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Introduction: Taraxacum kok-saghyz polysaccharide (TKP) possesses multiple

biological activities and is a potential candidate for regulating lamb health.

Using multi-omics analysis, this study investigated the immunomodulatory and

growth-regulating e�ects of TKP produced from leaves (TKP-L) and roots (TKP-R)

in lambs.

Methods: Implementing untargetedmetabolomics strategies and 16S rRNAgene

sequencing we analyzed the mediating role of gut microbiota in improving lamb

growth performance, has fully investigated how the gut microbiota-metabolite

axis regulates immunological response and intestinal health.

Results: The average daily gain (ADG) of lambs was considerably greater in the

TKP-L group than in the control group, and the levels of Growth Hormone (GH),

Insulin (INS), Insulin-like Growth Factor 1 Receptor (IGF-1R), Immunoglobulin

A (IgA), Immunoglobulin G (IgG), Immunoglobulin M (IgM), and TNF-α were

all significantly higher (P < 0.05). In the meantime, TKP-L successfully raised

the expression of intestinal mucosal mucin genes and boosted the intestinal

mucosa’s phase of growth. TKP-L increases the relative abundances of the

microbial taxa Prevotellaceae_UCG-001, Butyrivibrio and Paraprevotella, per

multi-omics analysis. Metabolomics analysis indicated that TKP-L elevated the

level of argininosuccinic acid by regulating the amino acid metabolism pathway.

Correlation analysis showed that TKP-L altered rumen Prevotella to activate

immune cell activity, also therewas a significant positive relationship between the

amount of argininosuccinic acid and the overall number of Prevotellaceae_UCG-

001.

Conclusion: TKP-L may significantly improve lambs’ gut mucosal barrier

function and growth performance. and may achieve positive regulation of lamb
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growth and immune function by modulating the structure of Prevotella and

mediating argininosuccinic acid metabolism.

KEYWORDS

Gastrointestinal microorganisms and metabolism, growth e�ciency, intestinal

immunity, sheep lambs, Taraxacum kok-saghyz polysaccharide

1 Introduction

As animal husbandry has become more intense, the risk of

pathogen exposure during young livestock production continues

to increase, severely constraining the healthy growth of lambs

and farming efficiency (1). Factors such as environmental

pathogens, poor maternal condition, and early malnutrition can

all compromise the development of the lamb’s immune system,

reduce disease resistance, and subsequently lead to various

diseases and even death (2). Currently, antibiotics, chemical

drugs, and vaccines are widely used in farming. Although they

safeguard animal health to a certain extent, the side effects of

their overuse—such as drug residues, microbial antimicrobial

resistance, and immunosuppression—are becoming increasingly

prominent (3). Therefore, developing green and safe antibiotic-

alternative strategies has become a vital research direction in

animal husbandry. Plant-derived polysaccharides demonstrate

unique potential in promoting healthy livestock farming and

reducing antibiotic use due to their structural stability, excellent

biocompatibility, and multi-target regulatory capabilities (4). Plant

polysaccharides are not easily degraded by host enzymes; they

have the capacity to specifically encourage the growth of favorable

bacteria such Lactobacillus and Bifidobacterium, thereby improving

gut microbiota structure (5). Simultaneously, ntestinal epithelial

cells and immune cells can be regulated by polysaccharides

and their microbial metabolites (e.g., short-chain fatty acids)

via their regulatory effects (6). Studies have confirmed that

dietary supplementation with polysaccharides from Ruoqiang

jujube can improve lamb average daily gain, feed intake, feed

utilization efficiency, and promote the development of body

height, chest circumference, and cannon bone circumference,

thereby advancing overall growth and skeletal development.

Research by Zulikeyan et al. found that dietary supplementation

with Alhagi camelorum Fisch polysaccharide in lambs effectively

promoted the production of intestinal secretory immunoglobulin

A (SIgA) and serum IgM. Additionally, it optimized both

local intestinal and systemic immune functions in lambs by

modulating the expression of cytokines linked to various T-

helper cell subsets, such as TNF-α (Th0-related), IFN-γ (Th1-

related), IL-4 (Th2-related), IL-17 (Th17-related), and cytokines

linked to regulatory T cells (Treg) (7). According to other

studies, fermented wheat bran polysaccharides can influence

the composition of the rumen bacterial population in lambs,

promote Prevotella growth, boost the manufacturing of volatile

fatty acids, and aid in rumen development (8). Furthermore,

dietary supplementation with sea buckthorn polysaccharides can

enrich metabolic pathways related to carbohydrate metabolism,

amino acid biosynthesis, and secondary metabolite biosynthesis,

improving rumen fermentation efficiency and the abundance of

microbial community metabolites (9). Collectively, these studies

show that polysaccharide feed additives can have broad regulatory

effects via the “microbiota-gut-immune” axis, effectively supporting

the growth and development of young poultry and cattle while

enhancing their intestinal health and immune system.

