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Take-Home Message

The epithelium of the gastrointestinal tract is responsible for nutrient absorption, regulating
transport of drugs and other compounds into the body and mediating the response to microbes
and any other stimuli in the lumen. Diet and inflammation are the main signals that regulate the
cellular composition and integrity of the gastrointestinal epithelium. During the early stages of
life, diet and the environment will define the gut microbiota, epithelial composition and integrity
that in turn modulate animal growth and metabolism. In order to define diets and supplements
that optimize health and performance, we should take into consideration the animal
developmental stage and the particular effect of nutrients on the different cell types of the
intestinal epithelium.

Introduction

The gastrointestinal tract (Gl) is a major player in animal performance. We constantly hear that
a healthy gut is the key for proper development. Therefore, gut health is a familiar but hard to
define term. Gut health refers to the complex response of the intestinal epithelium to luminal
stimuli (diet, drugs, commensal and pathogenic microbiota, viruses, etc.) that may result in
changes in epithelial integrity and composition, nutrient absorption, inflammation and metabolic
disorders. Gut health is affected by numerous stimuli and the animal response to those is
dependent of the developmental and health state of the animal and the environmental
conditions.

The focus of this manuscript is to review the Gl response to nutrients and changes in diet
emphasizing the changes in the epithelial cell compartment and the overall consequences of
those changes. Aware of the significant differences in the structure of the alimentary tract
among animal species, in this review the word stomach refers only to the acid-secreting
digestive compartment and we will discuss the cell types and structures that are present in the
stomach, small and large intestine of most common species, including fish.

The epithelium of the Gl is a formed of a single columnar cell layer from the esophagogastric
junction to the anus. This epithelial lining has different cell type composition and organization
along the GI. In general, the stomach epithelium is organized in glands that can be simple or
have convoluted deep pockets. The stomach mucosa formed of the columnar secretory
epithelium, has two morphological and functionally different parts: the proximal oxyntic mucosa
of the fundus and corpus (for simplicity, we will refer to this part as corpus) characterized by
acid and ghrelin secretion, and the distal antrum, distinguished by the secretion of the hormone
gastrin. From the pyloric sphincter, the small intestine epithelium arranges in invaginations
called crypts and finger-like structures called villi. The crypts contain the stem cells niche,
transient amplifying and Paneth cells. The villi are lined by differentiated cells, most of them the
absorptive enterocytes. The length and width of the villi change along the duodenum, jejunum
and ileum to maximize the area for nutrient absorption. The epithelium of the colon is formed of
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crypts that increase in length in the distal colon. Each fragment of the Gl tract then has specific
compartmentalization and cell type composition that defines the organ function. This specificity
is also reflected in the epithelial response to different conditions and stimuli, and is dependent of
the animal developmental stage and environment. Figure 1 presents a schematic view of the
organization of the Gl tract and the cell types found in each segment.
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Figure 1: Schematic representation of the glandular organization along the gastrointestinal tract. The
glands of the stomach have simple or convoluted deep pockets. Gastric glands have stem cell niches
at the neck (corpus and fundus oxyntic mucosa) or at the bottom (antrum) of the glands. The intestinal
epithelium organizes in villi and crypts that have different height and deep ratios along the small and
large intestine. The stem cell niche is located at the bottom of the crypt and lined by the transient
amplifying cells that give rise to the differentiated cells that populate the villus. Abbreviations: NO:
Nitric oxide, GRP: Gastrin releasing peptide (bombesin), VIP: Vasointestinal peptide, Pthlh:
Parathyroid hormone-like hormone, NPW: Neuropeptide W, TNFa: Tumor necrosis factor alpha, CCK:
Cholecystokinin, GLP-1, -2: Glucagon-like peptide-1, -2, PYY: Peptide YY, NPY: Neuropeptide Y.

