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ABSTRACT

Seven multiparous Holstein cows with a ruminal
fistula were used to investigate the changes in rumen
microbiota, gene expression of the ruminal epithelium,
and blood biomarkers of metabolism and inflammation
during the transition period. Samples of ruminal di-
gesta, biopsies of ruminal epithelium, and blood were
obtained during —14 through 28 d in milk (DIM). A
total of 35 genes associated with metabolism, trans-
port, inflammation, and signaling were evaluated by
quantitative reverse transcription-PCR. Among meta-
bolic-related genes, expression of HMGCS2 increased
gradually from —14 to a peak at 28 DIM, underscoring
its central role in epithelial ketogenesis. The decrease
of glucose and the increase of nonesterified fatty ac-
ids and (3-hydroxybutyrate in the blood after calving
confirmed the state of negative energy balance. Simi-
larly, increases in bilirubin and decreases in albumin
concentrations after calving were indicative of altera-
tions in liver function and inflammation. Despite those
systemic signs, lower postpartal expression of TLR2,
TLR4, CD45, and NFKBI indicated the absence of in-
flammation within the epithelium. Alternatively, these
could reflect an adaptation to react against inducers of
the immune system arising in the rumen (e.g., bacte-
rial endotoxins). The downregulation of RXRA, INSR,
and RPS6KB1 between —14 and 10 DIM indicated a
possible increase in insulin resistance. However, the
upregulation of IRS1 during the same time frame could
serve to restore sensitivity to insulin of the epithelium
as a way to preserve its proliferative capacity. The up-
regulation of TGFBI from —14 and 10 DIM coupled
with upregulation of both EGFR and FREG from 10 to
28 DIM indicated the existence of 2 waves of epithelial
proliferation. However, the downregulation of TGFBR 1
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from —14 through 28 DIM indicated some degree of cell
proliferation arrest. The downregulation of OCLN and
TJP1 from —14 to 10 DIM indicated a loss of tight-
junction integrity. The gradual upregulation of mem-
brane transporters MCT1 and UTB to peak levels at 28
DIM reflected the higher intake and fermentability of
the lactation diet. In addition, those changes in the diet
after calving resulted in an increase of butyrate and a
decrease of ruminal pH and acetate, which partly ex-
plain the increase of Anaerovibrio lipolytica, Prevotella
bryantii, and Megasphaera elsdenii and the decrease of
fibrolytic bacteria (Fibrobacter succinogenes, Butyri-
vibrio proteoclasticus). Overall, these multitier changes
revealed important features associated with the transi-
tion into lactation. Alterations in ruminal epithelium
gene expression could be driven by nutrient intake—
induced changes in microbes; microbial metabolism;
and the systemic metabolic, hormonal, and immune
changes. Understanding causes and mechanisms driv-
ing the interaction among ruminal bacteria and host
immunometabolic responses merits further study.

Key words: gene expression, microbiome, transition
Ccow

INTRODUCTION

The rumen microbial ecosystem is complex and es-
sential for rapid degradation of feedstuffs and produc-
tion of VFA and microbial protein for use by the cow.
Several factors, including nutritional management, can
induce modifications of the microbial population (Her-
nandez-Sanabria et al., 2012). Previous experiments
detected changes in microbial populations around par-
turition, presumably a response to the change in diet
from pre- to postpartum (Wang et al., 2012; Pitta et
al., 2014; Lima et al., 2015). However, some evidence
shows that the core ruminal microbiome is very stable
even when cows are switched from a high-forage to a
high-concentrate diet (Petri et al., 2013).
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Changes in microbial populations and animal me-
tabolism may affect ruminal epithelial adaptations and
nutrient absorption during the transition from late
pregnancy to lactation. For instance, inducing SARA
by feeding high-concentrate diets or alfalfa pellets re-
sulted in similar decreases in pH and LPS endotoxin
concentrations, but treatments induced different inflam-
matory responses, being more pronounced for grain-
induced SARA (Khafipour et al., 2009). Bannink et
al. (2012) concluded that to maintain normal function,
the ruminal epithelia in the peripartal cow respond in a
coordinated manner to rapid dietary changes. However,
the mechanisms underlying these adaptations are not
fully understood.

The enlargement of ruminal absorptive area as a
function of dietary increment of concentrate is well
established (Bannink et al., 2012). However, evidence
also points at mRNA expression and transporter and
enzyme activity in the initial response driving epithelial
cell function (Penner et al., 2011). Few studies have
investigated the molecular adaptations of ruminal epi-
thelium during the peripartum period (Dionissopoulos
et al., 2014; Steele et al., 2015). These studies revealed
the existence of interactions among genes of the im-
mune system and those involved in the preparation for
the onset of lactation (Dionissopoulos et al., 2014), as
well as the presence of growth factors that seem to be
regulated after parturition (Steele et al., 2015).

The main objective of this study was to evaluate the
adaptations in major microbial species and ruminal
epithelium expression of key genes associated with
metabolism and tissue development, permeability,
transport, inflammation, and immunity. Furthermore,
ruminal VFA profiles and systemic biomarkers of en-
ergy metabolism, inflammation, and oxidative stress in
blood were evaluated to enhance the systems under-
standing that the cow undergoes around parturition.

