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Bacterial translocation in the gut
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The human gastrointestinal tract is colonized by a dense population of microorganisms, referred
to as the bacterial flora. Although the gut provides a functional barrier between these organisms
and the host, bacterial translocation is a common event in the healthy person. However, in
critically ill patients, with various underlying diseases, this bacterial translocation may lead to
infections and consequently to a further reduction in general health status. The mechanism of
bacterial translocation is widely, and somehow controversially investigated in vitro and in animal
models. In human studies, several diseases have been associated with bacterial translocation.
However, methodological shortcomings, insufficient populations and conflicting results leave
many open questions. This is also reflected in the various published therapeutic strategies. To
overcome this problem more investigations in humans are needed, especially in techniques for
detecting bacterial translocation.
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The bacteria which initially colonize the gastrointestinal tract in the newborn come
from the mother’s intestinal flora, which is present in traces in the birth canal. The
development of this flora depends on food supplementation in the first months of life.
Eventually, the bacterial flora develops into a large autochthonous part and a small
transient part. Environmental factors, such as the composition of the food and the
luminal pH, influence the transient part. The autochthonous part, however, is relatively
stable throughout life.

The microflora of the large intestine is the best examined, most dense, and most
complex part of the gut microflora. There are up to 1012 colony-forming units (c.f.u.)
per gram of stool (dry weight), with up to 350 different species—almost exclusively
autochthonous bacteria. Obligate anaerobes form up to 99% of the viable bacteria.
The most common species are those of the genera Bacteroides, Peptostreptococcus,
Bifidobacterium, Clostridium, Lactobacillus, Eubacterium and Fusobacterium.

The term bacterial translocation (BT) was first coined by Berg and Garlington1, and
was later defined as the passage of both viable and non-viable microbes and microbial
products, such as endotoxin, from the intestinal lumen through the epithelial mucosa
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Figure 1. Mechanisms and components involved in the process of BT. Parameters which increase the rate of BT can be divided anatomically and functionally. Luminal factors
influence the number and grade of virulence of bacteria that translocate easily. Parameters interfering with the attachment of bacteria and causing epithelial damage ease the
penetration of the intestinal mucosa. Finally, the local and systemic immune response determines host defence against BT.
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into the mesenteric lymph nodes (MLNs) and possibly other organs. Such translocation
is the key to our understanding of spontaneous bacterial peritonitis (SBP) in liver
cirrhosis, and it may contribute to the development of the multiorgan failure syndrome
induced by haemorrhagic shock, burns or sepsis; it is also involved in diverse
gastrointestinal disorders such as malnutrition, intestinal obstruction and biliary
obstruction, all of which promote BT.

MECHANISMS OF BACTERIAL TRANSLOCATION

The principal mechanisms involved in promoting BT are (a) an alteration in the normal
gastrointestinal microflora, resulting in bacterial overgrowth; (b) physical disruption of
the gut mucosal barrier, for example, by direct injury to the enterocytes (e.g. by
radiation or toxins) or by reduced blood flow to the intestine, and (c) an impaired host
defence (Figure 1).

The phenomenon of BT has been studied extensively in animal models (Table 1). The
endpoint most commonly used to prove and quantify BT involves enumeration of
culturable organisms in the MLNs. However, data using radioactively labelled bacteria
indicate that this technique vastly underestimates the extent of translocation because
most microbes which breach the epithelial barrier are killed.2 Increases in BT,
demonstrated by increases in colony-forming units in the MLNs, are predominantly due

Table 1. Animal models of BT.

Model Animal Reference

Burn injury Mouse, pig 133,165

Haemorrhagic shock Rat 157,166

Intestinal ischaemia Rat 167

Intestinal obstruction Rat 168

Small bowel bacterial overgrowth Rat 169

Acute liver injury Rat 170

Liver cirrhosis Rat 104,105

Pre-hepatic portal hypertension Rat 171

Jaundice Rat 27,94

Hepatopulmonary syndrome Rat 92

Acute pancreatitis Rat 172

Total parenteral nutrition Rat 66,120

Protein malnutrition Mouse 173

Small-bowel transplantation Rat 174

Graft-versus-Host-disease Rat 175

Chemotherapeutic agents Mouse 37

Oral antibiotics Mouse 11

Clostridium difficile Mouse 176

Small bowel syndrome Rat 177

Lectin-induced diarrhoea Rat 178

Sleep deprivation Rat 179

Low-dose endotoxin Mouse 180

We apologize that, owing to limited space for citation of references in the chapter, only examples are

given, and the list of references is far from complete.
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to a decrease in killing rather than an increase in transepithelial penetration. As an
indirect marker, any detection of intestinal bacteria in cultures of the portal or
peripheral blood may suggest BT—as may the detection of endotoxin in peripheral
blood. However, in animal studies bacteria are rarely cultured from peripheral blood;
this finding is most likely due to the defence mechanisms of the liver and lungs—in
which microorganisms are eliminated by tissue macrophages. Recently, methods
involving the polymerase chain reaction (PCR) have been introduced for detecting
microbial DNA in blood; these methods have a higher sensitivity than blood cultures for
assessing BT from the intestine.3 Such methods could possibly improve the accuracy of
detecting BT but they have not been used adequately in clinical practice.

Intestinal permeability can be assessed by a variety of techniques.4 Most commonly
used is the assessment of the differential urinary excretion of orally administered non-
metabolizable sugars, such as lactulose and mannitol, which are known to pass
paracellularly or transcellularly through the epithelium; this provides a specific index of
intestinal permeability.

