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Sijunzi San alleviates the negative
energy balance in postpartum
dairy cows by regulating rumen
fermentation capacity

Feifei Wang?!, Yongxia Mao*?!, Chenlei Li*?, Yanfen Ma'? and
Yansheng Guo'?*

!College of Animal Science and Technology, Ningxia University, Yinchuan, China, 2Key Laboratory of
Ruminant Molecular and Cellular Breeding of Ningxia Hui Autonomous Region, College of Animal
Science and Technology, Ningxia University, Yinchuan, China

Introduction: Postpartum dairy cows are susceptible to negative energy balance
caused by decreased feed intake and the initiation of lactation. Sijunzi San, a
famous Chinese traditional herbal formulation, can promote gastrointestinal
digestion and absorption and improve disorders of intestinal microbiota.
Therefore, we hypothesized that Sijunzi San might alleviate negative energy
balance in postpartum dairy cows by modulating the structure of the rumen
microbiota and enhancing its fermentation capacity.

Methods: Liquid chromatography-mass spectrometry (LC-MS/MS) was utilized
in vitro to identify the main active ingredients in the Sijunzi San. Techniques
including in vitro ruminal fermentation, gas chromatography, and 16S rRNA high-
throughput sequencing were employed to evaluate their effects on the structure
of the rumen microbiota. To test their in vivo effects, sixteen postpartum Holstein
dairy cows, with similar body condition and parity, were randomly assigned to
two groups, with 8 cows per group. The CONT group was fed a basic diet, while
the SJZS group received an additional 300 g/d of Sijunzi San along with the basic
diet, continuously for 7 days. ELISA and untargeted metabolomics using ultra-
high-performance liquid chromatography-tandem mass (UHPLC-MS/MS) were
employed to assess the impacts on immunoglobulin levels, fat mobilization, and
the blood metabolome in postpartum dairy cows.

Results: Doses of 100 to 500 mg of the Sijunzi San significantly enhanced gas
production, microbial protein (MCP), and short-chain fatty acid (SCFA) levels,
while notably reducing pH and NHs-N content (p < 0.05), exhibiting a significant
dose-dependentrelationship. Theresults revealed that 500 mg ofthe prescription
significantly increased the abundances of the Succiniclasticum and Prevotella
genera and notably decreased the abundances of the Christensenellaceae_R-7_
group, Muribaculaceae, UCG-005, Comamonas, and FO82 genera (p < 0.05).
Succiniclasticum and Prevotella showed a significant positive correlation with
ruminal SCFAs, whereas UCG-005 exhibited a significant negative correlation
with them (p < 0.05). Additionally, Luteolin and Glycitein were significantly
positively correlated with Prevotella, while Licochalcone B and Liquoric
acid were significantly negatively correlated with Comamonas (p < 0.05).
Subsequently, the prescription significantly increased the concentrations of IgA,
IgM, and microsomal triglyceride transfer protein (MTTP) in the blood (p < 0.01),
while reducing the levels of ketones (KET) (p < 0.05), non-esterified fatty acids
(NEFA), and triglycerides (TG) (p < 0.01). Notable alterations were observed in
21 metabolites in the blood metabolome (p < 0.05). Additionally, metabolic
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pathways associated with linoleic acid metabolism and steroid hormone
biosynthesis were significantly affected.

Discussion: The findings suggest that administering Sijunzi San to dairy cows
during the postpartum period can ameliorate negative energy balance by
stimulating rumen fermentation and modifying the composition and abundance
of the rumen microbiota.

KEYWORDS

Sijunzi San, rumen fermentation, rumen microorganisms, lipid metabolism, negative

energy balance

1 Introduction

With the progression of modern dairy farming methods, global
milk output is witnessing a sustained increase (1). Nevertheless, this
increase poses significant risks to the postpartum health of dairy cows
(2). After parturition, dairy cows experience stress, reduced feed
intake, and increased energy demands for lactation, leading to
physiological changes such as negative energy balance (NEB),
endocrine imbalances, altered ruminal fermentation, and immune
suppression (3, 4). NEB can result in metabolic disorders like ketosis
and fatty liver, which not only lower milk yield but also shorten cow
lifespan, negatively affecting farm profitability (5). The ruminal
microbiota and its fermentation function are pivotal in sustaining the
health and ensuring the efficiency of dairy cow production (6).
Research has shown that alterations in the composition of the ruminal
microbiota and reductions in fermentation efficiency in postpartum
dairy cows exacerbate NEB (7). Consequently, ruminal microbiota is
crucial to the energy homeostasis, metabolic state, and physiological
adaptation of postpartum dairy cows (8).

Traditional Chinese Medicines (TCMs) and their extracts are
increasingly being explored as additives in animal production, due to
their potential benefits for animal health, disease prevention, and
overall performance. Recent studies highlight the positive effects of
specific TCMs on ruminants’ production performance and health. For
instance, Rahman et al. (9) found that the addition of plantain and
lemongrass not only elevated feed intake and milk production, but
also boosted immune function and preserved liver health in dairy
cows. Antonius et al. (10) discovered that the addition of Eurydome
longifolia and Cassia alata effectively improved rumen fermentation
and reduced methane emissions in ruminants. Based on multi-omics
studies, Yi et al. (11) found that the moderate supplementation of
peppermint extract to the diet of fattening sheep enhanced intestinal
digestion, increased the rumen abundance of beneficial bacteria, and
regulated blood metabolism, thereby enhancing the growth
performance of fattening sheep. Ma et al. (12) demonstrated that
honeysuckle extract could alleviate heat stress in dairy cows by
improving antioxidant capacity, maintaining endocrine homeostasis,
and enhancing immune function. While existing studies have
underscored the potential benefits of individual TCM herbs, there has
been comparatively limited exploration into the application of Chinese
traditional herbal formulation, combinations of multiple herbs with
synergistic effects, in the context of animal production.

In traditional Chinese veterinary medicine, the rumen is
considered a part of the spleen system, which plays a key role in
digestion and metabolic regulation. Sijunzi San, a classic prescription
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for treating spleen deficiency syndrome, is composed of Ginseng,
Atractylodes macrocephala, Poria cocos, and Licorice, which have
effects of replenishing gi and strengthening the spleen (13). Ginseng
and Atractylodes macrocephala promote gastrointestinal health (14),
whereas Poria cocos helps dispel dampness and reduce edema (15).
Licorice harmonizes the spleen and stomach, relieving discomfort
(16). Modern pharmacological studies have shown that these herbs
work synergistically to enhance intestinal motility, support digestion,
maintain gut microbiota balance, and improve metabolic functions
(17, 18). The active compounds in these herbs, including flavonoids,
polysaccharides, saponins, and volatile oils, have demonstrated
potential benefits, such as improving rumen function in ruminants
and regulating metabolic processes (19-21). Based on these findings,
we hypothesize that this prescription could improve postpartum NEB
in dairy cows. It may achieve this by modulating the structure of the
ruminal microbiota and enhancing its fermentation capacity.