MATERIALS AND METHODS
Animal and Experimental Design

All procedures were performed under protocols ap-
proved by the University of Illinois Institutional Animal
Care and Use Committee (protocol #12094). Briefly,
7 rumen fistulated Holstein cows in their second or
greater lactation were selected for this study. Cows
were managed during the dry period using the 2-stage
approach with a high-straw, lower-energy diet fed from
dry-off through —21 d from parturition followed by a
lower-straw, higher-energy diet until parturition. The
details of diet composition are reported in Supplemen-
tary Table S1 (http://dx.doi.org/10.3168/jds.2015-
9722). At calving, cows were fed a common lactation
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diet until d 30 postpartum. Diets were fed as a TMR
once daily (0600 h) using an individual gate feeding
system (American Calan, Northwood, NH) during
the dry period or in open individual mangers during
lactation. Collection of BW, BCS, and milk produc-
tion data and sampling for milk composition analysis
were as described previously (Graugnard et al., 2012,
2013). Briefly, cow BW and BCS were obtained weekly
throughout the study. Cows were milked 3 times daily
after parturition, and milk was sampled thrice weekly
for analysis of chemical composition.

Details of sampling methodologies and analytical
procedures can be found in the Supplementary Mate-
rials  (http://dx.doi.org/10.3168/jds.2015-9722). The
sampling schedule during the experimental period is
summarized in Figure 1. Briefly, blood was sampled
from the coccygeal vein on d —14, —7, 10, 20, and 28
relative to parturition and before the morning feeding
using a 20-gauge BD Vacutainer needle (Becton Dick-
inson, Franklin Lakes, NJ) into Vacutainers (10 mL,
BD Vacutainer, Becton Dickinson) containing lithium
heparin. The plasma obtained after centrifugation was
used to asses (1) inflammatory response markers: posi-
tive acute-phase proteins (haptoglobin, ceruloplasmin)
and negative acute-phase proteins (albumin, paraox-
onase); (2) liver function biomarkers: total bilirubin,
aspartate amino-transferase, ~-glutamyl transferase;
(3) energy and protein metabolism: glucose, choles-
terol, NEFA, BHBA, urea, and creatinine; (4) minerals:
Ca, Mg, and Zn; (5) other parameters: total proteins,
globulins, myeloperoxidase, ferric reducing antioxidant
power, and alkaline phosphatase. Methods used for the
determination of these parameters are described in the
Supplementary Materials (http://dx.doi.org/10.3168/
jds.2015-9722).

After blood collection, grab samples of ruminal
contents were harvested via the ruminal cannula from
the ventral sac of the rumen. Ruminal fluid pH was
determined immediately with a glass electrode, then
the samples were stored at —20°C and used for DNA
extraction and VFA composition. Details of storage
protocols and analytical procedures are presented in the
Supplementary Materials (http://dx.doi.org/10.3168/
jds.2015-9722). At —14, 10, and 28 DIM ruminal papil-
lae were biopsied from the ventral sac of the rumen.
The excised ruminal papillae (approximately 500 mg)
were immediately washed with sterile 0.01 M PBS (pH
6.8). The papillae were scraped to remove attached
feed particles and rinsed 3 times to remove the nonad-
herent bacteria. The cleaned tissues were then frozen
and stored in liquid nitrogen until RNA extraction.
Details about tissue gene expression analyses are de-
scribed in the Supplementary Materials (http://dx.doi.
org/10.3168/jds.2015-9722).
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Table 1. Body weight, BCS, and milk yield and composition during the transition period in multiparous Holstein cows

Days relative to parturition

Item —21 —14 -7 0 7 14 21 28 SEM  Effect
BW, kg 807" 806" 799" 736" 700™ 669° 630° 632° 25.8 o
BCS 3.77 3.75° 3.85" 3.68" 3.61" 3.32° 3.14% 3.00¢ 0.129 ok
DMI,! kg 15.4 14.4 11.4 4.05 16.0 18.7 19.4 21.7 — —
Milk yield, kg — — — — 29.2" 36.3" 38.2° 41.1° 4.21 ok
Milk composition
Fat, % — — — — 5.85" 4.95" 4.23° 4.30° 0.359 *
Protein, % — — — — 3.89° 3.24" 2.89° 2.78° 0.082 ok
Lactose, % — — — — 4.29 4.56" 4.66" 4.62" 0.071 *
MUN, mg/dL — — — — 14.7° 14.1* 12.2° 12.8" 0.83 *
SCC, log 10° — — — — 1.93 1.62 1.67 1.88 0.181 NS

*IMeans with different superscripts are significantly different between days relative to parturition (P < 0.05).

"Estimated by using NRC equations (NRC, 2001).
*P < 0.05; **P < 0.01; NS = not significant (P > 0.10).

Statistical Analysis

The MIXED procedure of SAS (SAS Institute Inc.,
Cary, NC) was used for repeated measures analysis of
milk production, BW, BCS, milk composition, microbial
abundance, and gene expression. The fixed effect in the
model was time (day or week), and the random effect
was cow. Several covariance structures were tested, and
selection was done based on the Bayesian information
criterion. All means among time points were compared
using the PDIFF statement of SAS (SAS Institute Inc.,
Cary, NC). Significant differences were declared at P <
0.05, and trends were declared at P < 0.10.

