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a b s t r a c t

Beta-hydroxybutyric acid (BHBA), as one of the main metabolic ketones in the rumen epithelium, plays
critical roles in cellular growth andmetabolism. The ketogenic capacity is associatedwith thematuration of
rumen in young ruminants, and the exogenous BHBA in diet may promote the rumen development.
However, the effects of exogenous BHBA on rumen remain unknown. This is the first study to investigate
the mechanisms of BHBA on gene expression andmetabolism of rumen epithelium using young goats as a
model through multi-omics techniques. Thirty-two young goats were divided into control, low dose,
middle dose, andhigh dose groups by supplementation of BHBA in starter (0, 3, 6, and 9g/day, respectively).
Results demonstrated the dietary of BHBApromoted the growth performance of young goats and increased
width and length of the rumen papilla (P < 0.05). Hub genes in host transcriptome that were positively
related to rumen characteristics and BHBA concentration were identified. Several upregulated hub genes
including NDUFC1, NDUFB4, NDUFB10, NDUFA11 and NDUFA1 were enriched in the gene ontology (GO)
pathway of nicotinamide adenine dinucleotide (NADH) dehydrogenase (ubiquinone) activity, while
ATP5ME, ATP5PO and ATP5PFwere associated with ATP synthesis. RT-PCR revealed the expression of genes
(HMGCS2, BDH1, SLC16A3, etc.) associated with lipolysis increased significantly by BHBA supplementation
(P< 0.05).Metabolomics indicated that somemetabolites such as glucose, palmitic acid, cortisol and capric
acid were also increased (P < 0.05). This study revealed that BHBA promoted rumen development through
altering NADH balance and accelerating lipid metabolism, which provides a theoretical guidance for the
strategies of gastrointestinal health and development of young ruminants.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

The rumen is a vital organ modulating the absorption and uti-
lization of nutrients in ruminants. The effective nutrient transfer,
absorption, and metabolism ruminants depend on the rumen
transition from a pre-ruminant to a ruminant state. The rumen
epithelium is the core tissue for ruminant feed conversion. Previous
studies reported that feeding fermentable carbohydrates to young
ruminants increased rumen volatile fatty acid (VFA) production
(e.g., butyrate, acetate, and propionate) and stimulated the devel-
opment of rumen epithelium (Diao et al., 2019). After its absorption
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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by rumen epithelial cells, VFA is oxidized into ketones which
facilitate energy transport, signals for gene transcription, and the
regulation of metabolism. Therefore, the ketogenic capacity might
be correlated with the maturation of rumen function and devel-
opment (Lin et al., 2020; Lv et al., 2019; Zhuang et al., 2020).

One of themainmetabolic ketones of VFA in rumen epithelium is
b-hydroxybutyric acid (BHBA)which is considered as an indicator of
rumenmaturation and its VFAutilization ability (Deelen et al., 2016).
Beyond its role as an energy carrier, BHBA also maintains functions
involved in cellular signaling to regulate cell growth by activating or
inhibiting various signal pathways (Han et al., 2020). Cheng et al.
(2019) showed that BHBA boosted notch signaling to bolster intes-
tinal stem cells self-renewing capabilities, including proliferation
and function. BHBA can directly facilitate the differentiation and
migration of colon cancer cells through active oxidative phosphor-
ylation (Shakery et al., 2018). BHBA associated with metabolism
regulation was also reported in previous studies (Deng et al., 2015;
Fu et al., 2015; Han et al., 2020). Hence, it is important to investigate
themechanisms of BHBAduring the process of rumendevelopment.

Several studies have investigated the functions of endogenous
BHBA (Rahman et al., 2014; Yokoo et al., 2003) and found the intake
of exogenous BHBA may be beneficial to the body when the keto-
genic capacity is weak in young animals. Ang et al. (2020) showed
that the dietary synthetic ketone esters (mainly composed of BHBA)
modulated the gut microbiota and subsequently reduced the in-
testinal pro-inflammatory Th17 cell growth in mice and humans.
Wang's team reported that the addition of BHBA in the intestinal
tract of mice induced the increase of 3-hydroxy-3-methylglutaryl-
CoA synthase isoform 2 (HMGCS2) expression, which aided to
maintain the homeostasis of the intestinal environment and
regulate small intestinal cell differentiation and growth (Wang
et al., 2017). Benito et al. (2020) found that BHBA in small kerati-
nocytes which was activated by lipopolysaccharide significantly
reduced the ratio of nicotinamide adenine dinucleotide (NADH) to
NADþ in the cytoplasm, the uptake of glucose, and the export of
lactic acid. The injection of BHBA into the isolated cerebral cortex
could reduce the ratio of NADH to NADþ, enhance the respiration of
mitochondria, and delay cellular senescence by reducing the pro-
duction of free radicals (Shah et al., 2011).

Many studies have initially started to investigate the impacts of
BHBA, but these studies focused onmonogastric animals or humans,
and the important issues remain unaddressed for ruminants. For
instance, whether the exogenous dietary supplementation of BHBA
promotes the development of rumen epithelium? If so, which genes
are regulated by BHBA in the process of rumen development, and
how BHBA affects host metabolism and growth performance? In our
study, we hypothesized that the exogenous dietary supplementation
of BHBA could promote the development of rumen epithelium by
regulating the genes associated with the rumen development and
influencing the host metabolism and growth performance. The ob-
jectives of this study were to determine the impact of BHBA on the
development andmetabolism in the rumen epithelium.Multi-omics
techniques including transcriptomics and metabolomics were used
to quantitatively analyze rumen epithelial genes andmetabolites. In
addition, hub genes and metabolic which is connected with the
rumen traits andBHBAtreatmentwere identified. Thisworkprompts
us to better comprehend the mechanisms how BHBA affects gene
expression and metabolism patterns in rumen epithelium.

