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Subclinical enteritis is an increasing problem in the poultry industry. It can be caused by a number of 
factors, including any of a variety of relatively mild parasitic, bacterial and viral infections as well 
as transient toxic challenges (Hoerr, 1998). As the name implies, it rarely causes death but can be 
associated with poor feed digestibility and absorption, resulting in poor performance. It is also 
becoming clear that activation of the innate immune system and the associated generation of reactive 
oxygen metabolites (ROM), plays a role in the normal host response to its microbiota (Rumbo and 
Schiffrin, 2005) and is essential in the development of homeostatic balance between the host and its 
micro biota early in life. It has been suggested that the ROM response can exceed the host's ability to 
control it, resulting in oxidative stress that itself can become a pathogenic factor in the further 
development of chronic intestinal inflammation (Aw, 1999; Kruidenier and Verspaget, 2002). One 
common consequence of enteritis, regardless of its cause, is a breakdown in the barrier function that 
normally protects the animal against invasion by commensal and pathogenic gut microbiota. The 
systemic consequences can be quite variable, depending on the species of bacteria that escape the gut 
and on the ability of the host to respond (Hoitink, 1997). The role of Clostridia, particularly 
Clostridium perfringens (CP), will be emphasized here. The objective of this review is to describe 
the structure and function of the intestinal barrier that prevents invasion of the host, to summarize the 
evidence that loss of barrier function accompanies oxidative stress associated with enteritis, and to 
discuss possible consequences of the resulting bacterial translocation. 

Gastrointestinal System 

The gastrointestinal (GI) tract is the primary site of entry for any orally administered compound, 
including dietary ingredients. The functions of this organ system include digestion, absorption, and 
protection, and the structure of the gut is well adapted to perform these functions. The mucosa of the 
gut is the first tissue to encounter dietary ingredients and contaminants, and studies of its macroscopic 
and microscopic structure have been used to clarify the initial response of the animal to these 
materials. For example, it is well recognized that the presence of histamine and other biogenic 
amines in feeds can lead to macroscopic alterations in the gut, including ulceration and hemorrhage 
in the gizzard and intestine (Harry et al, 1975). It is abundantly clear that such severe structural 
changes have important effects on performance. 
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Research has demonstrated the enormous changes in the structure and function of this organ system 
during the first week after hatching and in its adaptation to environmental and dietary changes later in 
life (Dibner and Knight, 2001). Results suggest that the more mature gut is still responsive to 
microbial changes, environmental conditions, toxins and dietary factors, and that the initial respo11se 
to these various events is general subclinical enteritis, i.e. intestinal inflammation. Thus, studying the 
consequences of intestinal inflammation is to some extent independent of the causative factors. This 
review will focus on barrier failure as a general effect of enteritis itself rather than the factors that can 
initiate intestinal inflammation. 

Micro biota 

Although the gut of vertebrates is theoretically sterile at hatch or birth (Ewing and Cole, 1994), 
colonization proceeds immediately. The resident gastrointestinal microbiota consists of 
approximately 400 known species, of which 20 - 40% can be cultured (Leser et al, 2002; 
McCracken and Lorenz, 2001 ). The availability of molecular techniques for identifying non
culturable species has opened new avenues of research into the factors that affect this complex 
mixture of organisms, recently reviewed by Richards et al (Richards et al, 2005). Its development 
occurs through a series of colonization steps that are similar across species (Mackie et al, 1999). 
Generally, the aerobic and facultative organisms, such as coliforms, Lactobacilli and Streptococci, 
colonize first. These organisms are thought to lower the oxidation reduction potential in the 
intestine, which allows the subsequent colonization by anaerobes such as Bifidobacteria. There is 
both longitudinal and horizontal variation in host niches available for colonization. The 
longitudinal organization is based on differences in lumen pH and nutrient availability, with lower 
pH and higher nutrient availability in the apical compared to the distal segments. In the horizontal 
organization, there are four microenvironments: the intestinal lumen, the apical unstirred mucus 
layer, the deep mucus found in association with the crypts and the epithelial cell surface itself 
(Mackie et al, 1999). 

