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ABSTRACT

The gastrointestinal epithelium of the dairy cow and
calf faces the challenge of protecting the host from
the contents of the luminal milieu while controlling
the absorption and metabolism of nutrients. Adapta-
tions of the gastrointestinal tract play an important
role in animal energetics as the portal-drained viscera
accounts for 20% of the total oxygen consumption of
the ruminant. The mechanisms that govern growth
and barrier function of the gastrointestinal epithelium
have received particular attention over the past decade,
especially with advancements in molecular-based tech-
niques, such as microarrays and next-generation DNA
sequencing. The rumen has been the focal point of dairy
cow and calf nutritional physiology research, whereas
the lower gut has received less attention. Three key
areas that require discovery-based and applied research
include (1) early-life intestinal gut barrier function and
growth; (2) how the weaning transition affects function
of the rumen and intestine; and (3) gastrointestinal
adaptations during the transition to high-energy diets
in early lactation. In dairy nutrition, nutrients are seen
not only as metabolic substrates, but also as signals
that can alter gastrointestinal growth and barrier func-
tion. Nutrients have been shown to affect epithelial cell
gene expression directly and, in concert with insulin-
like growth factor, growth hormone, and glucagon-like
peptide 2, play a pivotal role in gut tissue growth. The
latest research suggests that ruminal and intestinal
barrier function is compromised during the preweaning
phase, at weaning, and in early lactation. Gastrointes-
tinal barrier function is influenced by the presence of
metabolites, such as butyrate, the resident microbiota,
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and the microbes provided in feed. In the first studies
that investigated barrier function in cows and calves, it
was determined that the expression of genes encoding
tight junction proteins, such as claudins, occludins, and
desmosomal cadherins, are affected by age and diet.
Recent evidence suggests that the upper and lower
gut can communicate, but the exact mechanisms of
gastrointestinal cross-talk in ruminants have not been
studied in detail. A deeper understanding of how diet
and microbiota can affect growth and barrier function
of the intestinal tract may facilitate the development
of specific management regimens that could effectively
influence gut function.
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INTRODUCTION

The primary roles of the gastrointestinal epithelium
(GE) are to protect the host from the mixture of mi-
croorganisms, toxins, and chemicals in the lumen and
to prevent unregulated movement of these compounds
into the lymphatic or portal circulation (Géabel et al.,
2002). The GE continuously senses the luminal com-
position to protect against threats to its integrity and
enhance nutrient absorption (Furness et al., 2013). In
addition to protecting the host, the GE controls nutri-
ent absorption, metabolism, and delivery of nutrients
to other body tissues. The gastrointestinal tract (GIT)
plays a significant role in animal energetics as it utilizes
20% of the oxygen in the whole animal and accounts
for 30% of metabolic and protein synthesis activities of
the cow (Cant et al., 1996). Thus, although adaptations
to the gut are local, they can influence the entire dairy
cow or calf system.

Study of the ruminal epithelium has expanded over
the last 5 yr, with particular attention being paid to the
modulation of ruminal function in response to increas-
ing rapidly fermentable carbohydrates (Penner et al.,
2011; Steele et al., 2011a,b) and butyrate supplementa-
tion (Goérka et al., 2011; Baldwin et al., 2012; Kowalski
et al., 2015). However, the mechanisms controlling GE
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responses, especially in the lower gut, during dietary
adaptation are poorly understood. Moreover, microbes
and digesta metabolites and their effects on the func-
tion and expression of genes of the lower gut are not
well characterized, thus generating the need for further
research. The ability to modulate gut epithelial func-
tion using nutrients and feeding schemes is of relevance
and interest to the dairy industry as it will improve
dairy cow and calf health and performance.

COMPARATIVE STRUCTURE OF EPITHELIA

The contents of the gastrointestinal lumen are sepa-
rated from the lymphatic and portal circulation by 2
distinct epithelia: the stratified squamous epithelium
(SSE) found in the reticulo-rumen and omasum (Figure
1A; Figure 2) and the columnar epithelium (CE) of the
abomasum, small intestine, cecum, and large intestine,
otherwise known as the lower gut (Figure 1B; Figure 2).
In the reticulo-rumen and omasum, the SSE epithelial
surface area is increased by papillae that protrude from
the ruminal epithelium to increase absorption of short-
chain fatty acids (SCFA) and minerals (Lavker and
Matoltsy, 1970) and secretion of bicarbonate into the
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lumen (Aschenbach et al., 2011). The reticulo-ruminal
and omasal SSE is composed of 4 distinct strata with
multiple functions (Figure 1A). The stratum basale is
the first cell layer adjacent to the basal lamina and to
the stratum spinosum. The cells of the both the stra-
tum basale and spinosum contain mitochondria that
contribute to the metabolic properties of the ruminal
SSE, including the metabolism of SCFA to ketones
(Baldwin et al., 2004b). Adjacent to the stratum spino-
sum is the stratum granulosum, which is characterized
by tight junctions (occludins, claudins), adherin junc-
tions, and desmosomes, which add mechanical strength
to the epithelium (Graham and Simmons, 2005). The
stratum corneum is in direct contact with the ruminal
and omasal contents and consists of dead cornified ke-
ratinocytes (Steele et al., 2011b). The corneum acts as
protective barrier between the rumen contents and the
lower living strata and is eventually sloughed into the
rumen milieu (Graham and Simmons, 2005). Epimural
microbes colonize the surface of the corneum but do
not penetrate to the stratum granulosum (Steele et al.,
2011b). The exact mechanisms controlling how cells
differentiate and migrate through the highly metabolic
regions of the basale and spinosum to the protective
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Figure 1. The large contrast of the ruminal and intestinal epithelia. (A) Stratified squamous epithelium of the rumen, and (B) columnar

