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Multi-omics profiling of dairy cattle
oxidativestress identifieshindgut-derived
Phascolarctobacterium succinatutens
exhibiting antioxidant activity
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An imbalance between oxidative and antioxidant processes in the host can lead to excessive oxidation,
a condition known as oxidative stress (OS). Although changes in the hindgut microbiota have been
frequently linked to OS, the specific microbial and metabolic underpinnings of this association remain
unclear. In this study, we enrolled 81 postpartum Holstein cows and stratified them into high oxidative
stress (HOS, n = 9) and low oxidative stress (LOS, n = 9) groups based on the oxidative stress index
(OSi). Using a multi-omics approach, we performed 16S rRNA gene sequencing to evaluate microbial
diversity, conducted metagenomic analysis to identify functional bacteria, and utilized untargeted
metabolomics to profile serummetabolites. Our analyses revealed elevated levels of kynurenine, formyl-
5-hydroxykynurenamine, and 5-hydroxyindole-3-acetic acid in LOS dairy cows. Additionally, the LOS
cows had a higher abundance of short-chain fatty acids (SCFAs)-producing bacteria, including
Bacteroidetes bacterium, Paludibacter propionicigenes, and Phascolarctobacterium succinatutens (P.
succinatutens), which were negatively correlated with OSi. To explore the potential role of these bacteria
in mitigating OS, we administered P. succinatutens (108 cfu/day for 14 days) to C57BL/6 J mice (n = 10).
Oral administration of P. succinatutens significantly increased serum total antioxidant capacity,
decreased total oxidants, and reduced OSi in mice. Moreover, this treatment promoted activation of the
Nrf2-Keap1 antioxidant pathway, significantly enhancing the enzymatic activities of GSH-Px and SOD,
as well as the concentrations of acetate and propionate in the colon. In conclusion, our findings suggest
that systemic tryptophan metabolism and disordered SCFAs production are concurrent factors
influenced by hindgut microbiota and associated with OS development. Modulating the hindgut
microbiota, particularly by introducing specific SCFAs-producing bacteria, could be a promising
strategy for combating OS.

Oxidative stress (OS) is a hallmark of numerous human diseases and has
been implicated in over 100 pathological conditions, including obesity,
diabetes, liver disease, and gastrointestinal disorders1–4. Various factors,
including lifestyle, metabolic disturbances, inflammatory responses, and
environmental influences, can intensify OS during the critical peripartum

period5–8. Given its pervasive impact, OS should be acknowledged as the
primary driver of many diseases as well as a product of intricate interrelated
processes that warrant extensive investigation. Dairy cows are essential
food-producing animals that have attracted significant research interest in
recent years, particularly in the fields of nutrition, genetics, and health
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management9–11. However, only a few studies have examined dairy cows as
anOSmodel. Driven by elevated lactation demands, a grain-heavy diet, and
intensive management practices, dairy cows experience substantial meta-
bolic stress during the postpartumperiod,making themmore susceptible to
OS. In dairy cows, OSmanifests prominently during the peripartum period
due to metabolic adaptations required for lactation, including elevated
lipolysis, hepatic ketogenesis, andmitochondrial oxidative phosphorylation.
Clinically, OS in cows correlates with reduced lactation efficiency, heigh-
tened susceptibility to mastitis, metritis, and fatty liver, underscoring its
detrimental impact on productivity and welfare12–14. Additionally, dairy
cows possess physiological characteristics similar to those of humans,
including a gestational length of approximately 280 days, parity, and a high
prevalence of singleton pregnancies15. Given these similarities, dairy cows
offer a distinctive platform for exploring the mechanisms underlying OS,
which could potentially yield valuable insights beneficial to both veterinary
and human health.

Under normal conditions, the antioxidant system maintains the
redox balance of cells by counteracting the accumulation of reactive
oxygen and nitrogen species (RONS) generated during metabolic
stress. OS is defined as an imbalance between the production of
oxidants and the host’s antioxidant defenses, leading to oxidative
damage of lipids, proteins, and DNA. This molecular damage dis-
rupts cellular homeostasis, impairing critical physiological processes
such as mitochondrial energy production, immune function, and
nutrient metabolism. For instance, lipid peroxidation generates
malondialdehyde (MDA), while protein carbonylation compromises
enzymatic activity16. OSi, which reflects the ratio of pro-oxidants to
total antioxidant defenses and thereby underscores the necessity of
concurrent redox balance assessment, serves as both a precise indi-
cator of oxidative status and a valuable biomarker for OS17,18.
Emerging evidence highlights a significant interplay between OS and
the gut microbiota, which is essential for immune response and
metabolic regulation19. Individuals affected by OS-related conditions
often exhibit notable alterations in the gut microbiota20. For example,
a study demonstrated that shifts in the gut microbiota of Lactobacilli,
Escherichia coli, and Enterococcus in mice fed a high-fat diet are
strongly correlated with OS19. Modifications in the gut microbiota
may enhance the capacity of the host to produce antioxidants, pro-
viding protection against OS. Gut microbial families Lachnospiraceae
and Ruminococcaceae metabolize cystine to produce reactive sulfur
species, which enhance host antioxidant capacity21. Conversely,
dysbiosis can disrupt metabolic processes, exacerbating OS and
altering the composition and diversity of gut microbiota22. Integrated
fecal metagenomic and blood metabolomic analysis offers a valuable
approach for elucidating the mechanisms driving OS, as circulating
metabolites mediate interactions between the gut microbiome and
host physiology23–25. However, the intricate relationships among
changes in the hindgut microbiota, circulating metabolites, and OS
remain poorly understood.

The potential of probiotics to enhance antioxidant defenses has gar-
nered increasing attention. Although various probiotic strains have
demonstrated significant antioxidant effects beneficial to host health, the
efficacy of individual strains in augmenting antioxidant defenses is not well
established, and data to support their widespread application remain
limited26,27. This highlights the need for further investigations relevant to the
development of novel probiotics with antioxidant-enhancing properties.
Advancing research in this area could lead to targeted strategies for
managing OS and pave the way for new preventive and therapeutic
approaches against OS-related diseases. Toward this end, we conducted a
randomized study involving a cohort of postpartumdairy cows, whereinwe
measured blood biomarkers and calculated OSi. Based on these measure-
ments, we categorized the cows into low (LOS) and high (HOS) OS groups.
Furthermore, we performed integrated fecal metagenomic and blood
metabolomic analysis to explore how the hindgut microbiota and systemic
metabolites influence OS variability. We also used a murine model to

evaluate the ability of P. succinatutens, identified through metagenomic
screening, to regulate systemic and hindgut antioxidant defenses.

Methods
Animals and sample collection
Acohort of 81multiparous healthyHolstein cows (mean parity: 2.91 ± 1.01,
milk yield: 37.19 ± 8.93, body condition score: 3.48 ± 0.19) was enrolled at
7 days post-calving.All cowswere recruited from the JinYinDaodairy farm
of Beijing Sunlon Livestock Development Co., Ltd. The cows were housed
under uniform conditions and fed identical diets (Supplementary Table 1).
Prior to inclusion, each cow underwent a thorough veterinary examination
and a review of farm health records to confirm the absence of clinical
diseases,metabolic disorders, or recent antibiotic treatments. Blood samples
were obtained during themorning hours, ranging from6:00 to 8:00 a.m., via
the coccygeal vein into evacuated EDTA-containing tubes. Following a 10 -
min centrifugation at 3000 × g and4 °C, serumwas isolated andpreserved at
−80 °C pending analysis. Rectal fecal samples were collected aseptically,
flash-frozen, and maintained at −80 °C for later examination. The body
condition score (BCS), a subjective assessment of body fat reserves typically
rated on a scale of 1 (emaciated) to 5 (obese), was used to evaluate the
nutritional status of the cows28.

