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Abstract: Resveratrol (RES) and β-hydroxy-β-methylbutyric acid (HMB) have antioxidant, anti-
inflammatory, and other beneficial properties. Here, we hypothesize that supplementation with RES
and HMB could affect the rumen function in Tibetan sheep. This study aims to explore the effects
of RES and HMB supplementation at different protein levels on the rumen microbial and metabo-
lite compositions of Tibetan sheep. Four treatments (n = 30) were prepared according to a 2 × 2
factorial arrangement, with two dietary protein levels (12% and 14%) and two feed additives (RES
1.50 g/day and HMB 1.25 g/day). The experimental treatments were fed diets with 12% CP level non-
supplemented (L), 12% protein with RES and HMB (L-RES-HMB), 14% CP level non-supplemented
(H), and 14% protein with RES and HMB (H-RES-HMB), respectively. Our results indicated that the
trypsin, chymotrypsin, and lipase were significantly increased in the H-RES-HMB group (p < 0.05),
while the lipopolysaccharide (LPS) concentration was significantly reduced (p < 0.05). The alpha
diversity analysis found that the ACE indices of the L-RES-HMB, and H-RES-HMB groups was sig-
nificantly higher than that of the L group (p < 0.05). Additionally, compared with the L, L-RES-HMB,
and H groups, it was found that the abundance of Euryarchaeota, Spirochaeota, and Metanobrevibacter
was significantly increased in the H-RES-HMB group, while the abundance of Proteobacteria was
significantly decreased (p < 0.05). A total of 745 significantly different metabolites were identified, of
which 14 metabolites were common among the three comparative groups. Differential metabolites
were mainly enriched in pathways including the pyrimidine metabolism, the glycine, serine, and
threonine metabolisms, and ABC transporters. Overall, CP level and RES/HMB exhibited positively
interaction effect on digestive enzyme activity and antioxidant capacity. Dietary RES and HMB
supplementation on 14% CP level improved the ruminal digestive enzyme activity and antioxidant
capacity through modulating the microbial community and regulating the metabolism.

Keywords: resveratrol; β-hydroxy-β-methylbutyric acid; rumen microbiota; metabolomics; Tibetan
sheep

1. Introduction

Tibetan sheep are mainly distributed on the Tibetan Plateau [1]. Currently, the mode
of feeding of Tibetan sheep is gradually transitioning from traditional grazing to inten-
sive feeding [2]. This transition not only protects the ecological environment, but also
significantly increases the overall sheep numbers within a short time [3]. In addition, the
meat of the Tibetan sheep has both a delicate flavor and texture, and also provides the
nomadic pastoralists with basic resources, including meat, milk, and wool [4], thus playing
an irreplaceable role in local economic and social development.
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The rumen is an anaerobic microbial ecosystem inhabited by complex microbial
populations [5], and is the major site of nutrient digestion and absorption in ruminants [6].
Rumen microorganisms are considered to be the “second genome” of the host, and are
capable of converting plant polysaccharides (such as starch, xylan, and cellulose) into the
carbohydrates and proteins required by the host [7,8]. Metabolites are the final products of
biochemical reactions occurring in the rumen microbiota, and their production is extremely
sensitive to changes in the rumen microbes [9]. Approximately 55 to 60% of metabolites
in the rumen fluid are derived from microbial communities [10]. Therefore, a better
understanding of the composition of the rumen microbial communities is essential for
ruminant health [11].

The resveratrol (RES) is a naturally occurring polyphenol found in plants that has an-
tioxidant, anti-inflammatory, and antibacterial properties [12,13]. In calves, supplementing
them with RES increased the desulfovibrio population, whereas it decreased the methanogenic
archaea population, thereby affecting the ruminal bacterial community [14]. In addition,
the population of Fibrobacter succinogenes, Ruminococcus albus, and Butyrivibrio fibrisolvens
was greater in sheep treated with RES [15]. As a leucine metabolite, beta-hydroxy-beta-
methylbutyrate (HMB) is widely used in human nutrition and animal production as a
nutritional supplement, and plays an essential role in fermentation parameter and microbial
diversity in rumen [16]. Treating the cow with HMB increased the ruminal abundance of
F. succinogenes and R. flavefaciens [17]. The supplementation of HMB and dl-Met promoted
the rumen bacterial growth via producing volatile fatty acids (VFA) in vitro [18]. However,
there is little comparative research on the effects of RES and HMB supplementation on
ruminal microflora and metabolites of Tibetan sheep.

Previously, the effect of dietary supplementation with RES and HMB alone or in
combination with growth performance, carcass traits, and diet digestibility were evaluated
in Tibetan sheep. Our results indicated that feeding RES at 1.50 g/d and HMB at 1.25 g/day
may be recommended to benefit growth performance and feed-to-gain ratio. Additionally,
the interaction of RES and HMB supplementation exhibited a greater positive effect on
growth performance and feed-to-gain ratio. According to the regulatory function on
ruminal bacterial community, we hypothesized that supplementation with RES and HMB
could affect the rumen health in Tibetan sheep. Therefore, the aim of this study was to
explore the effects of dietary RES and HMB supplementation at two protein levels on the
digestive enzyme activity, antioxidant capacity, and LPS concentration in the rumens of
Tibetan sheep.

2. Materials and Methods

This experimental study was approved by the Institutional Animal Care and Use
Committee of Qinghai University (license number: QUA-2020-0710).