Bacterial overgrowth

The intestinal tract is a dynamic milieu of interdependent phenomena, each of which
may directly or indirectly influence the translocation of intestinal particles. The bacteria
which seem to translocate most readily are those usually classified as facultative
intracellular pathogens—i.e. those that are able to survive outside the white blood cell
but which are also able to resist phagocytic killing (e.g. Salmonella species). In contrast,
normal enteric species are easily killed after phagocytosis, surviving only under
circumstances in which host defences are impaired. Only a few types of intestinal
bacteria are able to translocate into MLNs; these include Escherichia coli, Klebsiella
pneumoniae, other enterobacteraceae, Pseudomonas aeruginosa, enterococci and some
streptococci.5 Interestingly, these species are most frequently associated with
complicating infections in severely ill, hospitalized patients.

Recently, it has been shown that the capacity for translocation is greater in specific
strains; in these strains, such capacity has been attributed to better adherence and
facilitated attachment to the mucus–epithelium layer—as compared to non-pathogenic
strains.6 In general, adhesins have been shown to be associated with the fimbriae of
enteric bacilli. In volunteers, these fimbriated surface structures (so-called colonization
factors)—found, for example, in E. coli—have been shown to be needed for intestinal
multiplication, clinical illness and the production of antibodies.7 Moreover, differences in
virulence among strains, together with the level of resistance in the host, are factors
which determine the survival and spread of the more virulent strains.8

Although intestinal anaerobic bacteria outnumber aerobic bacteria by 100:1 to
1000:1, translocation of anaerobic bacteria has been reported only in extreme
circumstances such as athymic9, lethally irradiated10 or severely burned rodents.5 In
nearly all of these conditions there are breaks in enteric integrity, and anaerobic
bacteria appear to translocate in direct proportion to the degree of tissue damage.
Thus, in contrast to the aerobic Gram-negative bacilli that translocate easily—even
across histologically intact intestinal epithelium5,11—anaerobic bacteria seem to
translocate in situations in which the intestinal tract is structurally damaged. Moreover,
anaerobic bacteria act as a carpet on the mucosal surface, limiting colonization and
overgrowth of other potentially invasive microbes.11 In fact, selective elimination of
anaerobic bacteria facilitates intestinal overgrowth and the translocation of facultative
bacteria.11 This has led to the assumption that bacterial overgrowth is one of the main

400 R. Wiest and H. C. Rath



factors promoting BT. There is a direct correlation between the density of a given strain
of luminal bacteria and the numbers of viable bacteria of this strain which are present in
MLNs.12 In this context, it is important to differentiate between luminal bacteria and
bacteria attached to the mucosal surface. Although the levels of luminal bacteria are
clearly important in the development of infections in situations of bowel injury or
perforation, the levels of mucosally adherent bacteria are likely to be more important in
the development of BT.13 Factors reported to promote bacterial overgrowth are
reduced gastric acidity14, impaired gastrointestinal motility and, consequently,
prolonged intestinal transit time.15

Barrier dysfunction

The host defence directed against invasion of microbes from the gut consists of
numerous local factors, such as mucus, gastric acid, pancreatic enzymes, bile, the
epithelial cell barrier with its intracellular junctions, and bowel motility. Mucins,
secreted by epithelial goblet cells in copious amounts (3 l/day), create a protective
viscous gel that hampers bacterial penetration.16 Mucus also acts as a lubricant to
reduce physical abrasion of the mucosa and participates in the protection of the mucosa
from damage induced by acid and other luminal toxins. Active chloride transport by
epithelial cells promotes intraluminal fluid flux that washes away harmful agents.
Mucosal secretions are rich in IgA antibodies that effectively bind and aggregate
bacteria, preventing mucosal adherence and colonization (so-called immune exclu-
sion).17 The absence of bile in the intestine has been shown to facilitate BT18, and
exposure to bile during bacterial growth decreased epithelial internalization of enteric
bacteria.19 All of these mechanisms help to prevent attachment of bacteria to the
epithelium—an event that has been proposed as an important first step in epithelial
penetration. The most critical barrier against uptake of intraluminal microbes/microbial
products, however, is the epithelium per se. Structurally, the intestine comprises a
single-layered columnar epithelium arranged into villus and crypt components.
Specialized cell–cell junctional complexes allow for selective paracellular permeability
(tight junctions), maintain intercellular adhesion (intermediate junctions and desmo-
somes) and permit intercellular communication (gap junctions). The zonula occludens is
a circumferential band of atypical tight junctions that limit paracellular passage of ions
and fluid. Normally, tight junctions exclude passive movement of hydrophilic non-
charged compounds with a molecular size .11.5 Å, thus preventing for example,
transepithelial movement of bacteria and also macromolecules such as lipopolysac-
charides (LPS), peptidoglycan–polysaccharides, etc. For the most part, translocation
occurs transcellularly and directly, even through morphologically intact enterocytes,
rather than paracellularly between enterocytes.2

Mucosal atrophy, particularly as a consequence of luminal nutrient deprivation, has
been suggested as a predisposing factor for BT. However, several experimental models
of BT could not convincingly demonstrate that morphological changes cause intestinal
hyperpermeability and/or BT.20 Moreover, in humans, this parameter is hard to obtain,
but Sedman et al failed to demonstrate a significant difference in villus height of small
bowel biopsies between patients with and without BT.21 Finally, in a mixed population of
gastroenterological patients, the index of villus atrophy was found not to correlate with
intestinal permeability.22 Nonetheless, increased intestinal permeability has been
demonstrated in patients with burns23, following cardiopulmonary bypass24, elective
or emergency major vascular surgery25, haemorrhagic shock26, jaundice27,
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indomethacin28, parenteral endotoxin29, and malnourishment30 as well as in trauma and
intensive-care patients.31,32

