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ABSTRACT

Buffalo mastitis impairs milk production and quality, yet the underlying epigenetic
mechanisms remain unclear. While LPS-induced glycolytic activation and lactate
accumulation contribute to inflammation, their role in histone lactylation-mediated
injury is unexplored. Our results revealed that mammary tissues from buffalo with
clinical mastitis exhibited elevated LPS levels, upregulation of inflammatory markers,
enhanced apoptosis, and markedly higher levels of lactate, Pankla, and H3K18la
compared to healthy controls. Similarly, an LPS-induced mouse miastitisy, model
recapitulated the inflammatory and apoptotic features observed in buffalo tissues,
confirming LPS as a key driver of mammary tissue injury. In.wvitro;-L RS treatment of
buffalo mammary epithelial cells (BuMECs) upregulated ptroinflammatory and
proapoptotic markers while downregulating antiapoptotic genes. /RNA-seq and
western blot analyses further revealed that LPS*enhanced the.expression and activity
of key glycolytic enzymes, such as HK2, PKMZ2,“PDKI, and LDHA, thereby
promoting glycolytic flux, increasing lactat€ production, and elevating Pankla and
H3K18la levels. CUT&Tag analysis_suggested that H3K18la may facilitate the
recruitment of transcriptional regulatots, 'such’ as. DDIT3, NF-kBI, and CEBPD,
potentially linking lactylation {te* the jactivation” of inflammatory and apoptotic
pathways. Importantly,#inhibitien 6f HK2 reduced lactate accumulation, decreased
H3K18la levels, and {substantially attenuated inflammatory injury in BuMECs.
Together, these findings--tdentify the HK2-lactate-H3K18la axis as a central
mechanism/ in" LPS-induced inflammatory injury in BuMECs and underscore its
petential as, astherapeutic target for alleviating mastitis and enhancing mammary
healthwin dairy buffalo.

Key words:~ Lipopolysaccharide; Mastitis; Buffalo mammary epithelial cells;
Glycelysis; Histone lactylation
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INTRODUCTION

Mastitis is a highly prevalent and economically significant disease in the global dairy

industry, substantially limiting buffalo milk production and compromising dairy safety.

Its pathogenesis is primarily driven by inflammatory responses triggered by bacterial
invasion of mammary tissue (Ali et al., 2021). Clinical mastitis can reduce daily milk
yield in buffalo by up to 50%, whereas subclinical mastitis, often presenting without
overt symptoms, results in production losses of 5-15%, imposing signiticant economic
burdens on farmers reliant on buffalo milk (Costa et al., 2020). Elevated somatic cell
counts (SCC) in infected udders disrupt casein synthesis, leading to 18-22%
reductions in milk fat content, 0.23-0.35% decreases in lactos¢ levelsyand abnormal
elevations of sodium and chloride ions, which disrupt osmoti¢ balance and negatively
affect milk flavor (Patbandha et al., 2015; Puggioni et “al.;~2020). Additionally,
pathogen-mediated biofilm formation and B-lactamase production confer antibiotic
resistance in approximately 37.6% of isolates, prolenging milk withdrawal periods
and increasing the risk of drug residues;” theteby posing threats to dairy safety
(Shahzad et al., 2024; Chowdhury'..et_al,, 2025). Collectively, buffalo mastitis
substantially diminishes milk yield-and quality (Patil et al., 2015; Santos et al., 2020;
Zhang et al., 2024), imposes [serious economic losses (Das et al., 2018; Ali et al,,
2021), and presents potential food safety hazards (X. Zhang et al., 2023; Singha et al.,
2024).

Among the~various, pathogenic factors involved in mastitis, lipopolysaccharide
(LPS), a major component of Gram-negative bacterial cell walls, serves as a key
inducer of elinical#mastitis in buffalo (Farmanullah et al., 2021). Buffalo mastitis
manifests in-either clinical or subclinical forms. The clinical form is characterized by
mammary ‘swelling, altered milk composition, elevated SCC, and may lead to
irreversible damage or loss of mammary epithelial cells (MECs) (Baloch et al., 2024).
In contrast, subclinical mastitis lacks visible symptoms but is characterized by a
persistent elevation in SCC and reduced milk production, often serving as a silent
reservoir for pathogen transmission. LPS engages toll-like receptor 4 (7LR4) on
MEQC:s, activating the nuclear factor-kB (NF-xB) and mitogen-activated protein kinase
(MAPK) pathways. This activation drives the overexpression of pro-inflammatory
cytokines, including interleukin-1 beta (/L-1p), interleukin-6 (/L-6), and tumor
necrosis factor-a (TNF-a) (Salim et al., 2016; Védrine et al., 2024; S. Yan et al.,
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2024). LPS also elevates reactive oxygen species (ROS) levels and myeloperoxidase
(MPO) activity, triggering lipid peroxidation and DNA damage. Additionally, it
activates JNK/MAPK pathways to upregulate pro-apoptotic proteins such as
caspase-3 (CASP3) and Bcl-2-associated X protein(Bax), while downregulating the
anti-apoptotic factor B-cell lymphoma 2 (Bc/-2), ultimately leading to MEC apoptosis
(Geng et al., 2021). Furthermore, LPS suppresses the expression of genes essential for
B-casein, lactose, and triglyceride synthesis, impairing mammary epithelial secretory
function and reducing milk yield and quality (Liu et al., 2015; Tsugami et al},2021).
Single-cell transcriptomic analyses further demonstrate that LPS jalters chromatin
accessibility in peripheral blood monocytes, promoting inflammatery: diffefentiation
and downregulating lactation-related genes such as SOSTDC! and"WNT7B, thereby
exacerbating immune dysregulation and lactation dysfunction (Gao-€t al., 2022).