The Early Stages of Life
In contrast to most organs and systems of the body, the Gl tract is not fully developed at the

time of birth (de Santa Barbara et al., 2003, Keeley and Samuelson, 2010). The primitive gut
tube derives from the dorsal part of the yolk sac and it is one of the first structures established
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during embryogenic development. The muscular, neural and stromal components and
accessory organs of the Gl tract are completely developed and functional long before birth. In
humans, around the end of the fourth week of gestation, the stomach is evident and its vagal
innervation established; by the twelfth week, the Gl tube has its mature form and accessory
organs, bile synthesis begins on this stage (Sargiacomo et al., 1998). The oral cavity and anal
canal derive from the ectoderm while the rest of the tract has components of different origin: the
lining or epithelium is of endodermal while the muscular and connective tissues are of
mesodermal derivation. The endodermal component of the Gl tract achieves maturity after birth
in a process driven mostly by luminal stimuli, i.e. presence of food (Zhang et al., 1997). In most
animals, the villi formation and epithelial cytodifferentiation of the intestine starts later at
embryonic development, E14 for the mouse and the gross structure of crypt and villi is evident
by E18.5. However, even when all the cell lineages of the intestine are present at the time of
birth (Madison et al., 2005), endocrine and Paneth cells do not reach functional maturity until 16
days after birth (Suzuki et al., 2005). In contrast, the stomach gland morphogenesis occurs only
after birth, and adult epithelial cell lineages appear during the first postnatal weeks achieving
maturity only around day 21 (Keeley and Samuelson, 2010, Saqui-Salces et al., 2011). The
significance of this delayed gastric maturation has been highlighted in many studies, mostly
regarding adaptation of the brood to adult diets and modeling pediatric Gl pathology (Cranwell
et al., 1976, Sangild et al., 2013).

The need for treatment of Gl disorders in human pediatrics and the survival and successful
adaptation of preterm animals to growing diets are the main forces driving the identification of
factors that may participate in intestinal epithelial cell maturation and recovery from damage.
Humans and animals on total parenteral nutrition (TPN) present significant atrophy of the gastric
and intestinal mucosa (Furumoto, 1992, Goldstein et al., 1985, Heneghan et al., 2013) and their
recovery is dependent of the intestinal maturity at the time of TPN, having a milder effect when
TPN was administrated to preterm compared to preterm piglets (Oste et al., 2010a). Different
studies have shown that feeding colostrum promotes cell proliferation and differentiation of
damaged intestine while formula administration after TPN resulted in increased damage (Oste
et al., 2010b, Stay et al., 2014). Treatment with bile acids and glucagon-like peptide 2 (GLP-2)
induce intestinal cell proliferation favoring adaptation in young animals (Thymann et al., 2014,
Ipharraguerre et al., 2013) but a similar treatment may have adverse results in piglets older than
4 weeks (Pereira-Fantini et al., 2008), further underscoring the importance of Gl maturity for
animal health and performance.

The Gl developmental process has numerous implications on gut health. During the first few
weeks of life, the stomach does not have sufficient acid secretion capability (Keeley and
Samuelson, 2010, Saqui-Salces et al., 2011), compromising not only digestion but also the
immune response of the animal by allowing the survival of bacteria that otherwise would be
killed by the acidic gastric environment. In addition, at this stage the Paneth cells are just
initiating their function as producers of antimicrobial products (Clevers, 2012, Farin et al., 2014),
further limiting the innate immune response of the newborn. The neonatal stage is critical for the
establishment of adequate gut microbiota and the lifelong health of the animal. We will expand
on this important issue in another section.

The Gl development, as well as the patterning and programming of the newborn for growth,
health and even predisposition to metabolic diseases is determined by the environment in utero
and during early life (Fernandez-Twinn and Ozanne, 2010). Substantial evidence is available
supporting the importance of the environment in reproduction, growth, fat deposition, obesity,
metabolic and cardiovascular disease and even mental development. The hypothesis behind
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this is that at embryonic stages, in response to the environment, epigenetic adaptation occurs in
order to warrant the survival and development of the product in the conditions cued by the
intrauterine environment. When there is a significant difference between the offspring and the
mother environments, the adaptations programmed in utero may result disadvantageous for the
product (Gluckman et al., 2008). To mention one of the possible targets, the type of diet the
animal receives in early life defines the insulin-like growth factor 2 (Igf2) gene promoter
methylation pattern, and thus gene expression (Waterland et al., 2006). Studies in experimental
animal models emphasize how proper diet supplementation to the mother and offspring with
choline, folate and vitamin B12 may counteract some of the epigenetic imprinting of early
development (for a review see (Vickers, 2014). How much of the mother and early life imprinting
occurs in production animals is just starting to be analyzed and considered as a factor in animal
performance.