2.1. Experimental Design

One hundred and twenty healthy Tibetan ram lambs with an initial mean weight of
16.87 ± 0.31 kg (2 months old) were randomly selected from a commercial Tibetan sheep
farm (Haiyan, Qinghai, China). Four treatments (n = 30) were prepared according to a 2 × 2
factorial arrangement, with two dietary protein levels (12% and 14%) and two levels of feed
additives (RES 1.50 g/day and HMB 1.25 g/day). Each of the four dietary treatments was
offered to six replicate pens (five lambs per pen). The experimental treatments fed the diets
with 12% CP level non-supplemented (L), 12% protein with RES and HMB (L-RES-HMB),
14% CP level non-supplemented (H), and 14% protein with RES and HMB (H-RES-HMB),
respectively. The RES (purity > 99%) used in this experiment was purchased from Xi’an
grass plant technology Co., Ltd. (Xi’an, China). HMB (purity > 99%) was purchased from
TSI Group Co., Ltd. (Shanghai, China). Both RES and HMB were firstly added to the
premix, and then directly mixed with concentrates.

The three feedstuffs were prepared from a total mix with 30% forage and 70% con-
centrates on a dry matter basis. The roughage contained 50% oat hay and 50% oat silage.
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The composition of the basic diet and nutrient levels are shown in Table 1. The fattening
program was continued for 100 days (including 10 days for the pre-test and 90 days for the
test period). During the experimental period, the daily ration was divided into two equal
meals which were given to each individual at 7:00 and 13:00. All the sheep had access to
fresh water ad libitum. At the end of this period, six Tibetan sheep in each treatment (one
Tibetan sheep per replicate) were randomly selected for slaughter.

Table 1. Composition of the basic diet.

L-CP H-CP

Ingredient (%)
Corn 58.30 51.50
Soybean meal 1.00 2.00
Rapeseed meal 7.00 12.80
Cottonseed meal 2.00 2.00
Palm meal 25.00 25.00
NaCl 1.00 1.00
Limestone 1.00 1.00
Baking soda 0.10 0.10
Premix (1) 4.60 4.60
Total 100 100
Nutrient levels (2)

Digestible energy (MJ·kg−1) 12.71 12.84
Crude protein (%) 14.27 12.13
Ether extract (%) 3.29 3.44
Crude fiber (%) 11.64 11.05
Neutral detergent fiber (%) 26.70 26.04
Acid detergent fiber (%) 19.97 19.11
Ca (%) 0.86 0.80
P (%) 0.40 0.40

Note: (1) Premixes provide Cu 18 mg, Fe 66 mg, Zn 30 mg, Mn 48 mg, Se 0.36 mg, I 0.6 mg, Co 0.24 mg, VA
24,000 IU, VD 4800 IU, and VE 48 IU per kg of feed. (2) Digestible energy is calculated, and the rest is measured.

2.2. Sample Collection and Processing

The rumen content was filtered through four layers of gauze, and the rumen fluid was
collected in sterile enzyme-free freezing tubes. The samples were immediately inserted
in dry ice and stored at −80 ◦C before DNA extraction, metabolite extraction, 16S rDNA
sequencing, and subsequent microbial quantification. A total of 24 Tibetan sheep rumen-
fluid samples were collected.

2.3. Determination of Digestive Enzyme Activity, Antioxidant Capacity, and (LPS) Concentration

After thawing on ice, the rumen fluid samples were transferred to 15 mL centrifuge
tubes and centrifuged at 3000 rpm for 20 min at 2–8 ◦C. The supernatants were collected, and
the cellulase, lipase, α-amylase, trypsin, chymotrypsin, glutathione peroxidase (GSH-PX),
superoxide dismutase (SOD), total antioxidant capacity (T-AOC), catalase (CAT), malate
dehydrogenase (MDA), and LPS were determined using an enzyme-linked immunosorbent
assay kit (Enzyme Immune Industrial Co., Ltd., Nanjing, China), with absorbances read at
450 nm in a microplate reader.

2.4. DNA Extraction and 16S rDNA Gene Sequencing

Microbial DNA was extracted using the HiPure Stool DNA extraction kit (Magen,
Guangzhou, China). The V3-V4 region of the 16S rRNA gene was amplified using
the universal primer sequences 341F (5′-CCTACGGGGNGGCWGCAG-3′) and 806R (5′-
GGACTACHVGGGGTATCTAAT-3′). The amplification conditions were 95 ◦C for 5 min,
followed by 30 cycles of 95 ◦C for 1 min, 60 ◦C for 1 min, 72 ◦C for 1 min, and finally
72 ◦C for 7 min. Sequencing libraries were prepared using the Illumina DNA Prep Kit
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(Illumina, San Diego, CA, USA). Raw data were uploaded to the NCBI Sequence Read
Archive (SRA) database.

The raw tags of the sequences were subjected to read filtering (FASTP software, version
0.18.0 [19]), tag splicing (FLASH software, version 1.2.11 [20]), tag filtering, operational
taxonomic unit (OTU) clustering (UPARSE algorithm of USEARCH software, version
9.2.64 [21]), and tag de-chimerization (UCHIME [22] algorithm of USEARCH software,
version 2.0.1). The clean tags were clustered into OTUs with ≥97% similarity using the
UPARSE algorithm (version 9.2.64), and tag chimeras were removed using the UCHIME
algorithm. After obtaining the OTUs, OTU abundance, and other analyses of abundance
were performed based on the effective tags.