Measurement of serum biomarkers
Serum oxidative stress parameters were measured in 81 blood samples.
Total oxidant status (TOS) was assessed using an assay kit (E-BC-K802-M)
obtained fromElabscienceBiotechnologyCo., Ltd. (Wuhan,China). Briefly,
the oxidative substances in the sample oxidize Fe2+ to Fe3+ in an acidic
environment, forming a blue-purple complex upon strong binding with
xylenol orange. The color intensity measured at 590 nm is directly pro-
portional to the concentration of oxidative substances in the solution,
enabling indirect determination of the overall oxidative status. The total
antioxidant capacity (TAOC) was determined using a commercial assay kit
(A015–1) from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). This assay relies on the ability of different antioxidants to convert
Fe3+ into Fe2+, which then forms stable complexes with phenanthroline
compounds. Colorimetry is used to assess the antioxidant capacity. Each
assay kit was used according to the manufacturer’s instructions. The redox
balance parameters, TOS and TAOC, were evaluated together as a ratio of
pro-oxidant to total antioxidant capacity (TOS/TAOC), which is known as
the oxidant stress index (OSi).OSi is an accurate indicationof changes in the
oxidant status during the peripartumperiod. In our cohort of 81 dairy cows,
we first examined the distribution of OSi values and calculated the 25% and
75% percentiles, which were 1.150 and 1.779, respectively. Using these
percentiles as relative thresholds, we objectively defined candidate groups
representing distinctly low (OSi < 1.150) and high (OSi > 1.779) OS. From
these candidate groups, nine cowswere randomly selected forHOSandnine
for LOS tominimize selection bias (Supplementary Table 2). These 18 cows
were analyzed for fecal metagenomes and serum metabolomes. A priori
power analysis was performed to determine the sample size adequacy for
detecting microbial differences. Based on an effect size of 0.77 from a pre-
vious study29, we set α = 0.05 and power (1−β) = 0.80 using G*Power
software (v3.1.9.7; https://g-power.apponic.com). The analysis indicated a
minimum requirement of 16 total sample sizes, ensuring our inclusion of
18 samples was sufficient for subsequent analysis.

The serum concentrations of glutathione peroxidase (GSH-Px)
(A005-1), superoxide dismutase (SOD) (A001-1),MDA (A003–1), amyloid
A (H134), haptoglobin (H136), interleukin-1β (H002-1-2), interleukin-6
(H007-1-2), tumor necrosis factor-α (H052-1-2), nonesterified fatty acids
(A042-2-1), β-hydroxybutyric acid (E030-1-1), triglycerides (A110-2-1),
glucose (F006-1-1), insulin (H203-1-2), insulin growth factor-1 (H041-1-2),
alanine aminotransferase (C009-3-1), aspartate aminotransferase
(C010-3-1), total bilirubin (C019-1-1), and alkaline phosphatase
(A059-2-2) were measured using commercial diagnostic kits (Jiancheng
Institute of Bioengineering, Nanjing, China) according to the manu-
facturer’s protocols.
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Measurement of short-chain fatty acid concentrations
Thawed fecal samples and colonic contents were subjected to a standar-
dized procedure for SCFAs (acetate, propionate, and butyrate) analysis.
Briefly, 1 g of solid sample was mixed with 4 mL of distilled water and
subjected to centrifugation at 2500 × g at ambient temperature. Following
centrifugation, 1 mL of the resultant supernatant was isolated and
transferred to a 1.5 mL centrifuge tube containing 0.2 mL of a deprotei-
nizing solution composed of 25% (w/v) metaphosphoric acid (37267-86-
0, Sigma) and 2 g/L 2-ethylbutyric acid (10995-9, Sigma) as the internal
standard. This mixture was then incubated in an ice bath for 30min at
4 °C, followed by a second centrifugation step at 10,000 × g at 4 °C. The
supernatant obtained from this step was used for the determination of
SCFAs employing gas chromatography (Agilent 6890 N, Agilent Tech-
nology, Inc., USA), with detailed instrument parameters provided in
Supplementary Table 3. Standard curves were established using quality
control samples of acetate (A6283, Sigma), propionate (P1386, Sigma),
and butyrate (B103500, Sigma).

Fecal DNA extraction, 16S rRNA gene sequencing, and data
processing
Fecal genomic DNA was extracted using the Omega E.Z.N.A. Stool DNA
Kit (Omega Bio-tek, Inc., USA) following the manufacturer’s instructions.
The concentration and quality of the extracted genomicDNAwere assessed
using a NanoDrop 2000 spectrophotometer (Thermo Scientific Inc., USA),
and the samples were stored at −20 °C for subsequent analyses. Amplifi-
cation of the V3-V4 hypervariable region of the bacterial 16S rRNA gene
was conducted using universal primers 338 F (5′-ACTCCTACGGGAGG-
CAGCAG-3′) and 806 R (5′-GGACTACNNGGGTATCTAAT-3′). The 5′-
end of each primer was customized with an 8-digit barcode sequence spe-
cific to each sample (provided by BeijingAllwegeneCompany). Polymerase
chain reaction (PCR) was performed in a 25 μL reaction volume containing
12.5 μL 2X Taq PCR MasterMix (Vazyme Biotech Co., Ltd., China), 3 μL
BSA (2 ng/μL), 1 μL forward primer (5 μM), 1 μL reverse primer (5 μM),
2 μL template DNA, and 5.5 μL ddH2O. The cycling conditions comprised
an initial denaturation step at 95 °C for 5min, followed by 28 cycles of
denaturation at 95 °C for 45 s, annealing at 55 °C for 50 s, extension at 72 °C
for 45 s, and a final extension at 72 °C for 10min. The PCR products were
purified using the Agencourt AMPure XP Kit (Beckman Coulter, Inc.,
USA). Subsequently, sequencing libraries were generated using the NEB
Next Ultra II DNA Library Prep Kit (New England Biolabs, Inc., USA)
following the manufacturer’s recommendations. The quality of library was
assessed using a Nanodrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Inc., USA), an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
USA), and an ABI StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Inc., USA).

Deep sequencing was conducted using the Illumina MiSeq platform
(Illumina, Inc., USA) at Beijing Allwegene Technology Co., Ltd. Following
the sequencing run, image analysis, base calling, and error estimation were
performed using the Illumina Analysis Pipeline Version 2.6 (Illumina, Inc.,
USA). The raw sequencing datawere demultiplexed into individual samples
based on barcode sequences using theQIIME software30. Subsequently, raw
reads were filtered and trimmed using the Pear software31, removing
sequences with lengths less than 120 bp, quality scores below 20, or
ambiguous bases. Splicing was performed with amismatch rate of 0.1 and a
minimum overlap setting of 10 base pairs. After splicing, sequences shorter
than 230 bp were discarded using the Vsearch software32, and chimeric
sequences were removed using the UCHIME method against the Gold
Database33. Qualified sequences were clustered into operational taxonomic
units (OTUs) at a 97% similarity threshold using the Uparse algorithm in
the Vsearch software34. Taxonomic assignments of representative OTU
sequences were performed using the BLAST tool against the Silva138
Database35,36. Rarefaction curves and alpha diversity indices (Shannon and
Chao1) were generated using QIIME based on the OTU data. Differences
between groups were assessed using the Tukey’s test. Beta-diversity dis-
tances between samples were calculated using the Bray–Curtis algorithm,

and principal coordinate analysis (PCoA) with arithmetic mean (UPGMA)
clustering was conducted. Analysis of similarities (ANOSIM) with 999
permutations, implemented in the vegan package in R, was used to evaluate
differences between the LOS andHOS groups. Differentially abundant taxa
were identified using the Wilcoxon test, with significance set at P < 0.05.