Taraxacum kok-saghyz Rodin, a perennial herbaceous plant

of the genus Taraxacum in the Asteraceae family, possesses

significant economic value in China’s Xinjiang region and

Central Asia due to its root’s richness in natural rubber. As

a congeneric species of dandelion, Taraxacum kok-saghyz has

been traditionally used for its anti-inflammatory, anti-infective,

and digestive-regulating properties (10, 11). Its root and leaf

tissues are abundant in various bioactive components such

as polysaccharides, flavonoids, and triterpenoids. By limiting

inflammatory cell infiltration and inhibiting NLRP3 inflammasome

activation, TKP has been shown to found to efficiently limit

the generation of TNF-α, IL-1β, IL-6, and myeloperoxidase,

thus decreasing DSS-induced oxidative stress harm (12). Current

research on the bioactivity of Taraxacum kok-saghyz remains

limited. Owing to its phylogenetic and phytochemical similarity

to Taraxacum officinale, T. kok-saghyz is hypothesized to

exhibit parallel immunomodulatory properties. Mechanistically,

dandelion polysaccharides have been shown to engage Toll-

like receptors (TLR4/TLR2) and complement receptor 3 (CR3),

initiating MAPK/NF-κB-dependent signaling that culminates in

enhanced nitric oxide (NO) synthesis and transcriptional activation

of immune-related genes in RAW264.7 macrophages (13). If

dandelion polysaccharides were introduced to the diet of Jian

carp, the expression levels of IL-10, IL-2, HO-1, NRF2, Cu/Zn-

SOD, and GPX are significantly elevated (14). Furthermore,

dandelion polysaccharides demonstrate notable preventive and

therapeutic effects against colitis (15). Polysaccharides extracted

from dandelion root effectively mitigated weight loss, restored

normal colon length, improved colonic histopathological damage

(16). In a DSS-induced mouse ulcerative colitis model, it boosted

the expression of intestinal tight junction proteins Occludin and

ZO-1, boosted gut microbiota diversity, and increased the relative

abundance of beneficial bacteria, indicating its potential use in the

treatment of ulcerative colitis (17). Based on the aforementioned

evidence, this study proposes the following hypothesis: as a

plant of the genus Taraxacum, can polysaccharides extracted

from T. kok-saghyz regulate the growth performance of lambs

by modulating their gut microbiota structure and intestinal

metabolite composition?

Based on this, the present investigation uses TKP as the research

topic and gives it to lambs orally by gavage in order to carefully

evaluate its effects on immune system function, gastrointestinal

health, and growth performance. The study seeks to clarify the

growth-promoting effects of the polysaccharide through tracking
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daily weight gain, body size indices, and the levels of growth-related

hormones. Through the analysis of humoral immunity, cytokine

levels, and gastrointestinal tissue morphology, it seeks to reveal

its immunomodulatory mechanisms. Furthermore, by integrating

gut microbiota and metabolomics analyses, the study intends to

elucidate the comprehensive regulatory network through which the

polysaccharide influences lamb health via “microbiota-metabolite-

host” interactions. The goal of this study is to give new insights for

the practice of antibiotic reduction and healthy lamb farming, as

well as a theoretical basis for the use of TKP as a novel functional

feed supplement.

2 Materials and methods

2.1 Preparation of TKP rodin

The preparation of TKP was performed as follows: fresh leaves

and roots of T. kok-saghyz were collected, dried, and mixed

with water at a solid-to-liquid ratio of 1:20 for two extraction

cycles. After being collected, the filtrates were concentrated to a

density of 1 g/ml. The concentrated solution was then subjected

to ethanol precipitation using 95% ethanol to reach a final

concentration of 80%, and left stationary at 4 ◦C for 12 h. The

precipitated polysaccharides were collected and dried, yielding

crude polysaccharides from TKP-L and TKP-R. The yield was

determined using the phenol-sulfuric acid technique to assessing

the concentration of crude polysaccharides. A Fourier-transform

infrared spectrometer was utilized to identify the functional

groups of TKP-L and TKP-R in the wavenumber range of 4,000–

400 cm−1.

2.2 Experimental animals

Twenty-one male 75-day-old lambs with good health

status and similar body weights were selected. The animal

experiment was carried out at the Veterinary Hospital of

Xinjiang Agricultural University. The work was authorized

by Institutional Animal Care and Use Committee of Xinjiang

Agricultural University (Approval No. 2025020), ensuring

compliance to all pertinent ethical guidelines for animal testing

and research. Six lambs from each group were randomly selected

on day 28 and euthanized by exsanguination under anesthesia.

Tissues from the rumen and intestines were collected for

subsequent research.

2.3 Grouping of lambs and administration
of drugs

The experimental lambs had an average body weight of 23.63±

0.45 kg. They were randomly divided into three groups, with seven

lambs in each group: the control group (CK), the Taraxacum kok-

saghyz leaf polysaccharide group (TKP-L), and the Taraxacum kok-

saghyz root polysaccharide group (TKP-R). The trial period lasted

28 days. Lambs in the CK group received no additional treatment,

while those in the polysaccharide groups were administered a

dosage of 400 mg/kg body weight per day. All lambs had ad libitum

access to feed and water during the experiment, and all groups

were kept under the same environmental conditions, methods of

management, and feeding schedule.

2.4 Detection of the growth performance
of lambs

Body weight, height, chest circumference, and cannon bone

circumference were measured at the start and finish of the trial.

The average daily increase, body height, chest circumference, and

cannon bone circumference were among the indicators that were

computed. Additionally, blood samples were taken from the lambs’

jugular veins after 28 days of eating.

2.5 Determination of growth factors,
immunoglobulins, and cytokines in sheep

Day 28 saw the array of blood samples and filtration

of serum. Enzyme-linked immunosorbent assay (ELISA) kits

(Nanjing Jiancheng Bioengineering Institute, China) were used to

measure the levels of GH, IGF-1 and INS. ELISA kits from Shanghai

Fankewei Biotechnology Co., Ltd., China, served to evaluate

serum total immunoglobulins. For the determination of intestinal

immunoglobulin levels, 2 cm segments of the small intestine were

homogenized in 2ml of PBS, followed by centrifugation at 3,000

rpm for 15min to collect the supernatant. Kits manufactured

by Shanghai Fankewei Biotechnology Co., Ltd., China, served to

measure the levels of serum total IgG, IgM, IgA, IL-10, IL-17, IL-21,

and TNF-α.

2.6 Pathological examination of rumen and
intestinal tissues in lambs

Tissue samples from the liver, spleen, kidneys, rumen,

duodenum, jejunum, and ileum were collected on day 28 and

preserved by burying these in a 4% paraformaldehyde solution.

Following soaking in paraffin blocks, these tissues were cut into 3–

5µm thick slices and stained with periodic acid–Schiff (PAS) and

hematoxylin and eosin (H&E). A biopsy was thereafter carried out

to examine how the tissues transformed qualitatively.