Sequencing data were analyzed with OTU clustering using the amplicon sequence
variants (ASV) method. Both phylum and genus were classified and analyzed using
RDP Classifier software (version 2.2) with parameter thresholds ranging from 0.8 to 1,
and the abundance statistics of the taxonomy were visualized using KRONA (version
2.6) [23]. Alpha diversity analyses were calculated in QIIME (version 1.9.1) [22] and
consisted mainly of the Chao1, ACE, Shannon, and Simpson indices. The beta distance was
calculated using the R language package Vegan (version 2.5.3) to analyze beta diversity
using the non-parametric test Analysis of Similarities (Anosim). Bray–Curtis distance
matrix dissimilarities were assessed and visualized using Principal Coordinate Analysis
(PCoA) and plotted using the R “ggplot2” package (version 2.2.1) [24].

2.5. Metabolite Extraction and LC-MS/MS Analysis

The LC-MS/MS analyses were performed on an ultra-high performance liquid chro-
matography (UHPLC) system (1290 Infinity LC, Agilent Technologies, Santa Clara, CA,
USA) coupled to a quadrupole time-of-flight (QTOF) (AB Sciex TripleTOF 6600, SCIEX,
Framingham, MA, USA). The operating conditions included a Waters ACQUITY UPLC
BEH (1.7 µm × 2.1 mm × 100 mm) chromatographic column at a column temperature
of 25 ◦C, a flow rate of 0.5 mL/min, and an injection volume of 2 µL. The mobile phases
were eluent A (water, 25 mmol/L ammonium acetate, 25 mmol/L ammonia) and eluent B
(acetonitrile), and the autosampler temperature was 4 ◦C. The AB Triple TOF 6600 mass
spectrometer was used to acquire MS/MS spectra in the information-dependent acquisition
(IDA) mode under the control of the acquisition software. The ion source conditions were a
source temperature of 600 ◦C, an Ion Sapary Voltage Floating (ISVF) voltage of ±5500 V
(both positive and negative modes), and Ion Source Gas 1 (Gas1), Ion Source Gas 2 (Gas2),
and Curtain Gas (CUR) set to 60, 60, and 30 psi, respectively. For the parameters, the
collision energy (CE) was fixed at 35 V ± 15 eV, and the declustering potential (DP) was set
to ±60 V (both positive and negative modes).

2.6. Correlation Analysis

Correlation analyses were performed using Spearman’s statistical method to calculate
correlation coefficients and p-values for rumen microbial composition and metabolites with
digestive enzyme activity, antioxidant capacity, and (LPS) concentration, respectively. Then,
the correlation between microbial composition and metabolites was analyzed using Man-
tel’s correlation, and the final correlation network diagram was plotted using R language
Vegan package, Psych package.

2.7. Statistical Analysis

The homogeneity of variance in parametric tests was used to evaluate the normality of
microbial data. And then, normal data were analyzed using a general linear model (GLM)
using SPSS 25.0 software (IBM Corp., Armonk, NY, USA). The following statistical model
was used:

Yij = u + Pi + Aj + Pi × Aj + eij, where Yijk was the detection value of the individuals, u
was the observation, Pi was the fixed effect of CP levels (i = 1 (12%), 2 (14%)), Aj was the
fixed effect of additive level (j = 1 (RES), 2 (HMB)), Pi × Aj was the interaction effect, and
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eij was the standard error. And the results are expressed as “mean ± SEM”, with p < 0.05
considered significant. The graphs were generated using Origin 2021. Metabolomic statis-
tics were converted from raw MS data to MzXML format using ProteoWizard (version
3.0.7414), and then were imported into XCMS software (version 4.0) for analysis. Multi-
variate statistical analyses of the metabolome were performed using the OPLS-DA model,
which was further validated with cross-validation and permutation testing.

3. Results
3.1. Effect of Dietary Supplementation with RES and HMB at Different Protein Levels on
Digestive Enzyme Activity

The effects of the experimental treatments on trypsin, chymotrypsin, lipase, cellulase,
and α-amylase content on the rumen content are shown in Table 2. Significantly, the
interaction effect of CP levels with RES and HMB supplements were observed on trypsin,
chymotrypsin, and lipase (p < 0.05). The trypsin and chymotrypsin were higher in the 14%
protein diet supplemented with the RES and HMB group (H-RES-HMB) than in the other
three groups, and lipase was significantly lower than in the 14% protein group (H) than in
the other three groups (p < 0.05).

Table 2. Effects of RES and HMB supplementation at different protein levels on digestive enzyme
activities in the rumen of Tibetan sheep.