Metagenomic sequencing and functional analysis
DNAwas fragmented to a size of 300 bp using a Covaris ultrasonic crusher.
This was followed by end repair, A-tailing, and ligation of Illumina-
compatible adapters for preparing sequencing libraries. Deep sequencing of
DNA libraries was conducted on an Illumina NovaSeq PE150 platform
(Allwegene Company, Beijing). Post-sequencing, Illumina Analysis Pipe-
line Version 2.6 was utilized for image analysis, base calling, and error
estimation. Fastp was used for quality control of the raw sequencing data,
which involved the removal of adapter sequences and low-quality reads37.
Reads with more than 10% N (uncertain base) ratio, more than 50% low-
quality bases (Q ≤ 10), or exhibiting abrupt stop sequenceswerefiltered out.
The readswere then aligned to the host genome (https://www.ncbi.nlm.nih.
gov/datasets/genome/GCA_021347905.1/) using the bowtie2 (v2.3) soft-
ware, and those aligning to the host reference genome were excluded38.
Taxonomic annotation was conducted using DIAMOND (v2.0.11, http://
ab.inf.uni-tuebingen.de/software/diamond/) to assess the microbial com-
position in accordance with the NCBI NR database (https://ftp.ncbi.nlm.
nih.gov/blast/db/)39. Read counts within each sample were normalized to
counts permillion tomitigate bias caused by variations in sequencingdepth.
Taxa with differential abundances were identified using linear discriminant
analysis effect size (LEfSe). For functional annotation,DIAMONDwas used
to performKyoto encyclopedia of genes and genomes (KEGG) annotations
against the KEGGdatabase (http://www.genome.jp/keeg/), with differential
KEGGpathways determinedusing theWilcoxon test. Statistical significance
was defined as P < 0.05, whereas trends were examined for values in the
0.05 < P < 0.10 range.

Co-occurrence network construction and robustness testing
Spearman’s correlation analysis (R package psych, v4.2.3) was performed
through using the relative abundances of genera and species, retaining only
correlations with |R | > 0.5 and P < 0.05 for network construction. The co-
occurrence networks within LOS and HOS groups were visualized using
Gephi v0.10.1 (https://gephi.org). Network robustness was evaluated using
graph spectra. Unweighted adjacency matrices, with entries indicating
binary OTU interactions, were imported into R for computational analysis.
Natural connectivity was computed through eigenvalue decomposition of
the adjacency matrices normalized by the total node count. In parallel, the
average node degree (mean number of connections per OTU) was calcu-
lated using the igraph package (v2.0.3) following conversion to undirected
graph objects. To systematically evaluate network robustness, iterative node
removal simulations were implemented through sequential deletion of
randomly selected rows and columns from adjacency matrices (1-200
iterations), followed by recalculation of natural connectivity and average
degree40. All computational outputs were compiled into a structured data-
frame and visualized using ggplot2 (v3.4.4) for comparative analysis.

Metabolomic analysis of blood samples
Serum samples (100 μL) were processed by precipitating proteins via vor-
texing for 30 s, followed by sonication for 10min in an ice-water bath, and
subsequent incubation for 1 h at −40 °C after adding 200 μL of extraction
solution (acetonitrile:methanol = 1:1). Thereafter, the samples were cen-
trifuged at 12,000 rpm (RCF = 13,800 × g, R = 8.6 cm) for 15min at 4 °C.
The supernatant, thus obtained, was transferred to new glass vials for liquid
chromatography-mass spectrometry (LC-MS). The blank sample was used
before the first sample was injected, between every 10 samples, and after all
samples were run to account for potential background interference or
contamination. A quality control (QC) sample was prepared by combining
equal aliquots of the supernatants from each sample to monitor the con-
sistencyof the analysis. LC-MSanalysiswas conductedbyBeijingAllwegene
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Technology Co., Ltd., using an Orbitrap Exploris 120 mass spectrometer
(Orbitrap, Thermo Fisher Scientific) coupled with an ultra-high-
performance liquid chromatography (UHPLC) system (Vanquish,
Thermo Fisher Scientific)41,42. Chromatographic separation was performed
using an Acquity UHPLC system (Acquity LC, Waters) equipped with a
Waters UPLC column (Acquity UPLC BEHAmide 1.8 μm, 2.1 × 100mm;
Waters, Milford, MA). The mobile phases consisted of 25mM ammonium
hydroxide and 25mM ammonium acetate in water (mobile phase A), and
100% ACN (mobile phase B), and the flow rate was 0.5 mL/min. The
samples were maintained at 4 °C in the autosampler, and 2 μL was injected
into the system. Data acquisition was controlled using Xcalibur, the
acquisition software of Thermo Fisher Scientific, utilizing the capability of
Orbitrap Exploris 120 mass spectrometer to acquire MS/MS spectra in
information-dependent acquisition (IDA) mode. In this mode, the acqui-
sition software continuously evaluates the full-scan MS spectrum. The ESI
source parameters included collision energy settings at SNCE 20/30/40,
spray voltage set at 3.8 kV (positive) or−3.4 kV (negative), sheath gas flow
rate at 50 Arb, aux gas flow rate at 15 Arb, capillary temperature at 320 °C,
full MS resolution at 60,000, and MS/MS resolution at 15,000.

Raw data processing, peak detection, extraction, alignment, and
integration were performed using an internal program developed in
R based on XCMS. ProteoWizard was used to convert the raw data to
the mzXML format. Metabolite identification was performed using
the R package and AllwegeneDB, resulting in the retention of X
metabolites post-processing. Features corresponding to metabolites
detected in less than 50% of the experimental samples were excluded
from further analysis. Missing values in the raw data were imputed
with half of the minimum value. Metabolite quantification was
standardized using stable isotope-labeled internal standards. Raw
metabolite peak areas were normalized to their corresponding
internal standards peak areas to correct for variations, and features
with a relative standard deviation (RSD) > 30% were excluded from
subsequent analyses. The processed data, including peak number,
sample name, and normalized peak area, were input into the R
package MetaboAnalystR for orthogonal partial least squares dis-
criminant analysis (OPLS-DA)43. To evaluate the robustness and
predictive ability of the OPLS-DA model, additional 200-times per-
mutation testing was performed44. The variable importance in pro-
jection (VIP) was used to identify the most influential variables
contributing to the model. Compounds with VIP > 1 and P < 0.05 (as
determined using the Student’s t-test) were considered significantly
altered metabolites. Furthermore, commercial databases including
KEGG (http://www.kegg.jp) and MetaboAnalyst (http://www.
metaboanalyst.ca/) were used for exploring the pathways of identi-
fied metabolites, which employs a hypergeometric test (over-repre-
sentation analysis) to assess whether metabolites in a pathway are
enriched, and pathways with P < 0.05 were considered significant.

Mice and experimental design
Twenty female C57BL/6 J mice, aged 8 weeks, were procured from Sibeifu
Biotechnology Co., Ltd. (Beijing, China) and permitted a 7-day acclimation
period before treatment. Themice were accommodated in standard specific
pathogen-free animal barrier facilities under controlled conditions: room
temperature (23.0 ± 2.0 °C), 50–60%relative humidity, anda12 h light cycle
daily. During this period, the animals were provided a standard diet and
purifiedwater.Todeplete the gutmicrobiota, themicewere administered an
antibiotic cocktail (1 g/L ampicillin, 1 g/L neomycin, 1 g/L metronidazole,
0.5 g/L vancomycin) dissolved in ultrapure water over 7 days45,46. Mice had
free access to the antibiotic-infused water and received an additional daily
oral dose of 200 μL. After this treatment, a 4-day washout period was
implemented to eliminate residual antibiotics. Mice were then randomly
allocated into two groups (n = 10 per treatment, with 5mice per cage)—the
control (CON) group and the treatment (TRT) group. Mice in the CON
group were administered 200 μL of phosphate-buffered saline (PBS) daily
via gavage, whereas those in the TRT group were gavaged with 200 μL of P.

succinatutens bacterial solution (108 colony-forming unit (cfu)/day). Strains
of P. succinatutens (DSM 22533) were obtained from Deutsche Sammlung
von Mikroorganismen und Zellkulturen (Braunschweig, Germany) and
cultivated overnight under anaerobic conditions in PYS medium. The PYS
medium consists of Columbia blood agar base (KDM055) supplemented
with sterile defibrinated sheep blood (KDM177) (Mingzhoubio, China).
The overnight culture was diluted 100-fold with fresh PYS. Subsequently, P.
succinatutens was anaerobically incubated for an additional 24-48 h. The
CFU values were ascertained by inoculating samples onto PYS agar plates.
After 14 days of treatment, mice were euthanized using carbon dioxide
(CO2) asphyxiation. CO2 was infused into a sealed euthanasia chamber at a
rate of 10–30% of the chamber’s volume per min until the mice became
immobile, ceased breathing, and exhibited dilated pupils. Thereafter, the
CO2 flow was stopped, and the mice were observed for an additional
2–3min to confirm death. Colonic tissues were harvested and preserved in
two forms: paraffin-embedded sections for histological analysis, and sam-
ples stored at −80°C in 5mL cryotubes for subsequent gene and enzyme
assays. Colonic contents were collected and stored at −80°C until SCFAs
(acetate, propionate, and butyrate) quantification. Blood was collected from
the orbital plexus of mice under light anesthesia using capillary tubes. After
allowing the samples to clot at room temperature for 30min, they were
centrifuged at 3000 × g for 10min at 4 °C, and the serumwas then stored at
−80°C until further TAOC and TOS analysis.