Mucosal hypoxia and acidosis

The oxygen tension at the tip of the intestinal villus is much lower than it is in
arterial blood, even under normal conditions; consequently, the susceptibility of the
epithelium to hypoxic injury is increased. Any reduction in blood flow aggravates
these conditions, and epithelial cell injury may readily develop when the oxygenation
of tissues is diminished. During intestinal ischaemia a strong correlation between the
degree of mucosal acidosis and the degree of ileal mucosal hyperpermeability has
been observed.33 On the other hand, mucosal acidosis induced by deliberately
increasing arterial carbon dioxide tension leads to substantial increases in epithelial
permeability even in the absence of mucosal ischaemia.33 This indicates that acidosis
per se promotes epithelial hyperpermeability, which has been suggested to be due to
oxidative stress. Oxidants, such as hydrogen peroxide or superoxide radical, have
been shown to disrupt the cytoskeleton and to increase epithelial permeability.34

Moreover, reactive oxygen metabolites can lead to depletion of ATP, a condition
which is well known to increase epithelial permeability.35 In thermal injury, as well as
in trauma/haemorrhagic, cardiogenic or endotoxaemic shock, there is diminished
blood flow to the mucosa and submucosa of the jejunum, ileum and colon, whereas
flow to other organs is preserved. Moreover, the development of gastrointestinal
mucosal acidosis has been demonstrated in these conditions. Therefore, ischaemia-
induced epithelial injury in the gut is a pathway common to shock, trauma and
thermal injury, and this pathway may lead to dysfunction of the gut barrier and set
the stage for BT (Figure 2).

Figure 2. BT in relation to the pathophysiology of multiorgan failure (MOF). Gut hypoperfusion often leads
to bacterial overgrowth via different mechanisms: ileus is known to promote proximal gut colonization.
Standard therapies, such as antacids, total parenteral nutrition, antibiotics, morphine, etc. further promote
colonization. Ischaemic damage to the epithelium increases mucosal permeability: inadequate intracellular PO2

can result from hypoperfusion, anaemia, arterial hypoxaemia and/or hypermetabolism secondary to critical
illness, limiting mitochondrial respiration. Subsequent mucosal acidosis and ATP depletion cause epithelial
damage. Bacterial overgrowth and gut barrier dysfunction both contribute to the process of BT. The
pathophysiological hallmark in the pathogenesis of SIRS and subsequent MOF is the activation of
the endothelium. This may occur via local translocation of bacteria, endo- or exotoxins (that can be limited
to the intestinal wall) as well as by subsequent production of oxidants and pro-inflammatory cytokines (TNF,
IL-1). Activation of the endothelium results in attraction, rolling, adherence and transmigration of neutrophils.
Adherent neutrophils are primed to produce oxidants, proteases and cytokines, resulting in tissue injury.
During reperfusion additional oxidants are produced via xanthine oxidase (in endothelial cells and
neutrophils). Activation and stimulation of macrophages results in further cytokine release. Thereby, the gut
becomes a ‘cytokine-releasing organ’ causing tissue injury in remote organs. Shock has been shown to depress
lymphocytic and macrophage-mediated functional capacities, leading to immunosuppression: BT/endotoxins
per se suppress non-specific and specific immune function via GALT (stimulation of suppressor T-cells
migrating to systemic lymphoid organs), via the portal circulation (Kupffer cells: antigen-processing and
initiation of the specific immune response and tolerance/insufficiency of non-specific phagocytosis due to
overwhelming of the defence capacity), and via the systemic circulation (endotoxin–macrophage–
lymphocyte interactions causing systemic immunosuppression). Moreover, many anaesthetics can cause
immune dysfunction. This immunosuppression contributes essentially to the spreading of bacteria/toxic
products and sets the stage for SIRS and MOF to occur.

R

Bacterial translocation in the gut 403



Immune status

Because it has been noted that intestinal bacteria cause systemic disease in
immuncompromised patients, it has been logical to assume that immune dysfunction
is a primary factor promoting BT.36 The intestinal tract is an active immune organ,
containing essentially every type of leukocyte involved in the immune response. The
antigen-specific local immune system, termed gut-associated lymphatic tissue (GALT),
is the largest immunological organ of the body, making up 25% of the mucosal cell mass.
The GALT comprises more than half of the lymphoid cells in the body and hosts
numerous plasma cells, macrophages, neutrophils, Paneth cells and specialized M-cells
playing a key role in controlling BT.

The reader should not be left with the impression that BT always has to be
considered as a negative aspect of biology, being linked intellectually and unequivocally
to systemic disease. BToccurs in the normal host, as can be shown by recovery of viable
intestinal bacteria from MLNs in a small proportion of healthy animals and
humans.21,37,38 Moreover, it is likely that dead bacteria also translocate as a normal
biological process. After being sensitized, antigen-presenting cells and immature
immune cells of the GALT have been noted to leave the intestinal tract, migrate through
the thoracic duct, participate in systemic immunity and preferentially seed the intestinal
mucosa as mature T and B cells. Thus, it is conceivable to consider BT as a probably
normal and essential process, regulating local and systemic immunity and tolerance to
the innumerable antigens that make contact with the intestinal epithelium.