Trypsin
(ng/mL)

Chymotrypsin
(ng/L)

Lipase
(ng/L)

Cellulase
(ng/L)

α-Amylase
(µmol/L)

Groups

L 32.79 ± 1.50 a 738.42 ± 55.10 a 278.08 ± 61.63 a 308.35 ± 19.29 101.16 ± 11.20
L-RES-HMB 32.49 ± 1.42 a 761.33 ± 35.20 a 289.62 ± 11.54 a 314.11 ± 21.92 112.50 ± 5.44

H 23.23 ± 3.38 b 539.67 ± 12.61 b 180.38 ± 7.12 b 280.07 ± 10.76 123.33 ± 13.54
H-RES-HMB 32.90 ± 2.88 a 764.67 ± 60.92 a 231.28 ± 10.59 a 294.04 ± 10.43 118.82 ± 31.08

p-value

CP level <0.001 <0.001 <0.001 0.054 0.080
RES-HMB <0.001 <0.001 0.001 0.190 0.659

RES-HMB ×
CP level <0.001 <0.001 0.013 0.577 0.312

“CP Level” indicates dietary protein level (12% protein and 14% protein). “RES-HMB” indicates non-supplemented
and HMB (1.25 g/day) plus RES (1.50 g/day). “RES-HMB × CP Level” indicates the interaction of RES and HMB
with dietary protein level. Data in the same column with the same or no lowercase letters indicate nonsignificant
differences (p > 0.05), and data with different lowercase letters indicate significant differences (p < 0.05).

3.2. Effect of Dietary Supplementation with RES and HMB at Different Protein Levels on the
Antioxidant Capacity

The effects of the experimental treatments on GSH-PX, SOD, T-AOC, CAT, and MDA
content of the rumen are shown in Table 3. No interaction effects of CP levels with RES and
HMB supplements were observed on the antioxidant indices (p > 0.05). The SOD, T-AOC,
and CAT were higher in the H-RES-HMB group than in the other three groups, and MDA
was lower than in the H-RES-HMB group than in the other three groups.

Table 3. Effects of RES and HMB supplementation at different protein levels on the antioxidant
capacity in the rumen of Tibetan sheep.

GSH-PX
(pmol/mL)

SOD
(pg/mL)

T-AOC
U-(u/mL)

CAT
(ng/L)

MDA
(pg/mL)

Groups

L 26.61 ± 5.82 167.18 ± 9.52 3.06 ± 0.28 128.04 ± 10.10 1.57 ± 0.59
L-RES-HMB 28.33 ± 6.41 174.70 ± 7.29 3.55 ± 0.73 140.65 ± 4.26 1.24 ± 0.14

H 38.64 ± 2.62 174.76 ± 4.25 3.06 ± 0.30 119.78 ± 13.38 1.59 ± 0.33
H-RES-HMB 31.55 ± 0.87 182.77 ± 11.41 3.97 ± 0.63 143.36 ± 6.05 0.99 ± 0.50
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Table 3. Cont.

GSH-PX
(pmol/mL)

SOD
(pg/mL)

T-AOC
U-(u/mL)

CAT
(ng/L)

MDA
(pg/mL)

p-value

CP Level 0.016 0.093 0.476 0.544 0.570
RES-HMB 0.338 0.095 0.029 0.001 0.032

RES-HMB × CP
level 0.128 0.956 0.463 0.238 0.513

“CP Level” indicates dietary protein level (12% protein and 14% protein). “RES-HMB” indicates non-supplemented
and HMB (1.25 g/day) plus RES (1.50 g/day). “RES-HMB × CP Level” indicates the interaction of RES and HMB
with dietary protein level.

3.3. Effect of Dietary Supplementation with RES and HMB at Different Protein Levels on
LPS Concentration

The effects of the experimental treatments on the LPS concentration of the rumen
content were showed in Table 4. Significant interaction effects of CP levels with RES and
HMB supplements was observed in the LPS concentration (p < 0.05). The LPS concentration
was significantly lower in the H-RES-HMB group than in the other three groups (p < 0.05).

Table 4. Effects of RES and HMB supplementation at different protein levels on LPS concentration of
rumen in Tibetan sheep.

LPS (ng/L)

Groups

L 279.05 ± 18.70 a

L-RES + HMB 268.25 ± 10.74 a

H 226.19 ± 13.11 b

H-RES + HMB 200.40 ± 15.61 c

p-value
CP level <0.001

RES-HMB 0.024
RES-HMB × CP Level 0.049

“CP Level” indicates dietary protein level (12% protein and 14% protein). “RES-HMB” indicates non-supplemented
and HMB (1.25 g/day) plus RES (1.50 g/day). “RES-HMB × CP Level” indicates the interaction of RES and HMB
with dietary protein level. Data with different lowercase letters indicate significant differences (p < 0.05).

3.4. Differences in the Diversity in Rumen Microbial Communities

The Venn diagram of ruminal microbial diversity analyzed using the 16S rDNA gene
sequencing shows that a total of 1900 OTUs were obtained from the four groups (Figure 1A),
of which 371, 100, 123, and 113 OTUs were unique to the L, L-RES-HMB, H, and H-RES-
HMB groups, respectively. The beta diversity of the rumen microbial communities was
assessed using PCoA (Figure 1B), showing good clustering of the samples from each
group. The BrayCurtis analysis was ANOSSIM R = 0.5676, p = 0.001 (Figure 1C), and the
unweighted unifrac analysis was ANOSSIM R = 0.7176, p = 0.001 (Figure 1D), with both
analyses indicating that there were significant differences in the microbial communities
between the groups. Compare the alpha diversity indices of Shannon (Figure 2A), Simpson
(Figure 2B), Chao1 (Figure 2C), and ACE (Figure 2D) in the four experimental groups
(Figure 2). No significant differences were observed in the alpha diversity index in terms of
either protein or RES and HMB supplementation (p > 0.05). There was an interaction effect
between the level of CP and the addition of RES and HMB on the ACE index (p < 0.05),
which was significantly lower in the L group than in the L-RES-HMB, H, and H-RES-
HMB groups.
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Figure 1. Rumen microbial diversity. (A) A Venn diagram showing the number of OTUs. (B) PCoA
principal component analysis was performed on OTU abundance. The PCo1 and PCo2 coordinates
indicate the first and second principal components, and the percentages in parentheses indicate the
contribution of the principal components to the differences in the samples. Points of different colors
in the Figure indicate the groups of samples, respectively. (C) Principal component analysis using the
Bray–Curtis of OTU level β diversity. (D) Principal component analysis (PCA) was performed on the
β diversity at the OTU level using the Unweighted unifrac analysis method. In the (C,D), the Y-axis
of the box plot indicates the distance rankings, and the X-axis indicates the between-group distances.