These LPS-induced pathological changes "are Jntimately linked to metabolic
reprogramming, as metabolic imbalance serves as a*¢entral driver of inflammation in
MECs. Upon LPS stimulation, pro-inflammétory, ¢ytokines such as 7NF-o and IL-6
are secreted, which enhance glycalysis’ through both autocrine and paracrine
mechanisms (Vaughan et al., 2013).. TNF-a, activates NF-xB and activator protein-1
(4P-1), leading to upregulation of‘pyruvate kinase'M?2 (PKM?2) and increased lactate
production, while /L-6+prometes_heXokinase 2 (HK2) activity via signal transducer
and activator of trangcription 3 (§7473), thereby elevating glycolytic flux (Cheng et
al., 2025; Y. Liu etal’ 2025). Staphylococcus aureus triggers the ROS-HIF 1o axis to
upregulate | PFKFB3;™ thereby driving cytokine production and amplifying
inflammation (Gao-et' al., 2024). Similarly, Streptococcus uberis induces HIFla
throtigh MTOR-d€pendent ROS signaling, increasing glycolysis and tissue damage;
this, effect can’be alleviated by taurine through inhibition of HIF 1a activity(Lan et al.,
2022). Targeted metabolic interventions further highlight the therapeutic potential of
modulating glycolysis: PFKFB3 inhibition attenuates both glycolysis and
inflammatory responses, while S-allylmercaptocysteine (SAMC) suppresses
LPS-induced NF-xB activation by regulating the TLR4/MyD88 pathway (Takashima
et al., 2024). Additionally, leucine enhances P-casein synthesis and fatty acid
metabolism via mTOR-PPARa signaling, underscoring the critical role of nutrition in
maintaining metabolic immune homeostasis within the mammary gland (Huang et al.,
2023).

This metabolic reprogramming triggers post-translational —modifications,
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particularly histone lactylation, which have recently emerged as critical regulators of
inflammation. Lactate generated during glycolysis can be transported into the nucleus
via monocarboxylate transporters, where it modifies histone lysine residues through
p300/CBP, thereby linking cellular metabolism to epigenetic regulation (Xie et al.,
2022; Hu et al., 2024; Ma et al., 2025). In MECs, LPS stimulation elevates MCT1
expression and enhances glycolytic flux, leading to lactate accumulation and
subsequent induction of histone H3K18la (Jiang et al., 2022; Che gt aly, 2023). In
sepsis-associated acute kidney injury, H3K18la enrichment at the RHOA promoter
activates the RhoA/ROCK/Ezrin pathway, which triggers NFE-xB activation,
pro-inflammatory cytokine release, apoptosis, and renal dysfumiction (Qiaoet al.,
2024). This pathological process is driven by glycolysis-derived-laetate jaccumulation
and can be attenuated by inhibiting lactate produeetion; ori.glucese uptake. In
macrophages, histone lactylation regulates M1/M2 pelarization through p53 and p300,
promoting VEGF-mediated tissue repair while Suppressing €xcessive inflammation
(Bao et al., 2025). Similarly, in gliomasandwendometrial carcinoma, lactylation
enhances glycolysis by activating PI3K/AKT/HIF-la signaling or stabilizing PGK],
thereby facilitating tumor progression andwinhibiting apoptosis (Wei et al., 2024).
Overall, histone lactylation intégrates metabolic .and epigenetic signaling to shape
cellular fate in inflammatory contexts, highlighting its potential as a therapeutic target
for inflammation-asso¢iated diseases. Despite these advances, the specific role of
histone lactylation‘in buffale'mastitis remains largely unexplored.

Therefore, jconsidering the critical role of histone lactylation in inflammatory
regulation andsthe substantial economic impact of buffalo mastitis, this study aims to
mvestigate the ~echanisms underlying histone lactylation modifications and
inflammatory,injury in BUMECs. By elucidating these molecular pathways, we aim to
establish a theoretical foundation for developing targeted therapeutic strategies for the
prevention and treatment of mastitis in buffaloes.

MATERIALS AND METHODS

Animals

All animal experimental procedures were reviewed and approved by the Animal
Ethics Committee of Guangxi University (Nanning, China; Approval No.
GXU-2024-017). Lactating Murrah buffaloes were selected from the Buffalo
Breeding Farm of the Guangxi Zhuang Autonomous Region Buffalo Research

Institute. From a cohort of 118 buffaloes under identical rearing conditions, twelve
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adult buffaloes in mid-lactation (aged 3-5 years, parity 1-3) were included. These
were divided into two groups, six healthy controls with somatic cell counts (SCC) <
200,000 /mL, and six clinical mastitis cases with SCC > 500,000 /mL (Table 1),
accompanied by typical clinical signs such as redness, swelling, heat, and pain in the
mammary gland. Midstream milk samples were collected manually, immediately
aliquoted, and transported to the laboratory for analysis. Blood samples were obtained
via jugular venipuncture using EDTA-containing anticoagulant tubes, centrifuged at

2,000 r/min for 10 min at 4°C to separate plasma, and stored at -80;€. Under local

anesthesia and aseptic conditions, mammary tissue from the right rear quarter was
collected. A portion of the tissue from healthy buffaloes wasspromptly, processed for
primary mammary epithelial cell isolation, while the remainder was shap-frozen in
liquid nitrogen for subsequent protein/RNA extraction‘and sequeneing; or fixed in 4%
paraformaldehyde for histopathological evaluation. To further investigate the role of
LPS in mastitis, a mouse model was established. Healthy.postpartum mice (7-14 days
postpartum) were randomly assigned to_control and model groups, with ten mice per
group. After intraperitoneal anesthesia.and'stabilization, the fourth pair of mammary
glands in the model group were disinfécted, and-the nipple tips were trimmed by
approximately 0.5-1 mm with sterile.ophthalmi¢ seissors to expose the lactiferous ducts.
A volume of 50 pL of 02 mg/mIs.LPS solution was slowly infused via the ducts using a
microsyringe. Control mice received an equal volume of sterile saline. After 24 hours
of LPS inductien, mice were euthanized by cervical dislocation. Blood was collected

via cardiac puncture, ¢entrifuged at 2,000 r/min for 10 min at 4°C to obtain serum, and

stored. at -80.C=Fhe_ fourth pair of mammary glands were aseptically harvested. one
portion was fixed in 4% paraformaldehyde for histopathological assessment, and the
other was flash-frozen in liquid nitrogen and transferred to -80°C for subsequent
proteindand RNA analysis.