Owens and Berg noted spontaneous BTof certain indigenous bacteria, such as E. coli,
to MLNs, spleen and liver in athymic (nu/nu) mice, whereas no translocation was noted
in heterozygous (nu/ þ ) or nude mice grafted with thymus.9 Moreover, T-cell depletion
not only caused accumulation of bacteria in the MLNs of healthy rats but also increased
the bacterial numbers observed in the MLNs of alcohol- and burn-injured rats and
caused spreading of bacteria to extra-intestinal sites.20 Therefore, it appears that
appropriate activation of intestinal T cells is critical in maintaining immunity against the
translocation of enteric bacteria. Additional studies showed the ability of adoptively
transferred T cells to confer protection against a number of bacterial infections,
including E. coli.39 Mechanisms by which T cells help to maintain humoral immunity may
include T-cell-dependent antibody production and the production of chemokines/
cytokines which recruit and activate macrophages and neutrophils.

It has been reported that immunosuppression coupled with intestinal bacterial
overgrowth (induced by oral penicillin G) synergistically promoted BT in mice with an
intact, histologically normal intestinal tract.40 Usually, enteric bacteria induced to
translocate by oral antibiotics remain confined to the MLNs and do not appear to
establish a persistent infection in the MLNs because the MLNs return to a sterile state
when the antibiotic is discontinued and the caecal population of enteric organisms
returns to normal levels.41,42 Immunosuppression, however, can allow the translocating
bacteria to spread systemically, ultimately resulting in lethal sepsis.40 Therefore, it
becomes apparent that, for BT to become clinically significant, a failure of local and/or
systemic immune defence must also occur.

Nitric oxide (NO)

NO is synthesized by three different isoforms of NO synthase (NOS), of which the
endothelial (eNOS) and neuronal (nNOS) isoforms constitutively produce low levels of
NO. In contrast, the inducible isoform (iNOS) is synthesized de novo only after
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stimulation by LPS, endotoxins and pro-inflammatory cytokines, and it releases NO in
large amounts. Many types of cells in the gut are potential sources of NO; they include
vascular endothelial cells, myenteric neurons, inflammatory cells in the submucosa
(macrophages, polymorphonuclear leukocytes) and enterocytes. NO participates in
many physiological and pathophysiological processes in the gut (Figure 3).43 NO
increases gastrointestinal mucus secretion, modulates epithelial chloride transport and
associated fluid secretion, maintains blood flow, inhibits intestinal muscular motor
activity, reduces mast cell reactivity and mediator release, suppresses neutrophil
aggregation and sequestration, scavenges reactive oxygen metabolites and is an
important modulator of mucosal repair. All of these mechanisms are involved in
maintaining gut barrier function. Depending on the experimental system employed, and
the local concentrations of NO achieved, NO has been shown to modulate intestinal
permeability and BT in different ways and directions.

Non-specific inhibition of NO synthesis resulted in increased ileal epithelial
permeability44, and the administration of an NO donor ameliorated gut mucosal
hyperpermeability induced by ischaemia-reperfusion or endotoxin.45 Conversely,
inhibition of NOS has been found to aggravate barrier dysfunction induced acutely by
ischaemia/reperfusion, LPS or other noxious stimuli.46,47 Thus, endogenously and
constitutively synthesized NO appears to be a regulator of the normal, intact mucosal
barrier, and removal of this protective agent allows injury to occur more easily. In
contrast, overproduction of NO has been shown to be deleterious to the integrity of
the intestinal epithelium. Infusion of NO donors at high concentrations induces damage
to the gastric mucosa in the rat and decreases the viability of rat colonic epithelial
cells.48,49 Moreover, NO at high local concentrations has been shown directly to dilate
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Figure 3. Actions of nitric oxide (NO) in modulating components of mucosal defence. Adapted from Wallace
JL and Miller MJ (2000, Gastroenterology 119: 512–520) with permission.
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tight junctions in intestinal epithelial monolayers, disrupt the actin cytoskeleton, inhibit
ATP formation and hence, increase intestinal permeability.50,51 Moreover, in the
chronic/late phases of inflammation/sepsis—in contrast to the acute phase—inhibition
of NO synthesis no longer exacerbated, but significantly reduced, intestinal injury.52

The cytotoxic effects of NO depend mainly on conversion into much stronger oxidants,
such as peroxynitrite. For such reactions to prevail in tissues, however, the high-output
isoform iNOS is usually up-regulated. The importance of iNOS-derived NO production
in promoting BT has been shown experimentally after insults such as endotoxaemia,
haemorrhagic shock, ischaemia-reperfusion or thermal injury.53,54 This has been
confirmed in iNOS knock-out mice exposed to LPS; these mice exhibited decreased
physiological response, reduced mortality and no BTat all.55 The detrimental effects of
sustained high levels of NO production in gut inflammation have also been shown in
humans. Up-regulation of iNOS and 3-nitrotyrosine immunostaining (footprint of
peroxynitrite) are seen in the intestinal mucosa of patients with active ulcerative
colitis.56,57 Moreover, iNOS expression co-localizes with enterocyte apoptosis and
accumulation of nitrate proteins in the intestinal villi in necrotizing enterocolitis.58

These observations suggest that sustained over-expression of NO (via iNOS) and its
toxic metabolites may promote mucosal injury and failure of the gut barrier, possibly
through the induction of apoptosis in enterocytes. Finally, NO has also been shown to
modulate macrophage function, with important implications for mucosal defence. For
example, NO reduces cytokine release by macrophages, and the ability of macrophages
to kill bacteria depends on the generation of NO.43