3.5. Differences in Rumen Microbial Compositions

At the phylum level, Firmicutes, Bacteroidota, and Proteobacteria were the top three
phyla in the L group, while Firmicutes, Bacteroidota, and Euryarchaeota were the top three
phyla in the L-RES-HMB, H, and H-RES-HMB groups (Figure 3A). In terms of protein
level, Firmicutes and Euryarchaeota were significantly lower in the LCP group than in the
HCP group, while Proteobacteria were significantly higher. In terms of RES and HMB
supplementation, Euryarchaeota were significantly higher in the RES + HMB group than
in the N-RES-HMB group, while Proteobacteria and Patescibacteria were significantly lower
in the RES + HMB group than in the N-RES-HMB group. Protein levels with RES and
HMB additives were observed to interact with the abundance of Firmicutes, Bacteroidota,
Proteobacteria, Euryarchaeota, Patescibacteria, and Spirochaetota (p < 0.05) (Figure 3B).
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At the genus level, Prevotella, Acetobacter, and Rikenellaceae_RC9_gut_group were the
dominant microflora in group L, and Lysinibacillus and Solibacillus were the common
dominant genera in the H, L-RES-HMB, and H-RES-HMB groups. In terms of protein
level, Lysinibacillus and Methanobrevibacter were significantly reduced in the LCP group
compared with the HCP group. In terms of RES and HMB supplementation, Lysinibacillus,
Methanobrevibacter, and Solibacillus were markedly lower in the N-RES + HMB group
relative to the RES + HMB group, while Prevotella and Rikenellaceae_RC9_gut_group were
significantly higher. Protein levels with RES and HMB supplements were found to interact
with Lysinibacillus, Prevotella, Methanobrevibacter, and Solibacillus in the rumens of Tibetan
sheep (p < 0.05) (Figure 3C).
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Figure 3. Composition and differences of rumen microbial community in Tibetan sheep. (A) Compo-
sition of microbial communities at phylum and genus level, with each bar graph showing the relative
abundance of the top ten microbiota in each group. (B) The abundance of the top six microflora at
phylum level. Expression of protein levels, RES and HMB levels, and protein levels interacting with
RES and HMB. (C) The abundance of the top five microflora at genus level. Expression of protein
levels, RES and HMB levels, and protein levels interacting with RES and HMB. The values shown
in the bar graphs are expressed as “mean ± SEM”, and differences in the graphs are marked with
lowercase letters, (p < 0.05).

3.6. Differences in Rumen Microbial Functions in Tibetan Sheep

Based on the 16S sequencing data, functional prediction was performed using PI-
CRUSt2 software (version 8.0.5) (Figure 4), and the predicted functional abundance dis-
tribution of the L (Figure 4A), L-RES-HMB (Figure 4B), H (Figure 4C), and H-RES-HMB
(Figure 4D) groups were obtained. The results showed that the microbial functions in the
four groups were mainly enriched in pathways associated with the amino acid metabolism,
the metabolism of cofactors and vitamins, and the carbohydrate metabolism.
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3.7. Metabolomic Analysis of the Rumen of Tibetan Sheep

LC-MS/MS analysis yielded 10,227 and 8168 valid peaks from the positive and nega-
tive ion modes, respectively. The OPLS-DA score diagram showed good fit (R2X and R2Y)
and predictability (Q2) (Figure 5). The values of R2X, R2Y, and Q2 in L and L-RES-HMB
groups, H and H-RES-HMB groups, and L-RES-HMB and H-RES-HMB groups were 0.639,
0.996, and 0.943; 0.374, 0.943, and 0.501; and 0.176, 0.998, and 0.146 in the positive ion mode,
respectively. At the same time, the displacement test of the OPLS-DA model was performed.
In the positive ion mode, the R2 and Q2 intercept values of the L and L-RES-HMB groups,
the H and H-RES-HMB groups, and the L-RES-HMB and H-RES-HMB groups were 0.88
and −0.14, 0.94 and 0, and 0.96 and 0.08 (Figure 5A), respectively. The values of R2X, R2Y,
and Q2 in the L and L-RES-HMB groups, H and H-RES-HMB groups, and L-RES-HMB
and H-RES-HMB groups were 0.644, 0.999, and 0.959; 0.345, 0.981, and 0.628; and 0.326,
0.975, and 0.399 in negative ion mode, respectively. In the negative ion mode, the R2 and
Q2 intercept were 0.93 and −0.13, 0.95 and 0.08, and 0.97 and 0.1 (Figure 5B), respectively.
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Figure 5. Protein levels and RES and HMB altered the levels of metabolites in the rumen content
of Tibetan sheep. (A) shows OPLS-DA diagrams of positive ions of L and L-RES-HMB groups, H
and H-ERS-HMB groups, and L-RES-HMB and H-RES-HMB groups. The abscissa represents the
predicted component score values to show the difference between groups, and the ordinate represents
the orthogonal component score values to show the difference between groups. On the second row
are the displacement test plots to evaluate the accuracy of OPLS-DA; the ordinate represents the
value of R2Y or Q2, and the abscissa represents the replacement retention rate. (B) shows OPLS-DA
diagrams of negative ions of L and L-RES-HMB groups, H and H-res-HMB groups, and L-RES-HMB
and H-res-HMB groups. Others as in Figure (A).