Therefore, this study seeks to explore the impact of the
prescription on the ruminal microbiota, fermentation capacity, and
blood metabolome in postpartum dairy cows. The objective is to
elucidate the mechanisms underlying its impact on postpartum NEB
and to provide insights for nutritional regulation and health
management of postpartum dairy cows.

2 Materials and methods

2.1 Identification of the primary active
ingredients of Sijunzi San

2.1.1 The formula of Sijunzi San and preparation
of the solution for measurement

The Sijunzi San used in this study was prepared by Beijing
Centre Biology Co. The preparation process was as follows: the
herbs were washed, dried, and ground into a fine powder.
Impurities were then removed using a 100-mesh sieve. Finally, in
accordance with the Chinese Veterinary Pharmacopoeia, the herbs
Codonopsis pilosula, Atractylodes macrocephala, Poria cocos, and
Licorice were mixed in a ratio of 2:2:2:1 to complete the
formulation.100 mg of Sijunzi San was dissolved in 1 mL of
ultrapure water. The mixture was shaken for 1 min, after which
3 mL of ethanol (analytically pure) was added. The resulting
solution was permitted to rest for 24 h. Subsequently, the solution
was centrifuged at 3000 rpm, and the supernatant was evaporated
to dryness using nitrogen, yielding a refined solution suitable for
the identification of the main active ingredients.
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2.1.2 LC-MS/MS analysis of the refined solution
of Sijunzi San

LC-MS/MS technology was utilized to identify primary active
ingredients of Sijunzi San. A 0.22 pm filter membrane was used to
filter the refined solution before three injections of 10 pL were made
into the sample. An ultra-high-pressure liquid chromatograph
(Nexera X2 LC-30, Shimadzu) was used to perform chromatographic
acquisition. The ACQUITY UPLC® HSS T3 chromatographic column
(2.1 x 100 mm, 1.8 pm) from waters (Milford, MA, United States) was
selected for this study.

Chromatographic grade formic acid in an aqueous solution of
0.1% made up mobile phase A, and chromatographic grade formic
acid in an aqueous solution of 0.1% made up mobile phase B. For the
first 5 min of the gradient elution, only solvent A was present in the
mobile phase, with solvent B at a 0% level. From 5 to 20 min, solvent
B was increased linearly from 0 to 100%. This concentration of solvent
B was maintained from 20 to 25 min. Subsequently, solvent B was
decreased linearly from 100% back to 0% from 25 to 25.1 min. Finally,
the mobile phase was held at 0% solvent B from 25.1 to 30 min.

Samples of the refined solution were separated via UPLC and
analyzed equipped with a Q Exactive Plus mass spectrometer (Thermo
Scientific) with a HESI ionization source. The acquisition of the mass
spectrum was performed over a duration of 30 min. The initial mass
spectrometry data were refined using MSDIAL software, which helped
in aligning peaks, adjusting retention times, and extracting peak areas.

2.2 Effects of Sijunzi San on rumen
fermentation performance of dairy cows

2.2.1 Collection and processing of rumen fluids in
dairy cows

The experimental protocol received approval from the Animal
Ethics Committee of Ningxia University (NXU-099). Rumen fluid was
carefully collected from three postpartum dairy cows (600 + 10 kg,
body condition score 3.2 ~ 3.5, parity 2) through a rumen fistula,
filtered through four layers of gauze, mixed in equal proportions, and
promptly transferred to a preheated holding tank that was
continuously purged with CO, to maintain an anaerobic environment.
The buffer was prepared in accordance with the method outlined by
Menke et al. (22), placed in a pre-warmed, CO, ventilated 1,000 mL
culture flask, and subsequently mixed with rumen fluid at a 1:2
volume ratio. The resulting fermentation broth was then stored in a
thermostatic water bath at 39°C.

2.2.2 Test grouping

Thirty syringes were allocated to a control group (CONT) and five
dosage groups for Sijunzi San (SJZS), with each group consisting of
five replicates. The syringes in the SJZS groups were administered
specific doses of 100, 200, 300, 400, and 500 mg, respectively, followed
by the addition of 30 mL of a mixed fermentation broth to each
syringe. The syringes were subsequently sealed to eliminate air and
incubated in a constant-temperature shaker at 39°C for a 48h
fermentation period.

2.2.3 Assessment of rumen gas production

The quantity of gas in the syringes was closely observed, and the
gas yield generated by rumen fermentation was meticulously recorded
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at specified intervals of 0, 3, 6, 9, 12, 24, and 48 h using the scale on
the syringes.

2.2.4 Evaluation of rumen fermentation
parameters

Following a 48 h fermentation period, pH, NH;-N, and MCP
levels were measured. A Leici PHB-4 (Shanghai, China) pH meter was
used to determine the pH of rumen fluid. The NH;-N content was
assessed using the method described by Broderick and Kang (23),
while the MCP content was quantified using the Thomas Brilliant Blue
technique (24).

2.2.5 Analysis of rumen short-chain fatty acids

Simultaneously, rumen SCFAs were quantified using a gas
chromatograph (HP-INNO wax, Shimadzu Corporation, Japan).
Initially, rumen fluid from each syringe was centrifuged at
5400 rpm for 10 min to eliminate impurities. Then, a 1.5mL
centrifuge tube received 1 mL of the supernatant, followed by the
addition of 0.2 mL of a 25% metaphosphoric acid solution that
included the internal standard, 2-ethylbutyric acid (2 EB, catalog
number 80079718, Shanghai Macklin Biochemical Technology Co.,
Ltd., China) was added and thoroughly mixed. The sample was
cooled in an ice-water bath for 30 min and centrifuged at
10,000 rpm for 10 min, after which the supernatant was extracted
for analysis.

The gas chromatograph parameters were as follows: the SK-FFAP
chromatographic column was used, with a column flow rate of 2.0 mL/
min and an injection volume of 1 puL. The temperature program was
set as follows: maintaining 120°C for 3 min, increasing to 180°C at a
rate of 10°C per minute, and holding at 180°C for an additional
minute. The inlet temperature was adjusted to 220°C.

For the detection instrument, the parameters were set as follows:
hydrogen flow rate of 36 mL/min, air flow rate of 450 mL/min,
instrument temperature of 250°C, and a column flow rate combined
with a make-up gas flow rate of 40 mL/min. Standard curves for
SCFAs were established using reference standards for acetate,
propionate, n-butyric acid, isobutyric acid, n-valeric acid, and
isovaleric acid (catalog numbers A628, P1386, B103500, 129,542,
V9769, and 11,754, respectively, from Shanghai McLean Biochemical
Science and Technology Co., Ltd., China). The peak area of these
standards served as the vertical coordinates, while their concentrations
were plotted as the horizontal coordinates, enabling the derivation of
a linear regression equation for SCFAs (Supplementary Table S1). The
concentrations of SCFAs in the rumen fluids were subsequently
calculated using this standard curve.