2.7 Rumen microbial analysis

Rumen contents were collected from the lambs, transferred

into sterile 15ml centrifuge tubes, and stored at −80 ◦C prior to

analysis. All 16S rRNA gene amplicon sequencing and downstream

bioinformatic analyses were performed by Benner Biotechnology

Co., Ltd. (Wuhan, China).
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2.8 Changes in intestinal metabolites

Duodenal tissue samples were collected, placed in sterile 15ml

centrifuge tubes, and stored at−80 ◦C prior to analysis. Metabolite

profiling and subsequent analysis of all metabolic alterations were

performed by Benner Biotechnology Co., Ltd. (Wuhan, China).

2.9 statistic analysis

Statistical analysis was performed using SPSS 24.0 (IBM

Corp., Armonk, NY, USA) with one-way analysis of variance

(ANOVA) to determine significant differences among groups.

Graphical representations were generated using GraphPad Prism

5.0 (GraphPad Software, San Diego, CA, USA). All data are

presented as mean ± standard error of the mean (SEM). Different

superscript letters indicate statistically significant differences

(P ≤ 0.05).

3 Results

3.1 The results of polysaccharide content
and yield of leaves and roots of Taraxacum
kok-saghyz rodin and fourier transform
infrared spectroscopy analysis

Crude polysaccharides were extracted from the leaves and roots

of T. kok-saghyz. As shown in Figure 1A, the crude polysaccharide

contents in TKP-L and TKP-R were 39.44 ± 1.98% and 48.32

± 2.42%, respectively. The polysaccharide yields for TKP-L and

TKP-R were 5.19 ± 0.77% and 9.61 ± 0.76%, respectively. The

Fourier transform infrared (FT-IR) spectra of TKP-L and TKP-R

showed broad absorption peaks at 3,337.6 cm−1 and 3,338.4 cm−1,

respectively, as seen in Figures 1B, C. Such broad peaks are expected

for the O-H stretching vibration of carbohydrates. The absorption

peaks at 2,931.9 cm−1 for TKP-L and 2,930.5 cm−1 for TKP-R

correspond to C-H vibrations. Peaks at 1,739.3 cm−1 and 1,746.18

cm−1 are attributed to C=O vibrations, indicating the presence

of aldehyde or ester groups. Absorption peaks at 1,015.88 cm−1

and 1,101.2 cm−1 were characteristic of glycosidic linkages, which

confirmed that both polysaccharides were acidic.

3.2 The e�ect of TKP on lambs’ body
condition and growth performance

Table 1 exhibits the variation in body traits and growth

performance across the three groups of lambs. Initial body weight,

initial body height, initial chest circumference, and first cannon

bone circumference didn’t vary substantially (P > 0.05) between

any experimental group and the control group. The TKP-L

group performed significantly better than the CK and TKP-R

groups in terms of ADG and final body height on day 28 post-

administration. While the TKP-R group’s final body weight did not

differ dramatically (P > 0.05) between the CK or TKP-L group,

the TKP-L group’s finale body weight was substantially greater

than the CK group’s. The average chest circumference and final

cannon bone circumference of lambs in the TKP-L and TKP-

R groups did not differ greatly (P > 0.05) with respect to the

CK group.

3.3 The e�ects of TKP treatment on the
morphology of spleen and rumen tissues,
as well as the serum biochemical and
hormonal indicators of experimental
animals

To evaluate the in vivo safety of TKP, key serum biochemical

parameters were determined in lambs of all groups. As shown

in Figures 2A–E, AST, ALT, TBIL, TBA, UREA, and CREA levels

were all within the normal physiological range and showed no

significant differences among the treatment groups. These results

indicated that TKP did not cause obvious hepatorenal toxicity or

tissue damage in the lambs, confirming its good in vivo safety

profile. Notably, Growth-related hormone analysis revealed that

the TKP-L group’s GH level was significantly higher than the CK

group’s (P < 0.05), however there was no significant difference

between the TKP-R group and the other two groups, suggesting that

TKP-L had a greater promoting effect on GH secretion (Figure 2F).

There was no significant difference between the two TKP groups,

though insulin (INS) levels were considerably higher in the TKP-

L and TKP-R groups than in the CK group (P < 0.05). These

results indicated that TKP effectively enhanced insulin secretion,

which likely reached a near-maximal effect at the tested dosage

(Figure 2G). Both TKP treatments significantly boosted insulin-

like growth factor-1 (IGF-1) levels (P < 0.05) relative to the

CK group, confirming that TKP consistently upregulates IGF-1

expression (Figure 2H). Also, there was no significant difference

between the TKP-L and TKP-R groups. To investigate the effects

of TKP on the lamb immune system, morphological changes in

the spleen and rumen tissues were quantitatively analyzed by H&E

staining to evaluate their physiological status. First, we explored

whether TKP affected spleen histoarchitecture. Quantitative H&E

staining findings indicated that the splenic white pulp area of

the TKP-L group was substantially larger than that of the CK

and TKP-R groups (P < 0.05), nonetheless the red pulp areas

of the three groups did not vary significantly (Figure 2I). For

rumen tissue, the groups’ rumen papillae dimension did not differ

statistically drastically. However, the rumen papillae height of the

TKP-L group was far greater than that of the CK and TKP-R

groups (P < 0.05), implying that TKP-L remedy was effectively

advancing the morphological development of the ruminal mucosa

(Figure 2J). In summary, TKP-L treatment significantly promoted

the development of the splenic white pulp and the morphological

maturation of the ruminal mucosa, with no observed toxic

damage to the organism. Furthermore, TKP-L synergistically

upregulated the levels of GH, INS, and IGF-1, thereby enhancing

the endocrine-mediated growth regulation in lambs, demonstrating

its potential application value for improving growth performance

and immune development.
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FIGURE 1

(A) Content and yield of TKP-L and TKP-R in crude polysaccharides. FT-IR spectrum of TKP-L (B) and TKP-R (C). n = 4. Data are expressed as

mean ± SD.

TABLE 1 Shows that di�erent parts of the Taraxacum kok-saghyz have a significant impact on the growth performance and body weight of lambs.