A total of 745 differential metabolites (DMs) were identified in the four groups by
KEGG analysis using DM identification thresholds (VIP > 1, p < 0.05) in both the positive
and negative ion modes (Figure 6). Pairwise comparisons showed that there were 591 DMs
(319 and 272 in the positive and negative ion modes, respectively) between the L and L-RES-
HMB groups, 191 DMs (84 and 107 in the positive and negative ion modes, respectively)
between the H and H-RES-HMB groups, and 109 DMs (49 and 60 in the positive and
negative ion modes, respectively) between the H and H-RES-HMB groups. Four of the
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groups had a total of 14 DMs (5 and 9 in the positive and negative ion modes, respectively),
which were 15(R), 19(R)-hydroxyprostaglandin e2, 2-furancarboxylic acid, Ametryne, Leu-
Phe, Leucylleucine, 17, 20-dimethylprostaglandin f1.alpha, cholesta-4,6-dien-3-one, D-
2-phosphoglyceric acid, dihydrotachysterol, enterolactone, falcarindiol, Ile-Leu, lauric
isopropanolamide, and uridine metabolites. At the same time, metabolites such as Acetyl
coenzyme a, Pyruvaldehide, Succinate, 2-isopropyrmalic acid, and Glycine were identified
in the same pathway.
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Figure 6. The Venn diagram shows the common and endemic metabolites in the three comparisons (L
with L-RES-HMB; H with H-RES-HMB; and L-RES-HMB with H-RES-HMB). The three comparison
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Metabolic pathway enrichment analyses were performed to determine the function
of the different metabolites (Figure 7), which resulted in the acquisition of significantly
different metabolites in L and L-RES-HMB groups mainly enriched in the glycine, serine,
and threonine metabolisms (Figure 7A), H and H-RES-HMB groups mainly enriched in
the metabolic pathways and pyrimidine metabolisms (Figure 7B), and L-RES-HMB and H-
RES-HMB groups mainly enriched in the ABC transporter metabolic pathways (Figure 7C),
while the overall comparison was mainly enriched in the carbohydrate metabolism.

3.8. Correlation Analysis of Digestive Enzyme Activity, Antioxidant Capacity, LPS Concentration,
Microbial Communities, and Metabolites in Rumen

To investigate the correlations between digestive enzymes, antioxidant activities, and
LPS concentration with rumen microbiota and metabolites, Spearman and Mantel correla-
tions were evaluated. The Spearman correlation network showed that the abundance of
Euryarchaeota, Metanobrevibacter, and Spirochaeota in the rumen microbiota was associated
with CAT and SOD, while the abundance of Lysinibacillus was positively correlated with
α-amylase and GSH-PX, and the Euryarchaeota and Methanobrevibacter abundance was neg-
atively correlated with LPS (Figure 8A). Dihydrotachysterol was positively correlated with
both GSH-PX and α-amylase, and Leu-Phe, Leucylleucine, and Enterolactone were posi-
tively associated with Trypsin, while Falcarindiol was negatively correlated with T-AOC
(Figure 8B). In addition, the abundance of Firmicutes, Lysinibacillus, and Solibacillus were
negatively correlated with the Acetyl coenzyme A, Leu Phe, Leucoleucine, Enterolactone,
and 2-furancarboxylic acid metabolites, while these metabolites were positively associated
with Bacteroidota and Prevotella. In addition, the abundances of Firmicutes and Lysinibacillus
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were positively correlated with Dihydroxytocysterol, while Patescibacteria and Prevotella
were positively correlated with Falcarindiol (Figure 8C).
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and LPS concentration. (C) Spearman-related heatmap of rumen bacteria and metabolome.

4. Discussion

Digestive enzymes are proteins that promote the hydrolysis of large molecules into
smaller molecules for easy absorption by the body [25]. The HMB is a leucine metabolite
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associated with protein anabolism [26], and leucine is an essential branched-chain amino
acid (BCAA), representing not only one of the most abundant amino acids in high-protein
diets, but also one that reduces increases in protein degradation [27], suggesting that HMB
may indirectly affect protease activity. In a study of the Siberian sturgeon, Yang Shiyong
et al. [28] found that resveratrol increased alpha-amylase and lipase activities and improved
digestion and intestinal health. Here, the addition of RES and HMB to the diet was found
to increase the activities of trypsin, chymotrypsin, and lipase. However, the effects of HMB
on digestive enzymes have not yet been investigated, and further studies are required
for verification. In terms of CP levels, the trypsin, chymotrypsin, and lipase activities
were improved in the LCP group relative to the HCP group. Yengkokpam et al. [29]
found that feeding a high-protein diet modulated the oxidative stress and activation of
various inflammation-related pathways, which ultimately led to reduced protease activity.
The present study shows interactions between the protein levels and the RES and HMB
supplements on the activities of digestive enzymes in the rumen content of Tibetan sheep.