2.3 The impact of Sijunzi San on the
composition and abundance of rumen
microflora

Following a 48 h fermentation period, the ideal dosage of
Sijunzi San was determined drawing from the outcomes of rumen
fermentation parameters and SCFA levels. Rumen fluids containing
this optimal dosage of Sijunzi San were selected to assess the
prescription’s influence on the structure and abundance of the
ruminal bacterial community using 16S rRNA high-throughput
sequencing technology.
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Initially, DNA was extracted from the rumen fluid employing
the magnetic bead method. The procured DNA was subsequently
measured with a Nanodrop instrument, and its wholeness was
assessed via 1.2% agarose gel electrophoresis. The DNA was
subsequently diluted to a concentration of 20 ng/pL. Standard
bacterial primers (upstream: ACTCCTACGGGGAGGCAGCA;
GGACTACHVGGGTWTCTAAT) and an
amplification polymerase were used to amplify the V3-V4 region
of bacterial 16S rRNA (25). The PCR-amplified products were
quantified through fluorescence. The volume of sequencing

downstream:

required for each rumen fluid specimen was set according to the
data obtained from fluorescence measurements. The samples were
then mixed in their designated proportions. Sequencing libraries
for each rumen fluid sample were constructed employing
Mlumina’s TruSeq Nano DNA LT Library Prep Kit, which
streamlined the process for high-throughput sequencing.

The QIIME2 (2019.4) software was used to initially conduct
species taxonomic annotation on rumen microbial 16S rRNA gene
sequences, followed by analyses of Alpha and Beta diversity (26, 27).
The Spearman’s correlation heatmaps, illustrating the interrelationships
between the primary active ingredients and the ruminal differential
microbes, as well as between these microbes and ruminal SCFAs, were
generated using the OmicShare Tools."

2.4 The impacts of Sijunzi San on immune
function, lipid metabolism, and blood
metabolome of postpartum dairy cows

2.4.1 Grouping of experimental animals and
collection of blood samples

At a large-scale intensive dairy farm in Ningxia, China, 16 robust
postpartum Holstein cows, each weighing 600 + 30 kg with body
condition scores ranging from 3.0 to 3.5 and having 2 to 3 lactations,
were randomly assigned to either a control group (CONT) or a Sijunzi
San group (SJZS), with equal representation in each group. Both
groups were fed the same total mixed ration (TMR) and had ad
libitum access to water. The dosage of 300 g per day was determined
based on the medication guidelines recommended by the Chinese
Veterinary Pharmacopoeia. In the SJZS group, cows were administered
300 g of Sijunzi San mixed with 5 L of water via a gastric tube before
their morning feeding, for a period of 7 days. In contrast, cows in the
CONT group were provided with an equivalent quantity of plain
drinking water. Prior to morning feeding on the eighth day, blood
samples were collected from the tail vein of each cow. Plasma
preparation involved centrifugation at 3,000 rpm for 20 min at a
chilled 4°C, after which it was kept at —80°C for impending
examination of biochemical indices and metabolite levels.

2.4.2 Evaluation of immunological parameters

The concentrations of IgA, IgG, and IgM in the plasma of cows
were quantified using ELISA kits (product numbers YJ542063,
YJ330698, and YJ627279), acquired from Shanghai Enzyme-Link
Biotechnology Co., Ltd., an enterprise based in China.

1 https://www.omicshare.com/
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2.4.3 Inspection of lipid metabolic indicators

Blood KET levels were measured using a blood ketone meter
(AHMOO01P, Colibri, Wuhan, China). ELISA Kkits were utilized to
assess blood concentrations of NEFA (A042-2-1, Nanjing Jiancheng
Bioengineering Institute, China) and MTTP (NWLT, Shanghai
Enzyme-linked Biotechnology Co., Ltd., China). Additionally,
biochemical kits were employed to measure TG levels in the blood
(A110-1-1, Nanjing Jiancheng Bioengineering Institute, China).

2.4.4 Blood metabolomics analysis

UHPLC-MS/MS was employed to conduct a non-targeted
blood metabolomic analysis. A 100 pL aliquot of plasma was
added to a 1.5 mL polyethylene (PE) tube containing 400 pL of
pre-cooled, highly concentrated methanol (1.06007.4008,
Millipore, United States) and acetonitrile (1.00030.4008, Millipore,
United States) mixed in a 1:1 (v/v) ratio. The mixture underwent
a 1 h cooling phase in an ice-water bath before being centrifuged
at 14,000 g at 4°C for 20 min, leading to the isolation of the
supernatant for subsequent analysis.

Chromatographic data acquisition was performed using an
ACQUITY UPLC HSS T3 column (2.1 x 100 mm, 1.8 pm) from
waters, with a flow rate of 0.3 mL/min. The mobile phases
consisted of 0.1% chromatographic-grade formic acid (A) and
100% chromatographic-grade acetonitrile (B). The elution
gradient was initiated at 0% B for 2 min, followed by a linear
increase to 48% B over the next 4 min. Subsequently, the
concentration of B was gradually increased to 100% within an
additional 2 min. Following this, the concentration of B was
reduced to 0% over a period of 0.1 min, and then equilibrated for
3 min. In the MS analysis, ESI was applied across positive and
negative modes, with the HESI source parameters detailed below:
spray voltages of 3.8 kV and 3.2 kV for positive and negative
modes; a capillary temperature of 320°C; sheath and auxiliary gas
flows, nitrogen, at 30 arb; probe heater temperature at 350°C; and
S-Lens RF level adjusted to 50.

The UHPLC-MS/MS data acquired were processed using R
(version 4.0.3) along with its affiliated software packages to
perform Principal Component Analysis (PCA) and Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) (28).
PCA was employed to analyze the variability between and within
groups. OPLS-DA was utilized to construct a discriminant model
based on the Variable Importance for the Projection (VIP) values
of blood metabolites. Furthermore, the Fold Change (FC) values
and p-values derived from univariate analysis were integrated to
identify differential metabolites. Subsequently, KEGG pathway
enrichment analysis of these metabolites was conducted using
MetaboAnalyst? (29).

2.5 Statistical analysis
All data were analyzed using GraphPad Prism version 8.0.2

(GraphPad Software). All experimental data are presented as the
mean * standard deviation (SD). one-way ANOVA was used to

2 https://www.metaboanalyst.ca
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compare the data between the six groups, and independent samples
t-test was used to analyze the data between the two groups. Differential
analysis of species abundance in rumen microbiota was performed
using the Wilcoxon Mann-Whitney test. p < 0.05 was considered
statistically significant.

