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Introduction: Rumen acidosis is one of the most common diseases in beef cattle.
It severely affects the normal development of calves and poses a significant threat
to the farming industry. However, the influence of rumen acidosis on the gut
microbiota and serum metabolites of calves is currently unclear.

Objective: The aim of this study is to investigate the changes in the gut
microbiota and serum metabolites in calves after rumen acidosis and analyse
the correlation.

Methods: Eight calves were selected as the rumen acidosis group, and eight
health calves were selected as the healthy group. The faecal gut microbiota and
serum metabolites of calves were detected respectively using 16S rDNA high-
throughput sequencing and non-target metabolomics. The correlation between
gut microbiota and serum metabolites was analyzed by Spearman
correlation analysis.

Results: Differential analysis of the diversity and composition of gut microbiota
between eight male healthy (Health) and eight male rumen acidosis (Disease)
calves revealed that rumen acidosis increased the abundance of the gut
microbiota in calves. At the phylum level, compared to the Healthy group, the
relative abundance of Proteobacteria in the Disease group significantly
decreased (P<0.05), while the relative abundance of Desulfobacterota
significantly increased in the Disease group (P<0.05). At the genus level,
compared to the Disease group, the relative abundance of Alloprevotella,
Muribaculaceae, Succinivibrio, Prevotella, Agathobacter and Parabacteroides
significantly increased in the Healthy group (P<0.05), while the relative
abundance of Christensenellaceae_R-7 and Monoglobus significantly
decreased in the Healthy group (P<0.05). Differential analysis results showed
the Healthy group had 23 genera with higher abundance, while the Disease
group had 47 genera with higher abundance. Serum metabolomics results
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revealed the differential metabolites associated with rumen acidosis, including
nicotinamide, niacin, L-glutamic acid and carnosine, were mainly enriched in the
nicotinate and nicotinamide pathway and the histidine pathway.

Conclusion: The occurrence of rumen acidosis can induce changes in the gut
microbiota of calves, with a significant increase of the Christensenellaceae_R-7
genus and a significant decrease of Prevotella and Succinivibrio genera. In
addition, the occurrence of rumen acidosis can also induce changes in serum
metabolites including niacin, niacinamide, L-glutamine, and carnosine, which

may serve as the diagnostic biomarkers of rumen acidosis of calves.
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1 Introduction

Rumen acidosis is an important disease of the digestive system,
and it seriously affects the health of cattle (Trevisi et al., 2018). In
the clinical practice, it usually presents as the subacute symptoms
with the typical signs of anorexia, depression, eyes sunken and
muscle tremors. The cattle being severely affected may exhibit
recumbency or opisthotonus, groan and excrete yellow-brown
watery feces. From the above clinical symptoms, it can be seen
that the rumen acidosis can lead to several intestinal diseases. The
gut microbiota is closely related to the healthy status, nutrient
metabolism, immune function, and the onset and development of
disease (Niederwerder, 2018). The gut microbiota is involved in the
regulation of various metabolic pathways in the host, forming
interactions such as the host-microbe metabolic axis, the host-
microbe signalling axis and the immune-inflammatory axis, which
are closely related to the multiple organs in the body, including the
gut, liver, muscle and brain (Welch et al,, 2022). For example, when
high-concentrate feeding is used to induce rumen acidosis, a large
amount of undigested feed enters the hindgut, leading to
fermentation in the hindgut and lowering the pH of the feces to
around 6.42 (Gressley et al., 2011). High-throughput sequencing of
the V1-V3 variable regions in bacteria revealed significant changes
in the microbial community in the feces. Rumen acidosis causes
large amounts of rumen fermentable substrates to enter the
hindgut, producing large amounts of volatile fatty acids and lactic
acid, which damage the intestinal epithelial cells. By altering the
structure of the microbial community in the hindgut, diarrhea is
induced, severely affecting the animal health and production (Mao
et al,, 2012). Rumen acidosis can activate the innate immune
response in cattle, increasing the levels of serum amyloid A,
lipopolysaccharide-binding protein and haptoglobin (Khafipour
et al., 2009). This activation of the systemic immune response can
be used as a diagnostic marker for rumen acidosis and also indicate
the association between rumen acidosis and systemic health
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disorders (Zebeli and Metzler-Zebeli, 2012). In addition, further
research has shown that rumen acidosis could also cause metabolic
diseases such as ketosis and hyperlactatemia in dairy cows (Aditya
et al,, 2018; Tang et al., 2024). Currently, there is relatively little
research on the changes in the fecal microbiota in calves with rumen
acidosis. To analyze the changes in the gut microbiota structure and
serum metabolites of rumen acidosis in calves, the microbial 16S
rDNA V3-V4 region sequences in the feces and the serum
metabolites of the healthy and rumen acidosis in calves were
determined used the Illumina Miseq sequencing platform and
LC-MS/MS in this study. To further elucidate the pathogenesis of
rumen acidosis of calves, community structure diversity, differential
metabolites screening, metabolic pathway analysis and the
correlation analysis were performed.