epithelium of the lower gut.
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regions of the granulosum and finally the corneum are
unknown.

The characteristics of the lower gut are dramatically
different from those of the reticulo-rumen and omasum
for several reasons. First, instead of multilayered SSE,
there is a simple CE in the lower gut (Figure 1B). The
cells of the lower gut encompass absorptive epithelial
cells, mucus-secreting cells (goblet cells), immune cells
(Peyer’s patches, Paneth cells, dendritic cells, and
lymphocytes), and enteroendocrine cells (Peterson and
Artis, 2014; Figure 2). These specialized cells carry out
essential processes; for example, they secrete protective
substances (e.g., mucus, antimicrobial peptides) into
the lumen, secrete enzymes into the lumen, facilitate
nutrient absorption, and secrete hormones [e.g., peptide
YY, glucagon-like peptide (GLP)-1, and GLP-2|. In
contrast, the ability of the reticulo-ruminal epithelium
to secrete antimicrobial compounds (e.g., IFN-~) has
been speculated but not proven (Trevisi et al., 2014).

Second, the relative proportion of specialized cell
types and microbial diversity and density change dra-
matically throughout the lower gut, in contrast to the
rumen, where a more constant cell population of the
SSE and luminal microbiota exists (Lavker and Mo-
toltsy, 1970). For example, the ileum is richest in im-
mune cells, whereas the duodenum and colon are richer
in mucous cells (Kim and Ho, 2010). Additionally, the
reticulo-rumen and omasum SSE are not mucosae,
whereas the entire lower gut comprises loosely adher-
ent and firmly adherent mucus layers that act as an
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intermediate between the lumen contents of the lower
gut and the epithelial cells.

Mucus layers are predominantly composed of mucin
networks (MUC?2 produced by goblet cells) and other
host-defense molecules produced by goblet cells, Paneth
cells, and absorptive enterocytes (Kim and Ho, 2010).
Microbes can be found on the outer loosely adherent
mucus layer and, in rare cases, the firmly adherent mu-
cus layer that typically contains IgA (Gallo and Hooper,
2012). This allows an extra layer of protection between
the microbiota and the host. In monogastrics, the mu-
cus layer is thinnest in the duodenum and thickest in
the colon (Atuma et al., 2001), where the microbial
population has the highest density and diversity (Kim
and Ho, 2010). Considering the importance of mucus
to gastrointestinal function, it is surprising that mucus
characteristics and thickness have not been described
for ruminant intestines in physiological studies as they
have in monogastric CE (Atuma et al., 2001). Greater
attention to mucus function in ruminants is required
to properly investigate barrier function and epithelial-
attached microbes.

Similar to the SSE, the CE cells are joined by tight
junctions, adherent junctions, and desmosomes (Turn-
er, 2009). The submucosa lies beneath the mucosa and
contains arterials and venules, as well as immune cells
such as dendritic cells and lymphocytes. The submu-
cosa is structurally diverse depending on the region of
the lower gut. For example, Brunner’s glands or mucus
pits line the duodenum, and Peyer’s patches, which
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Figure 2. The diverse epithelial structure (stratified squamous epithelium and columnar epithelium), cell types (Paneth, M, and neuroendo-
crine cells) and mucus layer (blue) of gastrointestinal tract of ruminants.
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play an important role in immunological function, line
the ileum, which further adds to the contrasts between
the rumen and the lower gut (Figure 2).

KEY OPPORTUNITIES RELATED
TO EPITHELIAL FUNCTION

Several key phases and challenges in dairy production
can affect both GE function and economic profitability,
including preweaning, weaning, the transition to highly
fermentable diets, and heat stress. A common factor
among all production phases and environmental chal-
lenges associated with compromised GE function is low
feed intake. Recent research has demonstrated that low
feed intake alone can compromise GE barrier function
(Zhang et al., 2013). Because Baumgard and Rhoads
(2013) provided a recent review of the effects of heat
stress on metabolism and energetics, the current paper
excludes the impact of heat stress on GE function.