Item CK TKP-L TKP-R SEM P-value

Initial body weight (kg) 23.7 23.483 23.717 0.105 0.418

Final body weight (kg) 26.667b 27.633a 26.967ab 0.159 0.002

Average daily gain (g/d) 105.952b 148.214a 116.071b 0.006 0.001

Initial body height (cm) 52.8 52.817 52.767 0.214 0.995

Final body height (cm) 53.533b 55.017a 53.483b 0.262 0.026

Initial bust length (cm) 63.967 63.417 63.283 0.319 0.755

Final bust length (cm) 66.15a 66.983a 66.4a 0.371 0.753

Initial pipe circumference length (cm) 6.7 6.683 6.65 0.064 0.957

Final pipe circumference length (cm) 6.95a 7.15a 7.067a 0.058 0.136

The mean± standard deviation (n= 7) is used to display the data.

A significant difference (P < 0.05) is shown by superscripts with distinct letters (a, b).

A non-significant difference (0.05 < P < 0.10) is shown by superscripts with the same letter (a, ab).

3.4 The e�ects of TKP treatment on the
levels of serum immunoglobulins and
cytokines in experimental animals

The IgA levels in the TKP-L and TKP-R groups were

considerably higher than those in the CK group (P < 0.05),

as seen in Figure 3A, confirming that TKP greatly augmented

the synthesis of antibodies pertaining to mucosal immunity.

Figure 3B shows that the TKP-L group’s IgG level was significantly

higher than the CK group’s (P < 0.05), indicating that TKP-

L might strengthen the humoral immune response. The IgM

level in the TKP-L group was dramatically higher than that

in the CK group (P < 0.05), illustrated in Figure 3C, which

implies that TKP-L drove initial generated antibodies significantly.

TKP could trigger pro-inflammatory biologic responses, which is

demonstrated in Figure 3D, where TNF-α levels were significantly

lower in the TKP-L and TKP-R groups than in the CK group

(P < 0.05). The IL-10 levels in the TKP-L group (about

150 ng/L) and the TKP-R group (about 155 ng/L) were both

substantially larger (P < 0.05) than in the CK group, as

shown in Figure 3E. These results suggest that TKP additionally

increased the secretion of anti-inflammatory cytokines, which

helped to maintain immune balance. No significant differences

in IL-10, IL-17, and IL-21 levels were observed among the

CK, TKP-L, and TKP-R groups (Figures 3E–G), indicating that

TKP treatment had no significant effects on these immune-

related cytokines.

3.5 The e�ects of di�erent parts of TKP on
the histology of sheep intestinal tissues

This study looked at how TKP treatment impacted the

histological structure and morphological features (intestinal villus

height and crypt depth) of intestinal tissues of experimental

lambs. Figure 4A, demonstrates that the TKP-L treatment group’s

duodenal villus height was considerably larger than that of the

CK and TKP-R groups (P < 0.05), and its crypt depth was

significantly lower than that of the CK group (P < 0.05). This

signifies that TKP-L successfully advanced the duodenal mucosa’s

developmental stage. The jejunal and ileal villus lengths in the

TKP-L group were considerably larger than those in the CK

and TKP-R groups (P < 0.05), and the crypt depths were

significantly lower than those in the CK group (P < 0.05), as

Figures 4B, C highlight. The previously stated research findings

show that TKP-L can successfully enhance the intestinal mucosa’s

expanding phase.
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FIGURE 2

Changes in tissue and serological indicators under TKP intervention. (A–E) Blood biochemical analysis. The terms are as follows: aspartate

transaminase (AST), alanine transaminase (ALT), total bilirubin (TBIL). (F–H) Sheep serum growth factors. (I) HE staining images of the spleen tissue

and quantitative analysis of the red and white pulp of the spleen. (J) HE staining images of the rumen tissue and quantitative analysis of the length

and width of the rumen papillae. The mean ± standard deviation (n = 7) is used to display the data. A significant di�erence (P < 0.05) is shown by

superscripts with distinct letters (a, b); a non-significant di�erence (0.05 < P < 0.10) is indicated by superscripts with the same letter (a, ab).

3.6 The e�ect of TKP on the expression of
intestinal mucin in experimental animals

Regulatory Effects of TKP Treatment on Intestinal Mucosal

Mucin Expression Analyzed via PAS Staining and Quantification.

The PAS staining and quantitative analysis revealed the regulatory

effects of TKP treatment on the expression of intestinal mucosal

mucin. The TKP-L group’s mucin staining was considerably darker

and covered an expanded region on the mucosal surface and inside

goblet cells, as seen in Figure 5A. On the other hand, the TKP-R

group’s staining area and intensity were much lower, approaching

closer than what was seen in the control (CK) group. Quantitatively,

the TKP-L group’s mucin content was much higher compared to

that of the CK group (P < 0.05), but the TKP-R group’s amount was

significantly lower (P < 0.05). This suggests that the lower dosage

of TKP (TKP-L) significantly promoted duodenal mucin secretion,

whereas the higher dosage (TKP-R) exhibited an inhibitory effect.

As shown in Figure 5B, mucin-positive signals in the CK and
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FIGURE 3

Shows the di�erences in immune-related indicator levels (A–C), which illustrate the changes in the contents of immunoglobulins (IgA, IgG, IgM) in

the three groups of samples. (D–G) The expression of key inflammatory factors (TNF-α, IL-10, IL-17, IL-21) is presented. The mean ± standard

deviation (n = 7) is used to display the data. A significant di�erence (P < 0.05) is shown by superscripts with di�erent letters (a, b).

TKP-R groups were sparse and lightly stained. Mucin staining

was substantially raised with dense positive signals in the TKP-

L group on the surface of the intestinal villi and in the crypt

goblet cells. Comparing to the CK and TKP-R groups, the TKP-

L group had a significantly greater mucin content (P < 0.05).