RESULTS

BW, BCS, Milk Yield, and Milk Composition

The effect of time on cow performance is reported in
Table 1. As expected, BW and BCS decreased during
the experimental period (P < 0.01). Body weight began
to decrease at calving and remained similar after the

@ Blood sampling
B Rumen microbiome

first week postpartum (P < 0.01). However, BCS con-
tinued declining after the first week postpartum (P <
0.01), indicating that animals remained under negative
energy balance until 28 DIM. Milk yield increased dur-
ing the first 2 wk, and MUN, milk fat (P < 0.05), and
protein (P < 0.01) decreased during the same period.
Somatic cell count did not change (P > 0.05) during
the experimental period.

Ruminal Fermentation Variables

The rumen fermentation data are reported in Table
2. Ruminal pH was higher (P < 0.05) before parturition
in comparison with the postpartum period. However,
ruminal pH was higher (P < 0.05) at 28 DIM (Table
2). Despite this, major VFA (acetate, propionate,
and butyrate) had a pattern similar to the decrease
in ruminal pH. Acetate (as a proportion of the total
VFA) decreased slightly after parturition (P < 0.05),
and propionate and caproate tended (P < 0.10) to in-
crease after parturition. The acetate:propionate ratio
also tended (P < 0.10) to decrease after parturition.

A Rumen gene expression
+ Rumen volatile fatty acids

+ + + + +
| m u 7 m
* ° & 3 *
A A A
- 1 4 —; 0 1‘0 20 28

Days relative to parturition

Figure 1. Sampling schedule during the experimental period.
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Table 2. Ruminal fermentation variables during the transition period in multiparous Holstein cows

Days relative to parturition

Item —14 -7 10 20 28 SEM Effect
pH 6.84" 6.82" 6.35" 6.63" 6.32" 0.137 *
Total VFA, mmol/L 39.7 44.0 44.7 45.3 51.4 3.35 NS
Acetate, % 68.7° 67.5 64.2" 64.5" 62.3" 1.25 *
Propionate, % 17.5 18.4 20.6 20.4 22.0 1.72 1
Butyrate, % 9.6° 9.9" 10.9"" 10.9" 11.3" 0.38 *x
Isobutyrate, % 1.2 1.1 1.0 1.1 1.0 0.14 NS
Valerate, % 1.0° 1.1 1.3 1.2 1.4° 0.09 *
Isovalerate, % 1.8 1.6 1.6 1.6 15 0.13 NS
Caproate, % 0.2 0.3 0.4 0.4 0.4 0.09 i
Acetate:propionate 4.1 3.7 3.3 3.2 2.9 0.26 il

*“Means with different superscripts are significantly different between days relative to parturition (P < 0.05).
TP < 0.10, *P < 0.05, and **P < 0.01; NS = not significant (P > 0.10).

Butyrate and valerate were higher after parturition (P
< 0.01 and P < 0.05, respectively), and isobutyrate and
isovalerate remained unchanged (P > 0.05) during the
experiment.

Abundance of Major Microbial Species During
the Peripartal Period

Among the studied species, Butyrivibrio proteoclas-
ticus, Fubacterium ruminantium, and Selenomonas
ruminantium were the most abundant (Figure 2). How-
ever, the 7 individual species accounted for less than
1% (0.79 to 0.97%) of the bacterial 16S rRNA gene
copies obtained from ruminal samples. Figure 2 depicts
the abundance of the different ruminal microorganisms
during the transition period. Fubacterium ruminantium
and Selenomonas ruminantium were not affected (P
> 0.05) by DIM. Megasphaera elsdenii and Prevotella
bryantii increased (P < 0.01) significantly postpartum.
Conversely, Butyrivibrio proteoclasticus decreased (P <
0.01) gradually from —14 through 28 DIM. Fibrobacter
succinogenes was affected by time, being lowest at 10
DIM (P < 0.05), and Anaerovibrio lipolytica had the
lowest abundance (P < 0.01) at —7 DIM, followed by
an increase by 20 DIM.

Gene Expression in Ruminal Epithelium

A total of 32 target genes were evaluated in the
ruminal epithelium (Table 3). Four genes were not ex-
pressed (had cycle threshold values >30; IFNG, MPO,
GPR41, and IL6), and 12 genes were not affected be-
cause of time relative to parturition (PPARA, PPARD,
PPARG, CLDN1, CLDN4, SLC16A3, IGFIR, NFKBI1,
NFKBIA, TOLLIP, FOXO1, and TNF).

Metabolism, Insulin Signaling, and Tissue De-
velopment. Expression of 3-hydroxy-3-methylglutaryl-
CoA synthase 2 (HMGCS2) was higher (P < 0.05) at 28

DIM compared with —14 and 10 DIM. The transcrip-
tion factor retinoid X receptor o (RXRA) had higher
(P < 0.05) expression before parturition compared
with the first month of lactation. The lactate receptor
GPRS81 decreased (P < 0.05) from —14 to 10 DIM and
then increased to prepartal values on d 28.