Route and site of translocation

There are multiple possible routes by which an organism can translocate out of the gut
to extra-intestinal sites—retrograde migration to the lungs, direct transmural
migration across the intestinal wall, lymphatic migration via Peyer’s patches, MLNs,
the thoracic duct and the systemic circulation—or via vascular channels to reach the
portal system. There is substantial evidence that overgrowth in the upper intestine
facilitates aspiration and retrograde migration of intestinal bacteria in severely ill trauma
patients, primarily those on mechanical ventilation. Transmural migration has never
been shown adequately and appears to be rather unlikely from the standpoint of clinical
relevance. As for the lymphatic route, translocation of inert particles suggests that non-
viable particles can translocate across the intestinal epithelium, possibly as passive
passengers within motile phagocytes rather than as victims within lymph flow.59 In fact,
it has been suggested that the intestinal macrophage may play a key role in the process
of BT. Cells of labelled E. coli have been shown to translocate into the lamina propria, by
direct transit through enterocytes2, and then to be engulfed by tissue macrophages.
These macrophages transport the bacteria to MLNs and release them if the
macrophage bactericidal activity is impaired.60 More recently, direct transport of
Salmonella from the gastrointestinal tract to the bloodstream via phagocytes has been
elegantly demonstrated.61 Brathwaite et al reported the presence of bacteria in
macrophages within MLNs in each of 22 trauma patients studied by means of
immunofluorescent staining of E. coli b-galactosidase.62 However, in humans, lymphatic
translocation beyond MLNs has rarely been studied. The main physiological impact of
translocation beyond MLNs into the thoracic duct would be a bypass of the
reticuloendothelial system of the liver, which serves as a scavenger of toxins and
microbes. Lemaire et al reported translocation of endotoxin into the thoracic duct of
patients with multiple organ failure (MOF) but the amount of endotoxin transported by
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the thoracic duct was low and was not different from that in patients without MOF.63

Predominant translocation via the portal vein has been demonstrated in experimental
models of severe inflammatory insult, demonstrating the appearance of viable bacteria
in the portal circulation even before their appearance in efferent intestinal lymph and in
much greater numbers.64

The site of BT has rarely been addressed and may well depend on the experimental
model used and the cause of BT. In endotoxaemia, gut mucosal injury has been reported
to be greater in the ileum and caecum than in the jejunum.65 During intravenous total
parenteral nutrition, loss of gut barrier function is observed throughout the small
bowel and caecum (but not the colon) whereas oral elemental diet increased intestinal
permeability only at the ileum.66 In burn injury models, isolated gut loops from the
jejunum, ileum and proximal colon showed equivalent rates of translocation of 14C-
labelled E. coli (radionuclide counts).67 However, higher numbers of viable bacteria in
MLNs were detected (microbiological culture) when cells of E. coli were inoculated into
the jejunal loop as compared to the ileal or colonic loop. In contrast to the upper
gastrointestinal tract, which is normally relatively clean, towards the ileocoecal junction
the number of bacteria increases and the species of microflora resemble those found in
the colon. It has been suggested that, because the lower part of the gut contains a large
number of microbes, it has a more efficient capacity for killing translocated bacteria.
Moreover, the colon has different permeability characteristics compared with the small
bowel; it has higher electrical resistance and a lower permeability to the passive
movement of ions.68 In fact, with equivalent concentrations of E. coli, significantly higher
rates of BT have been observed from the small bowel compared with the large bowel;
this indicates that the threshold for the onset of BT is markedly lower in the small
intestine.69 Therefore, it appears that bacterial overgrowth and alterations in intestinal
permeability in the small bowel have a greater potential to promote BT.

CLINICAL RELEVANCE OF BACTERIAL TRANSLOCATION

The economic burden of BT can be substantial. In the USA, up to 10% of hospitalized
patients develop nosocomial infections which cost more than $4.5 billion annually.
Although many of these infections are acquired exogenously there is increasing
evidence that many are caused by translocating enteric bacteria. The incidence of
Gram-negative bacteraemia varies from 70 000 to 330 000 cases per year in the USA
with an associated persistently high mortality of 20–40% despite intense efforts to
improve therapy.

The first and most dramatic evidence that translocation can occur in humans came in
the form of a report by Krause et al who documented that oral ingestion of a
suspension of viable Candida albicans resulted in transient fungaemia and funguria in a
normal volunteer.70 Increased BT has been shown to occur in various populations of
patients ranging from the mildly ill to the critically ill (Table 2). One of the most
established causes of increased BT—not only in experimental models but also in
humans—is thermal injury. Burn patients with 39 ^ 12% of surface area affected were
found uniformly to present an increased lactulose/mannitol ratio, indicating increased
intestinal permeability.23 Moreover, in the burn patients who died, more than 50% had
intestinal lesions and more than 80% were septic—mostly with intestinal organisms.71

Finally, after thermal injury, increased plasma levels of endotoxin are detectable within
24 hours of the burn—with the degree of endotoxaemia being closely correlated to the
magnitude of injury.72
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Data are more controversial for severely injured trauma patients. Moore et al failed
to demonstrate bacteria or endotoxin in the portal or systemic blood obtained over
the first 5 days of hospitalization, even though 60% of the patients were in shock at the
time of presentation.73 Also, Peitzman et al found only sterile cultures of MLNs
obtained at the time of coeliotomy from trauma patients.74 In contrast, a high incidence
of positive blood cultures was observed in severely injured patients with shock—in the
early phase after trauma—as compared to those patients without shock.75,76 However,
an exceptionally high proportion of Gram-positive organisms was observed and, most
notably, these Gram-positive microbes appeared to be of no clinical significance.
Nonetheless, typical enteric bacteraemia was detected in a few cases, mostly in cases of
severe shock and virtually all with fatal outcome (Table 3). Finally, Endo et al obtained

Table 2. Studies on BT in humans.