Histomorphological examination of the mice colon
Colon tissue specimens were processed through a graded ethanol series for
dehydration, encapsulated in paraffin, embedded in paraffin, and sectioned
at 6 μm thickness. Following hematoxylin staining, the colonicmorphology
was inspected under an Olympus BX-51 light microscope (Olympus Cor-
poration, Tokyo, Japan) at 10× magnification. An experienced pathologist
performed a blinded evaluation of the tissue sections.

Assay of antioxidant enzymes in mice samples
Colon tissue samples (0.1 g) were homogenized in saline solution using an
Ultra-Turrax T10 disperser (IKA Werke, Germany) and subsequently
centrifuged at 3000 × g for 10min at 4 °C to isolate the supernatant for
enzyme analysis (n = 5). The activities of glutathione peroxidase (GSH-Px;
A005–1), superoxide dismutase (SOD; A001–1), MDA (A003–1), and
catalase (CAT; A007–1–1) in the colon were determined using commercial
diagnostic kits (Jiancheng Institute of Bioengineering) according to the
manufacturer’s specified protocols.

Quantitative real-time PCR (qRT-PCR) analysis of mice samples
Total RNA was isolated from colon tissue samples, and complementary
DNA (cDNA) was prepared using the Taq Plus Master Mix (Vazyme,
China). Primer sequences utilized in this study are listed in Supplementary
Table 4. For quantitative real-time PCR, the ChamQ SYBR Color qPCR
Master Mix (Vazyme, China) was employed. The PCR cycling conditions
comprised an initial denaturation step at 95 °C for 5min, followed by 35
amplification cycles consisting of 30 s at 95 °C, 30 s at 55 °C, and 1min at
72 °C. The target genes analyzed were Claudin-1, Occludin, ZO-1, Nrf2,
Keap1, and HO-1, with β-actin used as the housekeeping gene for
normalization.

Statistical analysis
All descriptive data are presented as the mean ± standard error of the mean
(SEM).Datanormalitywasfirst assessed (α = 0.05), andall datasets followed
a normal distribution (P > 0.05), validating the use of parametric tests.
Phenotypic characteristics, concentrations of serum biomarkers, SCFAs,
enzymatic activities, and gene expression in the colon were statistically
analyzed using the Student’s t-test in GraphPad Prism v9.4.1 (GraphPad
Software, California, USA). Correlations between variables were assessed
using Spearman’s and random forest analyses. A significance level of
P < 0.05 was established for statistical significance, whereas trends were
examined for 0.05 < P < 0.10.
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Results
Basic characteristics of the dairy cows used in this study
Table 1 summarizes the key phenotypic characteristics and levels of serum
biomarkers in the HOS and LOS groups. No statistically significant dis-
crepancies were detected among the groups with respect to milk yield,
parity, BCS, inflammation parameters, or metabolic and liver function
parameters. However, distinct variations were evident in the serum OS
markers. Specifically, the LOS group exhibited higher serum TAOC levels
compared to those in theHOSgroup (P = 0.05). Conversely, the serumTOS
and OSi levels exhibited a significant reduction in the LOS group relative to
the HOS group (P < 0.01). These findings underscore the potential role of
serum OS parameters in distinguishing between the HOS and LOS groups
and highlight the relevance of these markers in assessment of OS.

Altered fecal bacterial community in postpartumcowsduringOS
A total of 2195 OTUs were identified at a nucleotide sequence identity
threshold of 97%among the sequencing reads (SupplementaryData 1). Beta
diversity analysis revealed distinct clustering of the LOS and HOS cow
samples into separate groups [P = 0.001, analysis of similarity (ANOSIM)
R = 0.806] (Fig. 1a). Alpha diversity analysis indicated significantly higher
Chao1 and Shannon indices in the LOS group than in the HOS group (Fig.
1b). The most abundant bacterial phyla across all samples were Firmicutes
and Bacteroidetes (Fig. 1c). The relative abundance of Spirochaetota,
Fibrobacterota, andCyanobacteria was significantly higher (P < 0.01) in the
LOSgroup,whereas that ofBacteroideteswasnot significantlydifferent (Fig.
1c). At the genus level, the 20 most abundant genera represented 82.4% of

the overall abundance, with Oscillospiraceae UCG 005 being the most pre-
valent across samples (Fig. 1d). Notably, the relative abundance of Oscil-
lospiraceae UCG 005 was significantly lower (P < 0.001), whereas that of
Lachnospiraceae UCG 008, Treponema, Ruminiclostridium, and Defluvii-
taleaceae UCG 011 was significantly higher (P < 0.001) in the LOS group
(Fig. 1d, Supplementary Data 2).

Co-occurrence network of genera was constructed to assess the
microbial interactions between the two groups. The results indicated that
the LOS microbial network exhibited more intricate interactions, char-
acterized by a greater number of nodes (325 vs. 306, Fig. 2a) and edges (277
vs. 266, Fig. 2b). Robustness testing further revealed that the LOS network
maintained greater stability upon random node removal, as evidenced by
higher average degree (Fig. 2c) and natural connectivity (Fig. 2d) compared
to the HOS network.

Metagenomic analysis reveals key species associated with OS
Metagenomic sequencing yielded a total of 2,708,436,322 reads from 18
fecal samples of cows, with an average of 23,153,246 ± 9,427,001 reads per
sample. The fecal microbiome of cows predominantly comprised bacteria
(97.90 ± 0.06%), with minor proportions of eukaryotes (0.04 ± 0.01%),
archaea (1.00 ± 0.08%), and viruses (1.10 ± 0.03%). At the species level, the
predominant bacteria observed in all samples were Firmicutes bacterium
CAG110, Clostridiales bacterium, Oscillospiraceae bacterium, and Bacter-
oides sp. CAG709 (Fig. 3a), with Firmicutes bacterium CAG110 being the
most prevalent across samples (Fig. 3a). The signature fecal microbiota at
the species level in the LOS and HOS groups was identified using LEfSe

Table. 1 | Phenotypic characteristics of dairy cows and their serum biomarker levels at 7 days postpartum (n = 9)

