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Introduction
Ruminants are the important livestock species providing milk 
and meat from consumption of highly fibrous feedstuffs. 
Cattle, goat, and sheep have been widely used for years as mod-
els to study ruminal fermentation and the mechanisms whereby 
tissues use nutrients for milk synthesis, growth, and reproduc-
tion.1 For the dairy cow, feeding in the dry period strongly 
influences the metabolic process, feed intake after calving, fer-
tility, as well as milk production and composition. The transi-
tion from late gestation to early lactation also represents a 
challenge for high-yielding dairy cows. Significant metabolic, 
physiological, and nutritional changes occur at parturition and 
the onset of lactation.2,3 Therefore, feeding management dur-
ing dry period is critical to a cow’s performance and health in 
the next lactation. The rumen is vital to milk production and 
cow health. The rumen epithelium is responsible for several 
physiologically relevant functions, including absorption, transport, 
short-chain fatty acids (SCFAs) metabolism, and protection.4 
Thus, the rumen plays a central role in dictating the net efficiency 
of feed conversion, and understanding the regulation of its 

functional activity such as transcriptome is essential for creat-
ing effective nutritional management strategies.

The SCFAs (acetate, propionate, and butyrate, also known 
as volatile fatty acids [VFAs]) are produced in the gastrointes-
tinal tract by microbial fermentation and then are directly 
absorbed at the site of production. Short-chain fatty acids con-
tribute up to 70% of the energy requirements of ruminants.5 
Although acetate and propionate hold a prominent position in 
providing energy to ruminant metabolism, butyrate, which is 
present in relatively low concentrations, seems to be involved in 
metabolism beyond its role as a nutrient. Our previous research 
showed that butyrate, formed in the rumen during the micro-
bial fermentation of dietary fiber, can regulate DNA histone 
modification6-8 and regulate gene networks controlling cellular 
pathways like cell signaling, proliferation, and apoptosis.9 
Butyrate is a histone deacetylase (HDAC) inhibitor that can 
alter histone acetylation and methylation,10 and therefore likely 
plays a prominent role in regulating genomic activities influ-
encing rumen nutrition utilization and function.
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As the functional part of the genome, the transcriptome is 
known to have distinct profiles unique to cell type, develop-
mental stages, and health status.11 RNA sequencing (RNA-
seq) has been widely used as a highly reliable tool for unbiased 
analysis of transcriptome changes within cells and tissues.12 
Using gene co-expression network analysis, RNA-seq can help 
detect complex transcriptional interaction and regulation. 
Short-chain fatty acids, as the essential elements of nutrients, 
also interact with the genome functions and have a significant 
impact on the transcriptome profiles.13 The advent of high-
throughput technologies to study genome, proteome, and 
nutrigenomic in animals presents the opportunities to study 
multiple levels of biological information to better understand 
the whole animal response to nutrition, environment, physio-
logical state, and their interactions.1 In a previous study, the 
temporal effect of elevated butyrate concentrations on the 
transcriptome of rumen epithelium of lactation cattle was 
evaluated via infusion of butyrate and serial biopsy sampling.14 
In contrary to lactation cow, the dry period is considered the 
cow’s resting period and is commonly set 6 to 8 weeks before 
calving.15 Proper management and nutrition of the dry cow are 
critical for obtaining maximum dry matter intake, good health, 
increased reproduction efficiency, and optimum milk produc-
tion in the following lactation. In this report, Next-generation 
sequencing (NGS) technique was used to profile the transcrip-
tome of rumen epithelium of cattle in the dry period and the 
temporal impact of butyrate infusion at the level of the whole 
transcriptome.

