX + LPS group.
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3.6　 PHZ inhibits pyroptosis and protects the BMB by 

metabolizing into PHT

Based on the aforementioned results, we speculated that PHZ may 

undergo metabolism in the body to produce other active ingredients, 

contributing to its anti-inflammatory function. Therefore, we determined 

the levels of PHZ and its metabolite PHT in the blood of mastitis 

mice. The results demonstrated that PHZ was barely detectable in the 

serum of mice in LPS + PHZ and ABX + LPS + PHZ groups, whereas 

PHT levels increased significantly (Figs. 6A and S4A). Based on the 

Fig. 6　PHZ inhibits pyroptosis and protects the BMB by metabolizing into PHT. (A) Plasma concentration-time profile of PHT in mice. After treating mMECs 
with PHT for 1 h, they were stimulated with LPS (1 μg/mL) for 4 or 24 h, and ATP (5 mmol/L) co-stimulation was introduced either 30 or 90 min before the 
completion of LPS stimulation. (B) Relative mRNA expression of proinflammatory factors. (C) Relative mRNA expression of pro-inflammatory enzymes. 

(D) Representative bands of p-IκB, IκB, p-NF-κB p65, and NF-κB p6. (E) Relative protein levels of p-IκB and p-NF-κB p65. (F) Nuclear translocation of NF-κB 
p65 of mMECs under different treatments. Scale bar: 5 μm. (G) Representative images of the immunofluorescence of TJs. Scale bar: 100 μm. (H) Representative 
bands and (I, J) relative protein levels of NLRP3, ASC, pro-Caspase-1, Caspase-1, GSDMD, and N-GSDMD. (K) Determination of cell pyroptosis using flow 

cytometry. Data are presented as mean ± SD (n = 3). ##P < 0.01 vs. NT group; *P < 0.05 or **P < 0.01 vs. LPS + ATP group; n.s. not significant.
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PHT concentration in mouse blood, we selected 5, 10, and 20 μmol/L 

PHT to investigate its anti-inflammatory effect. Above all, our resulted 

showed PHT did not affect the mMEC viability at concentrations below 

50 μmol/L (Fig. S4B). The results indicated that PHT dose-dependently 

reduced the overexpression of pro-inflammatory factors and enzymes 

in LPS + ATP-stimulated mMECs (Figs. 6B and C). The 10 μmol/L 

PHT was selected for subsequent experiments. In LPS + ATP stimulated 

mMECs, PHT significantly inhibited the phosphorylation of IκB and 

NF-κB p65, leading to reduced nuclear translocation of NF-κB p65 

(Figs. 6D-F). Further investigation revealed that PHT significantly 

ameliorated the loss of TJs in LPS + ATP-stimulated mMECs 

(Figs. 6G and S4C-D). Concurrently, PHT effectively suppressed the 

activation of the NLRP3 inflammasome (Figs. 6H and I). Notably, 

PHT significantly improved cell survival, reduced the increase in 

GSDMD levels and cleavage, and prevented pyroptosis in LPS + 
ATP-stimulated mMECs (Figs. 6K, J and S4E-G).

3.7　 PHT inhibits pyroptosis and protects the BMB via 
autophagy activation.

Pyroptosis is regulated by autophagy via a variety of methods. The 
effect of PHT on autophagy in LPS-stimulated mMECs was investigated. 
PHT was observed to significantly increase the expression of LC3 II 
while decreasing the expression of p62 in LPS + ATP-stimulated mMECs 
(Figs. 7A and B). Moreover, the results revealed that PHT significantly 
induced autolysosome formation, whereas LPS + ATP-stimulation 
hindered the formation of autophagosomes and autolysosomes. 
Notably, a higher number of autophagosomes and autolysosomes was 

Fig. 7　PHT inhibits pyroptosis and protects the BMB via autophagy activation. After treating mMECs with PHT (10 μmol/L) for 1 h, they were stimulated with 
LPS (1 μg/mL) for 1 h, and ATP (5 mmol/L) co-stimulation was introduced 30 min before the completion of LPS stimulation. (A, B) Representative bands and 
relative protein levels of LC3 I/II and p62 in mMECs. (C) Confocal image of successfully transfected mMECs with mRFP-GFP-LC3 plasmid. Scale bar: 20 μm. 