Preweaning

The preweaned calf is the most at-risk population of
cattle on the farm for GE malfunction, with digestive
disorders and diseases (primarily from scours) result-
ing in morbidity and mortality rates above 50% and
10%, respectively (USDA, 2007). In a recent survey
in Canada and the United States, it was determined
that 23% of dairy calves are treated for diarrhea with
antibiotics during the preweaning phase (Windeyer et
al., 2014). Calf health has recently been shown to affect
longevity, as calves treated with antibiotics during the
preweaning period are known to produce less milk in
their lifetimes (Soberon et al., 2012). Establishing a
stable commensal microbiota and promoting develop-
ment of the GE may aid in the prevention of gastro-
intestinal infections and improve overall gut barrier
function, resulting in improvements in efficiency, food
safety, and animal welfare.

The dairy calf’s GIT undergoes significant in utero
development and much of the architecture and struc-
tural capacities have been set before birth (Warner et
al., 1965), yet maternal and epigenetic factors are not
known. From a microbiological standpoint, the GIT is
considered to be devoid of live microorganisms before
birth. This fact, however, is currently being questioned
for monogastrics (Stout et al., 2013). Bacteria from
the maternal GIT have been detected and isolated in
umbilical cord blood, amniotic fluid, meconium, and
placental and fetal membranes without any clinical evi-
dence of infection or inflammation in the mother—infant
pair (Jiménez et al., 2005). Maternal dendritic cells in
Peyer’s patches may play a role in bacterial uptake into
the placenta and milk and subsequent transfer to the
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fetus (Thum et al., 2012; Aagaard et al., 2014). In ru-
minants, it is not known whether this situation also ex-
ists given the architecture of the placentome, but if so,
maternal nutrition and the gastrointestinal microbiome
would be important factors in determining not only gut
structure, but also gut microbiota of the offspring. At
birth, the inoculation of the calf’s GIT may arise from
the vaginal canal, fecal material, skin, and saliva. Most
dairy calves are immediately removed from their dam
after birth to minimize the risk of disease, which affects
calf behavior (Ventura et al., 2013). However, it is not
known whether limited exposure to mature dairy cows
affects gut physiology, growth, and health during the
early stages of life. It is well documented in humans
that maternal contact and exchange of microbes of the
gut is an essential part of health and development in
neonates (Penders et al., 2007). It is possible that this
exchange of microbiota between the dam and calf is
necessary to establish a balanced microbiota, which
requires more attention in future research.

After birth, the first meals are suckled, stimulating
the esophageal groove to shunt colostrum and milk to
the abomasum instead of the rumen, thereby creating
the necessary acidic environment to initiate digestion
and absorption in the lower gut (Baldwin et al., 2004b).
In the first hours of life, the gut of a newborn calf is
permeable to large molecules, such as IgG, before the
cessation of macromolecule absorption from the lumen
to blood (Taschuk and Griebel, 2012). Termination or
closure of intestinal permeability to the immunoglobu-
lins of colostrum is thought to occur spontaneously
with age at a progressively increased rate after 12 h
postpartum (Godden, 2008). Feeding colostrum shortly
after birth results in earlier cessation of absorption, yet
the amount of colostrum fed has no influence on closure
(Taschuk and Griebel, 2012). It is speculated that the
exposure to specific bacteria (Lactobacillus) may be one
of the mechanisms that control cell junctions in calves,
but the precise mechanisms of gut closure remain un-
known.

The focus of colostrum research over the past 3 de-
cades has been on the passive transfer of IgG in colos-
trum, with very little attention devoted to investigating
other bioactives that could affect gut microbiota and
growth (Blum and Hammon, 2000). Colostrum and milk
have often been described as the complete prebiotic, as
they contain one of the largest collections of bioactive
proteins, carbohydrates, and fatty acids (Mills et al.,
2011). In particular, colostrum harbors a large number
of growth factors, including IGF-I, IGF-II, insulin, and
epidermal growth factor—all of which directly affect
gut growth signaling pathways (Roffler et al., 2003). For
example, supplementing milk with IGF-1 or increasing
the duration of colostrum feeding increases epithelial
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cell proliferation in the small intestine of calves (Ham-
mon et al., 2002). Recent research focusing on the effect
of duration of colostrum feeding has uncovered growth
responses in total mass, villus height, and proliferation
throughout the small intestine, as well as function dif-
ferences in Na-dependent glucose transport mechanisms
in the duodenum (Hammon et al., 2013). With respect
to potential prebiotic properties within colostrum, a
study comparing pasteurized and fresh colostrum de-
termined that pasteurized colostrum maintained higher
levels of Bifidobacterium and less FEscherichia coli in
the calf ileum and colon during the first 12 and 24 h
of life (Malmuthuge et al., 2015). The pasteurized co-
lostrum did not contain viable Bifidobacterium, leading
the authors to speculate that the oligosaccharides in
colostrum underwent chemical changes that specifically
supported Bifidobacterium growth as a result of heat
treatment. Collectively, the research supports the no-
tion that the bioactive components in colostrum that
play a key role in establishing microbiota balance and
gut growth in the first day and weeks of life are not yet
clearly described.