The major antioxidant activities in rumen content, including GSH-PX, SOD, T-AOC,
and CAT, together with the MDA content, are indicative of the oxidative status and an-
tioxidant capacity of the rumen [30]. Phenolic compounds have been associated with
antioxidant activity [31]. It has been suggested that plant polyphenols (curcumin or
quercetin) or amino acid/metabolite mixtures (alaninyl glutamine or arginine + glutamine
+ beta-hydroxybeta-methylbutyric acid) may be beneficial in reducing the severity and pro-
gression of radiation-induced mucosal inflammation (RIOM) [32]. As HMB is a metabolite
of leucine [26], it is possible that HMB may have antioxidant and anti-inflammatory effects
similar to those of phenolic compounds, reducing oxidative stress and the inflammatory
response, and thus indirectly promoting protein synthesis. It was found that the addition
of 0.25% leucine significantly increased the T-AOC values in the serum, dorsal shortest
muscles, and livers of piglets after the addition of varying amounts of leucine (0, 0.25, and
0.5%) [33]. Resveratrol, a stilbene molecule belonging to the polyphenol family that is
commonly found in plants, is a natural antioxidant with potent antioxidant activity [34–36].
In this study, the addition of RES and HMB not only increased the activities of T-AOC
and CAT, but also reduced the levels of MDA, in agreement with the findings of Chen
et al. [37]. GSH-PX activity was significantly higher in the HCP group than in the LCP
group; this is linked to antioxidant metabolism through the trans-sulphuration reaction in
which homocysteine (Hcy) is converted to cysteine and reduced glutathione (GSH), and
it has been shown that under low-protein diets, Hcy levels are reduced [38], leading to a
decrease in the formation of GSH and therefore a decrease in GSH-PX activity. The present
study showed that supplementation with RES and HMB increased both T-AOC and CAT
activities, while reducing the levels of MDA in the rumen content of Tibetan sheep over
two levels of protein and additives. The synergistic effects of RES and HMB on antioxidant
activity have not yet been investigated, and require further investigation.

LPS is the major endotoxin of Gram-negative bacteria (e.g., Escherichia coli) [39]. Several
studies have reported that HMB, when used as a dietary supplement, has beneficial effects
in animals and humans under stressful or inflammatory conditions [26,40,41]. Numerous
studies have demonstrated the multifunctionality and multiple activities of RES, including
antioxidant, anti-diabetic, and anti-inflammatory properties [42–44]. In this study, it was
found that the LPS content of the rumen in the H-RES-HMB group were significantly
lower than that in the other three groups. Dietary supplementation with 0.6% HMB
has been shown to ameliorate growth inhibition and intestinal damage in LPS-injured
weaned piglets [40,41]. Several studies have also found that dietary supplementation
with HMB improves gut integrity, function, and microbial communities in LPS-affected
piglets [45]. RES has been shown to attenuate LPS-induced acute kidney injury by inhibiting
macrophage-driven inflammation, and has also been found to attenuate LPS-induced liver
injury and improve gut microbial function in LPS-induced inflammation [45,46]. The
conclusion is that both RES and HMB have an inhibitory effect on LPS levels in the rumen
content. In this study, in terms of the protein level, LPS levels were found to be significantly
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lower in the HCP group than in the LCP group. Leucine [47], lysine [48], and glutamate [49]
have been shown to have defensive and protective effects against LPS induction. In low-
protein diets, one or more amino acids may be deficient, resulting in increased levels
in LPS.