Cell culture and lipopolysaccharide treatment

BuMECs were cultured in DMEM/F12 medium (Gibco, C11330500BT, USA)
supplemented with 10% fetal bovine serum (Gibco, A5256701, USA), 1 pg/mL
hydrocortisone (Coolaber, CH6211-5g, China), 1 pg/mL progesterone (Sigma-Aldrich,
V900699, USA), 5 pg/mL insulin (Sigma-Aldrich, 15500, USA), 5 pg/mL transferrin
(McLin Biotech, T861419, China), and 10 ng/mL epidermal growth factor
(Sigma-Aldrich, SRP3196, USA). Cells were seeded at 1 x 10° cells per dish and
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maintained at 37°C in a humidified 5% CO, atmosphere. For LPS treatment
(Sigma-Aldrich, L2630, USA), cells were exposed to increasing LPS concentrations (0,
1.25, 2.5, 5, or 10 pg/mL) for 12 h. In RNA interference assays, 10 pg/mL LPS was
added 36 h post-transfection, followed by 12 h incubation before sample collection to
assess LPS-induced effects on cellular responses and gene expression.
Immunohistochemistry staining

Mammary tissue samples were processed through deparaffinization, rehydration, and
antigen retrieval using citrate buffer (Solarbio, C1033, China), with endogenous
peroxidase quenched and non-specific binding blocked using goat|seérum. Sections
were incubated with primary antibody (Supplementary TableST)y“eyvernight at 4°C,
followed by application of a biotinylated secondary antibody. Signals were detected
using DAB (Solarbio, DA1015, China) or fluorescent substrates;” accompanied by
hematoxylin counterstaining, and final analysis was petformed using a Nikon
ECLIPSE Ts2-FL microscope (Nikon, Tokyo, Japan)sto+assess protein expression
levels and localization.

Hematoxylin and eosin (H&E) staining

Mammary tissue samples wereprocessed ‘throtigh. deparaftinization, rehydration in
graded ethanol, and staining with Mayer’s hematoxylin (SenBeiJia, BP-DL001, China)
for nuclear visualization, followed By differentiation in 0.5% acid alcohol (Solarbio,
G1861, China) and|cpunterstaining with alcoholic eosin (SenBeiJia, BP-DL001,
China) to enhance, cellular~Contrast. After dehydration through ethanol series and
clearing in Xylene, se¢tions were mounted with neutral resin (Solarbio, G8590, China)
and.examined using’a Nikon ECLIPSE Ts2-FL microscope (Nikon, Tokyo, Japan) for
morphelogieal.and histological assessment.

TUNELE staining

The TUNEL assay was performed to detect apoptotic cells in paraffin-embedded
mammary tissue sections. The process began with deparaffinization using xylene,
followed by rehydration through a graded ethanol series. Sections were then treated
with proteinase K (Servicebio, G1205, China) for 30 minutes at 37°C to expose DNA
fragments. After PBS washes, endogenous peroxidase activity was quenched with 3%
H,0,. The TUNEL reaction mixture, containing terminal deoxynucleotidyl transferase
(TdT) and labeled dUTP (Servicebio, G1507, China), was applied to the sections and
incubated at 37°C for 1 hour. Signals were developed using DAB substrate (Servicebio,

G1221, China), and sections were counterstained with hematoxylin.
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Immunofluorescence staining

BuMECs were fixed with paraformaldehyde (Solarbio, P1110, China), permeabilized
with Triton X-100 (Solarbio, T8200, China), and blocked with bovine serum albumin
(Sigma-Aldrich, A9418, USA). Primary antibodies (Supplementary Table S1) were
applied overnight at 4°C, followed by incubation with fluorochrome-conjugated
secondary antibodies (Supplementary Table S1) and nuclear counterstaining using
Hoechst 33342 (Solarbio, B8040, China). Images were acquired” with a Nikon
ECLIPSE Ts2-FL microscope (Nikon, Tokyo, Japan).

Detection of lipopolysaccharides

LPS concentrations in buffalo mammary tissue, milk, and_setum, were=quantified
using a Limulus Amebocyte Lysate (LAL) assay kit (Solarbiof T7575,/China). Sample
processing followed manufacturer's instructions, ~serum -<Wwas* eobtained from
anticoagulated blood via centrifugation, diluted 149 in processing solution, and
heat-treated at 70°C for 10 min. Milk samples were, centrifuged to remove fat, with
the middle phase collected, diluted 1:195 and sumilarly heat-treated. Tissue samples
(30 mg) were homogenized, diluted (1.9, and subjected to identical heat treatment.
Data collection involved measuting. optical,_density at 545 nm using a microplate
reader (BioTek, Epoch2TC, USA), and analysis“comprised generating a standard
curve from serial dilutienis of'a 20 EU/mE LPS stock to calculate LPS concentrations.
Myeloperoxidase (MPO) activity detection

MPO activity in mammary-tissie was assayed using a myeloperoxidase kit (Nanjing
Jiancheng, fA044-1-1;7 China) per manufacturer's protocol. The samples were
hemogenized ‘oen ice to create a 5% homogenate, followed by an assay procedure
mvolving “imcubation with specific reagents at 37°C, chromogenic reaction, and
termination. Pata collection involved measuring optical density at 460 nm with a
microplate reader (BioTek, Epoch2TC, USA), and analysis comprised calculating
MPO activity from a standard curve.