2. Materials and methods

2.1. Animal ethics statement

The study was conducted in accordance with the guidance of
Animal Ethics Committee of the Chinese Academy of Agricultural
11
Sciences (AEC-CAAS-20200605; Approval date: 6 November, 2020).
The experimental protocol was approved by Institute of Feed
Research, Chinese Academy of Agricultural Sciences, and all
methods were performed in accordance with the relevant guide-
lines and regulations. We also confirmed that the experiment
complied with the Animal Research Reporting of in Vivo Experi-
ments (ARRIVE) guidelines.

2.2. Animals trial and sample collection

In this experiment, a total of 32 healthy female Haimen young
goats (30 days of age) were selected in a goat farm (Haimen,
Jiangsu, China), and randomly divided into four groups based on
BHBA supplementation. From 30 to 90 days of age, goats in four
groups fed starter diet supplemented with 0, 3, 6, or 9 g/day per
goat of BHBA (named as CON, LOW, MIDDLE, and HIGH, respec-
tively). Prior to the study, young goats lived with their dams and
consumedmilk as their only feed source. From 30 to 60 days, young
goats were weaned and fed milk replacer (Table S1) and starter
(Table S2). Young goats were provided only starter from 60 to 90
days. During the trial, young goats were offered with 300 mL/time
per goat of milk replacer (the ratio of milk replacer to water is 1:5)
and fed 3 times a day. Young goats also had ad libitum access to
water and starter. The basic diet (milk replacer and starter) did not
contain BHBA. Ketone salt was selected as the addition form of
exogenous BHBA (99% purity), which was white power with no
irritating odor. BHBA was fully mixed with 50 g starter to feed the
young goats every morning, which ensured that BHBA could be
completely consumed by young goats.

Sixyounggoatswere selected fromeach group and slaughtered at
the end of the experiment (90 days of age). After the rumen was
collected and washed with phosphate buffered saline (PBS), and 3
pieces of rumen tissue from the ventral sacwere collected and stored
for analysis of morphology, transcriptomics, and metabolomics.

2.3. Analysis of nutrient composition of starter

The samples of starter were ground to pass through a 1-mm
sieve and dried in an oven at 135 �C for 2 h (method 930.15;
AOAC, 1990) to measure the dry matter (DM) content. The ash
content, nitrogen, neutral detergent fiber (NDF), acid detergent fi-
ber (ADF), calcium, and total phosphorus was measured according
to methods described by previous studies (Marshall et al., 1978;
Shiqin et al., 2019; Van Soest et al., 1991). Crude protein (CP) was
calculated as 6.25 � nitrogen.

2.4. Morphology measurement

A 2 cm � 2 cm section of rumen epithelium tissue was collected
from each goat kid and immediately washed with physiological
saline and fixed in a 250-mL jar containing 10% neutral formalin
solution after slaughter. The samples were dehydrated by different
concentrations of ethanol, embedded in paraffin sections, and cut
into 6 mm sections. The rumen papilla structure was observed under
a light microscope at 40� magnification (Olympus BX-51; Olympus
Corporation, Tokyo, Japan) after staining with hematoxylin and
eosin (H&E). The image-pro express image analysis processing
system (Image-Pro Plus 6.0, Media Cybernetics, Silver Spring, MD,
USA) was used to observe and measure the rumen papilla length,
papilla width, lamina propria thickness, and epithelial thickness.

2.5. Transcriptomic sequencing and analysis of rumen epithelium

Twenty-four rumen epithelium samples were used for tran-
scriptomic analysis. RNA from the rumen epithelial tissue was
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extracted using the TRIzol reagent according to manufacturer's
protocol (Invitrogen, CA, USA). In order to ensure the RNA con-
centration and quality, we measured the absorbed optical density
ratio of total RNA (OD260/280 between 1.80 and 2.10) using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Madison, WI) and confirmed the RNA integrity by running 1.4%
agarose-formaldehyde gel.

DNase I was used to eliminate double-stranded, and single-
stranded DNA contaminants in all RNA samples and mRNA mole-
cules were purified from total RNA using oligo(dT)-attached mag-
netic beads. After fragmenting the mRNA of samples into small
pieces using fragmentation reagent, the first-strand cDNA was
generated using random hexamer-primed reverse transcription,
followed by second-strand cDNA synthesis. The synthesized cDNA
was subjected to end-repair and then was 30 adenylated. Adaptors
were ligated to the ends of these 30 adenylated cDNA fragments.
The ligated products were amplified by PCR with specific primers.
The PCR product was thermally denatured into a single strand, and
then the single-strand DNA was cyclized with a single segment
bridge primer to obtain a single strand cyclic DNA library initially
on a BGISEQ-500 platform (Beijing Genomics Institute, Shenzhen,
China). The quality inspection of the constructed library was carried
out and the sequencing was carried out after the library was
qualified. The RNA library was sequenced at Beijing Genomics
Institute (BGI) Co., Ltd. The Pacbio RS II sequencer (Pacific Bio-
sciences, CA, USA) was used to obtain 150 bp paired end reads
according to the manufacturer's instructions.

After quality control of raw reads, clean reads were obtained,
and HISAT2 (https://ccb.jhu.edu/software/hisat2/index.shtml) was
used to align the clean reads to the host. StringTie (version 1.3.4d)
was utilized to map reads for describing the expressions of gene
transcripts (Pertea et al., 2016). Then, fragments per kilobase of
transcript per million fragments mapped (FPKM) methods had
been used to calculate the expression level of genes (Trapnell et al.,
2010). The differentially expressed genes (DEGs) were identified
by the DESeq method, with threshold values being folded change
� 1.37 and Q < 0.05. Only the detected genes (FPKM > 0.1 in each
sample) were considered to conduct further analysis. Gene
ontology (GO) enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were carried out by KOBAS (version 3.0,
http://kobas.cbi.pku.edu.cn/kobas3).