2 Materials and methods
2.1 Main instruments and reagents

Ultra-performance liquid chromatograph (Waters 2D UPLC,
Waters, USA); high-resolution mass spectrometer (Q-Exactive,
Thermo Fisher Scientific, USA); chromatographic column:
ACQUITY UPLC BEH C18 (1.7 um, 2.1*100 mm, Waters, USA);
low-temperature high-speed centrifuge (Centrifuge 5430,
Eppendorf); vortex mixer (QL-901, Qilinbell Instrument
Manufacturing Co., Ltd., China); water purification system (Milli-
Q Integral, Millipore Corporation, USA); freeze vacuum
concentrator (Maxi Vacbeta, GENE COMPANY); internal
standards: L-leucine-d3, L-phenylalanine (13C-9.99%), L-
tryptophan-d5, progesterone-2,3,4-13C3; methanol (A454-4) and
acetonitrile (A996-4) were MS grade (Thermo Fisher Scientific,
USA); formic acid ammonia (17843-250G, Honeywell Fluka, USA),
formic acid (50144-50 mL, DIMKA, USA) and the water provided
by the water purification system.
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2.2 Experimental animals

The animals were provided by Zhangye Wanhe Grass Livestock
Industry Science and Technology Development Co., Ltd. According
to the performance and clinical signs (Oetzel, 2017), eight male
calves were selected as the rumen acidosis group (Disease), and
eight male healthy calves (with the similar age and weight to the
rumen acidosis group) were selected as the healthy group (Health).
Calves in the two groups were reared in the same feeding
environment. The feed was supplied by Zhangye Wanhe Grass
Livestock Industry Science and Technology Development Co., Ltd.
The concentrated feed consists of corn, corn germ meal, soybean
meal, distillers grains, baking soda and premix (Table 1). Written
informed consent was obtained from the owners for the
participation of their animals in this study.

2.3 Sample collection

2.3.1 Feces sample collection

5 g feces samples were collected from each calf in the healthy
group and the rumen acidosis group. Then the samples were placed
in cryovials, and then immediately freezed in liquid nitrogen for the
subsequent analysis.

2.3.2 Serum sample collection

Blood samples were collected from the jugular vein of calves in
the healthy and rumen acidosis groups. Then the serum was
separated (centrifuged at 3500 rpm for 15 min) and stored at -80°C.

2.4 Metabolite extraction

The samples were thawed slowly at 4°C. Then, 100 pL of the
sample was transferred to a 96-well plate and 300 UL of pre-cooled
extraction solution (methanol:acetonitrile=2:1, v:v) along with 10 uL
of internal standard were added. The mixture was made vortex for 1
min, and then centrifuged at 4°C, 4000 rpm for 20 min. After
centrifugation, 300 UL of the supernatant was transferred to a freeze
vacuum concentrator and dried. 150 uL complex solution (methanol:
H,0=1:1, v:iv) was added for re-dissolution. The solution was made
vortex for 1 min, then centrifuged at 4°and 4000 rpm for 30 min. After
that, the supernatant was transferred to the sample vials. To ensure the

TABLE 1 The composition of the basal diet.

Composition Content(%)

Corn 52.00
Corn germ meal 12.00
Soybean meal 23.00
Distillers grains 8.00
Baking soda 1.00
Premix 4.00
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quality control, 10 UL of the supernatant from each sample was mixed
to create the QC samples. These QC samples were used to evaluate the
repeatability and stability of the LC-MS/MS analysis process.

2.5 LC-MS/MS analysis

Waters 2D UPLC (Waters, USA) conjunction with the Q
Exactive high-resolution mass spectrometer (Thermo Fisher
Scientific, USA) were utilized for metabolite separation and detection.