In poultry, Enterococci and Lactobacilli are the dominant species in the upper small intestine during 
the first week of life, while coliforms, Enterococci and Lactobacilli, are present in high numbers in 
the lower gut (Ewing and Cole, 1994). Subsequently, a highly complex group of mostly obligate 
anaerobes begins to take over the ceca, while Lactobacilli take over the jejunum and ileum. After 2-3 
weeks, the intestinal microflora is established and stable (Mackie et al, 1999). The obligate anaerobes 
of a stable mature hindgut microflora consist of Bifidobacteria, Clostridium and Bacteroides, living 
in high population densities in the ceca and colon where low nutrient concentration controls their 
rate of growth (Barnes et al, 1972; Smith, 1965). This diverse population, which still includes 
Lactobacilli and such facultative organisms as E. coli and Streptococci, can be very effective in 
excluding newcomers, whether pathological or innocuous. However, the equilibrium of the 
microbiota is dynamic, responding to many environmental factors including nutrition and the 
microbial content of the feed (Oviedo-Rondon et al, 2006). 

The gut of poultry has been demonstrated to undergo normal anti-peristaltic movement that results 
in the transfer ofhindgut contents into the jejunum and ileum (Sacranie et al, 2007). Retrograde 
peristalsis is essentially continuous in poultry (Duke, 1982; Sacranie et al, 2007), carrying digesta, 
including the resident microbiota, from the colon or cecum into the ileum at any time. The hind gut 
micro biota of poultry typically includes CP, and these can enter a more rapid rate of growth in 
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response to the nutrients available in the ileum. One factor that prevents this from occurring under 
normal circumstances is the presence of an acid-tolerant gut microflora in the ileum. This keeps the 
pH below neutral which reduces the likelihood of dominance by the acid intolerant species such as 
Clostridia. Thus, the conditions of the ileum normally do not favor growth of anaerobic, acid 
intolerant bacteria such as Clostridia. Moreover, the ileum ideally has a relatively low availability 
of the amino acids required for CP growth. However, feeding poorly digestible ingredients leads to 
a higher concentration of amino acids in the ileum and is one way to favor the growth of CP (Oviedo
Rondon et al, 2006). In addition, enteritis can disrupt the normal microbiota, as will be discussed 
below, by favoring the overgrowth ofmucolytic organisms such as CP (Collett, 2005; Collett, 2007; 
Oviedo-Rondon et al, 2006). 

Many experiments have been done to elucidate the factors that favor CP overgrowth in the small 
intestine. Both diet and management play a role in controlling CP numbers. At its most extreme, 
CP can cause necrotic enteritis (NE), a rapidly fatal infection of the mid gut. Strategies for 
controlling NE have recently been reviewed (Dahiya et al, 2006) and include control of CP burden, 
and enhancement of the immune response to CP ( and the alpha toxin responsible for much of its 
pathogenicity; Titball et al, 1999). Ensuring the use of highly digestible sources of protein will 
minimize amino acid concentrations in the lower gut. Specific ingredient recommendations include 
minimizing the use of cereal grains such as wheat, rye and barley, which tend to be associated with 
higher frequencies of sub-clinical NE than com based diets (Kaldhusdal and Hofshagen, 1992). In 
addition, feed outage should be avoided. CP is a mucolytic organism (Deplancke et al, 2002) and a 
lack of enteral nutrition has been documented to increase mucin mRNA synthesis and goblet cell 
size within all segments of the small intestine (Smimov et al, 2004). Increased particle size has 
been reported to be beneficial and the use of whole wheat has been demonstrated to reduce 
intestinal CP counts (Bjerrum et al, 2005; Engberg et al, 2004). 

High dietary animal protein has been demonstrated to increase CP burden, both in terms of 
contaminating the feed with CP itself and favoring its subsequent growth through an increase in the 
availability of amino acids (Titball et al, 1999). Another dietary factor that can affect gut 
microbial ecology is fat. The use ofunstabilized oxidized fat can lead to changes in bacterial 
populations (Dibner et al, 1996; Hoerr, 1998). Ferket (1996) showed that dietary mycotoxins and 
oxidized fat are associated with NE. Another important nutrient is zinc, which is a component of 
one of the enzyme toxins itself and also is necessary for the resistance of toxin to proteolytic 
digestion (Baba et al, 1992). Since these effects require free zinc, the use of a chelated form of zinc 
could enhance the bird's ability to digest CP alpha toxin once secreted into the gut lumen. Thus, 
both ingredient type and quality can affect intestinal CP numbers. 