Among insulin and IGF-related signaling genes, the
ribosomal protein S6 kinase (RPS6KB1) decreased (P
< 0.05) its expression gradually during the experimen-
tal period. A similar response was observed for MTOR,
with a decrease (P < 0.05) in expression on d 10 rela-
tive to —14 followed by a return to prepartal expression
on d 28. The expression of the insulin receptor (INSR)
was lower (P < 0.05) at 10 DIM compared with —14
and 28 DIM. However, the opposite was observed for
IRS1, which had peak expression (P < 0.01) on d 10
relative to —14 and 28 d.

Transforming growth factor 3 1 (TGFBI) had higher
(P < 0.05) expression at 10 DIM compared with —14
and 28 DIM, and its receptor (TGFBR1) had higher (P
< 0.05) expression before parturition (—14 DIM) com-
pared with the first month of lactation. Expression of
epidermal growth factor receptor (EGFR) did not differ
(P> 0.05) between —14 and 10 DIM but increased on d
28. The opposite was observed for epiregulin (FREG),
a protein that can function as EGFR ligand, which had
a marked decrease (P < 0.05) in expression from —14
to 10 DIM, after which it returned to prepartal values
on d 28.

Tight Junctions and Immune Function Genes.
Expression of occludin (OCLN) and tight junction pro-
tein 1 (TJPI) had lower (P < 0.05) expression at 10
compared with —14 DIM. The toll-like receptors (TLR2
and TLR4) and protein tyrosine phosphatase, receptor
type, C (CD45) had higher (P < 0.05) expression at
—14 DIM compared with the first month of lactation,
with lowest expression at 10 DIM and at 10 and 28
DIM for TLR2 and TLR/. Expression of interleukin-1
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Figure 2. Expression profiles of 7 ruminal microorganisms (Eubacterium ruminantium, Fibrobacter succinogenes, Anaerovibrio lipolytica,
Megasphaera elsdenii, Prevotella bryantii, Butyrivibrio proteoclasticus, and Selenomonas ruminantium) during the peripartal period in Holstein
dairy cows with ruminal cannulas. Different letters (a—c) indicate differences due to the main effect of time (P < 0.05). Error bars indicate
standard error of the means.
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receptor-associated kinase 1 (IRAKI), which induces
NFKBI1 expression upon inflammation, was higher (P
< 0.05) on d —14 and then decreased during the first
month of lactation.

Membrane Transporters. The urea transporter
(SLC14A1) and solute carrier family 16 (SLC16A1),
which transports VFA, had an increase (P < 0.05) in
expression at 28 DIM compared with —14 and 10 DIM.

Blood Biomarkers

Energy and Protein Metabolism. Excluding urea,
all the blood biomarkers related to energy and protein
metabolism were affected by time (P < 0.01; Table 4).
The plasma concentration of glucose and creatinine was
higher (P < 0.05) before parturition and decreased af-
ter calving, whereas the plasma concentration of NEFA

and BHBA was lower (P < 0.05) from —14 to —7 DIM
and increased after parturition, with the highest con-
centrations at 10 and 20 DIM for NEFA and BHBA,
respectively. The concentration of cholesterol had the
lowest values (P < 0.05) at 10 DIM, then increased to
highest concentrations at 28 DIM.

Inflammation. Time around calving had a strong
effect on the inflammatory and acute-phase protein
markers, in particular, the plasma haptoglobin, which
had a peak at 10 DIM (P < 0.05) compared with
other times, and albumin and paraoxonase had high-
est concentrations before parturition (P < 0.05) and
decreased after calving to lowest concentrations for the
entire first month of lactation. The concentration of
myeloperoxidase was highest (P < 0.05) during the dry
period compared with lactation, and inversely, the fer-
ric reducing antioxidant power had the highest (P <

Table 3. Relative mRNA expression and changes in mRNA expression among genes during the transition

period in multiparous Holstein cows

Days relative to parturition

Gene —14 10 28 SEM Effect
Metabolism
HMGCS2 —0.11° —0.16" 0.18° 0.10 ok
PPARA 0.09 —0.07 0.03 0.10 NS
PPARD —0.26 —0.31 —0.28 0.04 NS
PPARG —0.10 —0.27 —0.15 0.09 NS
RXRA 0.15 —0.01" —0.04" 0.05 *
GPRS81 —0.42" 0.82" —0.49" 0.11 *
Insulin and IGF signaling
MTOR —0.31* —0.26" —0.39" 0.05 *
RPS6KBI1 —0.25" —0.40" —0.52° 0.05 ok
INSR —0.09" —0.35" —0.16" 0.08 ok
IRS1 —0.07" 0.15° 0.02® 0.10 ok
IGFIR —0.05 —0.05 —0.12 0.06 NS
FOXO01 —0.09 —0.11 —0.18 0.06 NS
Tissue development
TGFBI1 —0.42" —0.24* —0.43" 0.04 ok
TGFBR1 0.09* —0.10" —0.11" 0.05 ok
EGFR —0.13" —0.20" 0.07* 0.06 *
EREG —0.32" —0.84" —0.11* 0.22 *
Tight junctions
CLDN1 —0.03 —0.11 —0.09 0.09 NS
CLDN/ —0.25 —0.05 —0.24 0.14 NS
OCLN 0.04* —0.19" —0.10™ 0.07 ok
TJP1 —0.02* —0.18" —0.09" 0.06 *
Immune function
TLR/ 0.15 —0.44" —0.53" 0.09 ok
TLR2 0.17* —0.09" —0.28" 0.11 ok
CD45 0.14* —0.13" —0.08" 0.11 1
TNF 0.16 —0.14 0.02 0.16 NS
IRAK1 0.03* —0.12" —0.19" 0.05 *
NFKBI1 —0.11 —0.16 —0.20 0.09 NS
NFKBIA —0.11 —0.01 —0.09 0.06 NS
TOLLIP —0.03 —0.05 —0.02 0.07 NS
Transporters
SLC14A1 —0.46" —0.60" —0.25" 0.09 ok
SLC16A1 —0.25" —0.23* —0.05" 0.09 +
SLC16AS3 —0.17 —0.14 —0.05 0.07 NS