Items LOS HOS SEM P-value

Phenotypic characteristics

Parity 2.67 2.78 0.43 0.80

Body condition scores 3.33 3.36 0.11 0.81

Milk yield, kg/d 38.42 39.72 2.71 0.64

Oxidative stress parameters

Total oxidative status, μM 5.27 11.42 0.74 <0.01

Total antioxidant capacity, mM 0.73 0.47 0.05 0.01

Oxidative stress indexa 0.72 2.52 0.11 <0.01

Superoxide dismutase, U/mL 52.48 53.14 0.98 0.76

Glutathione peroxidase, μmol /L 11.79 10.42 0.85 0.46

Malondialdehyde, nmol/mL 1.58 1.66 0.07 0.58

Inflammation parameters

Serum amyloid A, μg/mL 23.38 24.19 0.49 0.46

Haptoglobin, ng/mL 46.38 48.65 1.05 0.32

Interleukin-1β, ng/L 50.84 52.57 1.46 0.59

Interleukin-6, ng/L 367.73 403.18 14.70 0.26

Tumor necrosis factor-α, ng/L 217.27 229.83 7.44 0.44

Metabolic and liver function parameters

Nonesterified fatty acids, μmol/L 39.73 41.63 1.29 0.50

β-hydroxybutyric acid, mmol/L 0.42 0.45 0.02 0.51

Triglyceride, mmol/L 0.21 0.18 0.02 0.41

Glucose, mmol/L 3.26 3.28 0.09 0.92

Insulin, mIU/L 24.59 24.59 2.60 0.67

Insulin growth factor-1, ng/mL 108.71 120.67 3.28 0.07

Alanine aminotransferase, U/L 21.91 28.18 1.92 0.11

Aspartate aminotransferase, U/L 131.33 129.64 9.19 0.93

Total bilirubin, μmol/L 2.75 2.07 0.35 0.36

Alkaline phosphatase, g/L 38.81 39.61 2.45 0.88
aThe oxidative stress index is calculated as the ratio of total oxidative status to total antioxidant capacity.
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(P < 0.05, LDA > 2.5) (Fig. 3b and c, Supplementary Table 5). The pre-
dominant signature species of the HOS group belonged to the genus Fir-
micutes, and included Firmicutes bacterium CAG110 56 8, Firmicutes
bacterium CAG110, and Firmicutes bacterium CAG137. Additionally,
unclassified Faecalibacterium was a signature of the HOS group, whereas
Bacteroidetes bacterium,Treponema bryantii, P. succinatutens,Paludibacter
propionicigenes, and Clostridium sp. CAG413 were signatures of the LOS
group. Spearman’s correlation analysis was conducted for the OS para-
meters (T-AOC,TOS, andOSi) and signaturemicrobial species thatmet the
screening conditions. Most of these species exhibited significant negative
correlations with OSi (Fig. 3d). Notably, species such as Clostridium sp.
CAG413 (R =− 0.83, P < 0.01), Bacteroidetes bacterium (R =− 0.80,
P < 0.01), P. succinatutens (R =− 0.53, P = 0.02), and Paludibacter propio-
nicigenes (R =− 0.51, P = 0.03) displayed negative correlations with OSi of
cows. In contrast, Firmicutes bacterium CAG110 56 8 (R = 0.82, P < 0.01),
Firmicutes bacterium CAG110 (R = 0.81, P < 0.01), and Firmicutes

bacterium CAG137 (R = 0.75, P < 0.01) were positively correlated with OSi
(Supplementary Table 6).

Moreover,we constructed abacterial interactionnetwork for the top50
most abundant bacteria at the species level in both groups to elucidate the
associations among these dominant bacteria. Consistent with the genus-
level network, the species in the LOS group displayed more frequent
interactions (Fig. 4a and b). Additionally, by analyzing the degree and
closeness of each species within the LOS network, we identified key hub
nodes, including Fibrobacteres bacteriumCG2 30 45 31, Treponema sp. JC4
and Treponema bryantii, which exhibited direct and universal correlations
with other nodes (Fig. 4c).

Linking key species function to OS and SCFAs dynamics
A KEGG-based functional analysis of the fecal metagenome identified 422
pathways (Supplementary Data 3). Among these, 54 KEGG pathways for
metabolism were mainly perturbed between the LOS and HOS groups

Fig. 1 | Hindgut microbial diversity in cows based on the 16S rRNA gene
sequencing data (n= 9). a The PCoA of the Bray–Curtis distances of the fecal
microbiome between the LOS and HOS groups. b The Shannon and Chao1 indices
of the fecal microbiome between the LOS and HOS groups. c Relative abundance of
phyla between the LOS and HOS groups. d Relative abundance of genera between

the LOS and HOS groups. Differences in alpha diversity between groups were
assessed using Tukey’s test. Beta-diversity distances were calculated using the Bray-
Curtis algorithm. PCoAwithUPGMAclusteringwas performed. ANOSIMwith 999
permutations was used to evaluate differences between the LOS and HOS groups.
The significance threshold was set at P < 0.05.
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(P < 0.10) (Fig. 5a). The most statistically significant pathways were asso-
ciated with lipid metabolism, amino acid metabolism, and SCFAs meta-
bolism. Specifically, glycerophospholipid metabolism (P < 0.01), D-alanine
metabolism (P < 0.01), and secondary bile acid biosynthesis (P < 0.01) were
significantly increased in the HOS group, while lysine degradation
(P < 0.01), butanoate metabolism (P < 0.01), and propanoate metabolism
(P < 0.01) were significantly increased in the LOS group. Building upon
these findings, pathways linked to lipid metabolism (glycerophospholipid
metabolism, P < 0.01), SCFAsmetbolism (butanoatemetabolism,P < 0.01),
bile acid metabolism (secondary bile acid biosynthesis, P = 0.01), methio-
nine synthesis (cysteine and methionine metabolism, P = 0.01), and glu-
tathione synthesis (glutathione metabolism, P = 0.02) were selected for
further analysis due to their functional importance in OS47–51. Notably, four
pathways related to SCFAs production were substantially influenced by the
signaturemicrobial species. Specifically, these species accounted for 65.34%,
60.5%, 38.0%, and 34.39% of the variation in butanoate metabolism
(P < 0.01), beta-alanine metabolism (P < 0.05), propanoate metabolism
(P < 0.01), and pyruvate metabolism (P = 0.05), respectively (Fig. 5b). Five
microbial species, including P. succinatutens, Paludibacter propionicigenes,
Bacteroidetes bacterium, unclassified Bacteroidetes, and Clostridium sp.
CAG413actedas generalists inpredicting thesepathways (P < 0.05) (Fig. 5b,
Supplementary Table 7).

Metabolic pathway analysis revealed that enzymes involved in SCFAs
metabolism were altered in response to OS. Six enzymes (3-hydroxybutyryl-

CoA dehydrogenase, 3-hydroxyacyl-CoA dehydrogenase, butyryl-CoA
dehydrogenase, phosphate butyryltransferase, butyrate kinase, and enoyl-
CoA hydratase) were upregulated in butanoate metabolism. Similarly, in
propanoate metabolism, enzymes such as butyryl-CoA dehydrogenase,
succinyl-CoA:acetate CoA-transferase, acetate-CoA ligase alpha subunit,
propionyl-CoA synthetase, succinyl-CoA synthetase alpha subunit,
methylmalonyl-CoA epimerase, methylmalonyl-CoA mutase, and
propionyl-CoA carboxylase alpha subunit, were more abundant in the LOS
group. In pyruvatemetabolism, enzymes such as pyruvate dehydrogenase E1
component, pyruvate dehydrogenase E2 component, propionyl-CoA car-
boxylase alpha subunit, formate C-acetyltransferase, acetyl-CoA C-acetyl-
transferase, acetate kinase, propionateCoA-transferase, succinyl-CoA:acetate
CoA-transferase, acetyl-CoA hydrolase, acetyl-CoA synthetase, and acetate-
CoA ligase subunit alpha, were more abundant in the LOS group. Further-
more, the levels of enzymes involved in beta-alanine metabolism, such as
4-aminobutyrate aminotransferase and enoyl-CoA hydratase, were also
increased in the LOS group. In addition, our analysis demonstrated that the
concentrations of acetate (25.50 ± 3.72 vs. 12.90 ± 2.24), propionate
(9.92 ± 1.01 vs. 6.73 ± 0.65), and butyrate (4.41 ± 0.66 vs. 2.35 ± 0.48) were
significantly higher in the LOS group compared to those in the HOS group
(P < 0.05). These findings strongly support that the upregulation of enzymes
in the LOS group is associated with increased production of SCFAs, under-
scoring the functional relevance of the observed metabolic pathway altera-
tions (Fig. 6, Supplementary Table 8).