With respect to the regulatory mechanisms of gas-
trointestinal gene expression in dairy calves, microRNA
(miRINA) sequences in specific gastrointestinal tissues
throughout the preweaned period were characterized by
Liang et al. (2014). The miRNA are a group of small
(~22 nucleotides) endogenous RNA molecules that bind
coding RNA and block translation to regulate gene
expression, which may play important role in regulat-
ing rumen development (He and Hannon, 2004). Liang
et al. (2014) found region-specific miRNA throughout
the small intestine, the expression patterns of which
changed throughout the first 6 wk of life. Interestingly,
the expression changes were the most diverse during the
first week of life, and many of these miRNA targeted
genes involved in the immune response, suggesting that
the miRNA could regulate immune function develop-
ment during early life. The authors also observed re-
lationships between the expression of miRNA and the
abundance of beneficial bacteria; namely, Lactobacillus
and Bifidobacterium, underlining the potential role of
miRNA in cross-talk between host and gastrointestinal
microbiota.

Recently, there has been a renewed interest in en-
docrine control of gut barrier function and growth in
dairy cattle, with most of the work being performed
using preweaned dairy calves. Of the numerous hor-
mones that are produced by the calf gut, GLP-2 has
received considerable attention over the last 5 yr (Con-
nor et al., 2015). The GLP-2 hormone is produced
by enteroendocrine L cells and by various neurons in
the central nervous system (Estall and Drucker, 2006).
Intestinal GLP-2 is co-secreted along with GLP-1 upon
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nutrient ingestion and is a stimulator of intestinal
growth (Burrin et al., 2003). Treatment with GLP-2
of primary submucosal neurons isolated from rodent
intestine increased expression of multiple growth fac-
tors, including IGF-1 (Connor et al., 2015). Recently,
2 studies involving calves reported that subcutaneous
injections of GLP-2 during an Eimeria bovis challenge
decreased oxidative tissue damage and improved epi-
thelial integrity (Connor et al., 2013b) in the lower gut
and increased the mRNA and protein expression of
tight junction proteins in the small intestine (Walker et
al., 2015). In the studies of Gérka et al. (2009, 2011),
where protected butyrate was supplemented in milk
replacer, blood levels of GLP-2 and IGF-1 increased,
which was associated with increased levels of prolifera-
tion and growth of both the intestine and rumen. All
of these findings suggest that more targeted research is
needed to determine which microbiota, nutrients, and
feeding strategies stimulate the production of GLP-2
and IGF-1. Of great interest is the mechanism of com-
munication among intestinal factors in the different
compartments of the gut. Studies integrating multiple
compartments of the ruminant SSE and CE are essen-
tial in understanding how a nutritional treatment can
affect the entire GIT.

Weaning

Perhaps one of the most dramatic gastrointestinal
transformations in the ruminant’s life is the transition
from functioning as a monogastric to a ruminant. Tra-
ditionally, dairy calves have been weaned early, at 1
to 3 mo of life. In many cases, the GIT is not ready
for early weaning, especially if the high levels of milk
being fed as the stimulus to promote ruminal develop-
ment are reduced (de Passillé et al., 2011; Eckert et al.,
2015). Finding optimal weaning strategies that stimu-
late GE development becomes increasingly important
as the industry moves toward feeding elevated levels
of milk, because dry feed intake preweaning needs to
be maximized to decrease the risk of depressed growth
rates and disease during the weaning period (Khan et
al., 2011).

During weaning, calves must transition from a milk-
based diet that is primarily digested in the abomasum
and small intestine to one based on solid feed intake
and ruminal fermentation (Baldwin et al., 2004b; Guil-
loteau et al., 2009). Thus, weaning not only changes
the site of digestion and absorption, but also changes
the nutrients available for absorption and postabsorp-
tive metabolism (Klotz and Heitmann, 2007). Wean-
ing occurs only months after birth and is marked by
the rumen capacity increasing from 30 to 70% of the
entire GIT (Warner et al., 1965). Expansion is needed
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to increase the surface area for absorption of the
products of ruminal fermentation; namely, SCFA, to
meet the demands for growth (Baldwin et al., 2004b).
The dramatic shift in physiology and metabolism of
early weaning contrasts natural weaning, which occurs
gradually over many weeks when calves are left to nurse
from their dams to approximately 10 mo of age (Rein-
hardt and Reinhardt, 1981). It is becoming common to
feed more milk preweaning to accelerate growth and
improve potential lifetime production (Soberon et al.,
2012; Soberon and Van Amburgh, 2013). To support
accelerated weight gain with elevated quantities of milk
feeding, concurrent accelerated rumen and intestinal
adaptation are required, including microbiological,
structural, and functional changes in SSE and CE.