2.5.1 Chromatographic conditions

BEH C18 column (1.7 um, 2.1¥*100 mm, Waters, USA) was
used. In the positive ion mode, the mobile phase consisted of 0.1%
formic acid in aqueous solution (A) and 0.1% formic acid in
methanol (B). In the negative ion mode, the mobile phase
consisted of 10 mM formic acid ammonium solution (A) and 10
mM formic acid ammonium solution in 95% methanol (B). The
gradient elution conditions were as follows: 0-1 min, 2% B; 1-9 min,
2%-98% B; 9-12 min, 98% B; 12-12.1 min, 98% B-2% B; 12.1-15
min, 2% B. The flow rate was 0.35 mL/min, the column temperature
was 45°C, and the injection volume was 5 pL.

2.5.2 Mass spectrometry conditions

Q-Exactive mass spectrometer was used for the primary and
secondary mass spectrometry data acquisition. The mass scanning
range was 70 - 1050 m/z, with a primary resolution of 70,000, AGC
of 3¢° and the maximum injection time of 100 ms. The top 3 ions
were selected for fragmentation based on precursor ion intensity,
and secondary information was collected. The secondary resolution
was set at 17,500, AGC was set at e, and the maximum injection
time was set at 50 ms. The fragmentation energy was set at 20, 40,
and 60 eV. The ion source (ESI) parameters were set as follows:
sheath gas flow rate at 40, auxiliary gas flow rate at 10, spray voltage
at 3.80 KV in the positive ion mode and 3.20 KV in the negative ion
mode, ion transfer tube temperature at 320°C, and auxiliary gas
heater temperature at 350°C.

2.6 OTUs clustering result statistics

The software USEARCH (v7.0.1090) was used to cluster the
assembled Tags into OTUs. The main process is as follows:

a. UPARSE was used to cluster at 97% similarity, obtaining
representative sequences of OTUs.

b. UCHIME (v4.2.40) was used to remove chimeras from the
representative sequences of OTUs. For 16S and ITS, pre-
existing chimera databases were used for comparison and
removal. The chimera databases used were gold database
(v20110519) for 16S and UNITE (v20140703) for ITS,
selected based on sequencing regions.

c. The usearch global method was used to align all Tags to the
representative sequences of OTUs, obtaining the OTUs
abundance table for each sample.
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The DADA2 (Divisive Amplicon Denoising Algorithm)
method in the software QIIME2 was used to denoise the data and
obtain Amplicon Sequence Variants (ASVs), which were sequences
with 100% similarity. Then, a feature table (Feature, a general term
for ASV/ASV, etc.) was obtained. The main process was as follows:

a. Qiime tools were used to import filtered paired-
end sequences.

b. Qiime DADA2 denoise-paired command was used to build
the feature table based on the DADA2 method.

c. Qiime tools were used to export to convert the feature table
into a format that can be directly viewed.

2.7 Data processing

The data were expressed as “mean + standard deviation” and
the statistical analysis was performed by GraphPad Prism 7.0.
P<0.05 was considered as statistically significant.

3 Results

3.1 Effects of rumen acidosis in calves on
the gut microbiota

3.1.1 Effects of rumen acidosis in calves on the
OTUs of the gut microbiota

The healthy group (Health) had 1139 operational taxonomic
units (OTUs), while the rumen acidosis group (Disease) had 1319
OTUs, with 1009 OTUs shared between the two groups (Figure 1A).
The PLS-DA analysis results clearly demonstrate a separation
between the two groups (Figure 1B).

3.1.2 Effects of rumen acidosis in calves on the
gut microbiota diversity and richness

The analysis results of alpha diversity clearly demonstrated that
there were differences in the richness of gut microbiota between the

FIGURE 1

Health
Disease
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two groups. The rumen acidosis group (Disease) had significantly
higher sobs, chao, and ace indices than the healthy group (Health)
(P<0.05) (Figure 2). It strongly suggested that the rumen acidosis
had a direct impact on the richness of the gut microbiota in
the calves.

3.1.3 Effects of rumen acidosis on the
composition of the gut microbiota in the calves

The gut microbiota of calves was primarily composed of
Firmicutes, Bacteroidota, Spirochaetota, Proteobacteria,
Cyanobacteria, Verrucomicrobiota, Desulfobacterota, Patescibacteria,
Actinobacteriota, and Elusimicrobiota, with Firmicutes and
Bacteroidota being the dominant phyla. The results indicated that
the relative abundance of Proteobacteria was significantly lower in the
rumen acidosis group (Disease) compared to the healthy group
(Health) (P<0.05). Moreover, the rumen acidosis group (Disease)
showed a significantly higher relative abundance of Desulfobacterota
than the healthy group (Health) (P<0.05) (Figure 3A).