2.6. Gene expression quantified by RT-PCR

Based on the discoveries of the analysis of host transcriptomics,
the genes related to lipid metabolism were quantified using RT-
PCR. RNA extraction was identical to the method of tran-
scriptomic measurement. The RT-PCR was performed in a 20 mL
reaction mixture including 10 mL 2� qPCR Master Mix (SinoGene,
Beijing, China) as a fluorescent dye, 0.5 mL of each primer (10 mM),
8.0 mL ddH2O and 1 mL DNA templates (10 ng). RT-PCR cycling
process was as follows: initial denaturation at 95 �C for 10 min,
followed by 40 cycles of denaturation at 95 �C for 20 s, annealing at
60 �C for 30 s, extension at 72 �C for 30 s and a final extension at
72 �C for 10 min. The primer sequencings designed for this study
are listed in Table S3.

2.7. Metabolites identification and quantification of rumen tissues

The metabolites in rumen epithelium tissue, with 24 samples,
were measured using metabolomics technology. Each sample was
weighed to 100 mg and ground with a SCIENTZ-48 tissue grinder
(SCIENTZ, Ningbo, China). Then, the rumen power was transferred
into a 5-mL tube mixed with 2 mL tissue extract fluids (75% meth-
anol and 25% ddH2O) and 3 steel beads. After ultrasound at room
12
temperature for 30 min and chilling on ice for 1 h, a refrigerated
centrifuge was used to separate the supernatant of the mixture at
6,000 � g for 20 min at 4 �C. The supernatant was removed into 2-
mL centrifuge tubes and concentrated to dryness in a vacuum. The
resulting sample was dissolved with 200 mL of 50% acetonitrile so-
lution containing 2-chlorobenzalanine, and the supernatant was
filtered using a 0.22-mm membrane. By mixing equal volumes
(20 mL) from each sample, quality control (QC) samples were made
to calibrate the error for the analysis. The remaining sample was
prepared for LC-MS detection using Thermo Q Exactive Plus
(Thermo Fisher Scientific, Waltham, MA) and Thermo Vanquish
(Thermo Fisher Scientific, Waltham, MA) to detect metabolites.

2.8. Statistical analyses

One-way ANOVA in SPSS software (version 25, SPSS Inc., Chi-
cago, IL) was applied to compare the difference of the indicators
including rumen epithelial section parameters, DGEs among four
groups. The results with P < 0.05 were adjudicated as statistical
significance.

The weighted gene co-expression network analysis (WGCNA) al-
gorithm (Langfelder andHorvath, 2008) in the R packagewas used to
access the modules of genes and metabolites related to the charac-
terization of the rumen epithelium development and BHBA concen-
tration. The network of genes was constructed by Cytoscape (version
3.7.1, Bethesda, MD, USA) for visualization. Hub genes in the network
were selected using the MCODE plugin in Cytoscape (version 2.0,
http://apps.cytoscape.org/apps/mcode) with programmed parame-
ters (degree cutoff: 2; K-Core: 2; and max depth: 100).

The functional enrichment analysis of metabolites was per-
formed using MetaboAnalyst 5.0 platform (www.metaboanalyst.
ca). The Spearman's analysis was performed to calculate the cor-
relations between hub genes and major metabolites with ‘psych’
package in R. The result was visualized using the heatmap. The
connections were considered significant if P < 0.05 and |R| > 0.5.

3. Results

3.1. Growth performance and rumen epithelial morphology

In our study, the results showed that the dietary supplementation
of BHBA could promote the growth performance of young goats from
30 to 90 days old. Compared with the CON group, the dry matter
intake (DMI) of starter were higher in the LOW and HIGH groups
significantly (P ¼ 0.016; Table S4). Similarly, we also observed the
higher average daily gain (ADG) in the LOW and HIGH groups
(P ¼ 0.001). While feed conversion ratio showed no significant dif-
ference among these four groups (P > 0.05). As we know, the growth
of younggoats reliedon thehealthyand rapiddevelopmentof rumen.
Hence, we further investigated the characterization and molecular
mechanism of rumen development of young goats in each group.

The morphological changes of rumen epithelium influenced by
dietary BHBA are shown in Fig. 1 and Table 1. Compared with the
control (CON) group, the development of rumen papilla was pro-
moted by BHBA. LOW and HIGH groups' lengths of the rumen
papilla were significantly greater (P ¼ 0.023) than the CON group.
The ruminal papillae width was increased in response to the sup-
plementation of low and medium doses of BHBA (P ¼ 0.030). In
addition, lamina propria thickness and epithelial thickness were
not affected by BHBA supplementation (P > 0.05).

3.2. Genes in rumen epithelium influenced by adding BHBA

We next sought to investigate the effects of BHBA addition on
gene expression in the rumen epithelium. The rumen epithelial
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Fig. 1. The effect of BHBA addition to the solid diet on the morphology of the rumen epithelium in young goats. Representative rumen epithelial micrograph in the groups of (A)
CON, (B) LOW, (C) MIDDLE and (D) HIGH. Images were obtained through a light micrograph of rumen tissue (40�magnification). CON ¼ starter supplemented with BHBA at 0 g/day
per goat; LOW ¼ starter supplemented with BHBA at 3 g/day per goat; MIDDLE ¼ starter supplemented with BHBA at 6 g/day per goat; HIGH ¼ starter supplemented with BHBA at
9 g/day per goat. BHBA ¼ b-hydroxybutyric acid.