*“Means with different superscripts are significantly different between days relative to parturition (P < 0.05).
TP < 0.10, *P < 0.05, and **P < 0.01; NS = not significant (P > 0.10).
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0.05) concentration during lactation compared with the
late dry period.

Minerals and Liver Function. The concentration
of Mg was the highest (P < 0.05) before parturition
and decreased after calving (minimum at 10 DIM). Zinc
concentration also decreased (P < 0.05) after calving
compared with —20 DIM. Concentrations of biomarkers
of liver function, including hepatic enzyme (aspartate
amino-transferase, ~-glutamyl transferase) and biliru-
bin, were lowest (P < 0.05) during the dry period and
increased markedly during lactation. Despite concen-
trations peaking at 10 DIM, they were maintained close
to those levels for the entire first month of lactation.

DISCUSSION
Blood Biomarkers

The metabolic and inflammatory profiles observed in
this experiment are typical of peripartal dairy cattle
(Bionaz et al., 2007; Trevisi et al., 2009). The decreases
of BW and BCS after parturition were in accordance
with the high blood BHBA and NEFA concentrations,
confirming that cows were in negative energy balance.

MINUTI ET AL.

The characteristic inflammatory response around calv-
ing was more marked than in previous experiments
(Bionaz et al., 2007; Bertoni et al., 2008; Trevisi et al.,
2012). Cows with an optimal transition into lactation
typically have lower peaks of haptoglobin and bilirubin
(Bionaz et al., 2007; Bertoni et al., 2008). The sustained
negative energy balance likely caused the persistence of
the inflammatory response.

Ruminal Fermentation and Abundance
of Major Microbial Species

The increase after parturition in Prevotella bryantii
and Megasphaera elsdenii likely was a consequence of
the higher DMI and fermentability of the diet reflected
by the decrease in ruminal pH and acetate:propionate
ratio. Anaerovibrio lipolytica also is important for lipid
hydrolysis; thus, its higher proportion during the post-
partal period could be partly explained by the inclusion
of cottonseeds (a feedstuff with high lipid content) in
the diet. In addition, Anaerovibrio lipolytica (just as
Megasphaera elsdenii) can use lactate as a substrate for
growth; thus, the increased proportion recorded after
parturition also is in accordance with the higher diet

Table 4. Metabolite, mineral, enzyme, inflammatory, and oxidative stress biomarker concentrations in plasma during the transition period in

multiparous Holstein cows

Days relative to parturition

Item —14 -7 10 20 28 SEM Effect
Metabolism
Glucose, mmol /L 4.39° 455" 3.13" 3.04 3.66" 0.19 ok
Cholesterol, mmol/L 3.03¢ 2.83° 2.70° 3.69" 4.68" 0.22 ok
NEFA, mmol/L 0.41" 0.38" 1.22° 1.11° 0.89" 0.17 %
BHBA, mmol/L 0.44" 0.46" 2.00° 2.23" 1.79° 0.52 o
Urea, mmol/L 4.31 4.75 4.02 4.22 4.99 0.61 NS
Creatinine, pmol/L 97.6" 95.4* 89.3 84.7° 84.0° 2.7 ok
Minerals
Ca, mmol/L 2.33 2.44 2.32 2.39 2.43 0.08 NS
Mg, mmol/L 1.02* 1.04* 0.83 0.87" 0.96" 0.05 ok
Zn, pmol/L 16.7" 14.5* 12.6" 13.4° 13.8" 1.2 *
Liver function
Aspartate aminotransferase, U/L 61.8° 63.4° 213.0° 153.0% 109.3" 34.2 ok
~-Glutamyl transpeptidase, U/L 21.2° 20.8" 46.7" 51.3" 54.3" 17.1 *
Bilirubin, pmol/L 0.83° 0.89° 6.85" 5.69" 3.28" 0.86 **
Inflammation
Ceruloplasmin, pmol/L 2.51 2.52 2.14 2.29 2.36 0.30 NS
Haptoglobin, g/L 0.34" 0.40° 0.84° 0.43" 0.54* 0.17 *
Albumin, g/L 35.7° 36.1° 33.1° 33.6° 33.9" 0.7 ok
Globulin, g/L 39.3% 36.4° 39.0™ 41.9" 44.0* 1.9 %
Paraoxonase, U/mL 91.5 88.7" 60.3° 68.4" 81.3" 7.8 **
Other
Total protein, g/L 75.1% 72.4° 72.1° 75.5% 77.9° 2.03 *
Alkaline phosphatase, U/L 35.8 37.6 40.7 40.6 40.8 4.9 NS
Myeloperoxidase, U/L 439° 441° 329" 313" 315" 32 ok
FRAP,' pmol/L 109° 112° 128" 145" 145" 7 *x

*“Means with different superscripts are significantly different between days relative to parturition (P < 0.05).