(D) Representative bands of p-AKT, AKT, p-mTOR, TOR, p-ULK1, and ULK1 in mMECs. (E) Relative protein levels of p-AKT, p-mTOR, and p-ULK1 in mMECs. 
(F) Virtual docking of PHT and AKT protein. After pretreatment of mMECs with CQ (50 μmol/L) for 1 h, they were treated with PHT (10 μmol/L) for 1 h, followed 

by LPS (1 μg/mL) stimulation for 1, 4, or 24 h. ATP (5 mmol/L) was added for co-stimulation 30 or 90 min before the completion of LPS stimulation. (G-I) Representative 
bands and relative protein level of NLRP3, ASC, pro-Caspase-1, Caspase-1, GSDMD, and N-GSDMD. (K and J) Determination of cell pyroptosis using flow cytometry. 

Data are presented as mean ± SD (n = 3). ##P < 0.01 vs. NT group; **P < 0.01 vs. LPS + ATP group; &P < 0.05 or &&P < 0.01 vs. LPS + ATP + CQ group.
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detected in mMECs co-treated with PHT and LPS + ATP than in those 
stimulated with LPS + ATP alone (Fig. 7C). Additionally, the results 
showed PHT significantly inhibited AKT/mTOR phosphorylation and 
increase ULK1 phosphorylation in LPS + ATP-stimulated mMECs 
(Figs. 7D and E). Virtual docking between PHT and AKT protein 
revealed conventional hydrogen and carbon-hydrogen bonds formed 
at multiple amino acid residues of AKT protein, with a binding energy 
of < –7.0 kcal/mol (Fig. 7I). This observation suggests that PHT may 
inhibit AKT phosphorylation by binding to AKT protein. Furthermore, 
autophagy in mammary tissue was examined, and the trends observed 
in LC3 II and p62 levels were consistent with the in vitro results. 
Oral administration of PHZ significantly enhanced autophagy 
(Figs. S5A and B). Additionally, the oral administration of PHZ in 
mice inhibited AKT/mTOR phosphorylation and increased ULK1 
phosphorylation in mammary tissue (Figs. S5C and D).

To investigate this further, we conducted follow-up studies using 
the autophagy inhibitor chloroquine (CQ). The results confirmed the 
significant inhibitory effect of CQ on autophagy (Figs. S6A and B). 
Subsequently, the results revealed that CQ did not affect the inhibition 
of PHT on the NF-κB signaling pathway (Figs. S6C and D). 
Moreover, CQ did not alter the inhibitory effects of PHT on the 
protein expression of NLRP3, ASC, and pro-Caspase-1 in LPS + ATP-
stimulated mMECs. However, CQ reversed the inhibitory effect of 
PHT on the activation of NLRP3 inflammasome, as evidenced by the 
protein expression of Caspase-1 (Figs. 7G and I). Additionally, CQ 
reversed the inhibitory effects of PHT on LPS + ATP-stimulated 
pyroptosis of mMECs, as observed through the cleavage of GSDMD 
and an increase in the number of PI/FITC double-positive cells 
(Figs. 7G, H, K and J). The results of TJs detection were consistent with 
those of the pyroptosis assay. Particularly, CQ significantly reversed 
the protective effect of PHT on the BMB (Figs. S6E and F). These 
results suggest that PHT inhibits the activation of the NLRP3 
inflammasome by activating autophagy, thereby improving pyroptosis 
and protecting the BMB.