Table 1
Effects of BHBA addition on rumen epithelium parameters in the different groups.

Epithelial morphology Groups1 SEM P-value

CON LOW MIDDLE HIGH

Papilla length, mm 958.60b 1638.02a 1263.01ab 1531.98a 91.705 0.023
Papilla width, mm 323.71b 431.43a 412.48a 352.94ab 15.471 0.030
Lamina propria thickness, mm 410.19 434.22 347.86 381.70 32.830 0.842
Epithelial thickness, mm 65.61 82.73 79.78 82.18 3.717 0.312

BHBA ¼ b-hydroxybutyric acid.
a,b Values in a row with no common superscripts differ significantly (P < 0.05).

1 CON ¼ starter supplemented with BHBA at 0 g/day per goat; LOW ¼ starter supplemented with BHBA at 3 g/day per goat; MIDDLE ¼ starter supplemented with BHBA at
6 g/day per goat; HIGH ¼ starter supplemented with BHBA at 9 g/day per goat.
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transcriptome produced 117.00 GB of clean data. Each sample scored
an average of 4.87 GB. The expression profiles of 12,143 genes were
determined in all rumen epithelial tissue samples. Compared to the
CON group, we identified 58 DEGs (42 upregulated and 16 down-
regulated) in the LOW group, 44 DEGs (41 upregulated and 3
downregulated) in the MIDDLE group, and 250 DEGs (150 upregu-
lated and 100 downregulated) in the HIGH group, respectively
(Fig. S1). To determine comprehensive gene expression influenced
by factors including rumen epithelial character and BHBA effects,
WGCNA was performed to screen modules of genes. As a result, 11
modules (named colors, MEblackeMEgrey) of co-expressed genes
were identified (Fig. 2A and B). Since the MEblack module had the
strongest correlation with the indexes (rumen weight, the length of
rumen papillae, the width of rumen papillae, dietary factors, and
concentration gradient), its major genes are shown in the heat map
(Fig. 2C). The MEblack module (496 genes; 4.08% of total genes) was
also closely associated with diet, negatively related to low concen-
trations of BHBA, and positively related to high concentrations of
BHBA. Moreover, the expression in MEblack had the highest abun-
dances in the MIDDLE group.
13
Using the MCODE plugin in Cytoscape, 32 hub genes in the
MEblack module were found, and their correlations with other
genes were shown in the network plot (Fig. 3A). A total of 88 GO
terms targeting these hub genes were induced in the biological
processes (P < 0.05) (Table S5). Main functions were related to
oxidative metabolism, including mitochondrial respiratory chain
complex I (15.63%), NADH dehydrogenase (ubiquinone) activity
(12.50%), ATP biosynthetic process (9.38%), mitochondrial ATP
synthesis coupled proton transport (9.38%), and long-chain fatty
acyl-CoA binding (3.13%). The genes annotated in the above func-
tions mainly covered NADH:ubiquinone oxidoreductase subunit C1
(NDUFC1), NADH:ubiquinone oxidoreductase subunit B4 (NDUFB4),
NADH:ubiquinone oxidoreductase subunit B10 (NDUFB10), NAD-
H:ubiquinone oxidoreductase subunit A11 (NDUFA11), NADH:ubi-
quinone oxidoreductase subunit A1 (NDUFA1), ATP synthase
membrane subunit e (ATP5ME), ATP synthase peripheral stalk
subunit OSCP (ATP5PO), and ATP synthase peripheral stalk subunit
F6 (ATP5PF). Therefore, we compared the relative expression of
these 8 genes in each group. As expected, 5 genes (NDUFC1,
NDUFB4, NDUFB10, NDUFA1, and ATP5PO) increased significantly



Fig. 2. Gene co-expression network and its relationship with phenotypes of goats. (A) The dendrogram derived from the gene co-expression network of samples in the four groups
(CON, LOW, MIDDLE, and HIGH). (B) The relationship between rumen parameters, dietary factors, concentration gradient and the 11 modules of genes (MEblack to MEgrey). Green
colors represent negative correlations, whereas red colors represent positive correlations. Numerical values within a square represent Pearson correlation r values and P values. P
values are in the behind parentheses. (C) Heat map to show gene expression of the MEblack module. The color of cells from green to red corresponds to the relative expression of
genes from low to high. The numbers on the left side of the figure represent the gene IDs, while group names plus sample ID were labeled over the figure.

Y. Zhuang, J. Chai, M.M. Abdelsattar et al. Animal Nutrition 15 (2023) 10e21
(P < 0.05) due to the addition of BHBA (Fig. 3C). In addition, several
GO terms belonging to gene expression, such as 5S class rRNA
transcription by RNA polymerase III (3.13%), tRNA transcription by
RNA polymerase III (3.13%) and transcription by RNA polymerase III
(3.13%) were induced. Notably, L-glutamate transmembrane
transport (3.13%) and regulation of steroid biosynthetic process
(3.13%) were also enriched (Table S5). These results indicated that
BHBA may manipulate cell growth by regulating the mitochondrial
energy supply system. Then, the hub genes were casted to KEGG
pathways, which were grouped in 10 functions (Fig. 3B). The most
active enrichments were oxidative phosphorylation, thermogene-
sis, retrograde endocannabinoid signaling and metabolic pathway.
In addition, cholesterol metabolism, RNA transport and protein
processing in endoplasmic reticulum were also enriched. Conse-
quently, similar to the results presented by GO, the hub genes were
mainly associated with energy production, lipid metabolism, RNA
transcription, and protein synthesis.