Structural development in the rumen is promoted by
the consumption of solid feed; however, the microbio-
logical adaptations begin at birth. As stated previously,
the inoculation of the calf’s rumen from the dam begins
at birth from several sources: vaginal canal, fecal mate-
rial, colostrum, skin, and saliva. Bacteria appear in the
first day of life, especially those of aerobic or facultative
anaerobic-related taxa. For instance, Proteobacteria-
and Streptococcus-related sequences were substantially
represented in 1- to 3-d-old calves (Jami et al., 2013;
Rey et al., 2014). These primo-colonizing bacteria
may play an important role in shaping the biotope for
strictly anaerobic microbial populations colonizing rap-
idly afterward (Fonty and Chaucheyras-Durand, 2007).
Bacterial diversity and species richness increase with
age, with 45 to 47 genera belonging to 13 to 15 phyla
being identified in 2- to 3-wk-old calves (Jami et al.,
2013; Malmuthuge et al., 2014). A few genera seem
to be shared among the bacterial communities found
during primary stages of colonization and in mature
animals, suggesting that the establishment of bacterial
communities during the first days of life may imprint
microbiota later in life (Li et al., 2012a; Jami et al.,
2013).

After the first week of life, cellulolytic bacteria and
fungi are increased even though the rumen is not func-
tional and no complex polysaccharides have been in-
gested (Fonty et al., 1987). The calf rumen microbiota
harbors considerable functional diversity, as evidenced
by the identification of more than 8,000 putative pro-
tein families (Li et al., 2012a). Notably, metagenomics
studies have revealed that a great number of polysac-
charide hydrolase microbial genes are present in the
rumen, suggesting remarkable potential for plant
carbohydrate metabolism at early stages of life (Li et
al., 2012a). This finding was confirmed by the mea-
surement of fibrolytic activities in the young ruminant
rumen (Rey et al., 2012; Jiao et al., 2015). In the young
ruminant, the establishment of Archaea methanogens
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occurs simultaneously with that of cellulolytic bacteria
(Morvan et al., 1994), and Methanobrevibacter sp. are
found as a dominant genus (Gagen et al., 2012; Zhou et
al., 2014). Colonization of the rumen wall by epimural
bacteria is also age-related. In goat kids, Jiao et al.
(2015) noted that on the day of birth, measurements
of the phylum Proteobacteria far exceeded other phyla
(90.13%), with the majority belonging to the genus
Escherichia; this finding ultimately confirmed earlier
studies using cultural methods (Rieu et al., 1989). This
microbiota might be derived from that of the mother’s
vagina, skin, colostrum, or environment, and may have
a particular importance in scavenging oxygen diffusing
from the capillary network, thereby creating ecological
conditions suitable for the establishment of anaerobic
communities. Ciliate protozoa are the last community
to become established in the rumen. They are detected
from 2 to 3 wk of age, with Entodinium spp. being first
to appear (Abecia et al., 2014). Studies using cultur-
ing methods have indicated that the rumen microbial
ecosystem is stabilized after 2 mo of life (Fonty et al.,
1987); however, in studies using 16S rRNA gene se-
quencing methods, the mature bacterial arrangement
was not detected before 6 mo, when Bacteroidetes, Fir-
micutes, and Proteobacteria were among the dominant
phyla (Jami et al., 2013).

Although rumen development and microbial coloni-
zation have attracted a lot of attention recently, a basic
understanding of ruminal morphology and physiology
remains elusive. Rumen histomorphogenesis starts early
during fetal life, at around 30 to 35 d of gestation de-
pending on ruminant species, and stratification of the
rumen epithelium starts after 50 d, which coincides with
the appearance of ruminal pillars and papillae (Garcia
et al., 2012). It has been shown that encouraging solid
feed intake by restricting milk access increases the size
of the rumen as well as the dimensions of rumen papil-
lae (Khan et al., 2011). Most studies report height and
width of rumen papillaec as an estimate of rumen epi-
thelium growth (Steele et al., 2014). As shown recently
using micro-computed tomography methods, increased
papillae height and width do not necessarily result in
increased surface area, as papillae density must also be
considered (Steele et al., 2014).

Of the SCFA, butyrate has been reported to be a
potent stimulator of ruminal epithelial proliferation in
vivo (Sakata and Tamate, 1978), and recent findings
suggest the same in the lower gut (Gdérka et al., 2011;
Kowalski et al., 2015). The molecular mechanisms be-
hind this stimulated development, however, are poorly
understood. To investigate the active transcription fac-
tors that may be controlling ruminal SSE adaptations
during weaning, a series of microarray experiments was
conducted comparing preweaning rumen tissue with tis-
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sues from weaned calves consuming a hay or concentrate
diet (Connor et al., 2013a, 2014). These studies showed
that the expression of transforming growth factor 1
(TGFB1) partially controlled the expression of multiple
gene families involved in cellular differentiation and
epithelial development. A family of DNA transcription
factors, termed nuclear protein receptors, are known
to bind to metabolites (especially fatty acids) in the
cytoplasm, and affect the transcription of many genes.
In the same study by Connor et al. (2014) 2 nuclear
receptors, peroxisome proliferator-activated receptor
(PPAR)a and estrogen related receptor-a (ESRRa),
were responsive to weaning in rumen tissue. In a study
comparing elevated and conventional feeding schemes
before (wk 5) and after weaning (wk 10), it was also
determined that PPARa and PPARS were activated
transcription factors (Naeem et al., 2014). This work
corresponds with research in mature dairy cattle, in
which genes associated with fatty acid metabolism and
cholesterol biosynthesis (PPAR) were also found to be
responsive in the rumen epithelium of cows transitioned
to a highly fermentable diet (Steele et al., 2011a).