At the genus level, twenty-eight dominant bacterial genera were
identified, including Alloprevotella, Muribaculaceae, Succinivibrio,
Lachnospiraceae_NK4A136, Treponema, Bacteroides, Prevotella,
Agathobacter, Clostridia_UCG-014, Clostridium, Alistipes,
Anaerosporobacter, Prevotellaceae_NK3B31, Phascolarctobacterium,
Parabacteroides, Eubacterium coprostanoligenes, Lachnospiraceae
UCG-007, Christensenellaceae R-7, Oscillibacter, Ruminococcus
torques, Roseburia, Gastranaerophilales, Prevotellaceae UCG-003,
Clostridia vadinBB60, Monoglobus, Bacteroidales RFI6,
Akkermansia, and Prevotellaceae UCG-004. The results indicated
that the healthy group (Health) had a significantly higher relative
abundance of Alloprevotella, Muribaculaceae, Succinivibrio,
Prevotella, Agathobacter, and Parabacteroides compared to the
rumen acidosis group (Disease) (P<0.05). Furthermore, the healthy
group (Health) had a significantly lower relative abundance of
Christensenellaceae_R-7 and Monoglobus (P<0.05) (Figure 3B).
When setting a predefined LDA value of >2.4, the results revealed
that the healthy group (Health) had 23 genera with higher
abundance, whereas the rumen acidosis group (Disease) had 47
genera with higher abundance at different taxonomic levels. This is
demonstrated in Figure 4.
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pisdat

Effect on the distribution of gut microbiota OTUs of rumen acidosis in calves. Health, the healthy group; Disease, the rumen acidosis group. (A)
represents the OTUs of the gut microbiota of the healthy group and the rumen acidosis group. (B) represents the PLS-DA analysis results of the

healthy group and the rumen acidosis group.
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3.2 Effects of rumen acidosis in calves on both positive and negative ion modes was demonstrated in
Figures 5A, B, and the reproducibility of the metabolomics

the serum metabolites
method based on LC-MS/MS was evidenced in this experiment.
3.2.1 Instrument stability and total ion The base peak chromatograms (BPC) of all the QC samples
chromatograms in the positive and negative overlapped well, with only minor fluctuations in retention time
and peak response intensity. This confirmed that the instrument

ion modes
was in a good condition and the signal stability was maintained

The total ion chromatograms of the six QC samples were
consistent and reliable. The excellent stability of the instrument in  throughout the sample analysis process.
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3.2.2 PCA analysis

PCA analysis results clearly demonstrated a distinct separation
between the health and disease groups in terms of the metabolites
detected in positive and negative ion modes. These findings strongly
suggested that the rumen acidosis severely disrupted the normal
physiological metabolism of calves, resulting in the significant
changes in endogenous physiological metabolites (Figures 6A, B).
In both positive and negative ion modes, the PCA score charts
visually reflected the contribution of all metabolites to the
intergroup differences. The outliers that were further away from
the other metabolites had a greater contribution to the intergroup
differences and were more likely to be the differential metabolites of
rumen acidosis in calves, as shown in Figures 6C, D. The data
confidently demonstrated a greater number of metabolites were
detected in the negative ion mode.

3.2.3 PLS-DA analysis of serum metabolites in the
positive and negative ion modes

The positive and negative ion modes were used to conduct PLS-
DA analysis on the serum metabolites of the healthy and disease
groups. The sample points of the two groups were distinctly
separated in both ion modes, and each group’s samples showed a
tendency to be closer to their respective groups to varying degrees.
These findings strongly suggested that rumen acidosis significantly

Frontiers in Cellular and Infection Microbiology

impacted the normal metabolism of calves serum (Figures 7A, B).
The PLS-DA model’s effectiveness was evaluated using RY and Q>
The study demonstrated that the PLS-DA score plot performed well
and had high predictive ability, as evidenced by R*Y and Q> values
of 0.85 and 0.81, respectively. Additionally, the permutation test
indicated that the model was not overfitting, with a Q” intercept
value less than 0 (Figures 7C, D).