Regarding fatty acids as the most important substrate for energy
metabolism in the rumen and the active performance of mito-
chondrial energy synthesis revealed by transcriptomics, the genes
14
associated with lipid metabolism (including 3-hydroxy-3-
methylglutaryl-CoA lyase [HMGCL], b-hydroxybutyrate
dehydrogenase-1 [BDH1], HMGCS2, 3-hydroxy-3-methylglutaryl-
CoA synthase isoform 1 [HMGCS1], peroxisome proliferator-
activated receptor alpha [PPARA], peroxisome proliferator-
activated receptor gamma [PPARG], solute carrier family 16 mem-
ber 1 [SLC16A1], and solute carrier family 16 member 3 [SLC16A3])
were further verified by RT-PCR. Intriguingly, the relative abun-
dances of BDH1, PPARA, and SLC16A3 genes demonstrated similar
trends with the hub genes enriched in energy metabolism
(P < 0.05; Fig. 3D). Additionally, the expressions of HMGCL, HMGCS1
and SLC16A1 were increased in the MIDDLE or HIGH groups
(P < 0.05).

3.3. The metabolites in rumen epithelium influenced by BHBA
addition

Metabolomics were performed to detect the metabolites in
rumen epithelium in response to BHBA supplementation. Across
the 24 samples, a total of 657 metabolites were detected by LC-MS



Fig. 3. Network plot, functional description, and relative expressions of the hub genes in the M10 module. (A) Network analysis of the hub genes. The circle shape represents the
hub gene. The 5 genes in the blue color were enriched in the respiratory electron-transport chain, the 3 genes in the green color were enriched in ATP synthesis, and other genes
labeled with the pink color were related to other functions. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the hub genes. (C) The relative expressions
of 8 genes (including NDUFC1, NDUFB4, NDUFB10, NDUFA11, NDUFA1, ATP5ME, ATP5PO and ATP5PF) based on transcriptomics are shown by histograms. (D) The relative expressions of
these 8 genes related to lipid metabolism were quantified by RT-PCR. Four groups were differentiated by color (blue, red, green, and yellow). CON ¼ starter supplemented with
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Fig. 4. The principal component analysis (PCA) of metabolite composition in different groups (CON, LOW, MIDDLE, and HIGH). Each point represents a unique sample, and different
colors represent different groups. CON ¼ starter supplemented with BHBA at 0 g/day per goat; LOW ¼ starter supplemented with BHBA at 3 g/day per goat; MIDDLE ¼ starter
supplemented with BHBA at 6 g/day per goat; HIGH ¼ starter supplemented with BHBA at 9 g/day per goat.
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instrumentation. The principal component analysis (PCA) showed
the remarkable difference of metabolite composition between CON
and BHBA groups (Fig. 4). Furthermore, WGCNA was performed to
cluster metabolites and identify modules associated with rumen
epithelium features and the BHBA. As a result, 7 modules (named
ME0 to ME6) were classified (Fig. 5). Although none of the modules
showed significant correlations with the traits of the rumen, the
ME3 module of metabolomics (70 metabolites; 10.65% of total
metabolites) demonstrated strong, positive correlations with the
concentration gradient of BHBA supplementation (Fig. 5A),
consistent with the results of the MEblack module in the tran-
scriptome. The concentration of metabolites in ME3were increased
as the dose of BHBA supplementation increased (Fig. 5B). In the
ME3 module, BHBA increased glycation end products such as D-
glucose, b-D-glucosamine, etc. Metabolites related to lipid meta-
bolism, including palmitic acid, 25-hydroxycholesterol, cortisol,
and capric acid, also increased with BHBA. Of note, products of
nucleotide metabolism were also stimulated, such as cytidine,
nicotinamide riboside, hypoxanthine (Table S6).

Then, the pathway of 70 metabolites in the ME3 module was
determined using enrichment analysis (Fig. 5C). The subjected
metabolic pathways were associated with lactose degradation,
glycolysis, pyrimidine metabolism, fatty acid biosynthesis, and beta
oxidation of very long chain fatty acids. Moreover, amino acid
metabolism, including glutathione metabolism, cysteine meta-
bolism, tyrosine metabolism, phenylalanine and tyrosine meta-
bolism, and lysine degradation were enriched.
BHBA at 0 g/day per goat; LOW ¼ starter supplemented with BHBA at 3 g/day per goat; M
plemented with BHBA at 9 g/day per goat. FPKM ¼ fragments per kilobase of transcript per
NDUFB4 ¼ NADH:ubiquinone oxidoreductase subunit B4; NDUFB10 ¼ NADH:ubiquinone ox
NDUFA1 ¼ NADH:ubiquinone oxidoreductase subunit A1; ATP5ME ¼ ATP synthase membr
synthase peripheral stalk subunit F6; HMGCL ¼ 3-hydroxy-3-methylglutaryl-CoA lyase; BDH
synthase isoform 2; HMGCS1 ¼ 3-hydroxy-3-methylglutaryl-CoA synthase isoform 1; PPARA
activated receptor gamma; SLC16A1 ¼ solute carrier family 16 member 1; SLC16A3 ¼ solute
over bars represent these groups had significantly higher (P < 0.05) values than the CON g
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3.4. Correlation between hub genes of MEblack module and major
metabolites of ME3 module

The correlation between hub genes of the MEblack module and
major metabolites of the ME3 module was calculated (Fig. 6). The
hub genes, including NDUFB10, ATP5PO, NDUFC1, and NDUFB4, were
strongly correlated (P < 0.05) with some metabolites. For example,
ATP5PO was strongly correlated with D-glucose, beta-D-
glucosamine, homogentisic acid, orotidylic acid, and dGMP.
NDUFC1 was positively correlated (P < 0.05) with palmitoyletha-
nolamide (PEA), dGMP, and D-xylose. Gene NDUFB10 showed a
strong correlation (P < 0.05) with genistein, dihydroxyacetone
(DHA), and orotidylic acid.