Materials and Methods
Animal experiment

Eight ruminally cannulated Holstein cows in the dry period 
used in this study were previously defined.16 All cows were at 
the midpoint in the dry period. All sampling was completed at 
least 3 weeks prior to expected calving. All animal procedures 
were conducted under the approval of the Beltsville Area 
Institutional Animal Care and Use Committee and the 
University of Maryland Animal Care and Use Committee. 
Cows were moved to a tie stall barn for adaptation and acclima-
tion at least 5 days before the infusion experiment. Rumen epi-
thelial samples were collected before butyrate infusion (0 hours), 
which served as the baseline controls. Ruminal infusion of 
butyrate was immediately following 0-hour sampling (baseline 
controls) and thereafter continued for 168 hours at a rate of 
5.0 L/day of a 2.5-M solution (representing 10% of daily antic-
ipated metabolizable energy intake to support lactation) in a 
buffered saliva solution (pH 7.0; 3.8% KHCO3, 7.3% 
NaHCO3) as a continuous infusion. Following the 168-h infu-
sion, the infusion was stopped, and cows were maintained on 
the basal lactation ration for an additional 168 hours for sam-
pling. Rumen epithelial samples were serially collected via biopsy 
through rumen fistulae at 0, 24, 72, 168, and 336 hours of infu-
sion, and 24- and 168-hour post-infusion (post 24 and 

168 hours, respectively). Rumen biopsies were taken from the 
field of papillae at the base of the pillar separating the reticulo-
rumen junction below the surface of the rumen liquor. Papillae 
were pinched, by hand, and placed into copious amounts of 
physiological saline to rinse away adherent feed particles. 
Individual papillae were picked up by forceps and rinsed fur-
ther, blotted dry before being placed into the RNAlater, and 
stored in −80°C immediately until RNA extraction.

RNA extraction and RNA-seq

RNA extraction procedure was reported previously.17 Total 
RNA from 40 rumen epithelial samples was extracted using 
Trizol (Invitrogen, Carlsbad, CA, USA) followed by DNase 
digestion and Qiagen RNeasy column purification (Qiagen, 
Valencia, CA, USA) as previously described.17 Agilent 
Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) was used to 
verify the RNA integrity. High-quality RNA (RNA integrity 
number [RIN]: 9.0) was processed using an Illumina TruSeq 
RNA sample prep kit following the manufacturer’s instruction 
(Illumina, San Diego, CA, USA). After quality control proce-
dures, individual RNA-seq libraries were pooled based on their 
respective sample-specific 6-bp (base pairs) adaptors and 
sequenced at 50 bp/sequence read using an Illumina HiSeq 
2000 sequencer (Illumina, Inc. San Diego, CA) as described 
previously.18

Bioinformatics and data analysis

The CLC Genomics Workbench (v10; Qiagen) was used for 
RNA-seq data analysis. Raw sequence reads were first checked 
using a quality control pipeline. Nucleotides of each raw read 
were scanned for low quality and trimmed. Trimmed reads 
were aligned to the bovine reference genome (BosTau_
UMD3.1). Gene expression levels of mapped reads were nor-
malized as reads per kilobase of exon model per million mapped 
reads (RPKM) using the CLC transcriptomic analysis tool. 
Differentially expressed genes in the transcriptome were fur-
ther analyzed using a gene ontology (GO) enrichment analysis 
module in the CLC Genomics Workbench. Enrichment of 
certain GO terms was determined based on the Fisher exact 
test. A multiple correction control (permutation to control false 
discovery rate) was implemented to set up the threshold to 
obtain the lists of significantly over-represented GO terms.

The molecular processes, molecular functions, and genetic 
networks were further evaluated by analyzing differentially 
expressed genes using Ingenuity Pathways Analysis (IPA; 
Qiagen). Ingenuity Pathways Analysis is a software application 
that enables biologists to identify the biological mechanisms, 
pathways, and functions most relevant to their experimental 
data sets or genes of interest. As integrated analysis software, 
the differentially expressed genes identified by CLC Genomics 
Workbench were directly uploaded into the IPA software from 
CLC Genomics Workbench. The “core analysis” function included 



Baldwin et al	 3

in the IPA software was used to interpret the differentially 
expressed data, which included biological processes, canoni-
cal pathways, upstream transcriptional regulators, and gene 
networks.

Canonical pathway analysis of data sets

Analysis of canonical pathways identified the pathways from 
the IPA library of canonical pathways that were most signifi-
cant to the data set. Genes from the data set that were associ-
ated with a canonical pathway in the Ingenuity Pathways 
Knowledge Base were considered for the analysis. The sig-
nificance of the association between the data set and the 
canonical pathway was measured in 2 ways: one was to use a 
ratio of the number of genes from the data set that map to the 
pathway divided by the total number of genes that map to the 
canonical pathway was displayed; the other was to use the 
Fisher exact test to calculate a P value that determines the 
probability that the association between the genes in the data 
set and the canonical pathway was explained by chance alone.