Clinical condition Method for testing BT References

Burn injury BC, L/M ratio 23,71,72

Trauma/haemorrhagic shock BC, MLN, endotoxin, L/M ratio 32,73–79

Endotoxin L/M ratio 29

Obstructive jaundice MLN 27,95

Acute pancreatitis MLN, BC, L/R ratio 97,98

Bowel transplant BC, stool, liver culture 103

Liver cirrhosis MLN 106

Intestinal obstruction MLN, serosa 21,181

Crohn’s disease MLN, serosa 182

Organ donors MLN, BC, endotoxin 183

Elective surgery MLN, serosa 21

Aortic aneurysm repair MLN, serosa 84

Cardiopulmonary bypass Endotoxin, L/M ratio 24

Heart failure Serum endotoxin 184

Colchicine overdose BC 185

Neutropenia BC 186

Malignancy BC 187

BC ¼ blood culture. L/M (L/R) ratio ¼ lactose/mannitol or (lactose/rhamnose) ratio. We apologize

that, owing to limited space for citation of references in the chapter, only examples are given, and the list

of references is far from complete.

Table 3. Mortality by emergency department, shock and blood culture results.

Patient groups (total n ¼ 132) Mortality, number (%)

1 No shock No bacteraemia 1/72 1

2 No shock Bacteraemia 0/10 0

3 Shock No bacteraemia 7/27 26

4 Shock Plus bacteraemia 8/12 75a

5 Shock Plus enteric bacteraemia 7/7 100

Reproduced from Moore F A et al (1992, Archives of Surgery 127: 893–897) with permission.
a P , 0:05 versus groups 1–3. Shock was defined as systolic blood pressure ,90 mmHg. Bacteraemia ¼

any positive blood culture result (in five patients with shock: Staphylococcus or other non-enteric bacteria).
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serial blood samples (0.5–168 hours after arrival) in severely injured patients who
arrived in shock and detected elevated levels of LPS in only 2% of specimens.77

Therefore, it appears that BT can be demonstrated only in a small number of severely
traumatized patients who are moribund on arrival, rendering the clinical importance of
BT in this situation at least doubtful. Nonetheless, gut permeability has been found to
be increased in trauma patients.32,77 –79 Therefore, it appears that increased intestinal
permeability is a permissive factor for BT but does not prove that BT has occurred.

A number of studies have shown increases in gut permeability and BT in humans
challenged with low doses of endotoxin29 and in patients with critical illness of various
causes.31,32,79–81 It has been claimed that BT may represent a significant source of
sepsis in the critically ill patient. This has been based on the observation that no septic
focus could be identified clinically, or at autopsy, in more than 30% of bacteraemic
patients, including those dying of MOF.82 Therefore, Marshall called the gut the ‘motor
of MOF’ in that it comprises a reservoir of triggering compounds which initiate,
perpetuate or intensify the systemic inflammatory response syndrome (SIRS),ultimately
leading to the development of MOF (for details see Figure 2).83 In fact, an increased
incidence of septic complications in patients with evidence of BT at surgical operation
was observed first by Brooks et al and then confirmed by Sedmann et al and
others21,22,38,84 (Table 4). Proximal gut colonization, in particular, has been found to be
associated with increased BTand septic morbidity.85,86 However, the occurrence of BT
did not affect mortality. In addition, it is important to note that, in the study by Sedman
et al, most cases of sepsis occurred in patients without BT. This draws attention to the
method of detecting BT because, in human studies in general, only one lymph node at
one location is used for evaluating BT. Perhaps if multiple cultures of MLNs had been
performed more positive MLNs would have been found in patients in whom sepsis later
developed. The association between increased gut permeability and infectious
complications, however, is more controversial (Table 5). In patients undergoing
major upper gastrointestinal surgery, gut barrier dysfunction did not affect the rate of
infectious complications.87 In patients injured by burns, however, increased intestinal
permeabilty was associated with a significantly higher rate of clinical infection.23 In

Table 4. Studies on the role of BT as cause of septic complications in surgical patients.

Patients (number), with

BT, without BT

Incidence

of BT (%) Septic complications

Brooks et al38 Surgical (114),

18/96

16 5/18 (28%),

13/96 (14%)

NS

Sedman et al21 Surgical (242),

25/217

10.3 32/242 (13.2%),

7/25 (28%),

25/217 (11.5%)

P , 0:05

MacFie et al85 Surgical (279)a,

29/250

21 89/279 (32%),

11/29 (38%),

32/107 (30%)

NS

O’Boyle et al22 Surgical (448),

69/379

15.4 31/69 (45%),

73/379 (19%)

P , 0:001

Woodcock et al84 Surgical (51),

5/46

10 4/5 (80%),

9/46 (19%)

P , 0:05

a One hundred and thirty six evaluated for BT. NS ¼ not significant.
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Table 5. Studies on the role of intestinal permeability in septic complications in various populations of patients.

Patients (number)

Intestinal permeability

IP (L/M ratio)a
Septic complications

and IP (L/M ratio)

Roumen et al79 Trauma (11) or

haemorrhagic shock (8)

versus controls (7)

0.069 ^ 0.034,

0.098 ^ 0.093 versus

0.012 ^ 0.005 P , 0:005

No association with IP

Kanwar S et al87 Surgical (68) 21/68 septic post-operative IP 0.05 [0.004–0.11] versus

47/68 non-septic IP 0.05 [0.01–0.11] NS

Pape HC et al32 Trauma (32)

versus controls (6)

MOF: 0.51 ^ 0.021 versus

No MOF: 1.06 ^ 0.41 N.S.