3.2.4 Screening of differential metabolites

The differential metabolites are shown in Table 2 (in the
Supplementary materials). A total of 139 differential metabolites
were identified in the serum of calves in the positive ion mode using
the PLS-DA model (VIP>1, Ratio>1.2 or Ratio<0.83, P<0.05), with
59 upregulated and 80 downregulated metabolites. In the negative
ion mode, 39 differential metabolites were identified in the serum of
calves, including 30 upregulated and 9 downregulated metabolites.

3.2.5 Metabolic pathway enrichment analysis

The metabolite pathways with P<0.05 were confidently selected
as the most relevant to rumen acidosis in calves. In the positive ion
mode, three metabolic pathways were decisively chosen, including
Nicotinate and nicotinamide metabolism, Aldosterone-regulated
sodium reabsorption, and Cortisol synthesis and secretion. 27
metabolic pathways were confidently identified in the negative
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ion mode, including Arginine and Proline metabolism, Glyoxylate
and Dicarboxylate metabolism, Neuroactive Ligand-Receptor
Interaction, Aminoacyl-tRNA Biosynthesis, Protein Digestion and
Absorption, Histidine metabolism, Butanoate metabolism,
Glutathione metabolism, Taste Transduction, Beta-Alanine
metabolism, Alanine, Aspartate and Glutamate metabolism,
Ferroptosis, Arginine biosynthesis, Taurine and hypotaurine
metabolism, Retrograde endocannabinoid signaling, Nitrogen
metabolism, Proximal tubule bicarbonate reclamation, D-
Glutamine and D-glutamate metabolism, Synaptic vesicle cycle,
Gap junction, Phospholipase D signaling pathway, Long-term
depression, Circadian entrainment, GABAergic synapse,
Glutamatergic synapse, Long-term potentiation, and FoxO
signaling pathway (Figure 8).

3.3 Correlation analysis between gut
microbiota and serum metabolites

The spearman correlation analysis showed a negative correlation
(r=0.89; P<0.01) between the relative concentration of (3f3, 4B, 150,
16, 25s)-4, 8, 15, 16, 26-pentahydroxycholest-5-en-3-yl B-d-
xylopyranoside and the Alloprevotella genus, and a positive
correlation (r=0.90; P<0.01) with the Anaerovorax genus. The
concentration of 2-aminoethyl (2r)-2-hydroxy-3-[(1z,12z)-1,12-
nonadecadien-1-yloxy] propyl hydrogen phosphate was found to be
negatively correlated with the presence of the Christensenellaceae_R-7
genus (r=-0.94, P<0.01). Similarly, the concentration of Oligomycin a
was also found to be negatively correlated with the presence of the
Christensenellaceae_R-7 genus (r=-0.92, P<0.01). The concentration of

10.3389/fcimb.2024.1427763

(3B,4P,150,163,25s)-4,8,15,16,26-pentahydroxycholest-5-en-3-yl 3-d-
xylopyranoside showed a positive correlation with the
Christensenellaceae_R-7 genus (r = 0.92, P < 0.01), while the
concentration of Gemfibrozil exhibited a negative correlation with
the same genus (r=-0.89, P < 0.0I). The concentration of N -
[(2s,31,4¢,6€)-1,3-dihydroxy-4,6-tetradecadien-2-yl] icosanamide
showed a negative correlation with the presence of the
Christensenellaceae_R-7 genus (r=-0.89, P < 0.01).The concentration
of (3B, 4B, 150, 16, 25s) - 4, 8, 15, 16, 26 - pentahydroxycholest-5-en-
3-yl B-d-xylopyranoside showed a negative correlation with the
presence of the Coprococcus genus (r=-0.93, P<0.01). Conversely, the
concentration of Gemfibrozil showed a positive correlation with
the presence of the Coprococcus genus (r=0.93, P<0.01).
Furthermore, the concentration of Ricinelaidic acid exhibited a
negative correlation with the presence of the Izemoplasmatales genus
(r=-0.94, P<0.0I). The negative correlation between the concentration
of Oligomycin a and the Izemoplasmatales genus (r=-0.93, P<0.01), as
well as the concentration of S13675000 and O-(hydroxy{(2r)-2-
hydroxy-3-[(2-methoxyicosyl)oxy]propoxy}phosphoryl)-1-serine with
the Izemoplasmatales genus (r=-0.90, P<0.0I), demonstrates a clear
relationship between these variables. Conversely, the concentration of
Gemfibrozil and N-acetyl-l-alanine exhibited significant positive
correlation with the Lachnospiraceae_ND3007 genus (r=0.90 and
0.89, P<0.01) respectively. The concentration of 5,8-dihydro-6-(4-
methyl-3-penten-1-yl)-1,2,3,4-tetration was strongly correlated with
the presence of the Lachnospiraceae_UCG_007 genus (r=0.90,
P<0.01). Similarly, the concentration of (3B,4f,150,16f,25s) -
4,8,15,16,26-pentahydroxycholest-5-en-3-yl B- d - xylopyranoside
was highly correlated with the presence of the Mailhella genus
(r=0.96, P<0.01). The concentration of Gemfibrozil and N-acetyl-1-
alanine showed negative correlation with the Mailhella genus (r=-0.92
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and -0.89, P<0.01) respectively. Epelsiban concentration was also
negatively correlated with the Paeniclostridium genus (r= -0.89,
P<0.01) (Figure 9).