The CK group’s mucin staining was dizzy, with positive signals

mostly seen at the tips of the villi, as seen in Figure 5C. There was

several deep purple positive signals apparent across the mucosal

layer in the TKP-L group, which additionally demonstrated a

notable increase in staining intensity and distribution range. On

the opposite hand, the TKP-R group exhibited a smaller spread of

positive signals and a considerable decrease in staining intensity.

Quantitatively, the TKP-L group’s mucin content was substantially

greater than that of the CK group (P < 0.05), but the TKP-R group’s

level was significantly lower (P < 0.05). This suggests TKP-L can

considerably boost the ileum’s ability to generate mucin.

3.7 The influence of TKP on the rumen
microbiota of lambs

This work used 16S rRNA gene sequencing to examine the

compositional features of the duodenal microbial community

in order to more fully comprehend the regulatory impact of

TKP on the intestinal microbiota. As to the results, 3,170

operational taxonomic units (OTUs) were discovered in all three

groups, with 40 and 28 unique OTUs identified in the TKP-L

and TKP-R groups, however (Figure 6A). Principal Coordinate

Analysis (PCoA) revealed that axes PCoA1 and PCoA2 explained

27.69% and 14.63% of the variance in microbial community

structure, respectively, showing a clear separation trend among the

groups (Figure 6B). However, there was no significant differences

comparing the three groups (P > 0.05) corresponding to the

evaluation of alpha diversity indices (Shannon, Simpson) based

on OTU abundance (Figure 6C). Firmicutes and Bacteroidota

were both the primary phyla in the duodenal microbiota at the

phylum level (Figure 6D). Prevotellaceae_UCG-001, Butyrivibrio,

Fibrobacter, and Paraprevotella were among the genera whose

abundances were significantly changed in the TKP-L group, based

on an in-depth examination at the genus level (Figure 6E). Other

results from quantitative analysis (Figure 6F): TKP-L treatment

considerably reduced the relative abundance of Fibrobacter (P

< 0.05) but significantly increased the relative abundances of

Prevotellaceae_UCG-001, Butyrivibrio, and Paraprevotella (P <

0.05) in comparison to the CK group. On the other hand,

the relative abundance of Fibrobacter was significantly increased

(P < 0.05) by TKP-R treatment. Using Linear Discriminant

Analysis Effect Size (LEfSe) analysis, differentially abundant

taxa from phylum to genus level have been established among

the groups of species (Figure 6G). Both Prevotellaceae_UCG-

001 and Paraprevotella, organisms belonging to the family

Prevotellaceae, class Bacteroidia, order Bacteroidales, and phylum

Bacteroidota, demonstrate significant differences in abundance

between groups. As necessary genera shared by the three

groups, Prevotellaceae_UCG-001 and Paraprevotella are important
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FIGURE 4

Illustrates the way AP a�ects sheep lambs’ rumen and gut structural morphology. (A) Duodenal crypt depth and villus height. (B) The jejunum’s crypt

depth and villus height. Ileum’s crypt depth and villus height. The data are shown as mean ± standard deviation (n = 5). Significant di�erences (P <

0.05) are shown by bars with various superscripts (a–c).

taxa via which TKP modifies the structural makeup of the

gut microbiota. TKP-L optimizes intestinal energy metabolism

processes by enriching metabolism-related genera among them

Paraprevotella and Prevotellaceae_UCG-001. This characteristic

shift in microbiota composition is highly consistent with the

regulatory effects of TKP-L on intestinal morphology, growth

hormones, and immune indicators, suggesting that microbiota-

mediated metabolic and immunomodulatory mechanisms are

important pathways through which TKP-L exerts its growth-

promoting effects.

3.8 Metabolites related to the duodenum

To investigate the regulatory effect of TKP on the duodenal

metabolite profile of lambs, this study conducted an untargeted

metabolomics analysis on duodenal tissues from lambs in the

CK, TKP-L, and TKP-R groups. Multivariate statistical methods

were employed to construct a PLS-DA model for visual analysis.

The three main components, PC1, PC2and PC3, explained 37.7,

9.8, and 7.0% of the variation, respectively, based to the primary

Component Analysis (PCA) score scatter plot (Figure 7A). The

metabolite profiles of duodenal tissues from the three lamb groups

exhibited a significant trend of separation, indicating that TKP

treatment could markedly alter the metabolic characteristics of

the lambs’ duodenum. Differentially abundant metabolites were

eliminated using standards of VIP >1.0, FC >1.2 or FC <0.8, and

P < 0.05. Analysis in positive ion mode revealed: 350 differential

metabolites were identified between the CK and TKP-L groups, of

which 167 were significantly upregulated and 183 were significantly

downregulated (Figure 7B); 104 differential metabolites were

identified between the CK and TKP-R groups, with 44 significantly

upregulated and 60 significantly downregulated (Figure 7C). The

different metabolites from CK vs. were evaluated using KEGG

pathway enrichment analysis. TKP-L and CK vs. TKP-R, The top 15

enriched metabolic pathways from both comparison groups were

selected for comparative analysis (Figures 7D, E). Four pathways

were found to be commonly enriched in both groups: biosynthesis

of amino acids, metabolism of nucleotide metabolism of starch

and sucrose, and cofactor biosynthesis. Following normalization of

the metabolites within these common enriched pathways, further

hierarchical clustering and differential analysis were conducted

(Figure 7F). Only argininosuccinic acid demonstrated a significant

difference between the groups (P < 0.05), according to statistical

tests. These findings suggest that TKP can affect intestinal metabolic

traits by controlling fundamental metabolic pathways including

nucleotide and amino acid metabolism in the duodenum of lambs,

with the TKP-L group showing a stronger regulatory impact.
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FIGURE 5

Impact of various TKP on mucin expression in sheep’s ileum, jejunum, and duodenum (A–C). The duodenum, jejunum, and ileum’s mucosa were

stained with PAS, and the amount of mucin in each intestinal segment was quantitatively assessed. The data are shown as mean ± standard deviation

(n = 5). Significant di�erences (P < 0.05) are shown by bars with various superscripts (a–c).

Among them, one important metabolic target that TKP-L uses to

control lamb growth and development is the metabolic disruption

of argininosuccinic acid.