As previously described, miRNA may play a role in
gene expression during the preweaning and weaning
periods (Liang et al., 2014). The study by Liang et al.
(2014) identified miR-205 as being highly expressed in
the rumen (>60% of all miRNA sequences) and as a
potential regulator of cell proliferation and the develop-
ment of ruminal SSE during early life. Interestingly,
Liang et al. (2014) proposed that miRNA expression
might influence bacterial populations in the rumen due
to the observed association between the expression of
particular miRNA (e.g., miR-129) and the total bacte-
rial population in the rumen. Elucidating the regula-
tory mechanisms will be a challenge considering the
confounding effects of the microbial population density
and diversity, changes in nutrient intake and hence an
increase in rumen fermentation, and calf age. However,
understanding the driving factors could lead to devel-
opment of novel feed additives that stimulate GE devel-
opment and improve the success of weaning programs,
even with elevated milk feeding protocols.

Weaning-related research has typically revolved
around the rumen and maximizing solid feed intake.
A focus on the ruminal environment neglects the effect
of how this shift in nutrients and microbiota influence
the lower gut. With regard to gastrointestinal adapta-
tion, one aspect that is often overlooked is barrier func-
tion. Gastrointestinal tract barrier function involves
secretory processes (e.g., alkaline phosphatase, secre-
tory IgG, defensins), the innate immune response, and
permeability of the GIT (Peterson and Artis, 2014).
Malmuthuge et al. (2013) reported that feeding starter
in combination with milk replacer near weaning tended
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to increase the mRNA expression of toll-like receptor
(TLR)-3, TLR-4, TLR-5, and (3-defensin and signifi-
cantly increased T'LR-6 and peptidoglycan recognition
protein 1 (PGRP-1). These data represent some of the
first work characterizing the innate immune response
in calves at weaning and suggest potential for greater
detection of microbial-associated molecular patterns
and control of the microbiome. However, it should be
noted that functionality might not be correlated with
mRNA expression.

More recently, Wood et al. (2015) demonstrated that
gastrointestinal permeability decreases (suggesting
improved barrier function) as calves age from 17 to
42 d. However, the authors noted that weaning alters
this age-dependent process. Wood et al. (2015) charac-
terized regional responses for permeability and innate
immune responses and demonstrated that the rumen,
duodenum, and jejunum are regions at the greatest risk
of impaired barrier function. This differs from Mal-
muthuge et al. (2013), where the jejunum, ileum, and
cecum were implicated as regions with reduced bar-
rier function based on mRNA abundance of claudin 4.
Research in infants and piglets has clearly documented
inflammation and morphological changes of the intes-
tinal tract during weaning (Pié et al., 2004). The same
can be expected to occur in ruminants, as the levels of
starch are equally high. An increase in inflammatory
markers has been shown during the weaning of dairy
calves (Kim et al., 2011). It may be that calves suffer
temporarily from hindgut acidosis, because they exhibit
elevated fecal starch levels during weaning (Eckert et
al., 2015). Greater investigation of the lower gut micro-
biological, structural, and functional changes and how
these changes contribute to weaning stress is a logical
next step in research.

Transition to Highly Fermentable Diets

Meeting the net energy and metabolizable protein
requirements of high-producing dairy cows requires
the use of highly fermentable diets. An abrupt transi-
tion to a highly fermentable diet causes the rate of
SCFA production by ruminal fermentation to exceed
the rate of ruminal buffering, passage, and especially
absorption, depressing pH below 5.6 for hours a day,
indicative of the digestive disorder subacute ruminal
acidosis (SARA). The transition from low energy to
highly fermentable diets, such as during the transition
from the dry period to lactation, is believed to predis-
pose cattle to SARA (Plaizier et al., 2008). It has been
estimated that SARA occurs in 20% of lactating dairy
cattle and is most prevalent in early lactation (Penner
et al., 2007). The disorder is associated with depressed
feed intake, production, decreased milk fat and milk
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fat yield, and more recently whole-animal inflammation
(Plaizier et al., 2008). Decreasing barrier dysfunction
and increasing growth during times when cows are at
risk of SARA may provide an opportunity to decrease
inflammation and improve the energy balance of dairy
cattle. The adaptations of the rumen microbiota and
rumen epithelium during the transition to rapidly fer-
mentable diets have been previously summarized in re-
views by Nagaraja and Titgemeyer (2007) and Penner
et al. (2011). This section of the review will further
develop these concepts with recent literature and new
data related to the lower gut.