4 Discussion

4.1 Effect of rumen acidosis on the gut
microbiota in calves

Under normal physiological conditions, the gut is maintained in
a relatively stable state by the close attachment of physiologically
dominant anaerobic bacteria to the intestinal mucosa, forming a gut
barrier (Chen et al., 2022). However, when calves experience rumen
acidosis, the fermentation pattern in the abomasum changes,
thereby affecting the stability and diversity of the rumen
microbiota (Faniyi et al., 2019).

Alpha diversity analysis of the gut microbiota revealed a sample
coverage index of over 99%, indicating that the sample size was
sufficient to accurately reflect the types and diversity of gut
microbiota in calves with rumen acidosis. In addition, the diversity
index (Sob index) and abundance index (Chao index and ACE index)
in the rumen acidosis group were significantly higher than those in
the healthy group, indicating an increased proportion of harmful
bacterial genera or the proliferation of other harmful bacteria in the
calves gut due to rumen acidosis, leading to increase the diversity of
gut microbiota. This finding was consistent with the description of J.
C. Plaizier et al (Plaizier et al., 2018). In this study, a total of 10 phyla
and 28 dominant bacterial genera were detected in the rumen acidosis
group. At the phylum level, the dominant phyla in both the rumen
acidosis group and the healthy group were Firmicutes and
Bacteroidetes. The Proteobacteria phylum was significantly lower in
calves with rumen acidosis compared to the healthy group, while the
Desulfobacterota phylum was significantly higher. The relative

FIGURE 9
Correlation analysis of gut microbiota and metabolites in calves with
rumen acidosis.
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abundance of Firmicutes showed an increasing trend in the rumen
acidosis group, while the relative abundance of Bacteroidetes showed
a decreasing trend. This finding contradicted the results of a study
conducted by K. Wen et al,, indicating that rumen acidosis
significantly reduced the abundance of Proteobacteria, one of its
signature phyla, and greatly disrupted the diversity of normal gut
microbiota (Wen et al, 2021). Furthermore, the study also
demonstrated that subacute rumen acidosis increased the relative
abundance of Firmicutes in calves, which was consistent with the
findings of the aforementioned study (Fu et al., 2022). Another study
showed that rumen acidosis increased the relative abundance of
Firmicutes and decreased the relative abundance of Bacteroidetes
(Nagata et al., 2018). These studies indicated that the rumen acidosis
indeed altered the normal gut microbiota in calves.

At the genus level, there were significant differences in the
composition and proportion of gut microbial genera between the
two groups. Prevotella and Succinivibrio were dominant genera (Li
et al, 2022). In this study, the abundance and relative abundance of
Prevotella (Ji et al., 2023), Muribaculaceae, Succinivibrio (Connors et al.,
2018), Prevotella (Lourenco et al., 2020), Agathobacter, and
Parabacteroides (Zafar and Saier, 2021) were significantly lower in
the rumen acidosis group compared to the healthy group of calves,
while the abundance and relative abundance of Christensenellaceae_R-
7 and Parabacteroides were significantly higher. Prevotella is a protein-
degrading bacterium in the rumen and intestinal mucosa of ruminants,
mainly degrading the semi-fiber components of food and promoting
the degradation of non-fiber polysaccharides and pectin (Pang et al,
2022). Rumen acidosis leads to the change in the gut microbiota in
calves, resulting in the decreased feed efficiency. Succinivibrio is a
dominant genus in the Proteobacteria phylum (Tapio et al, 2017),
which produces succinic acid through hydrogen utilization and plays
an important role. Not only does this compete with hydrogenotrophic
methanogens for substrates, but succinate is a precursor for propionate
production (McCabe et al., 2015; Bailoni et al, 2021), and most
propionate in ruminants is produced via the succinate pathway.
Ramayo-Caldas et al. found that Succinivibrionaceae could improve
feed efficiency, reduced methane emission, and increased the
propionate concentration in Holstein cows (Ramayo-Caldas et al,
2020). Christensenellaceae_R-7 belongs to the Firmicutes phylum
(Waters and Ley, 2019). Combined with the analysis at the phylum
level, it could be inferred that the relative abundance of the Firmicutes
phylum in the gut microbiota of calves with rumen acidosis showed an
increasing trend, further indicating that rumen acidosis in calves
altered the abundance of gut microbiota. LDA analysis results of the
gut microbiota in calves with rumen acidosis revealed that it could
affect the normal gut microbiota community in calves, promote the
rapid growth and proliferation of harmful bacterial communities and
inhibit the proliferation of beneficial bacterial communities, result in an
imbalance of the normal microbial flora.