Pathway analysis and network generation

The data set containing gene identifiers and corresponding 
expression values was uploaded into the IPA application. Each 
gene identifier was mapped to its corresponding gene object in 
the Ingenuity Pathways Knowledge Base. These genes, called 
focus genes, were overlaid onto a global molecular network 
developed from information contained in the Ingenuity 
Pathways Knowledge Base. Networks of these focus genes were 
then algorithmically generated based on their connectivity.

Results
From RNA-seq reads of 40 rumen epithelial samples (8 ani-
mals with 5 sampling time points on day 0, day 1, day 3, day 
7, and day 14), a total of 18 337 genes were detected from at 
least one of the sample RNA-seq. There were 6259 genes 
with no expression (out of total of 24 596 genes annotated). 
In comparison with pre-infusion at 0 hours, a total of 3513 
genes were identified to be impacted in the rumen epithe-
lium by butyrate infusion at least once at different sampling 
time points at a stringent cutoff of FDR < 0.01. The maxi-
mal effect of butyrate was observed at day 7 (Figure 1 and 
Table 1). Among these impacted genes, 117 genes were 
responsive consistently from day 1 to day 14, and another 42 
genes were lasting through day 7. Therefore, most of the 
impacted genes are only presented at 1 or 2 sampling points, 
indicating that temporal changes of rumen epithelial tran-
scriptome were very dynamic induced by butyrate infusion. 
This indicated that other factors such as physical environ-
ments changed over time may also be part of reason for the 
dynamic of gene expression. The overlapping and specific 
responding genes at different sampling time points were 
illustrated in a Venn diagram (Figure 2A). While compared 
with the gene expression on the first day (D1) of infusion, 
there were 147 genes overlapped consistently from D3 to 
D7 and D14, 44 genes were responsive from D3 to D7 
(Figure 2B) of butyrate infusion.

GO enrichment analysis of genes impacted by 
butyrate infusion

Gene ontology enrichment analysis was performed to fur-
ther investigating the potential functions of the differen-
tially expressed genes induced by butyrate infusion. The 
changes of GO terms from enrichment analysis also reflect 
the dynamics of the impacts of butyrate infusion on rumen 
epithelial transcriptome. The top 5 GO terms in biological 
process enriched in differentially expressed genes from each 
sampling time points (D1, D3, D7, and D14) were listed in 
Table 2. Mitotic cell cycle process, cell cycle process, and 
regulation of cell cycle were the most significantly enriched 
GO terms in the biological process on day 1 (24 hours) after 
butyrate infusion. On day 3 (72 hours after butyrate infu-
sion) of butyrate infusion, however, the most significantly 
enriched GO terms in the biological process were negative 
regulation of biological process, negative regulation of cel-
lular process, and regulation of cell death. The top 5 GO 
terms enriched for the differentially expressed genes at each 
sampling time points (D1, D3, D7, and D14) were listed in 
Table 2. All the genes presented in each GO from the data 
sets are also listed in Supplement Table 1. In addition to 
biological process, GO terms in molecular activities were 
also analyzed. Interestingly, most GO terms in molecular 
activity in the 40 samples were related to RNA transcription 

Figure 1.  Volcano plots: the differentially expressed genes at different 

sampling time points after butyrate infusion (red dots indicate 

differentially expressed genes at cutoff of FDR < 0.01).
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activities such as RNA polymerase II core promoter 
proximal region sequence-specific DNA binding (Table 3 
and Supplement Table 2).

IPA annotated the biological function of impacted 
genes

Ingenuity Pathways Analysis was used to investigate further 
the biological functions affected by the butyrate infusion. 
Comparison analysis using IPA was performed to illuminate 
the dynamics and the tendency of the top functions impacted 
by butyrate infusion during 14 days. The top 10 affected func-
tions in differentially expressed genes at each sampling time 
point are presented in Figure 3A. The results were consistent 
with the GO enrichment analysis. The predominant func-
tions impacted during the whole experimental course were 
cell death and survival, cellular development, cellular growth, 
proliferation, and cell cycle progress. However, it is notable 
that at the sampling time points of D7 and D14, protein syn-
thesis was among the top 5 functions impacted by butyrate 
infusion. As presented in Figure 3B, although activation z 
scores of gene expression and protein synthesis were up on 
day 7, activation z scores for most of the top 10 cellular func-
tions, such as cellular movement, cellular development, cell 
cycle, and cell morphology, come down to the lowest level on 
day 7.