Diet composition and some nutrients in particular have been associated with changes in the cell
populations or cell function of the intestine. Glutamine has been identified as a key amino acid
that participates in protein synthesis in the enterocyte, the regulation of tight junction proteins
and maintenance of epithelial integrity in the small intestine (for a comprehensive review see
(Wang et al., 2014). Dietary supplementation with sodium butyrate is a good example of a
component that is of importance for the development of the Gl epithelium but of limited
efficiency in overall performance. Butyrate, as other bacterial produced short chain fatty acids in
the large intestine, is a well-known energy source for the distal intestinal epithelium (Donohoe et
al., 2011, Leonel and Alvarez-Leite, 2012) and supplemented in the feed can improve gain:feed
ratio in pigs in the first 2 weeks postweaning (Manzanilla et al., 2006). This limited effect may be
explained by butyrate promoting the development of gastric glands, acid secreting parietal cells
and endocrine cells of the stomach in the weaned pig (Mazzoni et al., 2008). Once the stomach
is functionally mature, butyrate supplementation is negligible for epithelial differentiation.

Stem and Differentiated Cells in the Adult

The last decade of research on stem cells has generated significant understanding of how cell
renewal and differentiation occurs in the adult intestine and a recent report finally defined the
markers for the elusive stem cells of the gastric corpus and fundus. The stem cell niche of the
gastric glands is located close to the neck of the oxyntic glands and towards the base in the
antral glands (el-Alfy et al., 1987, Karam and Leblond, 1995). Stem cells of the antrum express
the leucine-rich repeat-containing-G-protein coupled receptor 5 (Lgr5) (Barker et al., 2007) while
the reserve stem cells of the oxyntic mucosa seem to be chief cells that also express the marker
Troy (Stange et al., 2013). The stem cells of the stomach divide and the resulting trans-
differentiating and differentiated cells move up and down from the stem niche to populate the
glands. Cells that move towards the tip of the glands undergo anoikis and are shed off to the
lumen; cells at the bottom of the glands are eliminated by autophagy (Karam and Leblond,
1993a, Karam and Leblond, 1993b).

The intestinal stem cell niche is located at the base of the crypt. Lgr5 positive stem cells are
intercalated with Paneth cells and divide each day to maintain the stem cell population and
produce the differentiated cell types that will rise from the transient amplifying compartment in
the crypt (Clevers, 2013a, Clevers, 2013b, Middendorp et al., 2014). The villi are populated only
by differentiated cells that move along the villus until they undergo anoikis. Differentiated cell
types have different life spans: gastric mucous cells, enterocytes and goblet cells are short-lived
(4-5 days) while other secretory cells, Paneth and tuft cells may live up to 8 weeks.
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Accumulating evidence suggests that the epithelia of the small intestine and colon have more
than one cell type with stemness capacity and that although cells expressing Lgr5 are the main
progenitors of the intestinal cell lineages in the normal conditions, certain insults or damage
activate other subsets of progenitor cells to restitute the intestinal epithelium (Yan et al., 2012).

Damage to the intestinal epithelium is caused by numerous factors with a wide range of effects
that may include inflammation, loss of cell contact, changes in epithelial cell population,
changes in epithelial exchange rate and destruction of the epithelial and glandular structures.
The capacity to recover from damage depends on the insult extend and the effects on the stem
cell niches. The mesenchymal cells and the extracellular matrix in close proximity to the stem
cell niche provide the signaling factors that modulate the mitogenic activity of the stem cells and
mediate the differentiation process (Simons and Clevers, 2011, van der Flier and Clevers,
2009). In this way, both luminal and body signals modulate the regeneration and integrity of the
epithelium, and its ability to recover from damage.