3.9 The multi-omics collaborative
mechanism of TKP-L in regulating intestinal
function

To elucidate the multi-omics synergistic mechanism by which

TKP-L regulates intestinal function in lambs, this study first

performed Spearman correlation analysis between the top 40

most abundant microbiota and serum cytokines/immunoglobulins.

A metabolite-serum factor association network was constructed

(Figure 8A) to systematically analyze the potential regulatory

relationships between serum cytokines, immunoglobulins, and

rumen microbiota perturbations. IgG showed a positive and

substantial correlation with Prevotella; TNF-α demonstrated a

positive and significant correlation with Clostridia_UCG-014

and Fibrobacter; and IgA showed significant and beneficial

interactions with the bacterial taxa Prevotellaceae_UCG-001,

Butyrivibrio, and Paraprevotella. This demonstrates that TKP-

L influences the activity of immune system molecules in vivo

by modifying the rumen microbiota. Building on this, a second

Spearman correlation study carried out between the metabolic

compounds shared by groups in the gastrointestinal tract

and the rumen microbiota that was closely linked to serum

cytokines/immunoglobulins (Figure 8B). The results showed that

the highly abundant intestinal Prevotellaceae_UCG-001 exhibited

a highly significant positive correlation with Argininosuccinic

acid, a key metabolite in the amino acid metabolism pathway.

Prevotellaceae_UCG-001 was also significantly correlated with

Aspartate, which, like Argininosuccinic acid, belongs to amino

acid metabolism. Paraprevotella showed a significant correlation

with Argininosuccinic acid, and Paraprevotella belongs to the same

Prevotellaceae family as Prevotellaceae_UCG-001. In summary,

the findings indicate that TKP-L primarily regulates the growth
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FIGURE 6

Microbial diversity of the sheep’s duodenum. (A) Venn diagram of the distribution of amplicon sequence OTUs. (B) Principal coordinate analysis

(PCoA) of the bacterial community in the sheep’s ileum contents (based on the binary Hamming method). (C) α diversity of the sheep’s duodenum

Shannon and Simpson indices among groups. (D, E) Composition of the duodenum microbial flora at the phylum and genus levels. (F) Analysis of the

total number of bacteria contributing to the di�erences at the phylum, class, order, family, and genus levels in the sheep’s ileum using the LDA e�ect

size (LEFSE) method. (G) Bar chart showing the composition of duodenum microbial species at the genus level. The mean ± standard deviation (n =

7) is used to display the data. A significant di�erence (P < 0.05) is shown by superscripts with distinct letters (a, b); a non-significant di�erence (0.05 <

P < 0.10) is indicated by superscripts with the same letter (a, ab).

and development process of lambs by modulating the genus

Prevotellaceae_UCG-001 within the Prevotellaceae family, which

mediates the metabolic process of Argininosuccinic acid in the

amino acid metabolism pathway.

4 Discussion

A family of naturally generated polymeric macromolecules

made up of aldoses or ketoses linked by glycosidic linkages,

polysaccharides are widely found in organisms. In recent years,

polysaccharides have garnered significant attention due to their

ability to beneficially regulate the gut microbiota and their

mode of action based on the “gut microbiota-metabolite” axis.

As common pharmacologically active components in traditional

Chinese medicine, polysaccharides are generally recognized for

their potential to promote the growth of young livestock

and modulate the body’s immune system by improving the

gut microbiota and regulating intestinal metabolites (8). With

increasingly stringent global restrictions on the use of chemically

synthesized feed additives (18), natural plant extracts are gradually
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FIGURE 7

Shows how TKP therapy a�ected the duodenum’s metabolic profile features. (A) Three-dimensional PCA scatter plot of duodenal metabolites; (B, C)

Volcano plot of di�erential metabolites. Significantly upregulated metabolites (VIP >1, FC >1.2, P < 0.05) are expressed by red, significantly

downregulated metabolites (VIP >1, FC <0.8, P < 0.05) by blue, and metabolites with no significant di�erence (D, E) are portrayed by a bubble plot of

di�erential metabolites enriched in KEGG pathways; the red box denotes the common core enriched pathways between the two groups; (F) A

heatmap of di�erential metabolites in key metabolic pathways using hierarchical clustering. The Welch test P-value (P < 0.05 indicates significant

di�erence) is labeled on the right side of the color gradient, which shows the standardized value of metabolite abundance (red is high abundance,

blue is low). The mean ± standard deviation (n = 7) is used for displaying the data. A significant di�erence (P < 0.05) is shown by superscripts with

distinct letters (a, b); a non-significant di�erence (0.05 < P < 0.10) is shown by superscripts with the same letter (a, ab).
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FIGURE 8

(A) Shows a heatmap of the correlation between serum cells and immune factors-rumen microbiota based on Spearman correlation coe�cient. P

and its corresponding line type (solid line/dotted line) indicate the statistical significance of the correlation results. The solid line represents that the

correlation results have reached a statistically significant level, and the results are reliable; the dotted line represents that the correlation results have

not reached a significant level, and the results may be accidental. The parameter modification module allows you to change the threshold. The

correlation coe�cient’s absolute value, or r.abs, is indicated by the thickness of the line; the thicker the line, the greater the correlation; the thinner

the line, the weaker the correlation. The parameter modification module allows you to change the threshold as well. The Pearson correlation

coe�cient, or Pearson r, is represented by the color of the matrix. The value of Pearson correlation coe�cient r is represented by a gradient color

from blue to red, where blue denotes a negative correlation, red a positive correlation, and white a weak connection. (B) Hierarchical clustering

heatmap of microbiota and metabolites. The color gradient represents the standardized value of metabolite abundance (red indicates high

abundance, blue indicates low abundance).
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emerging as potential alternatives to traditional growth promoters

and anti-disease agents, owing to their green and safe profile,

multiple biological activities, and residue-free nature (1, 19).