SUBCLINICAL ENTERITIS 

Hoerr (1998) has studied the pathogenesis of enteric disease and the frequency of sub-clinical 
enteritis in broiler flocks. Components of the catarrhal enteritis (Smith and Jones, 1963) that is 
commonly observed in 5-6 week old broilers include increased mucin production, necrosis of 
enterocytes, villus atrophy, hyperplasia of crypt epithelium and lymphocyte infiltration, among 
others (Hoerr, 1998). Increased intestinal fluid secretion often results in diarrhea and wet litter. 
Most of these have been reported to increase CP numbers in the intestine (Williams, 2005). Thus 
intestinal inflammation per se can lead to an increase in luminal CP. 
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Management strategies for enteritis control are well established, with litter quality perhaps the most 
important (Craven et al, 2001). Specifically, litter must be kept dry. This is accomplished through 
choice of litter material, management of drinkers, and provision of adequate ventilation (Van d~r 
Sluis, 1996). Recently reviewed by Williams (Williams, 2005), the many factors that contribute to 
wet litter make its management both difficult and essential for control of NE. 

Coccidiosis is a cause of sub clinical enteritis in poultry. This is a particular problem when use of 
ionophore anticoccidials is withdrawn late in life. Certainly the intracellular growth of coccidia 
and the cell death that occurs during merozoite and microgamete release compromise barrier 
function. Coccidial infection may play a permissive role, enhancing the conditions that favor CP 
growth simply due to the mucosa! damage they cause as intracellular parasites (Williams, 2005). 
The resulting leakage of plasma protein may trigger CP proliferation by supplying some of the 
essential amino acids and other nutrients required for growth and toxin production (Muhammed et 
al, 1975; Petit et al, 1999). Another possibility is that the damaged intestinal epithelium is more 
accessible for attachment of CP, which may facilitate growth and will certainly reduce the carriage 
of CP out of the body with the excreta. Thus, the role of coccidiosis in NE outbreaks is that it is 
one of many infective organisms that contribute to sub-clinical enteritis in broilers (Hoerr, 1998); 
however the enteritis itself is not sufficient to cause NE, it must be preceded by conditions that 
favor the overgrowth of CP in the small intestine. 

OXIDATIVE STRESS 

Animal nutritionists typically include antioxidants in their finished feed formulations to prevent 
oxidative damage to the fat portion of the feed, including fat soluble vitamins and pigments. 
Controlling oxidation in the feed is important, but it should be recognized that there are 
endogenous sources of ROM. First, the active metabolism of gut epithelium is itself a source of 
ROM, associated with activity of the electron transport chain (Ojano-Dirain et al, 2007). The 
reactive species produced include the superoxide anion (02-), hydrogen peroxide (H20 2), and the 
hydroxyl radical (-OH). These are considered to be an inevitable result of oxidative 
phosphorylation by mitochondria (Chance et al, 1979). Another endogenous source of oxidative 
stress includes the nitric oxide (NO) generated by the gut innate and acquired immune systems as 
they react to the numerous commensal and pathological microbial species that are inevitably 
introduced during ingestion of feed and water (Allen, 1997). 

Cells are protected from damage by these ROM through the action of endogenous antioxidant 
defenses such as mitochondrial-Mn-dependent superoxide dismutase (SOD), Cu-Zn SOD and 
glutathione (GSH) (Aw, 1999). These systems can be overwhelmed, however, if the oxidant stress 
and antioxidant capacity become unbalanced, and under such conditions tissue damage can be 
extensive (Weiss, 1989). Thus, the addition of ROM in feed can tip the balance between oxidation 
and reduction in the intestine. It should be recognized that dietary antioxidants can also reduce the 
damage associated with constitutive and metabolic sources of ROM. 

Lipid hydroperoxides, a byproduct of both endogenous and dietary oxidative stress, react 
aggressively with living tissue and can disrupt the redox balance in epithelial cells. This has been 
observed to lead to apoptosis in vitro in CaCo-2 cells (Wang et al, 2000). These studies indicated 