Western blot analysis

Mammary tissue or BUMECs samples were selected and homogenized in lysis buffer,
with protein concentrations determined using a BCA assay kit (Biosharp, BL521A,
China) to ensure consistent loading. Equal protein amounts (20 pg) were mixed with
SDS loading buffer, denatured at 100°C for 10 min, and separated by SDS-PAGE.
Proteins were then transferred to nitrocellulose membranes (Solarbio, YA1711, China)

via wet transfer at 300 mA for 1.5 h. For data collection, membranes were blocked
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with 5% nonfat milk in PBST, incubated overnight at 4°C with primary antibodies
(Supplementary Table S1), washed, and probed with HRP-conjugated secondary
antibodies, followed by visualization using an ECL kit (Tanon, 180-506, China) and
imaging with an E-Blot Touch Imager (VonLab, Shanghai, China). Analysis involved
quantifying band intensities with Imagel software (NIH, v1.54, USA), using B-actin
or histone H3 as loading controls for normalization.

Quantitative real-time quantitative PCR (qPCR) analysis

Total RNA was isolated from biological samples using an RNA~€xtraction kit
(TaKaRa, 9767, Japan) and reverse transcribed into cDNA using the manufacturer’s
protocol. The cDNA was appropriately diluted, and qPCR reaetions-were prepared in
a 10 pL volume containing gene-specific primers (Tables S2 .and*S3), PerfectStart
Green qPCR SuperMix (TransGen, AT341, China),~and nuclease-ftée water. Data
collection involved amplification on a LightCyeler 480 system (Roche, Mannheim,
Germany) under standardized conditions: initidl denaturation at 95°C for 5 min,
followed by 40 cycles of 95°C for 10 s and 60°Cifor 30 s. Analysis utilized the 2 24¢T
method with B-actin as the internal reference gene: for calculating relative transcript
abundance, ensuring transparency and tepreducibility, while primers were designed
based on GenBank sequences| (NEBIF) and synthesized by Shanghai Bioengineering
Co., Ltd. (Shanghai, China).

ELISA detection

BuMECs culture™, supernatant§ were selected as samples and processed by
centrifugationsto remeVve cellular debris. Standards and appropriately diluted samples
wete added ‘to 96-well plates provided in the assay kits (Jiangsu Enzyme,
MM-3473602 .and MM-156802, China) and incubated at 37°C to facilitate
antigen<antibody binding. After washing steps, wells were incubated with
enzyme-conjugated detection antibody, followed by substrate addition for color
development. Data collection involved measuring optical density at 450 nm using a
microplate reader (BioTek, Epoch2TC, USA), and analysis comprised calculating
analyte concentrations from standard curves to enable quantitative determination of
target proteins, ensuring methodological transparency and reproducibility throughout
the process.

Flow cytometry analysis

BuMECs were selected as samples and processed through harvesting, washing with

PBS, and preparation of a single-cell suspension using trypsinization and
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centrifugation with a benchtop centrifuge (CENCE, TD5A-WS, China). The cells
were resuspended in binding buffer and stained with Annexin V-FITC and propidium
iodide (BD Biosciences, 559763, USA) for 30 minutes at room temperature in the
dark to facilitate apoptosis detection. Data collection was conducted by immediately
analyzing the stained cells using a flow cytometer (Beckman Coulter, CytoFlew S,
USA), and analysis involved processing the acquired data with FlowJo software (Tree
Star, v10.0.7, USA) to quantify apoptotic populations, emphasizing/methodological
transparency and operational reproducibility throughout the process.

Lactate level analysis

Lactate concentrations in buffalo mammary tissue and BuMECs«werc determined
using a lactate detection kit (Abbkine, KTB1100, China) accotding to the
manufacturer’s instructions. Briefly, samples were~processed..following the kit
protocol, and absorbance was measured at 450, nm“using an automatic microplate
reader (BioTek, Epoch2TC, USA). Lactate concentrations’ were calculated from
standard curves generated in parallel, allowing quantitative assessment of lactate
levels in each sample.

RNA-seq analysis

BuMECs were selected as biological samples;” and total RNA was extracted using
TRIzol reagent (Servicebio, G3013-TOOML, China) per manufacturer's protocol, with
RNA quality assessed via Agilent 2100 Bioanalyzer (Agilent, USA) and NanoDrop
spectrophotometery( Thermoe-Fisher, USA) to ensure integrity. RNA-seq libraries were
constructed: with the NEBNext Ultra RNA Library Prep Kit (NEB, USA) including
three biological replicates per group, and sequenced on a BGISeq platform (BGI,
Ghma).to ‘generate 150 bp paired-end reads. Data collection involved converting raw
reads to FASTQ format, performing quality control with FastQC, and trimming
adapters/low-quality bases using Trimmomatic. Clean reads were aligned to the
buffalo reference genome (NCBI assembly) with STAR, and BAM files were
processed with SAMtools for sorting and indexing. Analysis included differential
expression evaluation using DESeq2 in R with thresholds of |log,FC|>1 and adjusted
P<0.05, followed by functional enrichment analysis for KEGG pathways with DAVID
Bioinformatics Resources to ensure methodological transparency and reproducibility.
CUT&Tag analysis

BuMECs were selected as biological samples and processed using the Hyperactive

Universal CUT&Tag Assay Kit (Vazyme, TD903, China) per manufacturer's protocol
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to ensure operational transparency. The experimental design involved binding cells to
protein A-coated magnetic beads and sequential incubation with ConA beads,
anti-H3K18la primary antibody, secondary antibody, and hyperactive pA/G-Tn5
transposase for targeted chromatin fragmentation. DNA fragments were extracted,
PCR-amplified, purified, and used to construct sequencing libraries, which were
quantified and quality-checked with a Qubit 4.0 fluorometer (Thermo Fisher, USA)
and an Agilent 2100 Bioanalyzer (Agilent, USA). Data collection comprised
sequencing indexed libraries on an Illumina NovaSeq 6000 platform (Ilumina, USA)
to generate 150 bp paired-end reads, followed by quality assessment with FastQC and
adapter trimming with Trimmomatic to obtain clean reads. Amalysisisteps”in¢luded
aligning clean reads to the buffalo reference genome (NCBI agsembly)using Bowtie2,
sorting and indexing BAM files with SAMtools, generating©BedGraph files with
Bedtools, calling peaks with SEACR under low-bagkground.conditions, conducting
differential peak analysis with DESeq2 in R, afnd wvisualizing chromatin landscapes
with Integrative Genomics Viewer.