Ingenuity Pathways Analysis unveiled potential upstream 
regulators of gene expression in response to butyrate infusion. 
In response to butyrate infusion, upstream regulators may play 
a critical role in the regulation of gene expression. An IPA 
upstream regulator analysis identified many upstream regula-
tors which were involved in transcriptomics response induced 
by butyrate infusion in rumen epithelium. TP53, 1 of the top 5 
upstream regulators, consistently presented in all the sampling 
time points. The top 5 upstream regulators at different sam-
pling time points are listed in Table 4. Those upstream regula-
tors are correlated or overlapped in playing regulatory roles in 
cellular functions as illustrated in Figure 4A. Upstream regula-
tors platelet-derived growth factor-BB (PDGF-BB), tumor 
necrosis factor (TNF), and interleukin 1 beta (IL1b) are over-
lapped in downregulating EGR1, BTG2, FOS, JUN, ATF3, 
CYR61, and HBEGF genes. As a result, the DNA binding and 
DNA synthesis are downregulated.

In addition to the upstream regulators, IPA also exposed 
canonical pathways involved in differentially expressed genes. 
The results implicated that some essential canonical pathways 
are involved in differentially expressed genes induced by 
butyrate infusion. Two very interesting canonical pathways are 
shown in Figure 5A and B. The heat map is used to visualize 
the pathway scores (activation z score) and the gene involved 
in the canonical pathway network. The heat maps can also 
show gene expression relevant to all 4 sampling time points 

Figure 2.  Venn diagram of genes impacted by butyrate infusion at different sampling time points. All 4 sampling time points: (A) day 1, day 4, day 7, and 

day 14 compared against day 0 and (B) day 4, day 7, and day 14 compared against day 1.

Table 1.  Number of genes impacted by butyrate infusion in rumen epithelium.

Time Point Total genes 
impacted

Upregulated 
gene

Downregulated 
gene

D1 931 480 451

D3 629 235 394

D7 2186 1434 752

D14 1127 555 572

In comparison with pre-infusion at 0 hours, genes were identified to be impacted in the rumen epithelium by butyrate infusion at a stringent cutoff of FDR < 0.01.
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(D1, D2, D7, and D14) simultaneously. Figure 5A presents 
the activation z score of eukaryotic initiation factor–2 (EIF2) 
signaling pathway with genes in EIF2 signaling pathway net-
work. This pathway belongs to the category of cellular growth, 
proliferation, and development; cellular stress and injury; 
intracellular and second messenger signaling and its top func-
tions are protein synthesis; gene expression; and cell death and 
survival. The activation z score indicated that this pathway is 
at highest activation status on D7 and continued to D14 
(7 days post-butyrate infusion) of butyrate infusion at lower 
activation status. Figure 5B shows PPAR signaling pathway 
activation z scores during butyrate infusion and the genes in 
the signaling network. Peroxisome proliferator-activated 

receptor (PPAR) signaling, a nuclear receptor signaling path-
way, acts as ligand-activated transcriptional regulators.

The biological relevant networks of gene expression 
in response to butyrate infusion

The IPA was also used to define and to compare the biological 
relevant networks during the butyrate infusion. The top 1 net-
work in each sampling time points is showing in Figure 6. At 
day 1 of butyrate infusion, the top functional network has asso-
ciated network functions of the cell cycle. The network also 
indicates the involvement of histone H3 and histone H4 in the 
perturbation of the functional gene network. On day 3, the top 

Table 2.  Top 5 of the GO terms in biological process significantly impacted temporally by butyrate infusion.