Table 1 showed that TKP-R had a lesser growth-promoting impact,

with most indicators showing just a little upward trend and

not significantly distinct from the control group. However, by

substantially increasing the lambs’ final body weight, average daily

gain, and final body height (P < 0.05), TKP-L efficiently promoted

their growth and development.

Lambs have to possess steady liver and kidney function for

themselves to grow and develop. Their functioning metabolism

ensures the generation and distribution of hormones such as GH

and IGF-1, as well as aiding the excretion of metabolic waste,

preserving protein metabolic balance, and providing metabolic

support for developing children. This is essential for safeguarding

the stability of the inside environment when lambs start to develop

quickly (20–22). The levels of ALT, AST, TBIL, CREA, and UREA in

the TKP-treated groups were unchanged depart significantly from

those in the CK group, as Figures 2A–E clearly show. These results

demonstrated that TKP did not cause significant abnormalities

in liver and kidney function indicators, indicating an absence

of hepatorenal toxicity and good biosafety. GH, a polypeptide

hormone secreted by the pituitary gland, is critical for growth and

metabolic processes (23). INS regulates glucose catabolism and fat

accumulation. IGF-1, a hormone that encourages cell development,

proliferation, and differentiation, has an enormous impact on

animal maturation (24). Figures 1F–H demonstrated that the TKP-

L and TKP-R groups had far higher levels of INS and IGF-1 than

the CK group (P < 0.05). Compared to the CK and TKP-R groups,

the GH level in the TKP-L group was significantly higher (P <

0.05). These findings indicate the leaf polysaccharide of TKP (TKP-

L) is the most efficient in increasing insulin and growth hormone

release, and enhances lamb growth performance. The spleen is the

largest secondary lymphoid organ and is one of the recommended

organs for evaluating histopathological changes associated with

immune system enhancement (Enhanced Histopathology of the

Spleen). The white pulp and red pulp are the core areas for

specific and non-specific immunity in the spleen. Quantitative

analysis revealed an increase in white pulp in the TKP-L group

(Figure 2I), suggesting that TKP-L can enhance the body’s specific

immune response capability against pathogens (bacteria, viruses,

etc.), leading to more efficient antibody production and activation

of cellular immunity. Important markers used to assess rumen and

intestinal development include the length and width of the rumen

papilla, the height of the small intestinal villus, and the depth of the

crypt. Increasing the rumen papillae’s width and length improves

the rumen’s capacity to soak up minerals and maintains its healthy

growth (25). As shown in Figure 2J, quantitative H&E staining

assessments found that the TKP-L group’s rumen papilla height

was considerably larger than that of the TKP-R and CK groups (P

< 0.05), although the difference in rumen papilla breadth was not

significant (P > 0.05). The rumen papilla width of the TKP-L group

was not considerably different from that of the CK group (P> 0.05).

This suggests that by strengthening the rumen papilla, TKP-Lmight

increase nutrient absorption and rumen fermentation capacity.

Besides to being the main organ for digesting and absorption,

the gastrointestinal tract is an essential immunological organ

for shielding the body against infectious microbes (26, 27). The

intestinal mucosal immunological barrier is crucial for preserving

a variety of physiological processes in the gut (28, 29). By

neutralizing hazardous pathogens, IgA, IgM, and IgG—the first

line of antibody defense on the gastrointestinal mucosal surface—

protect the delicate structure of the intestinal wall. The additional

immunoglobulins in young animals’ serum and their body fluids

improve immune immune cells’ ability to phagocytose pathogens

and fight illnesses (30). Figures 3A–C demonstrate that the IgA,

IgG, and IgM levels were significantly elevated in the TKP-L group

in opposition to the CK group (P< 0.05). These results indicate that

the overall upregulation of immunoglobulins suggests TKP-L can

enhance both mucosal and humoral immune functions in lambs,

reducing infection risk and providing stable immune protection for

growth and development. IgA, IgG, and IgM output is controlled

by a variety of cytokines, including IL-10, IL-17, IL-21, and TNF-

α (31). Additionally, the control of the gut immune system and

its protection against invasive pathogens depends on mucosal

cytokines (32). TNF-α levels were considerably greater in the TKP-

L and TKP-R groups than in the CK group (P < 0.05), as seen in

Figures 3D–G. In contrast, there were no significant changes across

the groups in the levels of IL-10, IL-17, and IL-21 (P > 0.05). These

results show that by improving the body’s defenses vs. infectious

microbes and fostering immune protection in the lamb’s gut, TKP

assists to the dynamic balance of intestinal mucosal immunity.

Absorption is primarily carried out via intestinal villi. Animal

growth and development are directly impacted by increased villus

length, boosting the surface area readily available for nutrient

absorption (33). As cell maturity and secretory function develop,

the intestinal crypts—tubular glands made of epithelial cells that

invade the lamina propria at the base of the villi—deepen and

narrow (34). The villi in the TKP-L group were longer and

more arranged, indicating more robust development, as seen in

Figures 4A–C. The absence of inflammatory cell infiltration in the

submucosa implies enhanced intestinal barrier function. Although

the crypt depths were substantially smaller (P < 0.05), the TKP-L

group’s villus lengths in the duodenum, jejunum, and ileum were

significantly longer than those of the CK group (P < 0.05). The

research results demonstrate that TKP-L could encourage growth

and development, strengthen gastrointestinal defenses, and speed

up digestion and absorption through extending villus and lower

crypt depth.

Mucins have functions in intestinal inflammation recuperation,

gut microbiota establishment, and intestinal epidermal protection.

Mucins, which are crucial for safeguarding the mucus coating

on the gut surface, become synthesized through production by

intestinal goblet cells (35, 36). Themucin content in the duodenum,

jejunum and ileum of the TKP-L group was significantly greater

than that of the CK group (P < 0.05), as seen in Figures 5A–C. This

is consistent with the reported increase in goblet population of cells

in the tissue sections. The results demonstrate that TKP-L could

considerably boost mucin synthesis in the duodenum, jejunum,

and ileum via accelerating the emergence of intestinal goblet cells.

The intestinal mucus layer ends up greater in thickness and more

connected as a result.