0.056 ^ 0.02 P , 0:001

IP related to systemic inflammatory response

LeVoyer T et al23 Thermal injury (15),

controls (10)

0.159 ^ 0.01,

0.017 ^ 0.003 P , 0:001

9/15 infections IP 0.153 ^ 0.04 versus

6/15 non-infected IP 0.044 ^ 0.01 P , 0:01

Faries P et al78 Trauma (29)

versus controls (10)

0.346 ^ 0.699,

0.025 ^ 0.008 P , 0:01

Increased incidence in SIRS, infectious complications,

close correlation with occurrence of MOF (see Table 6)

a IP (L/M ratio) ¼ Intestinal permeability determined by the lactulose/mannitol ratio.
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trauma patients, both an increased (Table 6) and an unchanged rate of septic
complications have been reported in relation to increases in gut permeability.78,79

These discrepancies may well be related to differences in the severity of disease, the
time-point of investigating permeability, and the number of patients studied.
Nonetheless, it needs to be stressed that, so far, no causative direct link between
gut barrier dysfunction and infectious complications in humans has been shown,
suggesting that increased gut permeability and infective complications are, at least
partly, independent phenomena. An absolute proof that BT causes infections, however,
would necessitate precise phage typing of all gastrointestinal flora on a daily basis, with
concomitant culture of all subsequent septic foci to show commonality and a temporal
relationship.

On the other hand, the gut can also modulate local and systemic responses
even in the absence of detectable translocation of bacteria. In other words, the
clinical manifestation of sepsis can be a consequence of the release of endogenous
mediators by the host rather than a consequence of bacteria or bacterial products
per se. Evidence for the hypothesis that the gut can become a ‘cytokine-releasing
organ’ has been obtained in different experimental models; for example, in gut
ischaemia/reperfusion injury it has been demonstrated that the reperfused gut can
become a source of pro-inflammatory mediators which can amplify the early SIRS
independently of BT88 (Figure 2). Moreover, inflammatory cytokines and toxic
products have been demonstrated in Peyer’s patches and mesenteric lymph when
none could be identified in the portal or systemic circulation. Thus, it has been
suggested that mesenteric lymph is an important channel for the delivery of a
variety of inflammatory mediators from the gut to remote organs.89,90 In fact, it
has been proposed that the spreading of gut-derived cytokines via mesenteric
lymph plays a key role in the development of shock-induced lung injury.89 In animal
models, ligation of the mesenteric lymph duct before induction of haemorrhagic
shock prevented increases in lung permeability and injury.91 Similarly, prevention of
Gram-negative translocation has been reported to reduce the severity of
hepatopulmonary syndrome in bile-duct-ligated rats.92 Whether this concept is
clinically relevant, however, remains to be seen.

In contrast to animal models, in which there is evidence of increased BT in obstructive
jaundice27,93,94, O’Boyle et al and Sedman et al failed to observe an increase in positive
cultures of MLNs in patients with this condition.21,22 However, Parks et al
demonstrated that the increased intestinal permeability in patients with obstructive

Table 6. Incidence of SIRS/infectious complications as a function of increase in intestinal permeability after

trauma.

Degree of increase in intestinal permeability

(%)

Moderate

(0.03 , L/M, 0:10Þ

Marked

(L/M# 0:10Þ P value

Incidence of SIRS 44 83 0.03

Incidence of infectious complications 13 58 0.01

L=M ¼ Intestinal permeability determined by the lactulose/mannitol ratio. Reproduced from Faries PL

et al (1998, Journal of Trauma 44: 1031–1035) with permission.
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jaundice became normal after internal biliary drainage.27 Moreover, Kuzu et al detected
BT in 5/21 patients (24%) undergoing laparotomy for obstructive jaundice versus 1/30
(3.5%) electively operated control patients ðP , 0:05Þ:95 Because positive lymph node
culture was not associated with systemic infection in either group, the clinical
importance and associated risk remain to be defined.

Experimental studies indicate that the bacterial contamination of pancreatic necrosis
in acute pancreatitis occurs through translocation of intestinal bacteria.96 However, few
studies have evaluated the issue of BT in severe pancreatitis in humans. Nettelbladt et al
reported a patient, suffering from haemorrhagic pancreatitis, who developed MOF with
fatal outcome; in this patient the same strain of E. coli was found in faeces, blood, MLNs
and intraperitoneal fluid, suggesting that BTwas the mode of infection.97 This may well
be due to the increased intestinal permeability which has been demonstrated in patients
with acute pancreatitis because the permeability is significantly more pronounced in
patients with severe pancreatitis.98 Moreover, in a prospective study on 114 patients,
Beger et al observed that pancreatic necrosis was contaminated by enteric bacteria in
up to 71% of cases, causing a significant increase in mortality.99

In small bowel transplantation, very traumatic surgery, ischaemia/reperfusion injury,
prolonged post-operative ileus or rejection predispose to BT. In rats, BT, endotoxaemia
and bacteraemia have been reported to occur within hours of transplantation.100,101

Because inclusion of the colon to the graft increased faecal bacterial counts, and the
rate of BT and infectious complications, the colon is suspected to be the predominant
source of translocating organisms.102 Few data are available for humans, but BT has
been reported to occur in 44% of paediatric patients undergoing small-bowel
transplantation—prolongation of cold ischaemia time strongly influencing the rate of
BT.103 Unfortunately, no statement was made on the effect of BT on outcome.