Statistical analysis

All quantitative data are presented.as‘ymean®SD_from at least three independent
biological replicates. Pairwise comparisons were performed using unpaired two-tailed
Student's t-test. For comparisons,involving three or more groups, one-way analysis of
variance (ANOVA) with Tukey's post hoc test was used. Different lowercase letters
above bars indicate, significant.differences among groups (P<0.05). Asterisks denote
statistical significance?*: P<0.05; **: P<0.01, ***. P<(0.001. A threshold of P<0.05
was, considered, statistically significant. All statistical analyses and graphical outputs
weere"generated.iSing GraphPad Prism 8.0.1.

RESULTS

LPS'induces exacerbated inflammatory injury in buffalo mammary tissue
Histological exam ination revealed extensive neutrophil infiltration in both interstitial
and alveolar regions of CM mammary tissues (Figure 1A), accompanied by markedly
increased MPO activity compared with controls (Figure 1B). qPCR analysis
demonstrated significant upregulation of /L-18, IL-6, TNF-a, TLR4, and NF-«kB in CM
tissues (Figure 1C), which was corroborated by elevated TLR4, NF-xkBp65, and IL-6
protein expression detected by Western blot (Figure 1D). Apoptotic activity was
elevated in CM, as shown by TUNEL staining (Figure 1E), together with increased

expression of pro-apoptotic BAX and CASP3 and reduced expression of anti-apoptotic
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Bcl-2 at both the mRNA (Figure 1F) and protein levels (Figure 1G). LAL assay
confirmed that LPS, a major pathogenic factor in mastitis, was significantly increased
in milk, mammary tissue, and serum of buffaloes with CM (Figure 1H).
Immunohistochemistry further demonstrated enhanced LPS distribution and intensity
within mammary tissues (Figure 1I). These findings were further validated in an
LPS-induced mouse mastitis model, which exhibited marked increases in
inflammatory and apoptotic markers 24 h post-injection (Figure 1J-L; Supplementary
Figure S1A-E).

LPS Induces inflammation and apoptosis in BuMEC:s in vitro

BuMECs were successfully isolated and confirmed™by", keratin 18
immunofluorescence, displaying typical morphology and stable function at passage 3
(Supplementary Figure S2A-E). An in vitro inflammatory.injury model was
established by treating BuMECs with different congéntrations, of LPS for 12 h. Cell
viability declined in a dose-dependent manner Wwith increasing LPS concentrations
(Figure 2A). ELISA showed that IL-6 and TNF=q secretion peaked at 10 pg/mL LPS
(Figure 2B). qPCR analysis revealed [concentration-dependent upregulation of /L-1p,
IL-6, TNF-a, TLR4, and NF-kB; with maximal induction at 10 pg/mL (Figure 2C).
Further qPCR confirmed that /L-6, NF-a, TLR4; and NF-xB expression increased
progressively with higher LPS deses(Figure 2D-G). Accordingly, 10 pg/mL LPS was
selected for subsequent experiments. Flow cytometry demonstrated that LPS
substantially incréased apoptosis (Figure 2H) and enhanced CASP3 fluorescence
intensity (Figure 2I)#These findings were supported by qPCR showing elevated
expression of “pro-apoptotic BAX and CASP3 and reduced Bc/-2 (Figure 2J), with
consistent resultS at the protein level confirmed by Western blot (Figure 2K).

LPS upregulates glycolytic activity in BuMECs

RNA:seqs identified 5,382 differentially expressed genes between control and
LPS-treated groups, including 2,995 upregulated and 2,387 downregulated genes
(Figure 3A). KEGG pathway enrichment analysis revealed that LPS treatment
significantly activated pathways related to inflammation, apoptosis, and metabolic
processes including glycolysis and gluconeogenesis (Figure 3B). Furthermore, GSEA
demonstrated a marked upregulation of the glycolysis/gluconeogenesis pathway in the
LPS treatment (Figure 3C), and heatmap analysis indicated enhanced expression of
glycolytic genes (Figure 3D), collectively suggesting that LPS stimulation strongly
promotes activation of glycolytic metabolic pathways. qPCR and Western blot
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analyses confirmed significant upregulation of glycolytic enzymes HK2, PKM?2,
PDK2, and LDHA following LPS treatment (Figure 3E, F). Protein-protein interaction
(PPI) network analysis further identified HK2 as a central node within the glycolytic
network, highlighting its potential as a key regulator of glycolytic flux (Figure 3G).
Inflammation leads to lactate accumulation and increased histone lactylation
levels in BuMECs

LPS treatment consistently increased both intracellular and extracellular lactate levels
in BUMECs (Figure 4A), paralleling the elevated lactate concentratiofis detected in
milk, mammary tissue, and serum from buffaloes with clinical mastitis compared with
healthy controls (Supplementary Figure S3A). Western ~blotwanalysis further
demonstrated a robust upregulation of Pankla following LPS stimulation (Figure 4B).
Among multiple histone lactylation sites examinedy~H3Ki8la.exhibited the most
pronounced increase in response to LPS treatment (Figure 4C). These findings were
corroborated by immunofluorescence, which™ confirmed /elevated PanKla and
H3K18la in LPS-treated BUuMECs (Figure#4Dy E), and by immunohistochemistry,
which revealed higher expression 0f. these markers in mammary tissues from
mastitis-affected buffaloes (Supplementary Eigure S3B).