Fig. 2 | The interaction network of microbial
genera in the HOS and LOS groups. a The co-
occurrence network of microbial genera in the HOS
group. b The co-occurrence network of microbial
genera in the LOS group. Nodes are sized and
colored by their degree, while edges are thickened
based on R value magnitude and colored red for
positive or green for negative correlation. c The
average degree of networks in the two groups. d The
natural connectivity of networks in the two groups.
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Alterations in serum metabolite levels in cows with different
degrees of OS
Previous studies have established a close relationship between blood
metabolites and gut microbiota52–54. A nontargeted LC-MS-based metabo-
lomics approach was employed to elucidate the serum metabolites and
explore their connectionswith the hindgutmicrobiome.OPLS-DArevealed
a distinct clustering of LOS and HOS cows, indicating clear metabolic dif-
ferences between the two groups (Fig. 7a). In a pool of 1,595 measured
metabolites, 113 were significantly different (P < 0.05) (Fig. 7b, Supple-
mentary Data 4). LOS cows exhibited notable increases in 1-phenyl-1H-
pyrazole-5-carboxylic acid, kynurenine, 5-hydroxyindole-3-acetic acid, 2-
oxindole-3-acetate, isovaleric acid, valeric acid, and formyl-5-
hydroxykynurenamine but significantly decreased ciprostene, 1,2-diace-
tylhydrazine, and mantabegron levels (P < 0.01) (Fig. 7c). KEGG pathway
analysis revealed significant alterations (P < 0.01) in multiple metabolites
involved in tryptophan metabolism, specifically kynurenine (P = 0.004,

FC = 1.58), 5-hydroxyindole-3-acetic acid (P = 0.006, FC = 1.51), and
formyl-5-hydroxykynurenamine (P = 0.008, FC = 1.48) (Fig. 7d, Supple-
mentary Table 9). Spearman’s correlation analysis revealed correlations
between specific bacterial species and circulating metabolites involved in
tryptophan metabolism (P < 0.05) (Fig. 7e, Supplementary Table 10).
Akkermansia glycaniphila, Azospirillum sp. 51 20, unclassified Acetobacter,
and Treponema socranskii were positively correlated, whereas Faecali-
bacterium prausnitzii, Firmicutes bacteriumCAG137, Firmicutes bacterium
CAG110 56 8, Streptomyces sp. Tu6071, and Firmicutes bacteriumCAG110
were negatively correlated (P < 0.05) (Fig. 7e, Supplementary Table 11).
These findings underscore the strong association between altered trypto-
phan metabolism and OS.

For more in-depth understanding of the intricate interplay between
hindgut microbial dysbiosis linked to OS and perturbations in tryptophan
metabolism, we employed random forest analysis to elucidate the variance
explained by microbial species. We found that the signature microbial

d

c

Fig. 3 | Association of altered hindgut microbial species and oxidative stress
parameters according to metagenomic sequencing data (n= 9). a Relative
abundance of the fecal microbiome at the species level in the LOS and HOS groups.
b Identification of the signature species in the LOS and HOS groups using linear

discriminant analysis (LDA) effect size (P < 0.05, LDA > 2.5). c Relative abundance
of the signature species in the LOS and HOS groups. d Signature microbial species
linked to oxidative stress parameters. Correlations between variables were tested by
Spearman’s analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
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species contributed substantially to the variability observed in the key
tryptophan metabolites. Specifically, these species accounted for 44.50%,
14.40%, and 7.08%of the variation in kynurenine, 5-hydroxyindole-3-acetic
acid, and formyl-5-hydroxykynurenamine (Fig. 7e). Notably, certain
microbial species emerged as pivotal generalists in predicting these meta-
bolites (Fig. 7e, Supplementary Table 12), including Azospirillum sp. 51 20,
Ruminococcus sp. CAG624, Faecalibacterium prausnitzii, Firmicutes bac-
terium CAG110 56 8, Firmicutes bacterium CAG110, Streptomyces sp.
Tu6071, Firmicutes bacterium CAG449, unclassified Alphaproteobacteria,
and unclassified Bacteroidetes (Fig. 7e, Supplementary Table 12). These
results underscore the intricate relationship between substantial shifts in the
hindgut microbial composition and critical metabolites in tryptophan
metabolism. They provide compelling evidence supporting the notion that
alterations in tryptophanmetabolism induced by hindgutmicrobiota play a
pivotal role in the onset of OS.

P. succinatutens administration increased host antioxidant
capacity and colon integrity in mice
Toassess thepotential antioxidant effects ofP. succinatutens, femaleC57BL/
6 Jmicewere administeredP. succinatutens (108 cfu/day) for twoweeks (Fig.
8a). The selection of P. succinatutens was based on its status as a signature
species within the LOS group and its substantial contribution to SCFAs
metabolism in this study. Additionally, drawing from a previous study
indicating low levels of P. succinatutens in the gut of swine under OS55,56, we
also took into account its role in mitigating microbial dysbiosis, restoring
microbial equilibrium, and its prospective therapeutic applications57. Our
findings indicated that oral administration of P. succinatutens significantly

increased serum TAOC levels in the TRT group compared to the CON
group (P < 0.05, Fig. 8b).Concurrently, serumTOS levels (P = 0.05) andOSi
(P = 0.01) were markedly lower in the TRT group (Fig. 8b). Histological
analysis of the colon (Fig. 8f) showed that the TRT group exhibited sub-
stantial improvements in the colonic architecture with well-preserved,
neatly organized crypt structures, which were further assessed via the
expression of Claudin-1 and Occludin genes. As indicated in Fig. 8d, both
genes were significantly upregulated in the colon of TRTmice compared to
CON mice (P < 0.05).

P. succinatutens upregulated the expression of antioxidant
genes, enzyme activities, and SCFA concentrations in the colon
of mice
To further elucidate the antioxidant mechanisms, we examined the nuclear
factor (erythroid-derived)-like 2 (Nrf2) signaling pathway in the colon tis-
sue. As expected, the expression of Kelch-like ECH-associated protein 1
(Keap1) (0.94 ± 0.22 vs. 1.83 ± 0.23), which negatively regulates Nrf2, was
significantly downregulated in the TRT group (P < 0.05, Fig. 8d), whereas
Nrf2 (1.99 ± 0.38 vs. 1.03 ± 0.15) and its downstream target, heme oxyge-
nase 1 (HO-1) (1.50 ± 0.29 vs. 0.82 ± 0.07), were notably upregulated upon
P. succinatutens administration (P < 0.05, Fig. 8d). Enzymatic assays cor-
roborated these molecular findings, revealing significantly increased activ-
ities of GSH-Px (337.0 ± 106.0 vs. 88.30 ± 11.80) and SOD (75.20 ± 4.02 vs.
201.0 ± 45.60) in the colon tissue in the TRT group (P < 0.05, Fig. 8e).
Besides, acetate (48.38 ± 4.62 vs. 33.12 ± 2.76) and propionate (4.75 ± 0.15
vs. 3.52 ± 0.41) concentrations in the TRT group were significantly higher
than in the CON group (P < 0.05, Fig. 8c).

Fig. 4 | Interaction network based on the top 50bacterial species. aThe interaction
network of HOS species. b The interaction network of LOS species. Nodes are sized
by their degree and colored by node grouping, while edges are thickened based on R

value magnitude and colored red for positive or green for negative correlation. Only
P < 0.05 and the correlation coefficient > |0.5| for the top 50 most abundant species
are retained. c The closeness and degree of species in the LOS network.
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Fig. 5 | Significance of key microbial species involved in functional KEGG
pathways (n= 9). aHindgut microbiota KEGG pathways for metabolism that were
perturbed between the HOS and LOS groups (P < 0.10), along with the average
transcripts per million for each pathway in each group. P values calculated using the
Wilcoxon test. b Spearman’s correlations between altered fecalmicrobial species and
their impact on functional KEGG pathways (level C). The circles overlaid on dia-
monds represent the significance of individual microbial species. The bar chart
summarizes the total explained variations in microbial species, integrating this
information with the heatmap. APM, BM, CAM, DGM, GM, GLM, GPM, LM, OP,

PB, PRM, PYM, SBAM, VBM, ALM, and BAM denote arginine and proline
metabolism, butanoate metabolism, cysteine and methionine metabolism,
D-glutamine and D-glutamate metabolism, glutathione metabolism, glycerolipid
metabolism, glycerophospholipid metabolism, linoleic acidmetabolism, one carbon
pool by folate, oxidative phosphorylation, primary bile acid biosynthesis, pro-
panoate metabolism, pyruvate metabolism, secondary bile acid biosynthesis, vita-
min B6metabolism, alpha-linolenic acidmetabolism, and beta-alanine metabolism,
respectively. Signature bacteria names are labeled red.