4.2 Effect of rumen acidosis of calves on
serum metabolites

Non-targeted metabolomics is a high-throughput data-driven
approach widely used in the study of inflammation-related
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metabolic markers and pathways, providing a theoretical basis for
the diagnosis and appropriate treatment of inflammation-related
diseases. In this study, the non-targeted metabolomics based on LC-
MS/MS platform combined with multivariate data statistical
analysis methods were used to analyze the serum of calves in
the rumen acidosis and healthy groups. The study found that
the differential metabolites associated with rumen acidosis of
calves mainly included niacin, nicotinic acid, L-glutamine and
carnosine. These differential metabolites were mainly enriched in
the niacin and nicotinic acid metabolism pathway and the histidine
metabolism pathway. Niacin is the main precursor of nicotinamide
adenine dinucleotide (NAD™) and its involvement in the metabolic
pathway affects the synthesis of related metabolites. Nicotinic acid,
also known as vitamin B3, is converted to niacin through
transamination in the body, and niacin is the main precursor of
NAD* (Penberthy, 2009; Zhai et al, 2009). In the synthesis of
NAD", nicotinamide phosphoribosyltransferase (NAMPT) is the
rate-limiting enzyme in this reaction pathway. NAMPT catalyzes
the transfer of the phosphoribosyl group from 5’-phosphoribosyl-
I’-pyrophosphate to nicotinamide mononucleotide (NMN) and
pyrophosphate. NMN is converted to NAD" under the action of
nicotinamide adenine dinucleotide transferase (Luk et al., 2008;
Sampath et al., 2015). NAD+ acts as an activator of SIRT1 and
activates SIRT1 by regulating the ratio of NAD"/NADH. SIRT1 is a
positive regulator of NF-kB, which is considered as an important
transcription factor involved in the production of pro-inflammatory
cytokines (Imai, 2009; Matsushita et al., 2013; Revollo et al., 2007;
Zha et al, 2023). The study by Yu Ma et al. have found that
regulating niacin and nicotinic acid metabolism could achieve anti-
inflammatory effects (Ma et al, 2016). Zhou et al. found that
disruption of niacin and nicotinamide metabolism could lead to a
series of adverse reactions caused by inflammation and oxidative
stress induced by hypertension (Zhou et al., 2023). This study found
that the levels of niacin and nicotinamide metabolites in the serum
of calves with rumen acidosis were significantly lower than those in
the healthy group, leading to a decrease in the biosynthesis of
NAD". The reduction in NAD" synthesis inhibits the activation of
SIRT1, thereby reducing the inhibition of the NF-xB pathway,
leading to the release of inflammatory factors and ultimately
rumen acidosis. In conclusion, niacin and nicotinamide inhibit
the occurrence of inflammation in calves by regulating niacin and
nicotinamide metabolism.