Unlike acute lactic acidosis, SARA is a more chronic
condition, as lactic acid—consuming bacteria in the ru-
men, such as Megasphaera elsdenii, are able to convert
lactic acid to propionic acid (Stone, 2004). However, in
both SARA and acute ruminal acidosis, ruminal LPS
concentrations are elevated. Lipopolysaccharide is a
cell wall component of gram-negative bacteria and a
well-known endotoxin and potent stimulator of the im-
mune system (Khafipour et al., 2009). Although LPS
has been the focal point, it should be noted that other
potential microbial products can induce inflammatory
responses, such as lipoteichoic acid, flagellin, histamine,
and other microbial fragments. The increase in ruminal
LPS and other microbial products during acidosis may
translocate through the ruminal SSE as it has been de-
termined that low pH results in increased paracellular
permeability (Penner et al., 2010; Wilson et al., 2012).
An in vivo study documented a decrease in ruminal epi-
thelial thickness and an increase in SSE lesions during
SARA (Steele et al., 2011b). Furthermore, downregula-
tion of tight junction genes (occludins and claudins)
was noted in the ruminal SSE of goats transitioned to
a high-grain diet (Liu et al., 2013). Moreover, SARA is
associated with elevated levels of acute phase proteins
such as serum amyloid A and haptoglobin (Plaizier et
al., 2008), indicative of systemic inflammation originat-
ing from a leaky ruminal SSE.

The notion that compromised ruminal SSE bar-
rier function is primarily responsible for inflammation
during SARA was questioned in a study by Li et al.
(2012b), in which ruminal acidosis was induced by
grain or alfalfa pellets. Both treatments depressed pH,
causing ruminal acidosis; however, acute phase proteins
(serum amyloid A and haptoglobin) were only elevated
in the blood stream in the high-grain diet. This was
hypothesized based on elevated starch and LPS due to
the turnover of LPS levels in the fecal digesta of cows
induced with acidosis by a high-grain diet. Recently,
Tao et al. (2014a,b) characterized the changes to the
cecum and colon in goats that were transitioned to
a high-grain diet. In that experiment, the high-grain
challenge decreased the expression of tight junction and
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increased the apoptotic cell numbers in both tissues.
These results align with hypotheses related to dietary
transition of the lower gut of the calf during weaning
(Wood et al., 2015), in which permeability of the gut
was shown to increase during weaning (provision of rap-
idly fermentable concentrates). Based on the structure,
the multilayered ruminal SSE may be less permeable
to allow the transmigration of endotoxins and bacteria
compared with the single layer of the CE in the lower
gut (Figure 1; Metzler-Zebeli et al., 2013) and, based
on permeability measurements, the duodenum may be a
region with particularly high paracellular permeability
(Penner et al., 2014). However, further exploration is
needed to determine the extent of lower gut disruption
to barrier function during this rapid shift to diets rich
in rapidly fermentable carbohydrates.

Although barrier function of the dairy cow GE is
important, opportunities may exist to improve energy
balance and gastrointestinal function by stimulating
gastrointestinal growth either before or in early lacta-
tion. For example, the rumen mass increases by 55%,
as a percentage of empty BW, from 14 to 240 DIM
(Baldwin et al., 2004a). Moreover, small intestine mass
increases by 38% from 14 to 90 DIM (Baldwin et al.,
2004a). Because the increased surface area would in-
crease the amount of SCFA absorption, it may elevate
ruminal pH and decrease the incidence of ruminal aci-
dosis. Although there is an energy cost to increasing
the surface area of the gut, the delayed growth of the
rumen limits the uptake capacity, thus reducing the
overall energy balance (Cant et al., 1996). Interestingly,
specific nutrients such as rumen-protected butyrate are
thought to increase ruminal growth when fed before
lactation as a means to prime the rumen of the cow
for lactation (Kowalski et al., 2015). The transcriptome
of the ruminal SSE during the transition period has
been characterized and IGF-1, growth hormone (GH),
epidermal growth factor (EGF), and TGF[(1 were
found to be responsive control mechanisms of cellular
differentiation and development between the dry period
and the first week of lactation (Steele et al., 2015).
Understanding which pathways control adaptations
of the GE could provide insight into how to stimulate
growth earlier in lactation to improve energy balance.
The same may be possible for the lower gut during
early lactation but it has received no attention.

FUTURE CONSIDERATION FOR RESEARCH

In recent years, substantial advancements have been
made in the characterization of the GE microbiome and
transcriptome of dairy calves and cows during times
of gastrointestinal development and dysfunction. Many
similarities exist between gut-related challenges, such
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as during weaning and transition to rapidly fermentable
diets, and recognizing the similarities will maximize the
utilization of data to improve gut function. This could
lead to the discovery of bioactive nutrients and feeding
schemes that benefit GE function in multiple applica-
tions.

Another key element that could support progress is
the implementation of high-throughput genomic data
interrelated with gastrointestinal function measure-
ments. Functional measurements of the GIT in dairy
calves and cows include epithelial permeability, epithe-
lial proliferation, morphology, histology, gastric emp-
tying and passage, nutrient digestion, transport, and
metabolism. Such vast and sophisticated measurements
related to gut function would improve the breadth of
knowledge, especially when interrelated with the new
high-throughput molecular-based research.