The gut microbiota is crucial for preserving intestinal

physiology and immune function, protecting intestinal health,
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and improving lamb growth performance (37). Previous research

showed that adding polysaccharides from traditional Chinese

medicine to the diet can boost the gut microbiota’s abundance in

lambs (7), increasing intestinal immunity and enhancing barrier

function. This leads to the idea that TKP may modulate the gut

microbial ecology for it to reap its positive growth-promoting

effects. This study assessed the regulatory impact of TKP on the

rumenmicrobiota of lambs using 16S rRNA sequencing equipment.

As the intake of solid feed increases in weaned lambs, the rumen

microbiota tends to become more complex, with Bacteroidota

often being the dominant phylum (38, 39) (Figure 6D), a pattern

consistent with the findings of this study. Prevotellaceae_UCG-

001, Butyrivibrio, Fibrobacter, and Paraprevotella were among the

genera whose abundances were significantly greater in the TKP-

L group compared to the CK group, according to an analysis of

rumenmicrobiota composition and relative abundance at the genus

level (Figure 6E). Prevotellaceae_UCG-001 and Paraprevotella are

both members of the phylum Bacteroidota, which has the largest

relative abundance in the rumen, according to LEfSe study results.

This result lines up with findings from previous investigations on

lambs (40). By breaking down proteins, bacteria may help intestinal

homeostasis (41, 42). Within this phylum, the genus Prevotella,

known for protein degradation, has been shown in prior research to

be positively correlated with animal growth performance indicators

such as feed intake (43), feed utilization efficiency, and weight

gain when it constitutes a dominant part of the gastrointestinal

microbiota. This correlation matches the observed significant

increase in body weight in the TKP-L group in this study (44,

45). Furthermore, studies in mice have shown that gavage with

Prevotella can regulate the cytokine TNF-α, a conclusion consistent

with the regulatory effect of TKP on cytokine levels in lambs

observed in the early stages of this research (46). In summary, TKP-

L can mediate the regulation of lamb growth and development

by modulating the abundance and structure of Prevotella-related

bacteria in the rumen. This represents a significant microbiological

mechanism underlying its growth-promoting effects.

The results of the metabolomics analysis revealed that the

differential metabolites in the TKP-L and TKP-R groups were

enriched in a number of common pathways when compared

to the CK group (Figures 7D, E). This indicates that TKP’s

regulatory effect on gastrointestinal metabolites in lambs may

be primarily mediated through shared metabolic pathways like

amino acid biosynthesis, nucleotide metabolism, starch and sucrose

metabolism, and cofactor biosynthesis. Argininosuccinic acid

found a significant difference between the groups (P < 0.05). owing

to further cluster and differential analysis of metabolites within

these linked pathways (47). The primary roles of Argininosuccinic

acid in the body are associated with the urea cycle and amino

acid metabolism (48). As a key intermediate in the urea cycle, it

participates in the conversion of toxic ammonia into non-toxic

urea for excretion (49). In the liver, the urea cycle is responsible

for this detoxification process. Argininosuccinic acid is synthesized

from citrulline and aspartate under the action of argininosuccinate

synthase and is subsequently cleaved by argininosuccinate lyase

into arginine and fumarate (50). This process not only aids in

ammonia detoxification but also provides a pathway for arginine

synthesis. In ruminants, arginine is a key amino acid that is involved

in numerous biological processes, including immune regulation

and protein synthesis (51). By maintaining nitrogen balance

through the proper functioning of the urea cycle, Argininosuccinic

acid helps regulate nitrogen metabolism homeostasis (52). As

ruminants, sheep have a diet relatively high in protein, leading

to increased ammonia production during metabolism. The urea

cycle involving Argininosuccinic acid ensures timely conversion of

ammonia to urea for excretion, preventing ammonia accumulation

and potential toxicity, thereby maintaining the body’s nitrogen

balance and internal environment stability. Furthermore, arginine

produced from the cleavage of Argininosuccinic acid serves as a

crucial substrate for multiple physiological processes. It participates

in nitric oxide synthesis, which plays vital roles in vasodilation,

immune defense, and neurotransmission (53). In conclusion,

TKP-L can mediate the metabolism of Argininosuccinic acid

by regulating core metabolic pathways such as amino acid

biosynthesis, thereby providing essential metabolic support for

protein metabolism, immune regulation, and the growth and

development of lambs.

A Spearman correlation study was carried out between

circulating immune cells/immune factors and highly prevalent

genera in the rumen microbiota based on integrated multi-

omics data. The results showed that Paraprevotella and

Prevotellaceae_UCG-001, both belonging to the Prevotellaceae

family, exhibited significantly positive correlations with IgG and

IgA (Figure 8A). This validates the core hypothesis of this trial,

indicating that TKP-L canmodulate the expression of host immune

factors by regulating the rumen microbiota. In vitro experiments

by Jiatai Gong, Siqi Ma, et al. have confirmed that argininosuccinic

acid is a key metabolite of the Prevotella genus, which falls in

line with the results of the trial’s correlation research between

gut microbiota and metabolomics (54) (Figure 8B). In summary,

these findings demonstrate that TKP-L can enhance the immune

capacity of lambs through the microbiota-metabolite axis.

5 Conclusions

The above results show that TKP-L can more effectively

promote the serum secretion of growth factors such as GH, INS,

and IGF-1R, upregulate the levels of serum IgM, IgG, and intestinal

IgA antibodies, and stimulate the expression of multiple cytokines

than TKP-R. Additionally, TKP-L significantly improves intestinal

mucin secretion and gastrointestinal development, boosts the

variety and quantity of good bacteria in the gastrointestinal tract,

raises the metabolic level of Argininosuccinic acid, and controls

several metabolic pathways linked to growth and immunity. In

conclusion, TKP-L is more effective than TKP-R in stimulating

growth and controlling metabolites and gut microbiota in lambs.

Thus, TKP-L can be developed as a natural feed additive to promote

lamb growth and modulate the gut microbiota structure.
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