3 Results
3.1 Main active ingredients of Sijunzi San

Thirteen primary active ingredients of Sijunzi San were identified
using LC-MS/MS, including luteolin, glycitein, pachymic acid,
poricoic acid A, poricoic acid B, dehydroeburicoic acid, atractylenolide
III, formononetin, calycosin, licochalcone B, liquoric acid, quercetin,
and vestitol (Figures 1 A,B). The retention time (RT), molecular weight
(m/z), ion mode, formula, class, and origin of the main active
ingredients are detailed in Table 1.

3.2 The impact of Sijunzi San on rumen
fermentation in dairy cows

3.2.1 The effect of Sijunzi San on rumen gas
production

Rumen gas production in both the control group and the groups
treated with varying doses of Sijunzi San progressively increased with
the extension of fermentation time over a 48 h period, showing a
sharp rise from 0 to 12 h, followed by a plateau from 12 to 48 h. At
corresponding fermentation time points, rumen gas generation was

10.3389/fvets.2024.1512081

significantly enhanced with the administration of varying dosages of
Sijunzi San as opposed to the control group (p < 0.05). Moreover,
within the dose range of 200 to 500 mg, Sijunzi San demonstrated a
notable dose-dependent effect at the fermentation time points of 3, 6,
9,12,24,and 48 h (Figure 2).

3.2.2 The impact of Sijunzi San on rumen
fermentation parameters

The pH and NH;-N levels in the rumen were significantly reduced
(p < 0.05), while MCP contents were notably elevated (p < 0.05) in the
groups treated with varying doses of Sijunzi San compared to the control
group. As the medicinal amount of Sijunzi San augmented, there was a
significant lessen in pH and NH3-N levels and a significant rise in MCP
content (p < 0.05). The values of pH, NH;-N, and MCP all demonstrated
a strong dose-dependent correlation (Figures 3A-C). This indicates that
Sijunzi San can markedly enhance rumen fermentation capacity in dairy
cows, with the most pronounced effect observed at a dose of 500 mg.

3.2.3 The influence of Sijunzi San on rumen
SCFAs

Compared to the control group, the contents of ruminal SCFAs,
acetate, propionate, and n-butyric acid in the groups treated with
various dosages of Sijunzi San were significantly higher (p < 0.05),
demonstrating a robust dose-dependent response. In different doses
of Sijunzi San, the concentrations of isobutyric acid, n-valeric acid,
and isovaleric acid gradually increased, and a good dose-dependent
relationship was observed within the range of 300 mg to 500 mg.
These results indicated that Sijunzi San effectively promotes the
production of rumen SCFAs, with the most significant effect observed
at a dose of 500 mg (Figures 4A-G).
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TABLE 1 Information of main active ingredients of Sijunzi San.

10.3389/fvets.2024.1512081

Number Identification RT m/s lon mode @ Formula Class Origin
1 Luteolin 13.995 287.05499 [M+H]+ C15H1006 Flavonoids Codonopsis pilosula
2 Glycitein 17.197 283.06033 [M—-H]- C16H1205 Isoflavonoids Codonopsis pilosula
Atractylodes macrocephala; Codonopsis
3 Pachymic acid 23.596 527.37488 [M—-H]- C33H5205 Prenol lipids
pilosula
Atractylodes macrocephala; Codonopsis
4 Poricoic acid A 21.485 497.32761 [M—H]- C31H4605 Prenol lipids
pilosula
Atractylodes macrocephala; Codonopsis
5 Poricoic acid B 21.058 483.31198 [M—H]- C30H4405 Prenol lipids
pilosula
Dehydroeburicoic Steroids and steroid | Atractylodes macrocephala; Codonopsis
6 21.651 469.36707 [M+H]+ C31H4803
acid derivatives pilosula
7 Atractylenolide IIT 19.646 249.14865 [M+H]+ C15H2003 Prenol lipids Codonopsis pilosula; Poria cocos
8 Formononetin 15.721 267.06552 [M—H]- C16H1204 Isoflavonoids Licorice; Codonopsis pilosula
9 Calycosin 16.028 285.07513 [M+H]+ C16H1205 Isoflavonoids Licorice; Codonopsis pilosula
Linear
10 Licochalcone B 15.527 285.07651 [M—H]- C16H1405 Licorice
1,3-diarylpropanoids
11 Liquoric acid 21.433 483.31207 [2M-H]- C30H4405 Prenol lipids Licorice
Licorice; Poria cocos; Codonopsis
12 Quercetin 13.639 303.04922 [M+H]+ C15H1007 Flavonoids
pilosula
13 Vestitol 17.861 273.11133 [M+H]+ C16H1604 Isoflavonoids Licorice
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Effect of different doses of Sijunzi San on rumen gas production in dairy cows (n = 5). CONT represented control group and 100-500 mg represented

different doses groups of Sijunzi San.

3.3 Effect of Sijunzi San on the composition
and abundance of rumen microbiota in
dairy cows

3.3.1 Ruminal microbiota diversity

This study selected samples from the 500 mg dosage group based
on the previous results to explore the impact of Sijunzi San on the
compound and quantity of rumen microbiota. A total of 14,286
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Operational Taxonomic Units (OTUs) were identified from the rumen
fluids of two groups. Among these, the Sijunzi San group contained
9,057 OTUs, while the control group contained 7,490 OTUs. A total
of 2,261 OTUs were shared between the two groups, constituting
15.83% of the overall OTUs (Figure 5A). The species accumulation
curve approached a plateau as the sample size increased (Figure 5B),
and the abundance grade curve declined gently, indicating high
sample diversity (Figure 5C). This indicates that the sequencing
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G .

Effect of Sijunzi San on SCFAs in the rumen of dairy cows (n =

5). CONT represented control group, 100 ~ 500 mg represented different doses of

Sijunzi San; (A) SCFAs; (B) Acetate; (C) Propionate; (D) N-butyric acid; (E) Isobutyric acid; (F) N-valeric acid; (G) Isovaleric acid. Different letters indicated
significant differences (p < 0.05), while the same letters indicated non-significant differences (p > 0.05).

coverage was adequate to precisely depict the compositional structure
of the rumen microbial community. Alpha diversity analysis
demonstrated that the Simpson’s index for the Sijunzi San group was
obviously rised compared to the control group (p < 0.05) (Figure 5D),
suggesting that Sijunzi San effectively enhanced the abundance and
diversity of the rumen microbiota. The Principal Coordinate Analysis
(PCoA) and Non-Metric Multidimensional Scale (NMDS) Analysis
visualizations derived from the Beta diversity analysis clearly
demonstrated a clear separation in the constitution and abundance of
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rumen microbiota among the two groups (Figures 5E,F), pointing to
a substantial impact of Sijunzi San on the composition and quantity
of rumen microbiota.