With the use of mouse models, the mediators of intestinal cell proliferation and differentiation
that commit precursor cells to a differentiated phenotype have been identified (VanDussen et
al., 2012, Gerbe et al., 2011, Mori-Akiyama et al., 2007, Petersen et al., 2014). It is now well
stablished that due to lateral inhibition, the cell commitment to differentiate into absorptive
enterocytes or to secretory cells is mutually exclusive (Figure 2). This means that the expansion
of one cell type occurs only at the expense of other cell types, unless there is a significant
increase in the proliferative rate and/or decreased anoikis of the intestinal epithelium. Overall
increase in the proliferative rate and decreased anoikis will result in a total elongation of the villi.
The lengthening of the crypt suggests an increase in proliferation or arrested differentiation, a
process that is associated to the development of intestinal adenomas. The presence of
proliferating cells above the crypt area indicates the activation of progenitor cells different from
the Lgr5 niche or that the differentiation signaling is compromised. Any of these events will
result in a loss of differentiated cell lineages and the consequent alteration in function
associated to the lineages affected.

Different studies have shown that some diets induce changes in Gl epithelial cell numbers. The
most common observation is the increase of goblet cells in animals fed high fiber diets (Ito et al.,
2009). A recent report shows that feeding rats with high fat diet resulted in impaired endocrine
cell differentiation that favored enterocyte differentiation via the modulation of the expression of
factors like Math1, neurogenin 3 and neuro D1 (see Figure 2) (Sakar et al., 2014). This work
provides an explanation to the increased enterocyte numbers observed in obese humans and
animals by different groups (Mao et al., 2013, Gniuli et al., 2010) and changes in endocrine cells
induced by fat in the diet (Saqui-Salces et al., 2012). Strangely, in production animals the
effects of the feed on Gl epithelial cell population have not been properly analyzed. The first
stage to establish gut health is the maintenance of the epithelial population. More research is
needed to understand how diet participated in this maintenance and whether feed changes
result in decreased energy efficiency due to loss of absorptive capacity or decreased endocrine
function of the intestine.
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Figure 2: Intestinal stem cells (identified by Lgr5) give rise to transient amplifying progenitor cells that
differentiate into all the mature cell types (specific markers are indicated for each cell type). There are
different steps that regulate the final cell type populations. The expression of Hes1 or Atoh1 define the
absorptive or secretory lineage commitment. The secretory lineage is further segregated to endocrine
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Nutrient Sensing and Endocrine Secretion

During the last decade, the finding that the Gl tract is populated with cells that express receptors
to nutrients and food components similar to those that trigger taste and olfactory sensations
(Tolhurst et al., 2012) has generated new understanding on how diet can affects whole body
metabolism and performance (Janssen and Depoortere, 2013). Most of the luminal Gl
chemosensing occurs in endocrine cells. Diet regulates the signaling and expression of
chemosensory receptors and changes in Gl hormones that regulate appetite, satiation, insulin
secretion and sensitivity, nutrient absorption, liver function and gut microbiota composition,

62



overall modulating weight gain, muscular, adipose, bone, cardiac and immune function
(Diakogiannaki et al., 2012, Gribble, 2012).

A significant number of receptors and signaling molecules associated with chemosensing have
been identified to date in the luminal Gl (Reimann et al., 2012, Tolhurst et al., 2012, Nghr et al.,
2013). We have previously reported that these chemosensory molecules are expressed in tuft
and endocrine cells of the mouse stomach and intestine. These markers appear late in
development and are expressed once the organs are fully mature (around 3 weeks after birth)
(Saqui-Salces et al., 2011). Only a partial characterization of some chemosensory markers in
the pig stomach has been reported (Widmayer et al., 2011, Mazzoni et al., 2013, Colombo et
al., 2012) and identification of chemosensory cells and mediators in most other production
animals is still lacking. This lack of basic information limits our capacity to modulate sensory
signals to improve desired physiological responses to increase nutrient absorption and growth
efficiency while reducing costs and environmental impact.