H3K18 lactylation modifications.“promotes inflammation and apoptosis in
BuMECs

Quality control of CUT&Tag sequencing demonstrated significantly higher signal
enrichment near gene regions’ in LPS-treated BuMECs compared with controls
(Figure 5A). Peak analysis identified 5,813 regions with increased signals and 3,904
with decreased,signals following LPS exposure (Supplementary Figure S3C, D).
Integrated ~analySiS with RNA-seq data through a nine-quadrant correlation plot
revealed 170 eandidate genes consistently upregulated in both datasets, demonstrating
concurrent elevation of H3Kl18la enrichment at promoters and corresponding
increases in mRNA transcript levels (Figure 5B, C). Among these, NF-«B1, CEBPD,
and DDIT3 were identified as key regulators associated with inflammatory and
apoptotic pathways (Figure 5D). IGV visualization further confirmed significant
enrichment of H3K18la peaks at the promoters of these genes, including DDIT3 peaks
43,616 and 43,617, NF-kBI peak 73,523, and CEBPD peak 126,773, all of which
were considerably upregulated in LPS-treated samples relative to controls (Figure
SE-G).

Inhibition of HK2 reduces H3K18 lactylation levels and alleviates inflammatory
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injury in BuMECs

HK?2 occupies a central position in the glycolytic network, serving as the rate-limiting
enzyme that governs glycolytic flux and subsequent lactate production. To determine
whether H3K18la accumulation and the downstream inflammatory/apoptotic
responses are strictly dependent on this upstream metabolic driver, we targeted HK2
for knockdown to disrupt the lactate supply chain. RNA interference targeting HK2 in
LPS-treated BUMECs effectively reduced HK2 expression along with PKM?2, PDK2,
and LDHA (Figure 6A; Supplementary Figure S3E). HK2 knockdown significantly
decreased lactate production despite LPS stimulation (Figure 6B) land markedly
lowered H3K18la levels (Figure 6C). Western blot showed™that “silencing” HK2
reduced TLR4, NF-xBp65, and IL-6 protein expression and deereased jpro-apoptotic
BAX and CASP3 while restoring anti-apoptotic Bcl-2+(Figure6DsE). qPCR further
confirmed significant downregulation of /L-15,4L-65 TNF-o,.and TLR4 (Figure 6F),
as well as BAX and CASP3, with concomitant upregulation of Bcl-2 (Figure 6QG).
Moreover, expression of NF-xkBl, CEBPD; and "DDIT3 was markedly decreased
following HK?2 knockdown (Figure 6H).

DISCUSSION

Mastitis in water buffalo is a major‘factor contributing to reduced milk production and
poses potential risks te“food; safety.” Lipopolysaccharide, a principal component of
Gram-negative bacterial cell walls, is a primary etiological factor in clinical mastitis
(Meng et al., 20225 Xie et-al., 2024). Previous studies in bovines have indicated that
clinical mastitis is associated with altered mammary metabolism and increased lactate
aeeumulation, s suggesting that lactate may influence epigenetic modifications,
including “histon¢™ lactylation (Ma et al., 2025). Despite growing evidence of
metabolic-épigenetic crosstalk in inflammation, the precise mechanisms linking
LPS-induced lactate accumulation to histone lactylation remain poorly characterized.
This study aimed to elucidate the mechanistic links between LPS-induced lactate
accumulation, histone lactylation dynamics, and their regulatory effects on
inflammatory and apoptotic pathways in BUMECs.

Our results revealed that LPS exposure triggers profound metabolic reprogramming
in BuMECs, characterized by significant upregulation of key glycolytic enzymes
including HK2, PKM2, PDK2, and LDHA. This glycolytic shift is consistent with the
“Warburg-like” metabolic reprogramming observed in activated immune cells and

inflamed tissues (Wu et al., 2020; Song et al., 2023). Although similar glycolytic

= ZR

Zoological
Research



0 9 N L B W

o)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

activation has been documented in bovine mastitis models (Ma et al., 2025; Cheng et
al., 2025), the specific role of HK2 as a master regulator controlling this process
remained unclear. Our PPI network analysis uniquely identified HK2 as the central
hub gene with the highest connectivity, positioning it as the rate-limiting checkpoint
controlling downstream lactate production (Bao et al., 2022). This is critical because
HK?2 catalyzes the first irreversible step of glycolysis, making it the most upstream
and efficient target for therapeutic intervention.

Importantly, our findings demonstrate that this enhanced glycolytie™ flux “directly
drives lactate accumulation in BuMECs, with intracellular lactate levels increasing
significantly following LPS stimulation. This lactate surge«<waswaccompanied by
marked upregulation of multiple histone lactylation modifications,.in¢luding PanKla,
H3K9la, H3K56la, H3K18la, H4K5la, and H4K8la. INetably, H3KA8la exhibited the
most pronounced elevation. This site-specific selectiyity is bielogically significant, as
H3K18la has been established as a canonical active, transCriptional mark associated
with promoter regions and gene activationthaking it the most functionally relevant
target for investigating inflammatory|gene‘regulation (Zhang et al., 2019). H3K18la
enrichment at specific promoters..provides #a direct mechanistic link between
metabolic dysregulation and transefiptional'activation of inflammatory effectors.

CUT&Tag analysis~tevealed, the critical role of H3KI8la in transcriptional
regulation, demonstrating its enrichment at the promoter regions of key inflammatory
and apoptotic_genes, ‘including’ DDIT3, NF-kBl, and CEBPD. Lactate stimulation
significantly increased) H3K18la levels in the promoter regions of these genes,
premoting their transcriptional activation (Wang et al., 2024; S. Liu et al., 2025).
NF-kBL, a“eore. transcription factor involved in the inflammatory response, exhibited
an approximately 4-fold increase in expression, consistent with previous findings on
the role of H3K18la in regulating inflammatory responses (Wei et al., 2023; Wan et
al., 2025). Importantly, NF-xkB1 upregulation creates a positive feedback loop, as
NF-kB signaling further enhances glycolysis through transcriptional activation of
HK2 and LDHA, thereby amplifying lactate production and H3K18la modification
(Cheng et al., 2025). CEBPD, an important transcription factor with
H3K18la-modified promoter regions, participates in cellular inflammatory cascade
reactions and promotes apoptosis (Yu et al., 2010; T. Yan et al., 2024). DDIT3,
involved in inflammatory mRNA processing and immune response regulation,

showed increased H3K18la promoter modification, consistent with recent reports on
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lactate-mediated inflammatory gene regulatory mechanisms in cells (Kim et al., 2017;
Y. Zhang et al., 2023).