"Ferric-reducing antioxidant power.
*P < 0.05, **P < 0.01; NS = not significant (P > 0.10).
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fermentability. Overall, our data confirmed previous
observations of increases in Streptococcus bovis, Lac-
tobacillus spp., Ruminobacter amylophilus, Prevotella
ruminicola, Megasphaera elsdenii, and Selenomonas
ruminantium when the diet changes from high forage
to high concentrate (Tajima et al., 2001; Fernando et
al., 2010).

Increasing concentrate inclusion in the diet leads to
a decrease of fibrolytic bacteria such as Fibrobacter suc-
cinogenes, Ruminococcus flavefaciens, and Butyrivibrio
fibrisolvens (Fernando et al., 2010). The observed de-
creases in Butyrivibrio proteoclasticus and Fibrobacter
succinogenes (through at least 10 DIM) agree with
previous data. Wang et al. (2012) reported a marked
increase of Fibrobacter succinogenes after parturition.
The gradual increase in Fibrobacter succinogenes from
10 through 28 DIM underscores the complexity of the
rumen microbiota and the fact that differences in the
microbiome composition are not only related to diet but
also to individual animals (Jami and Mizrahi, 2012).

It is noteworthy that Selenomonas ruminantium did
not change across time, unlike previous data from a
transition study (Wang et al., 2012). This bacterium
uses lactate among other substrates and usually prolif-
erates when high-concentrate diets are fed. It should be
noted that cows in the present study were fed a higher-
energy diet during the last 21 d prepartum designed to
resemble the lactation diet. It could be possible that
such a management approach created ruminal condi-
tions that minimized abrupt changes in this bacterium.

Gene Expression in Ruminal Epithelium
During Transition

Ketogenesis. The enzyme encoded by HMGCS2
catalyzes the rate-limiting step in the synthesis of
acetoacetate and BHBA. In nonruminants, the level of
HMGCS2 mRNA is strongly correlated with the rate of
ketogenesis (Hegardt, 1999); thus, changes in mRNA
are important in overall control of pathway flux. An in-
crease of ketone body precursors such as butyrate in the
intestine of nonruminants (Cherbuy et al., 1995, 2004)
or in the rumen enhances ketogenesis in the epithelium
(Harmon et al., 1991; Penner et al., 2009). The increase
in expression from prepartum to d 28 agrees with the
gradual increase in ruminal butyrate concentration over
time. The relative percentage mRNA abundance of
HMG(CS2 accounted for approximately 58% of the total
genes examined (data not shown), which agrees with
data from Naeem et al. (2012) measured in 5- to 10-wk-
old calves. Overall, the data highlight the central role of
HMGCS?2 in coordinating ruminal ketogenic flux.

PPAR and Insulin Resistance. Although the ex-
pression of the PPAR did not change during the transi-
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tion period, the fact that RXRA had a high percentage
of relative mRNA abundance (8.7%) and its expression
decreased through the transition period indicate that
it can indirectly limit the PPAR response because for-
mation of the complex between PPAR and retinoic X
receptors (RXR) is essential for transcriptional activ-
ity (Michalik et al., 2004; Kota et al., 2005). One key
function that could be impaired because of reduction
in formation of the PPARG/RXRA is cellular insulin
sensitivity (Kota et al., 2005; Leonardini et al., 2009).
This idea is supported by the lower expression of INSR
at 10 DIM. Inhibition of INSR is one major mechanism
responsible for insulin resistance (Pessin and Saltiel,
2000).

Contrary to the INSR response, the reduction of
expression of RPS6KBI1 after calving seems to indi-
cate the existence of a feedback system to reduce the
insulin resistance potentially driven by the inherently
low uptake of glucose by ruminal epithelium. In non-
ruminants, the upregulation of the mTOR/RPS6KB1
pathway at higher uptakes of AA and glucose decreases
the phosphorylation of insulin receptor substrate 1 and
consequently the action of insulin on nutrient uptake by
cells (Um et al., 2006). The absence of RPS6KB1 alone
increases cellular insulin sensitivity (Manning, 2004).
Taken together, the data suggest that the ruminal epi-
thelium experiences insulin resistance as a mechanism
to increase the availability of glucose, AA, and FA to
the mammary gland (Bell and Bauman, 1997).