Food is the main trigger of endocrine secretion in the luminal Gl and the main signals for Gl
hormone secretion are peptides, fatty acids and sugars; minerals as vanadium (Thompson et
al., 2009) and selenium (Pinto et al., 2012) modulate insulin sensitivity and glucose metabolism.
In the stomach, food induces gastric acid, pepsin, intrinsic factor, gastrin-releasing peptide
(bombesin) and approximately twenty different peptides and hormones; the functions of most
are currently undefined. The small intestine secretes, among other, cholecystokinin (CCK),
secretin, glucose-dependent insulinotropic peptide (also called gastric inhibitory polypeptide)
(GIP), polypeptide YY (PYY), somatostatin, serotonin and the glucagon-like peptides 1 and 2
(GLP-1 and GLP-2)

Gastrin is a peptide hormone whose main function is to induce pepsinogen and acid secretion in
the stomach. Gastrin is also an incretin (Gl hormones that in response to feeding induce insulin
secretion to decrease blood glucose levels) and a differentiation factor for gastric and colonic
cells (Wang et al., 2000, Singh et al., 2000). Gastrin stimulates the endocrine and secretory
pancreas (Tellez et al., 2011, Boushey et al., 2003), the gall bladder (Valenzuela et al., 1976),
the heart (Grossini et al., 2011) and cardiovascular system (Charlot et al., 2011). Gastrin
secretion is regulated mainly by peptides in the diet (Kidd et al., 2009) and fat (Saqui-Salces,
2012).

Ghrelin is secreted by the endocrine X (also called A-like and P/D1) cells of the gastric corpus
and fundus. Ghrelin is the ligand for the growth hormone secretagogue receptor and modulates
food intake (Bewick et al., 2009, Ueno et al., 2005), the accumulation of fat mass (Perez-Tilve et
al., 2011), glucose homeostasis (Dezaki et al., 2011), the immune (Xia et al., 2004) and central
nervous systems (Steiger et al., 2011). Its expression follows a circadian pattern (LeSauter et
al., 2009) and circulating ghrelin peaks just prior to food intake (Barrachina et al., 1997) but the
signals that regulate its expression and secretion are not well defined.

CCK is secreted by I-cells in the duodenum in response to peptides and free amino acids in the
chyme. CCK (originally named pancreozymin) took its name after one of its specific functions,
the induction of gall bladder emptying (EDHOLM, 1960), playing a significant role in the first
step for intestinal fat absorption. CCK also modulates GI motility (Johnson and Magee, 1965),
stimulates the release of digestive enzymes from the exocrine pancreas (Zieve et al., 1966),
and counteracts ghrelin-induced appetite signaling thus contributing to satiety and reduction of
food intake (Sayegh et al., 2014, Overduin et al., 2014). As other GI hormones, CCK also
participates in the differentiation and modulation of cells of the immune system (Zhang et al.,
2014, Jia et al., 2014). Although CCK secretion is stimulated by peptides (Cuber et al., 1990,
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Nishi et al., 2001) and aromatic amino acids in particular (Meyer and Grossman, 1972), the
specific peptides and receptors involved in CCK secretion are not defined to date.

GIP is another incretin secreted in K-cells of the duodenum and ileum. For many years, GIP
was thought to inhibit gastric acid and motility, now it is clear that the responsible for such
actions is another Gl hormone: secretin. GIP induces insulin secretion in response to luminal
glucose (Holst and Gromada, 2004), it stimulates glucose uptake and has lipogenic acitvity
(Hauner et al., 1988). GIP secretion is triggered by glucose and dietary fats (Falko et al., 1975),
facilitating glucose absorption from fat/carbohydrate mixed diets (Collier et al., 1988) and thus
increasing metabolizing energy intake in monogastric animals and ruminants (Miyawaki et al.,
2002, Relling et al., 2014).

By far, the most studied incretin is the ileal GLP-1. While glucagon (secreted in the pancreas)
regulates blood glucose by stimulating gluconeogenesis and decreasing glycolysis in the liver
as a counterpart of insulin, GLP-1 decreases glucagon secretion and stimulates insulin
secretion in response to glucose in the diet (Lamont et al., 2012). GLP-1 secretion is stimulated
by glucose and galactose but not by fructose, mannose, xylose or 2-deoxyglucose (Shima et al.,
1990), highlighting the importance of the carbohydrate sources in the diet on the modulation of
insulin secretion and insulin actions. Monosaturated fatty acids and bile acids also stimulate
GLP-1 secretion. While GLP-2 is important for fat absorption (Hsieh et al., 2009) and enterocyte
differentiation as we mentioned before (Ipharraguerre et al., 2013), GLP-1 modulates glucose
metabolism (Chai et al., 2012), reduces appetite, gastric emptying (Baggio et al., 2004) and
increases insulin sensitivity and microvascularization in skeletal muscle (Subaran et al., 2014).