4. Discussion

BHBA, as one of the significant physiological ketones produced
by the rumen of ruminants, represents an indication of rumen
development integrity and plays essential roles in the regulation of
cell growth and metabolism. The mature rumen epithelium can
convert VFA into ketone bodies (mainly BHBA). However, due to the
undeveloped rumen and low ketogenic capacity of epithelial cells
in neonatal ruminants, supplementation of exogenous BHBA and its
mechanism to improve rumen development remains unknown.
This study found that the length and width of papillae were
increased when young goats consumed exogenous BHBA. The
analysis of genes and metabolites showed that BHBA promoted the
IDDLE ¼ starter supplemented with BHBA at 6 g/day per goat; HIGH ¼ starter sup-
million fragments mapped; NDUFC1 ¼ NADH:ubiquinone oxidoreductase subunit C1;
idoreductase subunit B10; NDUFA11 ¼ NADH:ubiquinone oxidoreductase subunit A11;
ane subunit e; ATP5PO ¼ ATP synthase peripheral stalk subunit OSCP; ATP5PF ¼ ATP
1 ¼ b-hydroxybutyrate dehydrogenase-1; HMGCS2 ¼ 3-hydroxy-3-methylglutaryl-CoA
¼ peroxisome proliferator-activated receptor alpha; PPARG ¼ peroxisome proliferator-
carrier family 16 member 3; NADH ¼ nicotinamide adenine dinucleotide. The asterisks
roup.



Fig. 5. The functions of key metabolites associated with BHBA addition. (A) The relationship between rumen parameters, dietary factors, concentration gradient and the 7 modules
(ME0 to ME6) of metabolites calculated by WGCNA. (B) Heat map of metabolites in the ME3 module. The color of cells from green to red corresponds to the relative expression of
metabolites from low to high. The numbers on left side of the figure represent the metabolites IDs, while group names plus sample ID were labeled over figure. (C) Enrichment
analysis of the metabolites in the ME3 module. BHBA ¼ b-hydroxybutyric acid.
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occurrence of oxidative phosphorylation to produce ATP for rumen
growth and maintain the balance of NADH/NADþ of cells according
to the activation of lipid metabolism and inhibition of glycogen
decomposition. In addition, the abundance of metabolites related
to amino acids, cholesterol, and nucleotides were increased.

At present, exogenous BHBA forms include ketone salts,
medium-chain triglyceride (MCT) oil, and ketone esters (Stubbs
et al., 2017). In this study, BHBA salts were chosen based on the
economic cost, palatability, and stability of their exogenous form.
Moreover, to determine the impacts of BHBA supplementation and
its dose on young goats, our preliminary experiment (data not
shown) was performed, and the supplementation level of BHBA
was established based on a previous human study (Kackley et al.,
2020). Then, we found that BHBA addition (6 g/day) could signifi-
cantly increase the body weights of young goats compared to the
17
control group, butyrate, and g-aminobutyric acid. Thus, based on
the results of preliminary experiment, we chose 6 g/day as the
intermediate dose of the additive to conduct this experiment in
further.

The papillae of rumen epithelium could expend the contact area
of the rumen wall with the digesta and enhance nutrient absorp-
tion (Malmuthuge et al., 2019). The length and width of rumen
papillae are the most typical indexes for evaluating the state of
rumen development (Lesmeister et al., 2004). In the present study,
dietary BHBA increased rumen development. BHBA was metabo-
lized from VFA (mainly butyric acid) through oxidative metabolism
in the rumen epithelial cell's mitochondria. Similar studies on
exogenous butyrate regulating rumen development have been
extensive and gradually deepened. Many studies (Cavini et al.,
2015; Gorka et al., 2018) have demonstrated that the infusion of



Fig. 6. Spearman's correlation between the hub genes related to oxidative phosphorylation and metabolites in the ME3 module. The correlation coefficients between the two
factors are indicated by the intensity of the color. The colors of the squares range from blue to purple to indicate negative (closer to �1) to positive (closer to 1) correlations.
NDUFB10 ¼ NADH:ubiquinone oxidoreductase subunit B10; ATP5ME ¼ ATP synthase membrane subunit e; ATP5PO ¼ ATP synthase peripheral stalk subunit OSCP;
NDUFA11 ¼ NADH:ubiquinone oxidoreductase subunit A11; NDUFA1 ¼ NADH:ubiquinone oxidoreductase subunit A1; NDUFC1 ¼ NADH:ubiquinone oxidoreductase subunit C1;
NDUFB4 ¼ NADH:ubiquinone oxidoreductase subunit B4; ATP5PF ¼ ATP synthase peripheral stalk subunit F6; NADH ¼ nicotinamide adenine dinucleotide. The degree of significance
is indicated by the asterisk symbol, * 0.01 < P < 0.05, ** 0.001< P < 0.01, ***P < 0.001.
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sodium butyrate promoted the growth of rumen papillae. This may
be due to the large amount of energy released during the conver-
sion of sodium butyrate to BHBA that is absorbed by growing
epithelial cells (Allen and Michael, 2014). The metabolic product of
BHBA also acts as an energy substrate and regulatory factor to
promote the further development of rumen epithelium. In our
study, based on our initial view of morphological pictures and
corresponding indicators, it was undoubted that BHBA had
remarkable effects on rumen development. In addition, in this
study, we have also confirmed that different level of BHBA addition
could significantly improve the DMI and ADG of young goats and so
on (Abdelsattar et al., 2022). On the one hand, the mature rumen
improved by BHBA showed higher efficient digestion to consume
more solid feed for growth needs. On the other hand, the previous
studies have showed the introduction of solid feed and increase of
the intake could further promote rumen development. This is
because the physical friction of the solid feed against the rumen
wall stimulates the growth of the rumen papillae (Lv et al., 2019)
and the nutrients from the feed also provide the necessary energy
for rumen development (Lin et al., 2019), which indicated that
BHBA also could promote growth performance and rumen devel-
opment of goats by improving feed intake.