4.　Discussion

In this study, we demonstrated that oral administration of PHZ 
alleviated LPS-induced mastitis and protected the BMB while 
reducing the occurrence of pyroptosis within the mouse mammary 
gland. The potential mechanism involved the in vivo metabolism of 
PHZ into PHT, wherein PHT inhibited the activation of the NLRP3 
inflammasome by activating autophagy, hence mitigating pyroptosis. 
Additionally, we demonstrated that oral administration of PHT 

regulated the intestinal flora to encourage SCFA production, which also 
is one of the mechanisms by which PHT inhibits inflammation.

Intense inflammation and the breakdown of the BMB in the 
mammary gland are the main pathological characteristics of mastitis, 
an inflammatory disease that commonly affects mammals lactating[22]. 
Pyroptosis is a recently discovered form of programmed cell death 
(PCD) that occurs more rapidly than other PCDs and is accompanied 
by the release of pro-inflammatory factors, such as IL-1β. The 
involvement of pyroptosis in a wide range of inflammation-related 
diseases, such as neurodegenerative disorders, inflammatory bowel 
disease (IBD), and acute lung injury (ALI), has been repeatedly 
demonstrated by research[23-25]. Studies by Zuo et al.[26] and Wang et al.[27] 
demonstrated that pyroptosis of mammary epithelial cells played a 
key role in the aggravation of mastitis. Our study results showed that 
oral administration of PHZ significantly improved the inflammatory 
response of the mammary gland and the breakdown of the BMB in 
mice with LPS-induced mastitis. Moreover, it reduced the activation 
of the pyroptosis executive protein-GSDMD. Activation of the 
NLRP3 inflammasome is a classical pathway for the occurrence of 
pyroptosis. The appearance of Caspase-1 with zymogenic activity 
directly induces the cleavage of GSDMD and releases the N-terminal 
domain to perform pyroptosis[28]. Meanwhile, the NF-κB signaling 
pathway affects the occurrence of pyroptosis by regulating the 
transcription of NLRP3 inflammasome component proteins (NLRP3, 
ASC, and Caspase-1) and GSDMD[29]. Our study results showed that 
oral administration of PHZ significantly inhibited the activation of NLRP3 
inflammasome and NF-κB in the mammary tissue of mastitis mice. 
However, our findings demonstrated that PHZ was not anti-inflammatory 
and protective of the BMB in vitro. In LPS + ATP-stimulated 
mMECs, PHZ had no discernible influence on pyroptosis, NLRP3 
inflammasome activation, or the NF-κB signaling pathway.

Intestinal flora has been established to exhibit immunomodulatory 
functions in several studies. It affects the pathological reactions of 
distal organs by regulating the metabolism of SCFAs, tryptophan, and 
bile acids. Based on this, the concepts of gut-liver, gut-brain, and 
gut-lung axes have been proposed successively[30-32]. The involvement 
of intestinal flora in the occurrence and development of mastitis has 
led to the proposal of the “gut-milk axis” concept. Zhao et al.[33-34] 
demonstrated that it is possible to treat mastitis by controlling the 
intestinal flora’s metabolism of tryptophan and SCFAs through diet. 
PHZ reportedly exerts antioxidant functions and improves insulin 
resistance by targeting gut microbiota to increase SCFA production[35-36]. 
Therefore, based on the difference between the results of PHZ in vivo 
and in vitro, we speculated that PHZ might exert its anti-inflammatory 

Fig. 7 (continued)
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effect by regulating intestinal flora. Our results showed that the 
abundance of Bacteroides in the intestinal flora of mastitis mice 
decreased, and the abundance of Lactobacillus increased significantly 
after oral administration of PHZ in mastitis mice. Meanwhile, the 
contents of acetic and propionic acids increased, but butyric and 
caproic acid levels were not different in mouse feces. Our study 
showed that oral administration of PHZ did not affect the content of 
butyric acid, which differents with the findings of Zhang et al.[36]. This 
discrepancy could be attributed to differences in the duration of oral 
administration of PHZ. To determine whether the effect of PHZ on 
mastitis depends on the intestinal flora, we used ABX to disrupt 
intestinal flora. Even after upsetting the intestinal flora, the impact of 
PHZ on mastitis was still noticeable. Therefore, we hypothesized that 
although oral administration of PHZ has a prebiotic function of 
regulating intestinal flora and increasing SCFA production, this is not 
the main mechanism by which it improves mastitis.