We are now beginning to realize that the effect of
a diet on its host is dependent on the microbiota, be-
cause when dietary components are consumed they are
rapidly converted to microbial metabolites (Turnbaugh
et al., 2006). The ways in which different members of
the microbial community contribute to the metabolite
pool of the lumen provides an important mechanism
through which diet modulates GE function. The classic
examples are butyrogenic diets that support Bifidobac-
terium populations or substrate for butyrate synthesis
(Hamer et al., 2008). Butyrate is a well-known nutri-
ent that is purported to elicit GE growth responses in
both dairy cows and preweaned calves (Gérka et al.,
2011; Kowalski et al., 2015). Many metabolites, such as
butyrate, elicit responses in the gut or host through nu-
trient sensors in the GE that work in conjunction with
hormonal and neural signaling to adapt the GIT to
the elevated pool of metabolites (Furness et al., 2013).
Thus, as the adaptation to a metabolite in one com-
partment of the GIT can affect several compartments,
it is of great value to investigate multiple regions of the
GIT when examining the effects of nutrients, hormones,
or neurons on GE function.

To uncover the full extent of a dietary interven-
tion on gastrointestinal function, the number of GIT
compartments sampled and analyzed in an experiment
should be maximized. However, there seems to be some
reluctance to conduct such holistic research, due at
least in part to the complexity of the lower gut and
the variability of cell types among regions. Ideally, all
regions of the gut should be sampled simultaneously
during an experiment; however, issues of practicality
and budgetary constraints often impede such research.
Beyond these impediments, there is a notable lack
of consistency in sampling techniques and protocols
among research groups. For example, the majority of
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scientific questions are being directed toward the GE;
however, the mucosa, submucosa, muscularis, and se-
rosa are all being effectively used in most functional
genomic studies (Steele et al., 2013). Improved commu-
nication among research groups to standardize methods
of GE dissection and preservation before sample analy-
sis would ultimately improve the scope and efficacy of
future research.

Key mechanisms of interest for future research in-
clude the regulation of GE barrier function and prolif-
eration. In ruminants, we are in the beginning stages
of characterizing barrier function and its regulation.
Barrier function has been investigated in the ruminant
by probing the mRNA and protein expression of tight
junction genes during development (Malmuthuge et
al., 2014) and during feeding of high-grain diets (Steele
et al., 2011b; Liu et al., 2013). Hundreds of mecha-
nisms—stemming from microbiota, luminal microbiota
and endotoxins, and metabolites—that affect tight
junction signaling have emerged in medical research,
yet these areas remain poorly defined in the cow and
calf. The area of study requiring immediate attention
is the mucus layers of the lower gut, as it remains an
area entirely unexplored. The importance of the mucus
layers should not go unrecognized, as they have been
shown to play a key role in protecting and mediating
microbiota between the CE and lumen (Kim and Ho,
2010).

The benefit of increased GE proliferation, which leads
to an increase in uptake capacity, typically outweighs
the added energy expenditure. However, in the grow-
ing animal, there is a point at which the allocation of
more metabolizable energy to the intestine to improve
capacity becomes detrimental to the energy utilization
and growth of the animal (Cant et al., 1996). There
also seems to be a maximum organ size that constrains
the ability of the intestine to grow, even in the presence
of sufficient energy. Growth stimulators and inhibi-
tors, then, are candidates to manipulate efficiency of
absorption. Among pathways that alter the GIT, the
somatotropic axis, which encompasses IGF and growth
hormone, is thought to play a role in GE proliferation
(Steele et al., 2011b, 2012a,b, 2015). Exciting progress
has been made in the characterization of the pleiotro-
pic effects of gastric hormones, in particular GLP-2.
Hormones such as GLP-2 are of great interest because
their responses to barrier function have been well char-
acterized and shown to increase blood flow (Connor et
al., 2015). The amount of luminal uptake of nutrients
can be maximized if epithelial proliferation to increase
surface area occurs together with increased blood flow
(Cant et al., 1996). Identifying the specific nutrients or
feeding schemes that stimulate gastric hormones, such
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as GLP-2, with pleiotropic actions may be of significant
benefit to dairy cow and calf health and production and
should be an area of continued focus.

CONCLUSIONS

Renewed interest in the GE has occurred in dairy
research and the dairy industry, leading to expanded
adoption of nutritional additives (e.g., SCFA, probiot-
ics, prebiotics). The term “gut health” has become a
buzzword in dairy nutrition, yet it is loosely defined,
even scientifically, so careful consideration of the gut
health—promoting action of a particular nutrient or
feeding strategy is important. For instance, there may
be circumstances where increased or decreased GE
barrier function does not promote health and impedes
overall animal performance. In any case, great potential
exists to understand and improve applications related
to GE ailments in preweaned calves, during weaning,
and during the transition to rapidly fermentable di-
ets. Combining in vivo measurements of gut function
with high-throughput molecular data will enable rapid
progress in this emerging field. Collaboration and com-
munication among research groups to achieve more
consistency in research methods will also enhance the
body of knowledge regarding ruminal and lower gut
function and development.
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