3.3.2 Differences in rumen microbiota

The predominant phyla in both groups were Bacteroidota and
Firmicutes, accounting for 56.0 and 26.9% of the microbiota in the
control group, and 59.4 and 25.6% in the Sijunzi San group,
respectively (Figure 6A). The rumen microbiota in both groups were
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(A) OTU Venn plots of rumen microorganisms in two groups. (B) Specaccum species cumulative plots, with the sample size as the horizontal
coordinate and the number of observed species (ASV/OTU) as the vertical coordinate. The blue shading reflects the confidence intervals for the curves.
(C) Abundance Ranking plot, with the horizontal coordinate being the ordinal number of ASVs/OTUs in order of abundance and the vertical coordinate
being the log2 value of the abundance of each ASV/OTU in the group. (D) Alpha diversity analysis. The Chaol index is used to assess the total number
of OTUs present in the community. The Simpson index is used to assess community evenness. And the Shannon index is used to combine the
assessment of the community's richness and evenness. (E) Principal Coordinate Analysis (PCoA) of two groups of rumen microbes. (F) Non-Metric

predominantly consisted of F082, Rikenellaceae_RC9_gut_group and
Prevotella genus. In the control group, these genera constituted 22.9,
16.9, and 3.18% of the microbiota, respectively. In the Sijunzi San
group, their proportions were 12.7, 16.6, and 18.6%, respectively
(Figure 6B). The results of Stamp species difference analysis revealed
that, compared to the control group, the Sijunzi San group exhibited
significantly higher relative abundances of the Synergistota,
Elusimicrobiota, and Desulfobacterota phyla (p < 0.05). In contrast,
the relative abundances of the Proteobacteria and Patescibacteria
phyla were notably reduced in the Sijunzi San group (p < 0.05)
(Figure 6C). Additionally, compared to the control group, the
relative abundances of Succiniclasticum (6.6%) and Prevotella
(18.6%) genera within the Sijunzi San group were significantly
elevated (p <0.05). Conversely, the relative abundances of the
UCG-005,
Comamonas, and FO82 genera were notably diminished (p < 0.05)
(Figure 6D).

Muribaculaceae, Christensenellaceae_R-7_group,

3.3.3 Correlation analysis of differential
microorganisms with rumen SCFAs and active
ingredients of Sijunzi San

The heatmap of the Spearman correlation coefficients displayed
that Succiniclasticum and Prevotella genera exhibited a significant
positive correlation with rumen SCFAs (p < 0.05). Conversely, the
genera UCG-005, Comamonas, and FO82 demonstrated a significant
negative correlation with rumen SCFAs (p < 0.05). The genera
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Muribaculaceae and Christensenellaceae_R-7_group did not show a
significant correlation with rumen SCFAs (p > 0.05) (Figure 7A;
Supplementary Table S2).

The active ingredients luteolin and glycitein of Sijunzi San in
Sijunzi San exhibited a significant positive correlation the genus
Prevotella (p < 0.05). Similarly, poricoic acid B and Atractylenolide III
demonstrated a significant positive correlation with the genus
Christensenellaceae_R-7_group (p < 0.05). Additionally, licochalcone
B was found to have a significant positive correlation with the genus
UCG-005 (p < 0.05). Conversely, liquoric acid and licochalcone B were
significantly negatively correlated with the genus Comamonas
(p < 0.05) (Figure 7B; Supplementary Table S3).

3.4 Effect of Sijunzi San on immunity, lipid
metabolism, and blood metabolome in
postpartum dairy cows

3.4.1 The impacts of Sijunzi San on blood IgA,
IgG, and IgM

Compared with the control group, the postpartum cows in the
Sijunzi San group exhibited elevated levels of IgA, IgG, and IgM in
their blood. Notably, the increases in IgA and IgM were highly
significant (p < 0.01), as illustrated in Figures 8A-C. This suggested
that Sijunzi San enhanced the immune response of postpartum dairy
cows to some extent.
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3.4.2 Effects of Sijunzi San on blood KET, NEFA,
TG, and MTTP in postpartum dairy cows

Compared with the control group, the postpartum cows in the
Sijunzi San group showed a significant reduction in KET levels
(p <0.05), an extremely significant decrease in NEFA and TG
concentrations (p < 0.01), and an extremely significant elevation in
MTTP content (p < 0.01) as depicted in Figures 9A-D. These findings
suggested that Sijunzi San exerts a definite ameliorative effect on lipid
mobilization in postpartum cows.

3.4.3 The impact of Sijunzi San on the blood
metabolomic profile of postpartum dairy cows

3.4.3.1 Metabolic profile alterations and differential
metabolite identification

Non-targeted metabolomics with UHPLC-MS/MS was employed
to analyze plasma samples, observing the impact of Sijunzi San on the
blood metabolic profile of postpartum dairy cows, revealing a total of
283 blood metabolites (Supplementary Figures SIA-C).

The PCA plot indicated a discernible trend of differentiation
between the Sijunzi San group and the control group, with PC1
accounting for 16.3% and PC2 for 14.7% of the variance (Figure 10A).
The OPLS-DA model, constructed to scrutinize the importance of
metabolites in classification (Figure 10B), was confirmed to be valid
and free from overfitting, as evidenced by the permutation test
diagram where the intercept between Q2 and the Y-axis was less than
zero (R2=0.79, Q2 = —0.44) (Figure 10C). Metabolites with VIP
more than 1 (VIP > 1) were chosen from the OPLS-DA model for
subsequent univariate analysis, to ascertain the FC and p value for
each metabolite (Figure 10D). A total of 21 differential metabolites
were identified with VIP more than 1 (VIP > 1), p value less than 0.05
(p <0.05) and FC less than 0.83 (FC < 0.83) or FC more than 1.2
(FC>1.2). Among these, 5 metabolites exhibited significant
up-regulation, while 16 showed significant down-regulation. The Rt
(min), Mean, VIP, FC, p-value, and False Discovery Rate (FDR) of
differential metabolites were shown in Table 2. The clustering heatmap
showed that the 21 differential metabolites identified as differentially
expressed exhibited excellent within-group consistency and were
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distinctly separated between the two groups (Figure 10E), indicating
that the selected metabolites were indeed representative.

3.4.3.2 Pathway enrichment analysis

KEGG pathway enrichment was performed for 21 different
metabolites. The analysis uncovered that seven of these metabolites,
namely 12(13)-EpOME, Cholesterol, Cholesterol 3-sulfate, Malonic
semialdehyde, Phosphorylcholine, 4-Aminobutyraldehyde, and
2-Methyl-3-oxopropanoic acid, were significantly enriched, suggesting
a notable impact on linoleic acid metabolism and steroid hormone
biosynthesis within lipid metabolic pathways (p < 0.05) (Table 3).
Additionally, these metabolites appear to potentially influence on
other lipid metabolic pathways, such as glycerophospholipid
metabolism, steroid biosynthesis, and primary bile acid biosynthesis.
They also potentially impact some amino acid metabolic pathways,
such as beta-alanine metabolism, propanoate metabolism, inositol
phosphate metabolism, arginine and proline metabolism, as well as
the degradation pathways of valine, leucine, and isoleucine (Figure 11).