GO term Description Ratio P values FDR P value Bonferroni

Day 1

  1903047 Mitotic cell cycle process 113/29 6.99E–13 5.78E–09 5.78E–09

  22402 Cell cycle process 169/33 5.82E–11 2.41E–07 4.82E–07

  51726 Regulation of cell cycle 163/29 8.78E–09 2.42E–05 7.26E–05

  7059 Chromosome segregation 26/10 4.77E–07 9.86E–04 3.94E–03

  7017 Microtubule-based process 141/23 1.61E–06 2.67E–03 0.01

Day 3

  48519 Negative regulation of biological process 882/59 5.11E–07 2.13E–03 4.23E–03

  48523 Negative regulation of cellular process 839/57 5.14E–07 2.13E–03 4.26E–03

  10941 Regulation of cell death 341/30 3.31E–06 9.13E–03 0.03

  42325 Regulation of phosphorylation 263/25 6.12E–06 0.01 0.05

  8285 Negative regulation of cell proliferation 63/11 1.16E–05 0.02 0.1

Day 7

  6412 Translation 131/55 0 0 0

  43043 Peptide biosynthetic process 134/55 4.44E–16 1.84E–12 3.67E–12

  6518 Peptide metabolic process 184/64 5.31E–14 1.46E–10 4.39E–10

  43604 Amide biosynthetic process 151/56 9.90E–14 2.05E–10 8.19E–10

  43603 Cellular amide metabolic process 220/68 5.20E–12 8.60E–09 4.30E–08

Day 14

  51726 Regulation of cell cycle 162/23 8.63E–05 0.65 0.71

  50678 Regulation of epithelial cell proliferation 35/9 1.60E–04 0.65 1

  43604 Amide biosynthetic process 151/21 2.35E–04 0.65 1

  42127 Regulation of cell proliferation 235/28 3.37E–04 0.7 1

  48660 Regulation of smooth muscle cell 
proliferation

4/8 7.38E–04 0.74 1

GO, gene ontology.
All the time points (day) are compared against day 0 (baseline control); Ratio = the number of all genes assigned to this GO term to the number of significantly regulated 
genes in the data set that can be assigned to this GO term.
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functional network has a major function involvement in DNA 
replication, recombination, repair, and cellular development. 
On day 7, the top network is centered by TP53, which has 
extensive biological function and also functions as a transcrip-
tion factor. These changes in the functions of the top network 

may reflect the temporal transcriptomics responses of rumen 
epithelium to the butyrate infusion. The top functional net-
work on day 14 of butyrate infusion is associated with the bio-
logical function of amino acid metabolism, small molecular 
biochemistry, and cellular development.

Table 3.  GO terms in molecular functions significantly impacted temporally by butyrate infusion.