234 



that an early step in the process involved a reduction in the ratio of reduced glutathione to oxidized 
glutathione (GSH/GSSG). This is consistent with observations in human T lymphocytes, in which 
glutathione depletion triggered apoptosis in activated T cells (Chang et al, 2002). The importance 
of antioxidant stabilization of the feed is that, by providing antioxidant protection in the intestinal 
lumen, synthetic antioxidants may spare endogenous antioxidants such as glutathione and vitamins 
A and E which are absorbed by gut cells. This concept is supported by studies in broilers showing 
that adding SANTOQUIN® feed preservative to diets containing normal or oxidized fat was 
associated with increased levels of glutathione in duodenal tissue (Wang et al., 1997). The effect 
was independent of fat oxidation, suggesting that levels of ROM in the gut lumen are sufficient to 
consume a significant amount of antioxidant activity even in diets containing fresh fat. Thus 
dietary antioxidant addition is important in all diets because glutathione and other endogenous 
antioxidants would then be spared to control the ROM resulting from enterocyte metabolism. The 
importance of maintaining redox balance in gut epithelial cells is related to the role of ROM as 
regulators of apoptosis signaling pathways (Haddad, 2004). As such, ROM can reduce the half 
life of host cells resulting in a range of consequences from poor feed efficiency to susceptibility to 
inflammation and infection (Ojano-Dirain et al, 2007). 

The gut provides a barrier to 
the invasion of the commensal 
and opportunistic microflora. 
The physical barrier consists of 
mucin overlying the gut 
epithelium, the epithelial cells 
themselves with their 
impermeable cell to cell tight 
junctions and toll-like receptors 
(TLR), the intraepithelial 
leukocytes (IEL ), and the basal 
lamina. For the dissemination 
of bacteria to other organs, 
these barriers, as well as those 
represented by the innate and 
adaptive immune cells of the 
lamina propria must be 
overcome. 

Figure 1 illustrates one 
component of the barrier, 
mucin. Mucin is a mixture of 
high molecular weight 
proteoglycans of various pH 
levels that forms a continuous layer overlying and connected to the gut epithelial cells. This viscous 
barrier is constantly moving toward the hindgut and is continually replaced by the secretion of a 

® SANTOQUIN is a trademark ofNovus International, Inc. and is registered in the United States and other countries. 
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subpopulation of gut epithelial cells called goblet cells. The role of the mucin in barrier preservation 
is to restrict interaction between the microbiota and the gut epithelium itself, reducing the likelihood 
of attachment and subsequent activation of the innate immune response mediated by the gut 
epithelium (Swank and Deitch, 1996). The mucin layer itself is colonized by commensal micro~ial 
species whose rate of proliferation must match the rate of mucin loss in order to preserve their 
population numbers (Masami et al, 1997). 

Figure 2 shows another 
component of the barrier, 
the gut epithelial cells. 
This epithelium consists of 
a single layer of columnar 
epithelial cells. These 
cells are tightly adherent 
to one another by virtue of 
cell to cell junctions at the 
apical and basolateral 
regions. The junctions 
consist of several parts: 
the apical tight junction 
(zonula occludens) is the 
most important in 
regulating paracellular 
permeability, although the 
zonula adherens and 
desmosomes also play a 
role in barrier maintenance 
(Fawcett and Jensh, 2002). 
Tight junctions consist of 
a continuous band of 
branching cytoskeletal 
proteins that form a 
perijunctional actin ring of integral membrane proteins (Gonzalez-Mariscal et al, 2000; Hull and 
Staehelin, 1979) that bind to a group of cytoplasmic plaque proteins (Fujimoto, 1995) called zonula 
occludens (ZO) proteins. Other integral membrane proteins include occludin, cingulin, junction 
adhesion molecule, and claudins (Cordenonsi et al, 1999; Mitic and Anderson, 1998). ZO-1 forms a 
link between perijunctional actin (Fanning et al, 1998) and occludin (Musch et al, 2006), while 
cingulin binds to myosin II, anchoring the tight junction to the cytoskeleton (Cordenonsi et al, 1999). 

The function of these continuous interepithelial tight junctions is to control the movement of water, 
solutes, and electrolytes (Anderson, 2001; Madara, 1998), in addition to members of the microbiota. 
Thus, disruption of the epithelial barrier is often tested by its resistance to the passive flow of ions 
(Marcial et al, 1984). This transepithelial electrical resistance (TER) primarily measures paracellular 
resistance, which accounts for more than 7 5% of the passive ion flow across the small intestinal 
epithelium (Fujimoto, 1995; Madara, 1989; Okada et al, 1977). For purposes of microbial barrier 
function, bacterial growth from blood, mesenteric lymph nodes, spleen or liver is generally used to 
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indicate barrier failure, and this, rather than TER, is what has been used to assert that intestinal 
inflammation per se is associated with barrier failure (Strober, 2006). 