4 Discussion

4.1 Impact of Sijunzi San on ruminal
fermentation performance of dairy cows

Gas production, a comprehensive indicator of the degree of
rumen fermentation in ruminants, is positively correlated with
rumen microbiota activity. Increased gas production reflects a higher
content of fermentable carbohydrates in the feed and a boost in the
activity of the rumen microbiota (30, 31). Antonius et al. (32)
reported that herbs such as Moringa, Hairy White Redwood, and
Turmeric significantly increased gas production in vitro rumen
fermentation. Peng et al. (33) discovered that the addition of
Astragalus to an in vitro rumen trial substantially boosted total gas
production after 6 h of fermentation. The study found that after the
addition of the Sijunzi San, the gas production from rumen
fermentation gradually increased, then rose rapidly, ultimately
stabilizing within 48 h, showing a distinct dose-dependent response.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1512081
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Wang et al.

10.3389/fvets.2024.1512081

A 2s- . B s C oas- - D 3001
) sk
s 204 o 5 — 0201 - 2
0 200
g 1.5- E 10 é 0.15- e %
& 1.0 : < . S 0.10 &
g i 0.57 = £ 100
0.5 0.05
0.0- 0.0- 0.00- 0-
CONT SJZS CONT SJZS CONT SJZS CONT SJZS

FIGURE 9
Effect of Sijunzi San on blood lipid metabolism of postpartum dairy cows (n = 8). CONT represented control group, SJZS represented Sijunzi San
group; (A) KET: ketones; (B) NEFA: non-esterified fatty acids; (C) TG: triglycerides; (D) MTTP: microsomal triglyceride transfer protein; Each black dot
represented one sample, * indicated p < 0.05, ** indicated p < 0.01.

Scores (OPLS-DA) R2=(0.0,0.79),Q2=(0.0,-0.44)

A

PCA
1
o (= = . || g JR TR RO e )
s o §-§ ]
4 .
10 L s
Ey 0 I |
s 0 o~ N =N LR | Wt a
‘; ® SJZS % § """"""" ' l OR2
= ® CONT I "
3] s B [
g0 g | 1 [] i
: « 1
s g | T |
4 " u
-2 a
- - a -
10 5 0 5 - —tes0s 0es00 10405 20405 0.00 025 Similar?t‘;(oy ) 075 100
Rex oY ey SEE ¢ 3
PC1(16.3%) o35 oms  -ows  uew  ome Ypem
Statistics E
i @ Downils
Insignificant:261
® Ups
VIP
1 ° 00
o 07
E O 13
}
z Q 20
B2l QO 26
E
3
14 PC(IS:0/P-18:1(9Z))
Chokstrl
J—
Frosphonchoie
w
-20-1.5-1.0-0.5 00 0.5 1.0 1.5 20 2.5 3.0 35 4.0 45
Log: FC
FIGURE 10

Effect of Sijunzi San on blood metabolome of postpartum dairy cows. CONT represented the control group and SJZS represented the Sijunzi San
group. (A) Principal Component Analysis (PCA) demonstrating the trend of intra-group aggregation and inter-group separation of the two groups of
rumen fluid samples. (B) Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) score plot demonstrating the trend of separation of the two
groups of rumen fluid samples. (C) OPLS-DA permutation test plot for seeing whether overfitting occurred in the OPLS-DA model. (D) Volcano plot
demonstrating the trend of differential metabolites, with each dot representing a metabolite. Red indicated up-regulation and blue indicated down-
regulation, and the size of the dots indicated the Variable importance for the projection (VIP) value. (E) Clustering heatmap of differential metabolites,
with the horizontal coordinate indicating the samples and the vertical coordinate indicating the metabolites. Red cooler indicated up-regulation and

blue cooler indicated down-regulation.

This suggests that Sijunzi San has the potential to enhance rumen
substrate fermentation.

Ruminal pH, NH3-N, and MCP are also important indicators of
rumen microbial fermentation. Ruminal pH is essential for
maintaining normal physiological functions in ruminants, with stable
pH levels being closely related to rumen microbiota activity and
rumen fermentation (34, 35). NH;-N is a key source of nitrogen for
the synthesis of MCP by rumen microorganisms, and MCP can be a
significant protein source for ruminants (36). Additionally, the
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heightened synthesis and supply of rumen MCP can significantly
enhance milk yield and milk quality in dairy cows (37). Wang et al.
(38) found that a traditional Chinese medicine compound containing
Pogostemon cablin, Atractylodes lancea, Phellodendron chinensis, and
Gypsum Fibrosum had no substantial influence on the rumen pH and
NH;-N levels after 24 h of in vitro ruminal fermentation. Similarly,
Zhu et al. (39) demonstrated that the traditional Chinese medicine
formula Yufeisan had no significant impact on rumen pH, NH;-N,
MCP, and SCFAs levels. This study found that Sijunzi San promoted
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TABLE 2 Blood differential metabolites and related parameters.

10.3389/fvets.2024.1512081

Metabolites Rt (min) Average peak area
SJZS CONT

Cholesterol 3-sulfate 13.464 4.91E+08 1.57E+07 1.873 31.223 1 0.018 1.873
PC(15:0/P-18:1(9Z)) 12.429 1.63E+07 5.35E+06 2.195 3.0441 0.003 2.195
Rhamnose 1.176 1.35E+08 7.66E+07 2.634 1.7621 0.000 2.634
2-Methyl-3-oxopropanoic acid 8.495 4.23E+07 2.80E+07 2.146 1.5107 0.007 2.146
beta-D-3-Ribofuranosyluric

acid 8.115 3.53E+07 2.50E+07 1.449 1.4121 0.047 1.449
3-Nitropropionic acid 13.499 5.03E+08 6.14E+08 2.060 0.819] 0.006 2.060
N’-Formylkynurenine 8.178 4.80E+07 6.45E+07 1.845 0.745] 0.037 1.845
Elaidic acid 12.621 1.17E+08 1.67E+08 1.710 0.701] 0.043 1.710
4-Aminobutyraldehyde 14.478 2.52E+07 3.61E+07 1.976 0.699] 0.014 1.976
Malonic semialdehyde 1.337 7.96E+07 1.16E+08 1.415 0.683] 0.049 1.415
Dibutyl phthalate 12.523 2.11E+09 3.11E+09 2.578 0.680] 0.000 2.578
14C-dehp 12.596 2.96E+07 4.51E+07 1.934 0.657] 0.014 1.934
D-Arabinose 1.016 3.97E+07 6.18E+07 1.927 0.643] 0.017 1.927
16-Hydroxypalmitic acid 12.203 9.85E+07 1.56E+08 1.786 0.633] 0.029 1.786
Azaserine 8.826 1.89E+07 2.98E+07 1.757 0.632] 0.046 1.757
12,13-EpOME 12.468 3.08E+07 5.05E+07 1.849 0.611] 0.013 1.849
Alpha-Eleostearic acid 12.425 3.83E+07 6.35E+07 2114 0.602] 0.005 2.114
Palmitoleic acid 12.204 2.15E+07 3.68E+07 1.811 0.584] 0.026 1.811
Glucosamine 6-O-sulfate 8.915 9.60E+06 3.14E+07 2.136 0.305] 0.004 2.136
Cholesterol 13.301 1.27E+08 4.56E+08 2.471 0.279] 0.001 2.471
Phosphorylcholine 12.249 6.10E+07 2.55E+08 2.465 0.240] 0.000 2.465