Research has shown that in both oral and intravenous 
administrations of PHZ in rats, the major existing forms of PHZ in the 
blood were its metabolite PHT[21]. Moreover, Chang et al.[37] evaluated 
the anti-inflammatory effects of PHT and PHZ in LPS-stimulated 
RAW264.7 cells, and their results showed that PHT had anti-inflammatory 
effects while PHZ did not. Additionally, the inhibitory effect of PHZ 
on the NLRP3 inflammasome has been reported in several studies[38-39]. 
Combining previous study findings with our results, we hypothesized 
that PHZ may be metabolized to PHT to perform the anti-inflammatory 
function in vivo. In our study, PHT was detected in the blood of mastitis 
mice after oral administration of PHZ. However, the time-concentration 
curves of PHT correlated with previous studies were not the same, 
possibly owing to species differences between rats and mice. The 
evident anti-inflammatory, anti-pyroptosis, and BMB protecting 
properties of PHT in vitro were supported by our studies. These 
findings indicate that the anti-inflammatory effect of oral administration 
of PHZ is primarily achieved by metabolizing into PHT in vivo.

The studies of Chhimwal et al.[40] demonstrated that PHT reduced 
oxidative damage and inflammatory response by regulating autophagy. 
Our results suggested that PHT significantly promoted autophagy and 
enhanced autophagy flux in LPS + ATP-stimulated mMECs. Further 
results of autophagy-related signaling pathways were consistent with 
those of previous studies. PHT decreased the phosphorylation of AKT 
and mTOR and promoted the phosphorylation of ULK1[41]. Moreover, 
virtual docking showed that PHT may possess binding sites with AKT 
protein, potentially explaining its inhibitory effect on AKT 
phosphorylation. However, this conclusion needs further experimental 
verification. Autophagy has the ability to inhibit the NF-κB signaling 
pathway and NLRP3 inflammasome activation in inflammation-related 
conditions[42-43]. In this study, PHT inhibited the activation of NLRP3 
inflammasome through autophagy, thus reducing the occurrence of 
pyroptosis. However, the inhibitory effect of PHT on the NF-κB 
signaling pathway does not involve the activation of autophagy. PHT 
mediates the degradation of Keap1 by activating autophagy and then 
promotes the activation of Nrf2[44]. As a crucial antioxidant signal, 
Nrf2 is involved in eliminating intracellular reactive oxygen species, 
which act as catalysts for the activation of the NLRP3 inflammasome[45]. 
Furthermore, by stopping damaged mitochondria from releasing 
DAMPs, mitochondrial autophagy effectively inhibits the overactivation 
of the NLRP3 inflammasome[46]. These mechanisms might explain 
how PHT activates autophagy to specifically inhibit the activation of 
the NLRP3 inflammasome, and this will be a crucial area of focus for 
our subsequent research.

In conclusion, our research demonstrated that PHZ does not 
possess an independent anti-inflammatory effect; instead, it reduces 
inflammation in vivo by metabolizing into PHT. However, oral 
administration of PHZ displays prebiotic effects by increasing the 
abundance of Lactobacillus and levels of SCFAs (Fig. 8). Therefore, 
consuming apples regularly to maintain nutrient intake, such as PHT, 
could represent a potential approach to prevent mastitis during lactation.

Fig. 8　Mechanism of PHZ in alleviating LPS-induced mice mastitis. Oral administration of PHZ alleviated LPS-induced mastitis and protected the BMB. 
The potential mechanism involved the in vivo metabolism of PHZ into PHT, wherein PHT inhibited the activation of the NLRP3 inflammasome by activating 

autophagy, consequently alleviating pyroptosis. Additionally, oral administration of PHZ regulated the intestinal flora to encourage SCFA production, 
which also is one of the mechanisms by which PHZ inhibits inflammation.
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