Tight Junctions. The tight junctions (TJ) help
regulate the permeability of epithelial barriers and
prevent the translocation of LPS and other toxins (Ul-
luwishewa et al., 2011). The claudins and occludins are
proteins that form the TJ structure and are associated
with different peripheral membrane proteins such as
TJP1 located on the intracellular side of the plasma
membrane (Fanning et al., 1999; Schneeberger and
Lynch, 2004). Knowledge of the regulation of rumen
TJ, and the epithelial permeability, is extremely lim-
ited (Penner et al., 2011).

Using microscopy, Steele et al. (2015) reported mor-
phological changes in the ruminal epithelium after calv-
ing without changes in mRNA expression of cell adhe-
sion proteins (Steele et al., 2015). In a recent study, Liu
et al. (2013) reported that a high-grain diet in goats
caused massive disruption of ruminal epithelial TJ with
profound alterations in ruminal epithelial structure and
changes in TJ protein expression, in particular clau-
din-4, occludin, and TJPI. Our results suggest that
during the transition period the ruminal epithelium ex-
periences a slight impairment of barrier function. The
intake of a diet with higher fermentability after calving
and the ensuing increase in bacterial species capable
of rapid fermentation induce a higher VFA production
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and, consequently, a decrease of ruminal pH. Further-
more, the increase of gram-negative bacteria (which
are sources of LPS) could have contributed to greater
concentration of ruminal fluid LPS leading to an im-
pairment of TJ function (Chin et al., 2006). Further
information on the biology of TJ could be useful for
developing strategies to minimize the potential for the
translocation of bacteria and toxins across the ruminal
epithelia.

Immune and Inflammatory Genes. The pres-
ence of TLR in bovine ruminal epithelium has been
reported previously (Chen et al., 2012; Malmuthuge et
al., 2012; Trevisi et al., 2014). The decrease in TLR,
IRAKI1, and CD/5 expression after calving is indica-
tive that the ruminal epithelium may be an important
component of the host immune system. The decrease
in expression of CD/5 (a marker of immune cells) af-
ter calving is suggestive of a lower relative abundance
of immune cells on the epithelial tissue. This effect is
reasonable considering the fact that growth of ruminal
epithelial tissue mass increases markedly after calving
(Bannink et al., 2008; Martens et al., 2012).

The activation of TLR after the recognition of mem-
brane components of bacteria (LPS, peptidoglycan, and
lipoteichoic acid) induces an inflammatory response
(Medzhitov, 2008; Kawai and Akira, 2009). Chen et al.
(2012) detected a higher expression of TLR2 and TLR/
in ruminal epithelium of steers classified as acidosis re-
sistant compared with steers classified as acidosis sus-
ceptible and concluded that the decrease in expression
of these receptors may render animals more susceptible
to inflammatory stimuli originating from the ruminal
environment (Chen et al., 2012).

Catalani et al. (2010) detected a decrease of expres-
sion of TLR/ in peripheral blood mononuclear cells in
cows after calving and hypothesized this was a mecha-
nism of endotoxin tolerance. Mechanisms of endotoxin
tolerance are present in intestinal epithelial cells and act
to avoid deleterious TLR activation by Toll-interacting
protein (Abreu, 2010). It is possible that, just as in the
intestine, after calving the ruminal epithelium adapts
to an increase in rumen LPS content, that is, due to
the higher diet fermentability leading to greater VFA
production and suboptimal pH driving greater bacte-
rial lysis.

The consequences of decreasing expression of TLR
receptors on ruminal epithelium are unknown. How-
ever, damages of epithelium permeability (Minuti et
al., 2013, 2014) make the interaction between LPS and
other bacterial immunogens and resident immune cells
(macrophage and dendritic cell) more probable, hence,
increasing the risk of inflammatory events originating
from the gastrointestinal tract (Minuti et al., 2013,
2014).
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Cellular Transporters. In our study, the relative
high percentage mRNA abundance of MCT1 (10.1%)
compared with MCT4 (0.05%) confirms data from
a previous study in reindeer (Koho et al., 2005) and
immunohistochemistry staining data from dairy cows
(Kirat et al., 2007). The MCT1 plays a direct role in
the shuttling of intracellular VFA, lactate, and ketone
bodies across the basolateral membrane of the epi-
thelium toward the bloodstream (Miiller et al., 2002;
Aschenbach et al., 2011). Clearly, the importance of
MC'T1 in the ruminal epithelium is substantial.

The higher expression of MCT1 at 28 DIM appears
related to a decrease in intracellular acid load as a con-
sequence of an increase in concentration and absorption
of VFA from the lumen of the rumen (Metzler-Zebeli et
al., 2013). This idea is supported by previous studies in
ruminants (Koho et al., 2011; Kuzinski and Rontgen,
2011; Metzler-Zebeli et al., 2013) where an increase of
MCT1 expression was detected following dietary treat-
ments that enhanced the amount of fermentable sub-
strates and consequently the amount of VFA produced.
Considering that at 28 DIM we detected a higher ex-
pression of both MCT1 and HMGCS2, it is possible that
an increase in concentration of ketone bodies within the
ruminal epithelial cell led to an increase in export into
the bloodstream.