These findings implicate the HK2-lactate-H3K18la axis as a central regulatory
pathway (Figure 7). Therefore, to validate the functional significance of the
HK?2-lactate-H3K 18la axis, we employed HK2 inhibition as a targeted intervention
strategy. Given that lactate serves as a critical modifier for H3K18la activation and
HK?2 functions as a key regulator of lactate metabolism, we investigatedsthe role of
H3K18la in BUMECs by inhibiting HK2 activity. Using siRNA-mediated interference,
we effectively downregulated HK2 expression, resulting in significant reductions<in
HK2, PKM2, PDK2, and LDHA levels and substantial atterittation, of=glycolytic
activity. Subsequent lactate measurements demonstrated |a /sighificant decrease in
intracellular lactate levels following HK2 knockdowngaccompanied by corresponding
reductions in H3K18la modification. Furthermore, /K2 knockdown led to marked
reductions in inflammatory cytokine expression andsapepteti¢ indices, indicating that
HK2-mediated glycolysis critically contributes to,LPS-induced inflammatory injury in
BuMECs. These results collectively, suggest /that targeting HK2 and the
lactate-H3K 18la axis may provide a.promising approach for modulating inflammatory
responses in mastitis.

While the glycolysis<lactate-histonie lactylation axis has been recently explored in
bovine mammary epithelial cells (Ma et al., 2025; Cheng et al., 2025), our study
provides novel.insights speeifie’to the water buffalo, a species known for its distinct
disease resistance traitSjcompared to Bos taurus. Unlike previous studies that largely
foeused on'bread lactylation (Pankla) changes or canonical HIF-1a signaling using
candidate “gene approaches, we utilized high-resolution CUT&Tag profiling to
specifically idéntify H3K18la as a key epigenetic driver. Crucially, this epigenomic
mapping revealed DDIT3 and CEBPD as novel direct targets of H3K18la in buffalo
cells targets not previously reported in the bovine mastitis context. This suggests that
while the broad metabolic-epigenetic strategy is conserved across ruminants, the
specific chromatin targets and regulatory networks may have diverged, potentially
contributing to the unique inflammatory response patterns observed in buftalo.

Collectively, our faceted investigation reveals a novel mechanistic pathway in
which LPS-driven metabolic reprogramming triggers H3K18la-mediated epigenetic
regulation, establishing H3K18la as a critical molecular bridge that links cellular

metabolism to inflammatory and apoptotic responses in mastitis. Targeting the

= ZR

Zoological
Research



0 9 N L B W

o)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

HK?2-lactate-H3K 18la axis represents a promising therapeutic strategy for modulating
inflammation in buffalo mammary tissues. Despite these advances, certain limitations
should be acknowledged. Direct functional validation through site-directed H3K18
mutagenesis and isotope tracing experiments to definitively establish lactate
metabolic origin remain technically challenging in BUuMECs. Future investigations
should therefore prioritize in vivo validation using buffalo mastitis models, develop
mammary-targeted delivery systems for HK2 inhibitors or RNAi therapeutics, and
explore pharmacological modulation of histone lactylation writers as edmplementary
strategies to validate the clinical potential of this pathway.
CONCLUSION

In conclusion, our findings demonstrate that LPS-inducéd.inflammation in
BuMECs promotes glycolysis and increases lactate productien,.thereby enhancing
histone lactylation, particularly H3K18la. H3K18la modification facilitates the
recruitment of transcriptional regulators, includingsDDIT3,/NF-xkB1, and CEBPD,
which activate key inflammation and apoptesissgenes, thereby driving inflammatory
injury. Inhibition of HK2 reduces lactate’ accumulation and H3K18la levels, thus
mitigating inflammation and apoptosis. These t€sults provide novel insights into the
epigenetic mechanisms regulating.the/pathogengsis‘of buffalo mastitis.
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Table 1. Basic description of buffaloes classified as healthy (Control, n=6) or

clinical mastitis (CM, n=6)

Median (IQR)
Item Control CM
SSC (10%*cells/mL) 4.72(0.075)b 65.85(9.972)a
MPO (U/g) 0.12(0.098)b 0.48(0:147)a
Milk yield (kg) 7.80(0.072)a 7.34(0°177)b.

*dDjfferent superscripts within a row denote differences (P<0.05).
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Figure LLPS induces inflammatory injury in buffalo mammary tissue

A: H&E staining of buffalo mammary tissue. Scale bar=100 um. B: Measurement of
MPO activity in buffalo mammary tissue. C: qPCR analysis of IL-1f, IL-6, TNF-a,
TLR4, and NF-kB mRNA expression in buffalo mammary tissue. D: Western blot and
quantification of TLR4, NF-kBp65, and IL-6 protein levels in buffalo mammary
tissue. E: TUNEL staining assessing apoptosis levels in buffalo mammary tissue.
Scale bar=100 um. F: qPCR analysis of BAX, Bcl-2, and CASP3 mRNA expression in
buffalo mammary tissue. G: Western blot and quantification of BAX, Bcl-2, and
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Immunohistochemical detection of LPS distribution in buffalo mammary tissue. Scale
bar=20 um. J: Mouse mastitis model established by intramammary injection of LPS.
K: H&E staining of mouse mammary tissue. Scale bar=50 um. L: TUNEL staining
assessing apoptosis levels in mouse mammary tissue. Scale bar=50 um. CM, clinical
mastitis in buffaloes; M-CM, LPS-induced clinical mastitis model” in*mice. Data
represent mean+SD, n=6 for buffaloes, n=10 for mice. *: P<0.05; **+"P<0.01, ***:

P<0.001.
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Figure 2 LPS induces inflammation and apoptosis in BuMECs in vitro

A: Cell viability of BUMEC:s after treatment with increasing concentrations of LPS for
12 h. B: ELISA quantification of IL-6 and TNF-a secretion in BUMECs treated with
different concentrations of LPS. C: qPCR analysis of /L-1f mRNA expression in
BuMECs exposed to various LPS concentrations. D: qPCR analysis of /L-6 mRNA
expression in BUMECs exposed to various LPS concentrations. E: qPCR analysis of

TNF-o. mRNA expression in BUMECs exposed to various LPS concentrations. F:
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qPCR analysis of TLR4 mRNA expression in BUMECs exposed to various LPS
concentrations. G: qPCR analysis of NF-kB mRNA expression in BUMECs exposed
to various LPS concentrations. H: Flow cytometry analysis of apoptosis rates in
BuMECs. I: CASP3 immunofluorescence staining in BuMECs. Scale bar=50 um. J:
qPCR analysis of BAX, Bcl-2, and CASP3 mRNA expression in BUMECs. K: Western
blot and quantification of BAX, Bcl-2, and CASP3 protein levels in BUMECs. Data
represent mean+SD, n=3 independent experiments. *: P<0.05; *¥ P<0.01, ***:

P<0.001. Different letters indicate significant differences among groups/(P<0.05).
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Figure 3 LPS upregulates-glycolytic.activity in BuMECs

A: Volcano plot of differentially expressed genes between control and LPS-treated
BuMECs. B..KEGG pathwaysenrichment analysis of upregulated genes. C: GSEA
analysis of glycolysis/gluconeogenesis pathway. D: Heatmap of glycolysis-related
genes, showing+expression changes. E: qPCR analysis of HK2, PKM?2, PDK?2, and
I'DHA mRNA~expression in BUMECs. F: Western blot and quantification of HK2,
PKM2sPDK2, and LDHA protein expression in BUMECs. G: PPI network interaction
diagram.showing glycolytic enzyme connections. Data represent mean+SD, n=3

independent experiments. *: P<(0.05; **: P<0.01, ***: P<0.001.
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Figure 4 Inflammation leads to lactate accumulation and increased histone
lactylation lévels in.BuMECs

A% Intracélular’ and extracellular lactate levels in BuMECs measured after LPS
treatment, B: Western blot analysis and quantification of PanKla in BUuMECs. C:
Western' blot analysis and quantification of histone lactylation at multiple sites in
BuMECs. D: Immunofluorescence staining showing Pankla levels in BUMECs after
LPS treatment. D: Immunofluorescence staining showing Pankla levels in BUMECs
after LPS treatment.Scale bar=50 pm. E: Immunofluorescence staining and
quantification of H3K18la in BUMECs. Scale bar=50 um. Data represent mean+SD,
n=3 independent experiments. *: P<0.05; **: P<(0.01, ***: P<0.001.
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Figure 5 Integrated CUT&Tag and "transeriptome analysis identifies key
lactylation-regulated genes in EPS-treated BuMECs

A: Heatmap and profile plot showing H3K 18la signal distribution across gene regions
in control and LPS-treated“groups:” B: Nine-quadrant scatter plot displaying the
relationship between H3KI18la [peak intensity changes (CUT&Tag) and mRNA
expression changes, (RNA-seq)./Each dot represents a gene. The upper-right quadrant
contains genes with sboth increased H3K18la modification and elevated mRNA
expression. CVenn‘diagram displaying overlap between upregulated H3K 18la peaks
(CUTF&Tag) and upregulated genes (RNA-seq), identifying 170 candidate genes. D:
Violin plot showing transcriptional differences of NF-xBI, DDIT3, and CEBPD
between control and LPS groups. E: IGV visualization of H3K18la enrichment at
NF-kB1 promoter region. F: IGV visualization of H3K18la enrichment at DDIT3
promoter region. G: IGV visualization of H3K18la enrichment at CEBPD promoter
region. Data represent n=2 biological replicates. *: P<0.05; **. P<0.01, ***:

P<0.001.
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Figure 6 HK2 knockdown _reduces “H3K18 lactylation and alleviates
inflammatory injury in BuMECs

A: Western blot and quantification of HK2].PKM2, PDK2, and LDHA protein
expression in NC, si-zHK27*NC+EPS;7and si-HK2+LPS groups. B: Intracellular and
extracellular lactate |levels in BUMECs. C: Western blot and quantification of
H3K18la levels..D:! Western-blot and quantification of TLR4, NF-«kBp65, and 1L-6
protein expression. B: Western blot and quantification of BAX, Bcl-2, and CASP3
protéin, expression. F: qPCR analysis of /L-1f, IL-6, TNF-0, and TLR4 mRNA
expression., G: qPCR analysis of BAX, Bcl-2, and CASP3 mRNA expression. H:
qPCR1analysis of NF-kB1, CEBPD, and DDIT3 mRNA expression. NC, negative
control;81-HK2, HK2 siRNA knockdown. Data represent mean+SD, »=3 independent

experiments. Different letters indicate significant differences among groups (P<0.05).
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Figure 7 Schematic illustration‘of .the HK2-lactate-H3K18la axis in LPS-induced
inflammatory injury,in BuMECs

LPS stimulation reprograms cellular metabolism in buffalo mammary epithelial cells
by upregulating glycolytic enzymes HK2, PKM2, PDK2, and LDHA, leading to
intracellular {lactate faccumulation. Lactate-driven H3K18la at gene promoters
facilitates récruitmeént’ and activation of transcriptional regulators NF-xkBl, DDIT3,
and CEBPD,*thereby amplifying inflammatory and apoptotic responses in mastitis.
HK?2 gnhibition attenuates this metabolic-epigenetic cascade, identifying the

HK?2-lactate-H3K 18la axis as a promising therapeutic target.
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