The rumen is an anaerobic microbial ecosystem comprising a variety of microorgan-
isms, including bacteria, protozoa, fungi, and archaea [5]. Here, the alpha diversity analysis
showed that the ACE index of group L was lower, indicating that the rumen microbiota
richness was significantly lower in animals that were fed low-protein diets. At the phy-
lum level, the relative abundance of Firmicutes and Euryarchaeota was higher in the HCP
group, while the relative abundance of Euryarchaeota was higher in the H-RES-HMB group.
Firmicutes are one of the most abundant prokaryotic groups in the human and animal
microbiota [50], and it has been found that the abundance of Firmicutes in piglets fed on a
low-protein diet for 25 days was lower (14%) than that in animals fed with normal levels
of protein (20%) [51]. In terms of the microbiota, it has been reported that the archaeal
community is dominated by species belonging to the phylum Euryarchaeota, and the domi-
nant archaea in animal digestive tracts are methanogens [52], a group of archaea capable
of anaerobic fermentation of inorganic or organic compounds into methane and carbon
dioxide. Studies have shown that the production of methane from protein fermentation and
the response of methane production to the protein nitrogen supply may differ according
to the basal substrate [53]. We hypothesize that the group that was fed a high-protein
diet was more likely to produce large amounts of protein fermentation products, thereby
increasing the relative abundance of Euryarchaeota and thus increasing methane emissions,
while reducing methane emissions would benefit both the environment and the efficiency
of livestock production [54]. Euryarchaeota were found to be negatively correlated with LPS.
HMB has the effect of promoting protein synthesis [26], which may also contribute to the
increase in Euryarchaeota; however, there are no relevant reports of the effects of RES and
HMB on archaeal communities, and further research is needed. The relative abundance
of Proteobacteria in the present study was lower in the H-RES-HMB group. Proteobacteria
are Gram-negative bacteria, and thus contain LPS in their cell walls [39,55]. The LPS levels
in the H-RES-HMB group were lower than those in the other three groups, resulting in a
decrease in the abundance of Proteobacteria in this group. It has been reported that high-
protein diets alter the abundance of Proteobacteria [56]. Current studies have shown that
Proteobacteria are involved in metabolic disorders and inflammatory bowel disease [57],
while RES and HMB supplements have anti-inflammatory and anti-cancer properties that
may contribute to the reduced abundance of the Proteobacteria microflora [44]. In this study,
the H-RES-HMB group had a higher abundance of Spirochaetota, which was positively
correlated with CAT and SOD antioxidant activities; these bacteria produce butyric acid,
which is essential for maintaining the host’s gut health [58]. RES can improve the diversity
and structure of the gut microbiota by increasing the abundance of probiotics [59], while
HMB may be used as a probiotic agent to reverse obesity induced by a high-fat diet (HFD),
the underlying mechanism of which is related to the gut microbiota and metabolism [60],
which may be responsible for the increase in probiotics. The mechanism requires further
verification. At the genus level, the abundance of Lysinibacillus and Methanobrevibacter
was higher in the HCP and RES + HMB groups, and there was an interaction between the
protein and RES and HMB supplementation levels. Lysinibacillus is a hydrolase-producing
bacterium associated with fermentation and the maintenance of enzyme activities [61].
This is due to the higher activity of α-amylase, which leads to an increased abundance
of Lysinibacillus. Methanobrevibacter represent the main methanogens [62], and their abun-
dance is dependent on the abundance of Euryarchaeota. However, the relative abundance
of Prevotella was higher in group L; Prevotella is a Gram-negative bacterium, and thus
produces LPS [39,63]. In this study, the relative abundance of Solibacillus was lower in the L
group. We hypothesized that the abundance of Firmicutes in group L influences the relative
abundance of Solibacillus, and that the low-protein diet caused nutrient deficiencies in the
animals, resulting in its reduced abundance.
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In addition to affecting the composition of the rumen microbiota, dietary protein and
RES and HMB supplementation also influence the rumen metabolites and metabolic path-
ways. Some of these pathways are related to energy metabolism, amino acid metabolism,
and immune regulation [25]. Pathways involved in the propanoate, pyruvate, and gly-
oxylate and dicarboxylate metabolisms are associated with secondary the carbohydrate
metabolism, and these pathways were found to be significantly enriched by the differ-
ential metabolites. The propanoate metabolism plays an important role in maintaining
intestinal homeostasis, and propionic acid and propionate salts have been shown to pro-
mote organ development. Propionate salts can be synthesized by the gut microbiota
through the succinate pathway from phosphoenolpyruvate [64], and studies have found
that propionate salts can be produced by Bacteroidetes and Firmicutes, respectively, from
carbohydrates and lactate or succinate salts. Acetyl-CoA plays an important role in en-
ergy metabolism. It is an essential enzyme in the tricarboxylic acid cycle [65]. However,
Acetyl-CoA can be converted to acetate and coenzyme A [66], which are also involved in
fatty acid and the cholesterol metabolism, and show significant correlations with Firmicutes,
Lysinibacillus, Solibacillusin, Bacteroidota, and Prevotella. In addition, the metabolites Leu Phe,
Leuchylleucine, Dihydrotachysterol, Enterolactone, Falcarindiol, and 2-furancarboxylic
acid were found to be significantly associated with Firmicutes, Bacteroidota, Lysinibacillus,
Prevotella, and Solibacillus. Adding RES and HMB to a high-protein diet resulted in an
increase in the abundance of Leu Phe and Leucylleucine, as HMB is a leucine metabolite
involved in protein synthesis [26]. HMB is hydrolyzed by the rumen microbiota into Leu
Phe and Leucylleucine in diets containing high protein levels. Dihydrotachysterol is a
vitamin D analog, and its hydroxylated metabolite may effectively separate the effects of
calcification from parathyroid inhibition [67,68]. Enterolactone is a phenolic metabolite and
enterolignin that has been found to reduce the risk of various cancers [69]. Falcarindiol is a
naturally occurring polyalkyne with a variety of beneficial biological activities, including
being a possible novel anticancer agent [70]. A study has found that 5- (Tetradecycloxy)
-2-furancarboxylic acid can lower blood lipids and inhibit fatty acid synthesis, and it repre-
sents a new class of hypolipidemic agents [71]. In short, both protein levels and RES and
HMB supplementation not only altered the microbial community structures in the rumen,
but also affected metabolic pathways and metabolites. Further investigation is needed to
explore the relationship between microbiota and metabolites.

5. Conclusions

Given the finding that hybridization altered the microbiome and metabolome, it is
possible to explain how the RES and HMB may affect the ruminal function of Tibetan
sheep, including digestive enzyme activity, antioxidant capacity, and LPS concentration.
Furthermore, CP level and RES/HMB exhibited a positive interaction effect on digestive
enzyme activity and antioxidant capacity. Taken together, additive inclusion to a 14%
crude protein diet had a more complementary effect on ruminal digestive enzyme activity
compared to the 12% CP diet.
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