GO term Description Ratio P values FDR P value Bonferroni

Day 1

  978 RNA polymerase II core promoter proximal 
region sequence-specific DNA binding

36/5 3.28E–07 5.23E–04 8.36E–04

  987 Core promoter proximal region sequence-
specific DNA binding

42/5 7.28E–07 5.23E–04 1.85E–03

  1159 Core promoter proximal region DNA binding 42/5 7.28E–07 5.23E–04 1.85E–03

  982 RNA polymerase II core promoter proximal 
region sequence-specific DNA-binding 
transcription factor activity

43/5 8.21E–07 5.23E–04 2.09E–03

5154 Epidermal growth factor receptor binding 2 1/3 2.45E–06 1.25E–03 6.23E–03

Day 3

  978 RNA polymerase II core promoter proximal 
region sequence-specific DNA binding

36/5 4.42E–08 6.30E–05 1.13E–04

  982 RNA polymerase II core promoter proximal 
region sequence-specific DNA-binding 
transcription factor activity

42/5 9.87E–08 6.30E–05 2.52E–04

  987 Core promoter proximal region sequence-
specific DNA binding

42/5 9.87E–08 6.30E–05 2.52E–04

  1159 Core promoter proximal region DNA binding 42/5 9.87E–08 6.30E–05 2.52E–04

  977 RNA polymerase II regulatory region sequence-
specific DNA binding

98/5 7.15E–06 3.04E–03 0.02

Day 7

  3735 Structural constituent of ribosome 127/57 6.66E–16 1.69E–12 1.69E–12

  5198 Structural molecule activity 180/67 1.67E–15 2.12E–12 4.23E–12

  3723 RNA binding 950/184 6.20E–08 5.26E–05 1.58E–04

  44822 No description available 840/163 4.14E–07 2.63E–04 1.05E–03

  16491 Oxidoreductase activity 270/62 1.80E–05 9.17E–03 0.05

Day 14

  978 RNA polymerase II core promoter proximal 
region sequence-specific DNA binding

35/6 6.26E–10 1.45E–06 1.59E–06

  987 Core promoter proximal region sequence-
specific DNA binding

41/6 1.72E–09 1.45E–06 4.36E–06

  1159 Core promoter proximal region DNA binding 41/6 1.72E–09 1.45E–06 4.36E–06

  982 RNA polymerase II core promoter proximal 
region sequence-specific DNA-binding 
transcription factor activity

42/5 1.42E–07 9.02E–05 3.61E–04

  977 RNA polymerase II regulatory region sequence-
specific DNA binding

99/6 3.85E–07 1.63E–04 9.79E–04

GO, gene ontology.
1. All the time points (day) are compared against day 0 (baseline control); 2. Ratio = the number of all genes assigned to this GO term to the number of significantly 
regulated genes that can be assigned to this GO term.
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Discussion
The primary roles of the gastrointestinal epithelium (GE) are 
to protect the host from the mixture of microorganisms, toxins, 
and chemicals in the lumen and to prevent uncontrolled movement 
of those compounds into the lymphatic or portal circulation.18,19 
Along with protecting the host, the GE controls nutrient 
absorption, metabolism, and delivery of nutrients to the body.20 
The rumen has been the focal point of the dairy cow and calf 
nutritional physiology research recently. Most of the research 
was concentrated to the modulation of ruminal function in 
response to increasing rapidly fermentable carbohydrates.21–23

Short-chain fatty acids (acetate, propionate, and butyrate) 
are formed during the microbial fermentation of the dietary 
fiber in the gastrointestinal tract of mammalian species and are 

directly absorbed at the site of production.24 Short-chain fatty 
acids are nutrients especially critical to the ruminant. Ruminant 
species have developed to metabolize the SCFAs (acetate, pro-
pionate, and butyrate) to fulfill up to 70% of their nutrient 
energy requirements. Therefore, ruminants are dependent on 
low-molecular-weight SCFAs like acetate, propionate, and 
butyrate for metabolic needs.5 Although acetate and propion-
ate are the major components of SCFAs and maintain a promi-
nent position in providing energy to the ruminant metabolism, 
butyrate, with relatively lower concentrations, has the most 
potent among SCFAs in the induction of changes in cellular 
functions. Roles for butyrate have been established in cell dif-
ferentiation, proliferation, motility, and, in particular, the 
induction of cell cycle arrest and apoptosis.6,25–27

Study of the ruminal epithelium with butyrate supplementa-
tion has been reported recently.14,28,29 However, the mechanisms 
controlling GE responses during dietary adaptation are poorly 
understood.20,22,30 The dry period is considered the cow’s resting 
period and is commonly set 6 to 8 weeks before calving.15 Proper 
management and nutrition of the dry cow are critical for obtain-
ing maximum dry matter intake, good health, increased repro-
duction efficiency, and optimum milk production in the following 
lactation. In this report, 8 ruminally cannulated Holstein cows in 
dry period were supplemented with butyrate infusion. The nor-
mal procedure to dry off a cow is to withdraw all grains and 
reduce the water supply several days before the start of the dry 
period. This drastically reduces the milk production during that 
time. As cows in dry period require much less highly fermentable 
diet such as grain, and therefore the rate of SCFA production by 
ruminal fermentation comes to a lower level, the adaptation of 
the rumen epithelium to supplementation of butyrate will be 
significant and correlate to the transcriptomics profiles. 
Combining with temporal transcriptomics profiling of rumen 
epithelium and bioinformatic analysis, we systematically exam-
ined temporal responses of rumen epithelium at the level of the 
whole transcriptome. As expected, transcriptomic and bioinfor-
matic analysis generated a holistic overview of molecular changes 
to dietary interventions, namely, butyrate infusion.