Carnosine is a dipeptide molecule (B-alanyl-L-histidine) with
anti-inflammatory, antioxidant, anti-glycation, and chelating
properties (Prakash et al, 2021). Zheng et al. found that the
presence of carnosine could increase the secretion of IL-10, GM-
CSF, and TNF-o in the body while reduce the secretion of IL-8
(Zheng et al., 1996). In addition, carnosine has the antioxidant and
anti-aging properties, including better maintenance of muscle
strength and pH buffering properties, playing an important role
in the stability and anti-fatigue (Guiotto et al., 2005). According to
previous studies, the metabolism of alanine, aspartic acid, and
glutamic acid is related to carnosine metabolism and is regulated
by carnosine metabolism (Sookoian and Pirola, 2012). In addition,
certain metabolic processes such as pyruvate metabolism, B-alanine
metabolism, histidine metabolism, pantothenic acid and coenzyme
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A biosynthesis are also related to carnosine metabolism (Ostfeld
and Hoffman, 2023). This study found that the level of carnosine in
the serum of calves with rumen acidosis was significantly lower than
that in the normal group, indicating that rumen acidosis affected the
normal amino acid metabolism in calves, thereby affecting the
synthesis of carnosine. It also suggests that inflammation inhibits
the anti-inflammatory effect of carnosine. In conclusion, carnosine
can be used as one of the metabolic markers to determine rumen
acidosis in calves.

Glutamine is the main fuel and biological precursor of
mammalian intestinal cells (Reeds and Burrin, 2001), including
ruminants such as cattle (Okine et al., 1995) and sheep (Beaulieu
et al,, 2001), and involved in maintaining intestinal mucosal
integrity (Potsic et al,, 2002) and inhibiting the activation of
inflammatory cytokines (Kim and Kim, 2017). L-glutamine is
usually used as a functional antioxidant and energy supplement
in the body. It is converted to glutamate and ammonia through
deamination in the mitochondria of the small intestine, providing
energy for the small intestine (Wang et al., 2022). This study found
that the level of L-glutamine in the serum of calves with rumen
acidosis was significantly lower than that in the calves of the healthy
group, indicating that rumen acidosis affected the normal
mechanism of the calf intestine. The decrease in L-glutamine
leads to a decrease in the fuel and biological precursor required
for the calves energy metabolism, resulting in the insufficient energy
supply and ammonia conversion. Rumen acidosis disrupts the
metabolism in the abomasum, leading to a decrease in the level of
L-glutamine, which in turn causes an imbalance in the intestinal
ecology of calves. Therefore, the level of L-glutamine in serum can
also be used as one of the metabolic markers for evaluating rumen

acidosis in calves.

4.3 Correlation analysis between serum
metabolites and gut microbiota in calves
with rumen acidosis

In the rumen acidosis group, compared to the normal calves, there
was a significant increase in the abundance of the
Christensenellaceae_R-7 genus. This increase in the genus could affect
the normal physiological functions of calves, leading to disrupt their
glycolytic function. Calves over-ferment glucose, producing excessive
amounts of acetate and butyrate, thereby interfering with normal
glucose metabolism pathways. It further confirmed that the
association between rumen acidosis in calves and dysbiosis of the
microbial community. Additionally, (3beta, 4beta, 15alpha, 16beta,
25s)-4, 8, 15, 16, 26-pentahydroxycholest-5-en-3-yl beta-d-
xylopyranoside is associated with monosaccharide synthesis. In this
study, we found a positive correlation between the concentration of
(3beta, 4beta, 15alpha, 16beta, 25s)-4, 8, 15, 16, 26-
pentahydroxycholest-5-en-3-yl beta-d-xylopyranoside in serum
metabolites and the Christensenellaceae_R-7 genus in the gut
microbiota. This suggested that an increase in this metabolite
promoted the proliferation of the Christensenellaceae_R-7 genus.
Furthermore, Gemfibrozil can inhibit 1-O-B-glucuronidation (Tornio
et al, 2017). The study found a negative correlation between the
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concentration of Gemfibrozil and the Christensenellaceae_R-7 genus.
This indicated that the proliferation of the Christensenellaceae_R-7
genus inhibited the production of Gemfibrozil metabolites in serum,
thereby affecting the normal physiological function of this metabolite.
In summary, through the correlation analysis of gut microbiota and
serum metabolites in calves, rumen acidosis primarily affected the
excessive fermentation of products in the body’s glucose metabolism
pathway, leading to metabolic disorders and loss of regulation of
normal pathways, resulting in the onset of disease in calves.
Therefore, it could be proven that rumen acidosis not only altered
the gut microbiota in calves but also intervened with the diversity and
abundance of post-intestinal microbial communities by affecting
normal metabolic reactions.

5 Conclusion

The occurrence of rumen acidosis can induce changes in the gut
microbiota of calves, with a significant increase of the
Christensenellaceae_R-7 genus and a significant decrease of
Prevotella and Succinivibrio genera. Additionally, the occurrence
of rumen acidosis can also induce changes in the serum metabolites
including niacin, niacinamide, L-glutamine, and carnosine.
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