Fig. 6 | Metabolic networks of the hindgut
microbiome based on metagenomic data (n= 9).
The metabolic pathways are presented based on
information from the KEGG database. The SCFAs
(acetate, propionate, and butyrate) measured in this
study are represented in dark blue font, and the EC
numbers indicate the enzyme whose genes were
enriched in the hindgut in the LOS group. EC num-
bers and corresponding enzyme names: EC:1.1.1.157:
3-hydroxybutyryl-CoA dehydrogenase; EC:1.1.1.35:
3-hydroxyacyl-CoA dehydrogenase; EC:1.2.4.1: pyr-
uvate dehydrogenase E1 component; EC:1.2.7.1: pyr-
uvate ferredoxin oxidoreductase alpha subunit;
EC:1.3.8.1: butyryl-CoA dehydrogenase; EC:2.3.1.12:
pyruvate dehydrogenase E2 component; EC:2.3.1.19:
phosphate butyryltransferase; EC:2.3.1.54: formate C-
acetyltransferase; EC:2.3.1.9: acetyl-CoA C-acetyl-
transferase; EC:2.6.1.19: 4-aminobutyrate amino-
transferase; EC:2.7.2.1: acetate kinase; EC:2.7.2.7:
butyrate kinase; EC:2.8.3.1: propionate CoA-trans-
ferase; EC:2.8.3.18: succinyl-CoA:acetate CoA-trans-
ferase; EC:3.1.2.1: acetyl-CoA hydrolase; EC:4.2.1.17:
enoyl-CoA hydratase; EC:5.1.99.1: methylmalonyl-
CoA epimerase; EC:5.4.99.2: methylmalonyl-CoA
mutase; EC:6.2.1.1: acetyl-CoA synthetase;
EC:6.2.1.13: acetate-CoA ligase subunit alpha;
EC:6.2.1.17: propionyl-CoA synthetase; EC:6.2.1.5:
succinyl-CoA synthetase alpha subunit; EC:6.4.1.3:
propionyl-CoA carboxylase alpha subunit.
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Fig. 7 | Serum metabolomic profiles in LOS and HOS cows (n= 9). a OPLS-DA
scores plot of the serum metabolome. b Volcanic plot of differential serum meta-
bolites in the LOS and HOS (control) groups. Metabolites in the LOS group com-
paredwith those in theHOS group showed varying degrees of up- or downregulation
(red and blue, respectively) (P < 0.05). c VIP score scatter plot of the top 20 differ-
ential metabolites between LOS and HOS groups (P < 0.05). Colors denote upre-
gulation (red) or downregulation (green) in corresponding group. d The KEGG
enrichment analysis bubble chart. Each bubble represents a metabolic pathway. The
bubble size indicates pathway significance, and its color reflects the pathway impact

value from topology analysis. Lighter colors denote lower impact, and darker colors
denote higher impact. e Spearman’s correlations between altered signaturemicrobial
species and their impact on differential serummetabolites. The circles superimposed
on diamonds represent the significance of individualmicrobial species. The bar chart
summarizes the total explained variations of microbial species, integrating this
information with the heatmap. KYN, FHK, and HDA denote the kynurenine, for-
myl-5-hydroxykynurenamine, and 5-hydroxyindole-3-acetic acid, respectively.
Signature bacteria names are labeled red.
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Discussion
The precise mechanisms through which the gut microbiota and
metabolites contribute to the development of OS remain unclear.
Given that the gut microbiota exerts multifaceted effects on host
physiology, primarily through microbial metabolites, we investigated
the functional profiles of complex bacterial communities in post-
partum cows experiencing OS. This analysis involved integrating fecal

metagenomic sequencing data with blood metabolite analysis58. Our
dual-omics approach revealed alterations in immunometabolism,
characterized by modifications in tryptophan metabolism and the
disruption of SCFAs production, orchestrated by the hindgut micro-
biota. These findings indicated that tryptophanmetabolism and SCFAs
synthesis are influenced by the hindgut microbiome associated with
OS, which potentially contributes to OS onset.

Fig. 8 | Effects of P. succinatutens administration on host antioxidant capacity,
colonic gene expression, and enzyme activity in mice (n= 5). a Experimental
design. b Serum oxidative stress parameters. c Short-chain fatty acid concentrations
in colonic contents. d Relative expression of genes related to colon integrity and the

Nrf2 pathway. e Activities of superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), catalase (CAT), and malondialdehyde (MDA) in the colon tissue.
f Representative H&E staining of colon sections from each group, observed at 100×
magnification. Scale bar, 200 μm. *P < 0.05, **P < 0.01.
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An essential function of tryptophan metabolism is regulation of redox
homeostasis59. A previous study demonstrated that tryptophan intervention
effectively mitigates D-galactose-induced OS in mice, concurrently elevat-
ing serum SOD levels, indicating the crucial involvement of tryptophan-
mediated antioxidant mechanisms in regulating systemic OS60. Among
these metabolites, kynurenine has emerged as a central player that exerts
pleiotropic effects by modulating redox homeostasis. Its diverse functions
include induction of antioxidant enzymes, regulation of reactive oxygen
species (ROS) levels, activation of AhR and Nrf2 signaling pathways, and
prevention of cellular apoptosis. Interestingly, systemic OS varied between
LOS and HOS cows, yet no significant differences were detected in anti-
oxidant enzymes (SOD, GSH-Px). This temporal uncoupling between OS
and enzymatic compensation is consistent with observations in peri-
parturient cows, where lipid peroxidation peaks precede the subsequent rise
in SODandGSH-Pxactivities61. Similarly, studies reporteddecliningTAOC
alongside increased SOD and GSH-Px activities in cows during metabolic
transitions62,63, suggesting that enzymatic systems are selectively preserved
or upregulated to counteract persistent OS. However, the absence of sig-
nificant enzymatic antioxidant variations may reflect compensatory acti-
vation of non-enzymatic antioxidant mechanisms and signaling pathways,
as exemplified by kynurenine’s capacity to scavenge free radicals and
amplify cellular antioxidant defenses via glutathione and AhR-Nrf2 sig-
naling. For example, previous studies demonstrated that kynurenine-
induced glutathione upregulation serves as a critical nonenzymatic defense
mechanismagainstROSaccumulation64. Thismetabolite exhibits direct free
radical-scavenging capacity, effectively neutralizing both superoxide anions
(O2

•−) and H2O2
65, and further counteracts counteracting peroxynitrite

(ONOO−)-mediated oxidative damage in neural tissues66. Recent research
elucidated the pivotal function of the tryptophan-AhR signaling axis in
maintaining host homeostasis. As an endogenous AhR ligand, kynurenine
not only modulates ROS levels through receptor activation67, but also
engages in crosstalk with the Nrf2 pathway. This interaction promotes the
transcriptional upregulation of antioxidant enzymes like heme oxygenase-1
(HO-1), thereby amplifying cellular defense systems. Consequently, the
delicate balance between the kynurenine-mediated pro-oxidant and anti-
oxidant functions ofAhR is intricately linked to theNrf2 signaling cascade68.
Expanding the functional scope of this metabolic cascade, downstream
metabolites like cinnabarinic acid further contribute to cellular protection
by mitigating OS-induced apoptosis via AhR-dependent mechanisms69. In
this study, metabolomic profiling revealed amarked elevation in circulating
tryptophan catabolites within the LOS group. Given their established roles
as potential endogenous antioxidants, endogenous ligands for AhR, and
modulators of Nrf2 signaling, these metabolites may critically modulate
redox homeostasis in LOS cows. Furthermore, correlation analysis revealed
a strong association between tryptophan metabolism and altered hindgut
microbial species, including Azospirillum sp. 51 20, unclassified Alphapro-
teobacteria, Ruminococcus sp. CAG624, Akkermansia glycaniphila, Faeca-
libacterium prausnitzii, Streptomyces sp. Tu6071, and Firmicutes bacterium
CAG110 56 8. These findings collectively demonstrate a connection
between tryptophanmetabolism and an altered hindgutmicrobiome inOS.