(1) The variable importance for the projection (VIP) of differential metabolites calculated based on orthogonal partial least squares discriminant analysis (OPLS-DA). (2) Fold change of

differential metabolites calculated based on relative peak intensity. 1 Indicated significant up-regulation and | indicated significant down-regulation.

the fermentation of rumen microorganisms, resulting in a downward
trend in rumen pH within the normal range. Additionally, it facilitated
the conversion of more non-protein nitrogen into MCP available to
ruminants. The effect of Sijunzi San on ruminal fermentation
performance improves feed utilization and nutrient absorption in
postpartum dairy cows.

4.2 Regulation of Sijunzi San on rumen
microbiota and SCFAs

The SCFAs were important energetic molecules for ruminants,
providing 70 to 80% of the energy required by ruminants (40).
Propionate acts as a gluconeogenic precursor, transformed to glucose
molecules through the tricarboxylic acid cycle, and accounts for 40 to
70% of the glucose needed by ruminants (41). Acetate is capable of
being absorbed via the rumen wall and subsequently transported to
the liver, where it is converted to acetyl coenzyme A by enzyme
catalysis and enters the tricarboxylic acid cycle for energy metabolism
(42). Butyrate is able to enhance the absorption of SCFAs by
promoting the proliferation of rumen epithelium and augmenting the
size and surface area of papillae (43). Supplementation of the diet with
propionate and butyrate significantly alleviated postpartum NEB,
increased lactation, and facilitated postpartum recovery in dairy cows
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(44, 45). In this study, various doses of Sijunzi San increased the
concentrations of propionate, acetate, and butyrate, indicating that
Sijunzi San promotes rumen fermentation and enhances the
production of SCFAs.

These SCFAs are produced by the complex and diverse ruminal
microbial community that ferment fibrous material in the feed. Hence,
the research intensified its investigation into the influence of Sijunzi
San on the diversity and quantity of rumen microbiota. The findings
from both alpha and beta diversity analyses clearly confirmed that
Sijunzi San could enhanced the richness and evenness of
rumen microbiota.

Bacteroidota and Firmicutes were the dominant phyla in the rumen
of dairy cows (46). They maintain a mutually beneficial symbiotic
relationship that promotes host energy absorption and storage (47, 48).
Research indicated that a reduction in the relative abundance of
Bacteroidota, coupled with an elevation in the relative abundance of
Firmicutes, may result in gastrointestinal barrier impairment (49).
Another study revealed a favorable link between UCG-005 genus and the
incidence of diarrhea (50). Sijunzi San has been reported to demonstrate
excellent therapeutic effects on intestinal disorders, including loss of
appetite, dyspepsia, and diarrhea (51). In this study, Sijunzi San enhanced
the relative abundance of the Bacteroidota while concurrently reducing
populations of the Firmicutes and the harmful bacteria genus UCG-005.
This suggests that Sijunzi San helps sustain gastrointestinal epithelial
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TABLE 3 Metabolic pathways and parameters related to differential metabolites.

Metabolic pathway p-value Impact Relevant metabolites
Linoleic acid metabolism 0.022 0.000 12(13)-EpOME
Steroid hormone biosynthesis 0.045 0.006 Cholesterol; Cholesterol 3-sulfate
beta-Alanine metabolism 0.092 0.104 Malonic semialdehyde
Propanoate metabolism 0.096 0.005 Malonic semialdehyde
Inositol phosphate metabolism 0.129 0.000 Malonic semialdehyde
Glycerophospholipid metabolism 0.153 0.009 Phosphorylcholine
Arginine and proline metabolism 0.153 0.066 4-Aminobutyraldehyde
Valine, leucine and isoleucine degradation 0.169 0.009 2-Methyl-3-oxopropanoic acid
Steroid biosynthesis 0.173 0.028 2-Methyl-3-oxopropanoic acid
Primary bile acid biosynthesis 0.192 0.033 2-Methyl-3-oxopropanoic acid
-log,,(Pvalue)
Linoleic acid metabolism @
1.5
beta-Alanine metabolism @ 125
Propanoate metabolism @ 1
0.75
Inositol phosphate metabolism
Glycerophospholipid metabolism @
Arginine and proline metabolism @
Steroid hormone biosynthesis .
Valine, leucine and isoleucine degradation (¢}
Steroid biosynthesis (@)
Primary bile acid biosynthesis ()
0.05 0.1 0.15 0.2
RichFactor

FIGURE 11

KEGG pathway enrichment analysis of differential metabolites. Bubble plot of KEGG enrichment analysis, the size of the dots indicated the number of
enriched differential metabolites, and the color shade of the dots indicated the significance of the pathway.

barrier health by regulating the relative abundance of dominant rumen
phyla and suppressing harmful bacterial proliferation.

The genus Succiniclasticum possessed the ability to swiftly
transform succinic acid, a byproduct of rumen fermentation, into
propionate, which serves as a precursor for glucose (52, 53). The
genus Prevotella, a core component of the rumen microbiota, was
reported to decompose hemicellulose and starch from the diet into
acetate and propionate, facilitating digestion and absorption and
thereby enhancing energy absorption efficiency (54, 55). This study
observed that Sijunzi San significantly increased the relative
abundance of Succiniclasticum and Prevotella, both of which were
positively correlated with ruminal SCFAs. This suggests that Sijunzi
San can enhance rumen fermentation capacity by modulating the

Frontiers in Veterinary Science

component and abundance of rumen microbiota, thereby promoting
the production of rumen SCFAs.

4.3 The correlation between active
ingredients of Sijunzi San and rumen
microbiota

Numerous active ingredients of traditional Chinese herbs have
been shown to influence the health of organisms by regulating the
structure and composition of the intestinal microbiota (56). Sijunzi San
contains a variety of active ingredients with substantial potential to
regulate rumen fermentation and microbial homeostasis (57). Bai et al.
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FIGURE 12
Mechanism of Sijunzi San in alleviating negative energy balance in postpartum cows by regulating the structure of rumen microbiota and fermentation
capacity of postpartum cows. Created with Figdraw (https://www.figdraw.com).