Comparison of temporal effects induced by butyrate infu-
sion indicates that the transcriptomic alterations are very 
dynamic. Among 3513 genes identified to be impacted in the 
rumen epithelium by butyrate infusion, 117 genes were 

Figure 3.  Comparison of top 10 functions impacted by butyrate infusion 

with bar chart (A) and line chart (B). In line chart, 4 dots represent 

sampling time points of day 1, day 3, day 7, and day 14 (from left to right).

Table 4.  Top 5 upstream regulators in response to butyrate infusion in rumen epithelium.

D1 D3 D7 D14

Upstream 
regulator

P value of 
overlap

Upstream 
regulator

P value of 
overlap

Upstream 
regulator

P value of 
overlap

Upstream 
regulator

P value of 
overlap

TP53 1.09E–30 TP53 1.16E–34 RICTOR 9.54E–50 PDGF-BB 1.59E–23

PDGF-BB 2.75E–26 PDGF-BB 1.25E–29 TP53 2.86E–20 TNF 1.42E–17

MYC 2.23E–19 TNF 1.70E–26 NFE2L2 1.62E–16 KRAS 7.14E–16

TGFB1 5.02E–18 TGFB1 5.99E–18 TCR 3.23E–16 TP53 1.47E–14

ERBB2 7.81E–17 INSR 1.07E–17 MYC 2.51E–15 TCR 6.16E–14
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responsive consistently from day 1 to day 14, and another 42 
genes were lasting through day 7. It is also noteworthy that in 
the early stage of rumen butyrate infusion (on day 1 and day 3 

of butyrate infusion), the transcriptomics effects in the rumen 
epithelium were involved with mitotic cell cycle process, cell 
cycle process, and regulation of cell cycle. The results seem very 
consistent with our previous in vitro study.6,7,31 On day 7 of 
butyrate infusion, however, translation, peptide biosynthetic 
process, peptide metabolic process, and cellular amide meta-
bolic process emerged as the top GO biological processes stim-
ulated by butyrate infusion. The temporal shift of the GO 
biological processes and molecular functions reflects the transi-
tion of the alterations in the transcriptomics responses to the 
butyrate. The results also designate that implementing high-
throughput transcriptomics data can interrelate with GE func-
tion measurement. Our results may also explain the observation 
in both the dorsal and ventral sac of the rumen, dietary 
Na-butyrate increased rumen muscle layer thickness, and sug-
gest that Na-butyrate supplementation in the close-up diet 
may have a potential to enhance rumen papillae growth and 
rumen adaptation to postpartum diet.29 On day 14, when 
butyrate infusion was stopped for 7 days, the number of genes 
impacted, both up- and downregulated, by the butyrate infu-
sion was decreased remarkably. Notably, those GO biological 
terms at D14 were also not significantly impacted compared 
with D0 with multiple testing corrections (Table 2), whereas 
some GO terms in molecular functions are still significantly 
impacted (Table 3). As D14 was the 7 days post-butyrate infu-
sion, therefore, it is reasonable to assume that the special effects 
of butyrate were diminishing. Lacking synchronousness 
between GO term in biological processing and GO term in 
molecular functions may be due to different criteria in the IPA. 
As biological processes are made up of many chemical or 
molecular functions—although diminishing effects of butyrate 
are still showing impact at some molecular functions on 7 days 
post-butyrate infusion—it is not strong enough to induce sig-
nificant impact on biological processing. These results of 
diminishing effects on day 7 post-butyrate infusion also make 
a case for the temporal biological effects mostly due to the 
response of epithelial cells to the butyrate.

Figure 4.  Upstream regulator effects illustrated by the downregulated TNF, PDGF-BB, and IL1b.

Figure 5.  Heat map: effects of butyrate on the canonical pathways of 

EIL2 and PPAR, and genes in the pathway’s network.
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Several upstream regulators were revealed by the bioinfor-
matics analysis. TP53 is one of the most active upstream 
regulators discovered by IPA in our RNA-seq data set, and 
its involvement in the regulatory activity carries on consist-
ently from day 1 to day 14. TP53 signaling pathway plays a 
key role in many cellular processes. The tumor suppressor 
gene TP53 encodes a transcription factor, which is activated 
in response to several forms of cellular stress and exerts mul-
tiple, anti-proliferative functions.32 In addition to the unde-
niable importance of p53 as a tumor suppressor, an increasing 
number of new functions for p53 have been reported, includ-
ing its ability to regulate energy metabolism, to control 
autophagy, and to participate in various aspects of differen-
tiation and development.33 Very interestingly, TP53 was also 
one of the most active upstream regulators in our in vitro 
experiment in which cultured bovine cell line (MDBK, 
Madin-Darby Bovine Kidney epithelial cell line) was treated 
with butyrate.9 Butyrate functions as an HDAC inhibitor, 
and HDACs are active components of transcriptional regu-
latory complexes. We presume that cross-talking between 
upstream and downstream regulators such as TP53 and 