Although there is enough information on the importance of Gl endocrine function for growth and
development, reports on how real-life diets modulate glucose, Gl hormones and energy
homeostasis are scarce (Forbes et al., 2013). In particular, the use of Gl hormones in regulating
appetite and satiation may be limited because most experimental models use intracerebral
infusion of peptides that may or not reach the brain in normal conditions. The use of diet as a
tool for modulating physiology in order to improve nutrient absorption and favor production traits
is currently being explored in humans (Viladomiu et al., 2013) and extensively in domestic
animals. However, most studies overlook the metabolic characterization of the tested diets,
limiting our capacity to evaluate and further improve the overall responses with minimal
modifications.

The Gut Microbiota

Numerous studies have shown gut microbiota establishes in the early months of life. The
microbial profile is defined by maternal health and nutrition, hygiene, geography, environment
and especially diet composition and feeding timing. Gut microbiota affect the immune system,
metabolism and nutrient utilization and thus whole body performance in previously unsuspected
ways that include growth, metabolic control, response to inflammation and stress and even
aggressive behavior. The importance of the gut microbiome and bacteria species that have
beneficial and detrimental effects on health has been widely reviewed. However, strategies
attempting to improve health and growth by modulating the gut microbiota (via probiotics,
prebiotics or diet changes) have resulted in limited or no success. Recent studies show that
there is significant heterogeneity in the gut microbiota among individuals of a species in the
same environment and genotype (Annalisa et al., 2014, Schloss et al., 2014), sex and diet
interact significantly in such modulation (Bolnick et al., 2014).
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The complexty of the microbial community, its relationship with the host and its environment
limits our capacity to use the gut microbiota as a tool to improve animal performance for now.
However, there are important considerations on the establishment of gut microbiota that can
definitely optimize health and performance. In addition to maternal proper nutritional status and
an adequate transition of the offspring to adult feed, the microbial community that populates the
intestine is defined by the sanitary conditions of the animal in early life. Studies in humans and
animals have clearly shown that immature and juvenile individuals exposed to unsanitary
conditions, i.e. contamination with feces, result in the development of enteropathy that leads to
impaired intestinal barrier function, endotoxemia and chronic inflammation (Campbell et al.,
2003, Lunn et al., 1991, Le Floc'h et al., 2014). Although hygiene is not directly a nutritional
approach to health, it may make the difference between a healthy growing and a poor
performing animal, independently of diet.

Overall, the main limitation of our current knowledge on how nutrition, diet and environment
affect gut health is that most of the basic research use genetically controlled rodents in
laboratory settings. The rodent Gl tract has some important differences from the Gl tract of
some production animals, for example, the presence of tuft cells, that rose significant attention
when it was suggested tuft cells may constitute a progenitor cell population. Evidence supports
that tuft cells are chemosensory and signaling cells and not progenitor cells but recent studies
show that although tuft cells are abundant in the rodent stomach and intestine, they are hard to
find in humans and pigs, and their presence has not been explored in other species. The
significance of the function of these chemosensory cells and their participation in response to
diet and damage then cannot be extrapolated to animals different from rodents without proper
characterization. Another important difference is the abundance of Paneth cells in the small
intestine of most species while other, i.e. pigs, lack of classical Paneth cells (van Es and
Clevers, 2014).

Another important issue to take into account is the tightly controlled genetic background of
research animal strains and the controlled experimental environment. Even feeding diets with
60% of calories provided by fat (rodent high-fat standard research diet) results in significant
differences in weight gain and adiposity in different mouse strains. In addition, experimental
diets, i.e. high-fat, are usually compared to a standard grain based, high-fiber diet as control,
masking the effects that changes in single diet components may have on the Gl epithelium. On
the other hand, research on production animals tends to miss the evaluation of molecular and
metabolic markers that may lead into linking basic science to other models and evaluating its
applicability. Even well designed studies evaluating the effect of dietary components on the Gl
constitution and physiology should be taken with diffidence and animal species, genetics and
experimental conditions considered as variables. Ultimately, diet composition and feeding
schemes for optimal health and growth are highly dependent of the individual and environmental
specific conditions that may need to be determined on a case-by-case basis.
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