(58) found that oligosaccharides from Codonopsis pilosula regulated the ~ IgG, and IgM), which are essential for specific immunity, and a
intestinal microbiota component in a high fat diet and increased relative ~ reduction in these immunoglobulins levels indicates impaired immune
abundance of salutary bacterial genera for instance Muribaculaceae, ~ function (63). Sijunzi San have been confirmed to boost the body’s
Alistipes, and Clostridium, thereby improving obesity. Jing etal. (59) also  immune function by elevating levels of IgA, IgG, IgM, and TNF-a (64,
found that the oligosaccharides could improve the relative abundance ~ 65). Additionally, SCFAs derived from gut microbes can modulate both
of beneficial genera Bifidobacterium, Lactobacillus, and Akkermansia, — mucosal and systemic immune responses (66). Shipo etal. (67) observed
maintaining intestinal homeostasis in colitis model mice. This study ~ that adding sodium acetate, propionate, or butyric acid to diets
revealed that the active compounds Luteolin and Glycitein from  increased serum IgM levels. Biagi et al. (68) found that feeding sodium
Codonopsis pilosula promote the proliferation of the genus Prevotella. butyrate to weaned piglets could significantly increase serum IgG levels
Xu et al. (60) demonstrated that Poria cocos was able to  and inhibit pro-inflammatory cytokine production. The research
ameliorate antibiotic-associated diarrhea in mice by increasing the  revealed that Sijunzi San elevated blood levels of IgA, IgG, and IgM in
relative abundance of genera Muribaculaceae and Lachnospiraceae,  postpartum cows, indicating that the prescription likely alleviates
decreasing harmful bacteria such as Escherichia-Shigella and  immunosuppression by enhancing the production of ruminal SCFAs.
Staphylococcus, and boosting the content of SCFAs. Zheng et al. In postpartum dairy cows experiencing NEB, excessive lipolysis
(61) observed that dietary Liquorice enhanced the relative  produces substantial amounts of NEFA, which are transported to the liver
abundance of intestinal genera Parabacteroides, Prevotella, and  through the blood circulation (69). The majority of these NEFA are
Bacteroidales, improving intestinal health in cadmium-poisoned  utilized by the liver to generate ATP, thereby helping to compensate for
mice. Our study revealed that the main active component of Poria,  energy deficits. Nevertheless, a fraction of these NEFA is converted into
Poricoic acid B, promotes the relative abundance of the genus  ketone bodies, while others are transformed into triglycerides (TG) via
Christensenellaceae_R-7_group. However, the major constituents  the actions of fatty acyl coenzyme A synthetase and glycerol kinase (70).
of Liquorice, Licochalcone B and Liquoric acid, inhibit the  The persistent accumulation of TG within the liver heightens the risk of
proliferation of the genus Comamonas. These results collectively  postpartum cows suffering from fatty liver and ketosis (71). Furthermore,
highlight the potential of active ingredients of Sijunzi San to elevated blood NEFA concentrations indicate insufficient hepatic capacity
modulate gut microbiota and enhance gut health. to metabolize NEFA, adversely affecting health, lactation and reproductive
performance of dairy cows (72). MTTP facilitates the transfer of
phospholipids and TG to nascent apolipoprotein B, thereby contributing

44 1m provement of S IJ unzi San on to lipoprotein formation and lipid transport (73). Studies have shown that
Immunog lobulin levels and fat mobilization  acetate, propionate, and butyrate generated during rumen fermentation
in postpartum dai ry COWs can be converted into glucose through gluconeogenesis, thereby meeting

the energy demands of ruminant animals. This process effectively fills the

Postpartum hormonal or metabolic changes in dairy cows can  energy deficit and reduce reliance on fat mobilization, thereby alleviating
reduce immune function, subsequently resulting in varying degrees of ~ NEB in postpartum dairy cows (74). Our research revealed that Sijunzi
immunosuppression within the organism (62). Immunosuppressionin ~ San can markedly promote the production of ruminal SCFAs,
dairy cows results in decreased blood levels of immunoglobulins (IgA,  simultaneously significantly decrease blood levels of KET, NEFA, and TG,
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while also increasing the blood level of MT TP in postpartum dairy cows.
This suggests that Sijunzi San may slow down fat mobilization in
postpartum dairy cows by promoting SCFAs production in the rumen.

4.5 Alteration of Sijunzi San on the blood
metabolome of postpartum dairy cows

Lipid metabolism and amino acid metabolism were crucial for
postpartum body recovery and milk production in dairy cows. The
maintenance of their homeostatic balance is essential to ensure a
continuous supply of energy and efficient nutrient utilization (75, 76).
Cholesterol is vital for remaining the stability and integrity of cell
membranes, but excessive accumulation can lead to atherosclerosis,
hypertension, and fatty liver disease (77, 78). Luo et al. (79) found that
reduction of cholesterol synthesis promotes fatty acid metabolism in
hepatocytes and alleviates oxidative stress from high fatty acid load.
Another study found that butyrate inhibits cholesterol excretion in the
thereby (80).
4-Aminobutyraldehyde is a precursor substance of y-aminobutyric acid

liver, reducing serum  cholesterol  levels
(GABA), which activates leptin receptors on neurons and reduces obesity
by modulating leptin (81). Malonic semialdehyde is catalyzed by malonic
semialdehyde dehydrogenase to generate acetyl coenzyme A and enters
the TCA cycle to supply oxidative energy (82). Some studies have shown
that Sijunzi San can promote energy production by regulating the TCA
cycle (83). This suggests that Sijunzi San can aid in body recovery of
postpartum dairy cows by regulating lipid metabolism and amino acid
metabolism. The potential mechanisms behind this effect may
be associated with the augmentation of rumen fermentation and the
elevation of SCFAs production induced by Sijunzi San. The underlying
mechanisms may be related to the enhancement of rumen fermentation

and the enhancement of SCFAs production by Sijunzi San.

5 Conclusion

This study integrated in vitro ruminal fermentation, gas
chromatography and metabolomics to investigate the regulatory
impacts of Sijunzi San on rumen microbiota, fermentation capacity and
metabolism in postpartum dairy cows. The findings indicated that
Sijunzi San can regulate both the composition and abundance of rumen
microbiota, enhancing rumen fermentation capacity. In vivo results
revealed that Sijunzi San can ameliorate immunosuppression, decelerate
fat mobilization, and regulate lipid and amino acid metabolism in
postpartum dairy cows. These outcomes suggest that Sijunzi San may
alleviate NEB in postpartum dairy cows by enhancing rumen
fermentation and boosting the production of ruminal SCFAs
(Figure 12). The insights from this research provide novel perspectives
on the pharmacological benefits of Sijunzi San in alleviating postpartum
NEB in dairy cows, serving as a valuable reference for the application of
Sijunzi San and related traditional Chinese veterinary medicines.
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SUPPLEMENTARY FIGURE 1
Effects of sijunzi san on blood metabolites in postpartum dairy cows.
(A) Blood metabolite chromatogram under positive ion mode; (B) Blood
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