HDACs may set up another layer of the regulation network. 
Recent data link HDAC2 to the regulation of the TP53 by 
deacetylation and to the maintenance of genomic stability.34 
Ingenuity Pathways Analysis also revealed the biological rel-
evant networks of perturbed genes. The first network on day 
1 of butyrate infusion involves in functions of the cell cycle 
and organismal development. Histone H3 and histone H4 
are centered in this network. Butyrate has a potent inhibitive 
activity to HDACs. Histone deacetylases are a class of 
enzymes that remove acetyl groups from a lysine amino acid 
on a histone. Because DNA is wrapped around histones, and 
gene expression is regulated by acetylation and deacetylation 
of histone. Therefore, the involvement of histone H3 and 
histone H4 in this network signified that butyrate might play 
not only as an element of nutrients but also as a regulator of 
histone modification and gene expression.

The dynamic canonical pathways are well-characterized 
metabolic and cell signaling pathways. The pathways (meta-
bolic and signaling pathways) are generated in IPA based on 
the literature. Two very appealing activated canonical pathways 
are presented in this report. Eukaryotic initiation factor–2 

Figure 6.  The most impacted functional regulation networks at different sampling time points.
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signaling pathway functions in protein synthesis, gene expres-
sion, and cell death and survival. Eukaryotic initiation factor–2 
is a guanosine triphosphate (GTP)-binding protein that escorts 
the initiation-specific form of mRNA onto the ribosome. 
Important functions of EIF2 include delivery of charged initi-
ator methionyl-tRNA to the ribosome as well as a role in  
identifying the translational start site. Peroxisome proliferator–
activated receptors are among the currently known ligand-
dependent nuclear receptor. The PPAR has received the 
greatest attention because PPAR consistently responds, at least 
in vitro, to long-chain fatty acids (LCFAs) in a ligand-depend-
ent manner.1 An RNA-seq study in ovine mammary gland 
during late pregnancy and lactation revealed the importance of 
genes related to milk fat synthesis, including the activation of 
PPAR pathways.35 PPAR plays a potentially critical role in 
mediating the adaptive transcriptional changes the ovine mam-
mary gland undergoes in support of lactation. PPAR was also 
identified as an activated transcription factor regulating expres-
sion of genes responsive to weaning in calves. Expression of 32 
downstream gene targets of PPAR-α changed during the tran-
sition from milk replacer to solid feed in developing calf rumen 
epithelium.36 Observations indicated that increased produc-
tion of VFA in response to the introduction of solid feed dur-
ing weaning might promote ketogenesis in rumen epithelial 
cells via PPAR-mediated activation to promote papillary 
development, as well as activation of genes promoting fatty 
acid beta-oxidation to support cellular differentiation.36 
Activated PPAR signaling pathway by butyrate infusion cer-
tainly is consistent with this conclusion.

In summary, transcriptomics and bioinformatics are used to 
accelerate our understanding of the multiple levels of regula-
tion in rumen epithelial transcriptome induced by butyrate 
infusion. Butyrate, as an essential element of nutrients, is an 
HDAC inhibitor that can alter histone acetylation and meth-
ylation,10 and plays a prominent role in regulating genomic 
activities influencing rumen nutrition utilization and function. 
Our results underlie the potential mechanisms of butyrate-
induced gene expression regulation in rumen epithelium. The 
advent of transcriptomic and bioinformatic technologies to 
study an animal’s nutrigenomics presented the opportunity to 
study multiple levels of biological information to better under-
stand the whole animal response to nutrition, physiological 
state, and their interactions. The nutrigenomics approach may 
eventually lead to more precise management of utilization of 
feed resources in a more effective approach.
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