The urea transporter SLC14A1 (also known as UTB)
is a membrane protein that plays a role in the entry
of urea from blood into the digestive tract and conse-
quently participates in urea nitrogen recycling (Stewart,
2011). Sunny et al. (2007) suggested that the transfer
of urea N to the gastrointestinal tract (transporter
mediated or diffusion) is highly related to plasma urea
concentration. Simmons et al. (2009) detected a higher
expression of ruminal UTB in steers fed a concentrate-
based diet compared with steers fed a silage-based
diet and demonstrated that diet can induce changes
in UTB urea transporter expression. Considering that
both diets were isoproteic, they also suggested that the
ruminal butyrate concentration may play a role in the
long-term regulation of UTB expression (Simmons et
al., 2009).

In our experiment the gradual increase in expression
of SLC14A1 after calving was likely related to both
ruminal butyrate and blood urea concentration, sug-
gesting that, in the transition dairy cow, both mecha-
nisms are important. The fact that both SLC14A1
and SLC16A1 reached peak expression at 28 DIM
indicates that DMI and rumen digestion are impor-
tant stimuli for these genes. Further studies that elu-
cidate the adaptive mechanisms of these transporters
at the ruminal epithelial level could help manipulate
the efficiency of rumen function and enhance nutrient
utilization.
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Tissue Development. The results for TGFB1 and
EREG agree with the recent study by Steele et al.
(2015) using a similar experimental timeline. However,
the finding of an upregulation of EGFR, a member of
the epidermal growth factor family (Shirakata et al.,
2000), at the end of the peripartal period is opposite to
the observation by Steele et al. (2015). An upregulation
of FREG expression can induce autocrine growth fac-
tors leading to greater keratinocyte differentiation (Shi-
rakata et al., 2000). Signaling via EGFR is essential for
keratinocyte proliferation (Bektas et al., 2013); thus,
the similar expression of EREG and EGFR agrees with
the fact that epiregulin can serve as ligand for EGFR.

The present data support a role for TGFBI1 in the
regulation of growth and differentiation of rumen epi-
thelium in early lactation (Connor et al., 2014; Steele et
al., 2015). The TGFBI1 protein mediates several physi-
ological processes, including inhibition of cell prolifera-
tion, activation of apoptosis, and cellular differentiation
(Massagué et al., 2000; Moustakas et al., 2002). Connor
et al. (2014) observed an increase in TGFB1 expression
in ruminating calves and hypothesized it was a mecha-
nism to reduce calf ruminal cell proliferation likely me-
diated by butyrate from rumen fermentation. However,
in adult ruminants no effect of butyrate on TGFBI1 in
ruminal epithelium was observed (Baldwin et al., 2012).
Connor et al. (2014) suggested that TGFBI may play
different roles in adult than young ruminal epithelium.

During the adaptation from a low- to a high-ferment-
able diet, the ruminal epithelia respond by increasing
their proliferative capacity to maximize the absorptive
surface (Sakata and Tamate, 1978; Sakata and Yajima,
1984) and by reducing cellular apoptosis (Penner et al.,
2011). Butyrate is the main stimulator of these events
(Sakata and Tamate, 1978; Sakata and Yajima, 1984).
In our study, the earlier increase of TGFBI1 (10 DIM)
and the reduction of TGFBR1, EGFR, and EREG after
calving suggest an initial period of cell proliferation ar-
rest followed by a feedback mechanism to promote the
proliferative capacity of the epithelium. It is not clear
if these events are mediated by the increase of butyr-
ate in the rumen, intracellular factors, or the endocrine
environment of the animal.

CONCLUSIONS

Understanding ruminal epithelium physiology during
transition will help nutritionists to develop strategies to
enhance dairy cow health and production in early lac-
tation (Steele et al., 2015). Several processes involved
in ruminal epithelium adaptations to degree of diet
fermentability are closely related to the production of
VFA, especially butyrate (Sakata and Tamate, 1978;
Sakata and Yajima, 1984). Similarly, ruminal micro-
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biome structure is related to production traits such as
milk production (Jami et al., 2014; Lima et al., 2015).
These relationships have been tentatively explained by
the specific fermentation end products (VFA) likely
produced by the different microorganisms. However,
not only VFA are responsible of these changes, for
example, SARA induced with pelleted alfalfa did not
cause inflammation compared with SARA induced
with a high-grain load. Thus, other factors beyond the
rumen itself likely contribute to changes in ruminal
epithelial metabolism. The connections among ruminal
fermentation, the ensuing ruminal epithelium adap-
tations, and the consequence on systemic responses
(e.g., immunometabolism) of the cow remain unclear.
Whether microbial metabolism could affect epithelial
gene expression via metabolites remains uncertain. Be-
cause of challenges with in vitro incubation of anaerobic
organisms, only few have been studied deeply (Morgavi
et al., 2013). Metabolic cooperation, along with syn-
ergism, predation, cell-cell signaling, and structural
organization, likely allows certain bacteria to adapt
their metabolism according to changes in diet and
the presence of other microorganisms (Morgavi et al.,
2013). Future studies using more advanced technologies
(e.g., transcriptomics, metagenomics, metabolomics)
and suitable bioinformatics tools will be helpful in en-
hancing the systems understanding of the whole animal
during the peripartal period.
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