Beyond tryptophan-derivedmetabolites, microbial SCFAs production
emerged as another critical axis linking gut microbiota to redox regulation.
Previous studies have established that elevated alpha-diversity reflects a
more complex microbial ecosystem, a characteristic linked to enhanced
metabolic stability and host antioxidant capacity70–72. Consistent with this,
we observed that the LOS group exhibited significantly higher Chao1 and
Shannon indices, with these differences correlating with reduced systemic
OS. These findings reinforce the protective role of microbial diversity in
mitigating redox imbalance via improved ecosystem complexity. Microbial
network analysis revealed that theHOScondition significantlydisrupted the
steady state of the hindgut microbiome in dairy cows. The reduced
microbial interactions likely diminished the synergistic effects between
bacteria, a phenomenon also observed in calves with underdeveloped gut73.
Moreover, within the species-level interaction network, we identified an
enrichment of functional bacteria serving as hub nodes in the hindgut of

LOS cows. For example, Fibrobacteres bacterium CG2 30 45 31, a typical
fiber-degrading bacteria, demonstrated high efficiency in cellulose
utilization74. Similarly, Treponema sp. JC4 and Treponema bryantii, iden-
tified in the ruminant gastrointestinal tract, ferment soluble sugars derived
from cellulose, contributing to fiber degradation and facilitating the gen-
eration of SCFAs75.

Our fecal metagenomic analysis revealed distinct microbial commu-
nities functionally linked to KEGG-annotated SCFAmetabolic pathways in
LOS and HOS groups76. Pyruvate and succinate, which are pivotal fer-
mentation substrates, are likely to serve as key determinants of subsequent
SCFAs synthesis. Pyruvate directly contributes to acetate production upon
conversion to acetyl CoA, whereas propionate can be generated either via
the acrylate route or through the decarboxylation of succinate. Butyrate
synthesis arises from the condensation of two acetyl-CoA molecules or
utilization of externally sourced acetate77. The differential abundance of
microbial populations aligned with the notably increased fecal SCFAs
concentrations observed in the LOS group, particularly involving key spe-
cies (P. succinatutens, Bacteroidetes bacterium, Paludibacter propionici-
genes, Clostridium sp. CAG413, andunclassifiedBacteroidetes) as significant
contributors, exhibiting substantial explained variations in predicting these
metabolic pathways. Bacteroides spp. and Clostridium, for instance, utilize
the butyryl-CoA:acetate CoA-transferase pathway, thereby actively con-
tributing to butyrate and acetate production78–80. However, P. succinatutens
has been implicated in succinate utilization and propionate synthesis.
Certain Clostridium sp. use the acrylate pathway to synthesize propionate
from acryloyl-CoA81. Building on previous evidence linking host OS to
microbial community composition82,83, the observed differences in meta-
bolic pathways were primarily driven by microbial community variations,
which directly influence functional metabolic activity and downstream
metabolite profiles. In the hindgut, bacteria ferment indigestible carbohy-
drates into SCFAs, comprising organic acids with one to six carbon atoms84.
Among these SCFAs, acetate, propionate, and butyrate are the principal
components synthesized by the gut microbiota85. SCFAs, notably butyrate
and propionate, play pivotal roles in modulating host redox homeostasis
throughmultifacetedmechanisms48. Recent findings from both human and
murine research indicate that gut microbiota dysbiosis accelerates the
progression of redox dysregulation in various conditions, including dia-
betes, neurodegenerative disorders, and cardiovascular diseases86–88, with
SCFAs serving as pivotalmediators in this process. Functioning as signaling
molecules, SCFAs counteract OS through dual mechanisms: immunomo-
dulatory action via intestinal macrophage polarization toward nonin-
flammatory phenotypes that enhance bacterial clearance at compromised
intestinal barriers89,90, and direct redox regulation through epigenetic and
transcriptional modulation. Specifically, SCFAs regulate host redox
homeostasis primarily through histone deacetylases (HDACs)-inhibitory
epigenetic modulation and promotion of Nrf2 nuclear translocation,
exemplified by butyrate’s capacity to suppress ROS generation via the
cyclin-dependent kinase inhibitor 1 (p21)-Nrf2 signaling in microglia and
intestinal epithelia91, while activatingGPR109A-AMPKpathways in bovine
epithelial cells92. This functional pleiotropy extends to other SCFAs, where
acetate preserves pancreatic islets and MIN6 β-cells viability under OS by
enhancing metabolic resilience and ROS scavenging93, and propionate
activates FFAR3-Nrf2 signaling to protect the blood-brain barrier from
OS94. Notably, SCFAs act synergistically with omega-3 fatty acids to amplify
Nrf2-HO-1 pathway activation, highlighting SCFAs as pivotal mediators
linking microbial metabolism to antioxidant defenses95. Collectively, these
mechanistic insights align with our findings that altered hindgut microbial
composition and consequent SCFA levels alteration likely contribute to the
development of OS.

Various pathophysiological conditions, includingOS, compromise the
integrity of the epithelial barrier96. Intestinal epithelial tight junction pro-
teins are critical for maintaining mucosal integrity and barrier function
through their interactions with the actin cytoskeleton, with key proteins
such as claudin-1 and occludin playing vital roles97–99. The Nrf2-Keap1
pathway regulates numerous genes responsive to OS, and HO-1 acts
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downstream of the Nrf2-Keap1 pathway100. Certain probiotic strains can
activate this pathway in the colon, resulting in the enhanced expression of
downstream antioxidant enzymes101. SOD serves as a key antioxidant
enzyme, catalyzing thedismutationof superoxide radicals,whereasGSH-Px
catalyzes the reaction between glutathione and H2O2, thereby protecting
cellular membranes102,103. Beyond examining the broader effects of OS on
gut microbiota and SCFAs metabolism, we focused on identifying the
specific microbial species involved in the development of OS. Notably, we
found that a low OS increased the abundance of P. succinatutens, a species
associated with beta-alanine, butanoate, propanoate, and pyruvate meta-
bolism. P. succinatutens, a succinate-utilizing bacterium known to produce
propionate, has demonstrated potential to compete with Clostridioides
difficile, mitigate dysbiosis, and restore microbial balance. This highlights
the potential therapeutic applications targeting Clostridioides difficile
infections57. Interestingly, previous studies have linked decreased fecal
abundance of P. succinatutens to increased OS in both the host and gut55,56.
However, their specific antioxidant capacity remains largely unexplored.
Thus, we conducted a validation study in mice to confirm the antioxidant
effects of P. succinatutens on both the host and the colon. In this study, oral
gavage of P. succinatutens significantly enhanced the systemic antioxidant
capacity, as evidenced by increased serum TAOC and decreased levels of
TOS and OSi. Mice receiving this probiotic exhibited improved colonic
integrity with significantly elevated expression of claudin-1 and occludin in
the colon tissue. Furthermore, treatment with P. succinatutens upregulated
genes associated with the Nrf2-Keap1 antioxidant pathway, increased the
colonic expressionofNrf2 andHO-1, and enhanced the activitiesofGSH-Px
and SOD while simultaneously downregulating the expression of colonic
Keap1. The observed increase in propionate following P. succinatutens
treatment in the TRT group likely stems from its unique metabolic activity,
as this bacteriamainlyutilizes succinate as a substrate to enhancepropionate
production104. Notably, previous studies demonstrated that acetate and
propionate play critical roles in maintaining blood-brain barrier (BBB)
integrity by reducing permeability and upregulating tight junction protein
expression. Furthermore, propionate has been shown to activate the
Nrf2 signaling pathway, effectively scavenging ROS and protecting the BBB
against OS94. In our study, these mechanisms align with the findings that
elevated acetate and propionate levels contribute to enhanced epithelial
barrier function and Nrf2-mediated antioxidant responses. Furthermore,
our data revealed a significant upregulation of colonic antioxidant enzyme
expression in response to P. succinatutens intervention, suggesting the
intestinal tract as a direct target of its activity. Collectively, these results
suggest that specific SCFAs produced by P. succinatutens, particularly
propionate, may promote redox homeostasis throughNrf2-Keap1 pathway
activation, thereby elucidating a molecular mechanism underlying
probiotic-mediated antioxidant defense.

Overall, we identified tryptophan metabolism and an imbalance in
SCFAs production as concurrent determinants of the hindgutmicrobiota in
contributing to OS. Our findings suggest that targeting hindgut microbiota
and microbial metabolites may offer a promising strategy for novel ther-
apeutic interventions aimed at alleviating OS. Furthermore, using a murine
model, we provide valuable insights into probiotic-mediated host and
colonic antioxidant responses, positioning P. succinatutens as a compelling
candidate for probiotic development in the future.

Data availability
The 16S rRNA gene sequencing and metagenomics data in this study were
submitted to the SRA database in NCBI: # PRJNA1171342.
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