Transcriptomics and untargeted metabolomics were applied to
further analyze the internal mechanisms of rumen epithelial dif-
ferences in response to dietary BHBA. BHBA is involved in main-
taining NADH/NADþ equilibrium in cells (Newman and Verdin,
2014). The excessive attrition of NADþ may accelerate cell
apoptosis and the occurrence of metabolic diseases (Stein and Imai,
2012). In this study, the expression of hub genes (NDUFC1, NDUFB4,
NDUFB10,NDUFA11, andNDUFA1) belonging to theMEblackmodule
were increased in respiratory complex I (CI, NADH:ubiquinone
oxidoreductase) (Abu Dawud et al., 2012). These genes were all an
accessory subunit of CI and responsible for the transferring of
electrons from NADH to the respiratory chain required for oxidative
phosphorylation (reaction equation: NADH þ Hþ þ Q þ 4Hþ (ma-
trix)/NADþ þQH2þ 4H (intermembrane space [IMS])) (Wu et al.,
2016). Therefore, BHBA replenished the concentration of NADþ by
increasing the activity of CI, thereby regulating cell homeostasis
and growth.
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On the other hand, nicotinamide ribotide (NMN) is the most
direct precursor of NADþ in mammals. Evidence accumulated in
studies of rodents proved that NMN infusion effectively strength-
ened NADþ biosynthesis in various tissues and cells. In this study,
NMN abundance showed a significant increase in response to BHBA
supplementation. This may be another method for BHBA to adjust
the balance of NADH/NADþ. However, the signal pathway of NMN
induced by BHBA remains unknown, which is another crucial
question to address. ATP5ME, ATP5PO, and ATP5PF are all ATP
synthase subunits in the mitochondrial membrane (F1F0 ATP
synthase or Complex V), which participated in the process of ATP
assembly. Under a high proton gradient caused by CI activity, it is
unsurprising that their expressions increased significantly. Veech
(2004) reported that BHBA supplementation improved the effi-
ciency of ATP production based on the mitochondrial proton
gradient and inhibited free radicals. Shakery et al. (2018) also found
BHBA addition stimulated oxidative phosphorylation and increased
the amount of ATP in colon cells, consistent with the results of this
experiment.

NADH is the material basis of oxidative phosphorylation and
derives from the processes of biochemical metabolism, such as
glycolysis, tricarboxylic acid cycle, lipid oxidation, etc (Wilson,
2017). The results of RT-PCR showed several genes (HMGCS2,
BDH1, PPARA, and SLC16A3) associated with VFA metabolism were
increased with BHBA supplementation, which implied lipid meta-
bolism was one major pathway to induce mitochondrial ATP pro-
duction. Additionally, BHBA providing roles as a signal molecule or
ligand to regulate mitochondrial enzymes is a broad consensus.
HMGCS2 is the rate-limiting enzyme involved in the generation of
ketone bodies from lipids in the rumen (Wang et al., 2019). The
initiation of its transcription is mainly controlled by two signal
molecules, the positive regulation of FOXA2 (Vonmeyenn et al.,
2013) and the negative regulation of mTORC (Howell and
Manning, 2011). Firstly, histone deacetylases (HDACs) mediated
deacetylation leads to the inactivation of FOXs. Many studies
proved BHBA was an endogenous inhibitor of class I HDACs
(Mikami et al., 2020). Simultaneously, acetyl-coenzyme and NADH
generated from BHBA's metabolism increased the acetylation level
of mitochondrial proteins, which indirectly led to the transcription



Fig. 7. Comprehensive response of gene expression and metabolic pathways in rumen epithelial to the introduction of BHBA and the interaction between them. The red arrows
represent activation, and the blue arrows represent inhibition. BHBA ¼ b-hydroxybutyric acid; NADH ¼ nicotinamide adenine dinucleotide; SLC16A1 ¼ solute carrier family 16
member 1; SLC16A3 ¼ solute carrier family 16 member 3; NDUFC1 ¼ NADH:ubiquinone oxidoreductase subunit C1; NDUFB4 ¼ NADH:ubiquinone oxidoreductase subunit B4;
NDUFB10 ¼ NADH:ubiquinone oxidoreductase subunit B10; NDUFA11 ¼ NADH:ubiquinone oxidoreductase subunit A11; NDUFA1 ¼ NADH:ubiquinone oxidoreductase subunit A1;
HMGCL ¼ 3-hydroxy-3-methylglutaryl-CoA lyase; HMGCS2 ¼ 3-hydroxy-3-methylglutaryl-CoA synthase isoform 2; BDH1 ¼ b-hydroxybutyrate dehydrogenase-1;
PPARA ¼ peroxisome proliferator-activated receptor alpha; ATP5ME ¼ ATP synthase membrane subunit e; ATP5PO ¼ ATP synthase peripheral stalk subunit OSCP; ATP5PF ¼ ATP
synthase peripheral stalk subunit F6.
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of metabolic enzymes. Secondly, mTOR reduces mitochondrial ac-
tivity by inhibiting PPARA, the dominant regulator of mitochondrial
function enzymes (Kersten and Stienstra, 2017). Fatty acids and
their derivatives, including BHBA, are highly effective ligands for
inducing PPARA. As expected, high-level expression of PPARA in
treated groups was our primary focus. Another important note is
that recent studies have shown the accumulation of BHBA and the
increase of HMGCS2 expression strengthened the ability of intes-
tinal epithelial cells to proliferate and differentiate. Exogenous
BHBA supplementation repaired the blockage of intestinal regen-
eration caused by HMGCS2 deletion, which suggested that BHBA
may be a direct promoter of epithelial cell growth (Wang et al.,
2017). In addition, the expression of two VFA transporters
(SLC16A3 and SLC16A1) (Kuzinski et al., 2012) also increased
accordingly, which seemed to verify the active performance of lipid
metabolism pathways.