Finally, the apical and basolateral surfaces of the epithelial cells themselves are also armed with toll
like receptors activation of which causes several pro-inflammatory events within the epithelium, 
including expression and secretion of interleukin-8 (IL-8), inducible nitric oxide synthase (iNOS) 
and NADPH oxidase 1 (Berin et al, 1999; Forsythe et al, 2002; Kuwana et al, 2006; Rumbo et al, 
2006). These trigger inflammation and contribute to oxidative stress (Kuwana et al, 2006). A great 
deal of research has been done over the last decade that demonstrates that commensal bacteria also 
express conserved microbe-associated molecular patterns (MAMP), and that one of them, flagellin, 
plays a pivotal role in the discrimination between pathogens and commensal organisms (Rumbo et al, 
2006). The receptor for flagellin in the gut of mice, TLR-5, is located on the basolateral membrane in 
the mucosa of the lower GI system. It is interesting that the basolateral location ofTLR-5 means 
apical occurrence of flagellin does not trigger a pro-inflammatory result. Instead, the flagellin must 
reach the basolateral membrane by breaching the epithelial barrier, a characteristic of invasive 
pathogens and not commensal organisms. 

Intraepithelial leukocytes are also a component of the barrier (Figure 2). They consist of phagocytes 
and lymphocytes that are capable of responding to pro-inflammatory signals with either innate 
(phagocytosis) or adaptive (cytotoxicity) responses that potentially prevent an apical barrier breach 
from resulting in true translocation ofliving organisms (Kunisawa et al, 2007; Lillehoj and Chung, 
1992). In addition, cells of the innate and adaptive immune system are also found below the 
epithelium (Jeurissen et al, 1994). Another structural component of the barrier is the basal lamina that 
underlies the epithelium (Fawcett and Jensh, 2002). This consists of a continuous layer of protein 
and proteoglycans that, in the event of a failure of the junctional complex, can prevent movement of 
non-motile bacteria into the lamina propria connective tissue underlying the epithelium. Penetration 
of the basal lamina requires both proteolytic digestion of the basal lamina as well as active motility to 
move across it. Thus, penetration of the intestinal barrier by living organisms is a multistep process 
whose occurrence is indicative of multiple structural and functional failures (Aranow and Fink, 1996). 

BARRIER FAILURE AND OXIDATIVE STRESS 

Oxidative stress in the GI system, regardless of cause, is associated with loss of barrier function. This 
can be demonstrated using inhibitors of inducible nitric oxide synthase to improve gut mucosal 
barrier function (Chen et al, 1998; Unno et al, 1997; Wingler et al, 2000). The mechanisms 
responsible for this loss of barrier function may include denaturation of the protein component of the 
enterocyte junctional complexes (Blikslager et al, 2007; Musch et al, 2006) resulting in failure of 
both cell-cell adhesion and apical membrane integrity (Blikslager et al, 2007). 

The importance of the association of barrier failure and oxidative stress in the gut is that it could be a 
cause of dissemination of CP or other opportunistic pathogens into other organs that does not 
necessarily require pathogen invasion or toxic damage to occur. Other contributors to oxidative 
stress, including oxidized dietary ingredients could also be involved. Thus, the maintenance of 
balance between total oxidative stress in the gut and total antioxidant capacity can be augmented with 
the use of dietary antioxidants. Because barrier failure has the potential of killing the animal, the 
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relationship of it to oxidative stress is an important additional reason to include dietary antioxidants 
in all diets, even those supplemented with fresh fat. 

TAKE HOME MESSAGE 

The take-home message here is that there are two very important ways that the nutritionist can reduce 
the likelihood of systemic disease associated with bacterial translocation. First is the control of gut 
oxidative stress. The association between it and barrier failure means that antioxidant 
supplementation should always be a part of the formulation, even in diets supplemented with 
stabilized or fresh fat sources. The second way a nutritionist can intervene is to reduce the likelihood 
that a barrier failure will result in translocation of such potentially deadly anaerobes as CP. This 
means that the nutrition-related causes of dysbacteriosis need to be addressed. This includes 
ingredient quality and digestibility. Addition of organic acids or enzymes that improve nutrient 
availability can have benefits beyond performance, it can reduce the acid-sensitive CP population and 
it can prevent the rapid proliferation of this organism that is associated with residual undigested 
nutrients in the lower ileum. 
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