Glucose metabolism is another important source of energy
productivity in the cell. Some studies have reported that infusion of
BHBA in the heart resulted in glycogen synthesis and the inhibition
of glycolysis (Kashiwaya et al., 1994; Lund et al., 2015). The un-
derlying mechanism may be that BHBA reduced pyruvate dehy-
drogenase complex activity (PDH complex), which triggered the
stacking effect of pyruvate, which prevented glycogen degradation
via negative feedback loops. Another study involving the nervous
system reported that some glycolytic enzymes combined their
complexes with subunits of the ATP sensitive potassium (KATP)
channels, and the presence of BHBA increased the channel's
inhibitory transmitter release and thereby interfered with the
normal function of the enzymes (Lund et al., 2015). In the current
study, the abundance of glucose (alpha-D-glucose, beta-D-
glucosamine, and D-glucose) enriched in glycolysis and gluconeo-
genesis increased with BHBA supplementation. Accordingly, we
assumed that BHBA might inhibit glucose metabolism in rumen
epithelial cells. In addition, norepinephrine can activate the
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biochemical pathway of lipolysis (Schaff et al., 2014), and alter-
ations initiate the stimulation dynamics of the adrenal medulla in
nutrient concentration. BHBA, like glucose and short-chain fatty
acid, acts as a feedback regulation signal to activate the phospho-
lipase C b (PLCb)/extracellular signal-regulated kinase (ERK)/syn-
apsin 2b/G-protein coupled receptor 41 (GPR41) pathways in
sympathetic neurons, and in turn, regulates hormone release in
adrenal medulla (D. Inoue and Takei, 2012; Stricker et al., 1977;
Won et al., 2013). In our study, the increased abundance of
norepinephrine performed dose dependence of BHBA. Thus, we
made a conjecture that BHBA supplement also led the facilitation of
lipolysis according to noradrenaline. Notably, with lipolysis, fat
synthesis accordingly changes for the balance of fat metabolism. In
our study, palmitic acid and capric acid were all enriched in the
pathway of fatty acid biosynthesis. We also found that the
expression of diazepam-binding inhibitor (DBI) was increased. DBI
was regarded as lipogenesis, and dietary enhancers with mice
experiment (Pedro et al., 2019). Taken together, we supposed that
BHBA promoted the metabolism of lipid and inhibited glycogen
breakdown.

On the other hand, in immature organs, BHBA is considered an
important precursor for amino acid synthesis (aspartate, glutamate,
and glutamine, etc.) and is also necessary for phospholipid bilayer
construction cells and repair of damaged cell connections (Müller
et al., 1976). Analysis based on the metabolome revealed that
several amino acids were increased, such as L-cystine and beta-
alanine with BHBA supplementation. Moreover, cholesterol in-
crease (hydroxycholesterol, oxidized cholesterol) and the activation
of its metabolic pathway were also observed. HMGCS1, as the rate-
limiting enzyme for the conversion of fatty acids to cholesterol (Yao
et al., 2020), significantly increased expression in the MIDDLE
group compared to the CON group via PCR quantification. Choles-
terol is a major component of cell membranes, whichmaintains the
stability and permeability of cells (Elustondo et al., 2017). Due to the
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sensitivity of mitochondria to cholesterol content, mitochondrial
biology is also affected, including oxidative stress, oxidative phos-
phorylation, etc (Martin et al., 2016). Considering the above, it is
supposed that BHBA assisted amino acid synthesis and promoted
cellular biofilm construction and mitochondrial activity with the
regulation of the cholesterol pathway.

Finally, we found that the abundances of nucleotide-related
metabolites (cytidine, orotidylic acid, dGMP, and NMN) were
increased with BHBA dietary. However, the exact mechanisms of
these metabolites in response to BHBA are unclear so far. Several
studies have proved that purines and pyrimidines had effects on
modulating cell proliferation and differentiation (Burnstock and
Ralevic, 2014; Burnstock and Verkhratsky, 2010). Adenosine
mediated by P2Y induced the mRNA expression of genes related to
cell cycles, leading to muscle cell proliferation in rats. Nucleotide
ligands enhanced DNA synthesis andmigration by apamin sensitive
small-conductance Ca2þ-activated Kþ channels in most cells
(Yamazaki et al., 2011). In addition, nucleotides are precursors for
the synthesis of biological macromolecular-nucleic acids (DNA and
RNA), which are essential for DNA replication and transcription.

5. Conclusions

In summary, we demonstrated that BHBA addition in solid feed
promoted the growth performance and stimulated rumen epithe-
lial development in young goats. Based on gene quantification and
metabolomics, BHBA activated oxidative phosphorylation to
maintain NADH/NADþ equilibrium and enhanced ATP formation
via the accelerating of lipid metabolism and inhibition of the
glycolysis (Fig. 7). Furthermore, cholesterol and nucleotide
metabolomics were also active. These findings in our study high-
light the beneficial effects of BHBA on rumen development.
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