In liver cirrhosis, the occurrence of BT is widely accepted and is thought to play a key
role in the pathogenesis of SBP and other infectious complications. In experimental
models of liver cirrhosis, BT has been reported to occur with an incidence of 37–83%,
and BT has clearly been related to SBP by molecular epidemiological evidence.104,105

Data in humans are rare. In an interesting study by Cirera et al. enteric bacteria could
be cultivated from MLN’s in 30.8% of Child-C cirrhotic patients undergoing laparotomy
as compared to less than 10% in non-cirrhotic patients and in cirrhotic patients Child A
or B.106 Regarding the mechanisms of BT involved in liver cirrhosis, the following have
been demonstrated: intestinal bacterial overgrowth, increased gut permeability and a
wide spectrum of alterations in the immune defence system. In detail, intestinal
bacterial overgrowth of aerobic Gram-negative bacteria has been demonstrated and
has been closely linked to the development of BT, SBP and endotoxaemia.107,108 This
bacterial overgrowth has been attributed, at least partly, to the decrease in small-bowel
motility observed in cirrhosis.109 Structural changes in the intestinal mucosa, including
vascular congestion, oedema and inflammation, as well as widening of the intercellular
spaces, have been described in cirrhosis.110,111 However, another study, by Such et al,
failed to demonstrate alterations in the ultrastructural characteristics of intestinal
mucosa in cirrhotic patients.112 This emphasizes the importance of functional
impairment in the intestinal barrier. Increased intestinal permeability has been
demonstrated in liver cirrhosis—interestingly, mainly in those with septic compli-
cations.113 Intestinal mucosal oxidative damage—shown, for example, by increased
lipid peroxidation and altered enterocyte mitochondrial function—as well as
endotoxinaemia and the enhanced serum levels of nitric oxide observed in these
patients, may play a role in mediating this hyperpermeability.114,115 Finally, the host
immune response is impaired in liver cirrhosis by decreased reticuloendothelial
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phagocytic activity, reduced concentrations of intestinal IgA, and deficiencies in serum
immunoglobulins, complement and qualitative neutrophil function.116 For instance,
cirrhotic patients with lower levels of serum complement (C3 and C4) and/or a low
level of ascitic fluid protein have been considered to be prone to develop SBP.117

Moreover, impaired tuftsin activity, known to modulate the biological activity of
phagocytic cells, is reduced in cirrhotic patients and is associated with a higher
incidence of bacterial infections.118

PREVENTION OF AND THERAPY FOR BACTERIAL TRANSLOCATION

A rich diversity of strategies have been investigated for the treatment of BT (Table 7).
Most of them were tested in experimental models; most of the human studies were
uncontrolled reports involving small numbers of patients, or studies that could not be
reproduced by others. In any assumed BT, of various disorders, treatment of the
underlying disease is the most effective strategy.

There is much experimental evidence linking diet with the maintenance of intestinal
mucosal integrity. In animal models, starvation—as well as total parenteral nutrition
(TPN)—promotes bacterial overgrowth, diminishes the production of intestinal mucin,
decreases the levels of global gut IgA, causes mucosal atrophy (which increases
intestinal permeability), attenuates the number and function of GALT lymphocytes, and
accelerates oxidative stress.119–121 Therefore, it appears that lack of enteral feeding
profoundly affects the cellular and immunological status designed to protect the host
from BT. In critically ill patients (trauma, burn, surgery), it is well established that early
enteral nutrition diminishes septic complications. However, in the acute setting, access
to the gut is limited. Therefore, enteral nutrition via a needle catheter jejunostomy has
been applied. This approach has been tested in several randomized controlled trials in
intensive-care patients, and it has been shown to be both feasible and associated with a
significant reduction in septic morbidity.122 More recent trials have compared immune-
enhancing enteral diets to standard diets; these trials indicate that the specialized
formulas of enteral diets—with immunonutrients such as glutamine, arginine and the
omega-3 fatty acids—show significant additional local and systemic benefits.123,124 This
approach has been reported to result in a significant reduction in infectious
complications, decreasing hospital stay and costs as compared to an isonitrogenous
diet in severely injured patients (Table 8).124 In addition, the provision of bulk-forming
fibres has been shown to limit or reverse diet-induced BT125; this has been attributed
to the production of various intestinal trophic factors and/or to a direct effect on
intestinal mucus, epithelial cells and the gut flora induced by fibres.

Other enteral manoeuvres tested for the prevention of BT include supplementation
with IgA, ornithine-a-ketoglutarate or fish oil. Oral supplementation of IgA completely
abrogated BT in formula-fed neonatal rabbits by enhancing the gut mucosal barrier126,
and feeding a combination of IgA and IgG prevented necrotizing enterocolitis in low-
birth-weight infants.127 The administration of ornithin-a-ketoglutarate has been shown
to exert beneficial effects on intestinal structure and function as well as on cellular
immunity, limiting bacterial dissemination after endotoxin challenge and reducing BT
after small-bowel transplantation in rats.128,129 Modulation of the fatty-acid compo-
sition by fish-oil-enriched diets has been shown to preserve intestinal blood flow and to
enhance the host’s ability to kill translocated bacteria in various experimental models of
BT.130,131 This has been attributed to the increased synthesis of vasodilative
prostaglandins, which have been reported to reverse endotoxin-induced intestinal
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vasoconstriction, enhance mucus secretion and down-regulate the synthesis of TNF.132

Furthermore, it has been demonstrated that prostaglandin E analogues—by exerting
such protective effects on the gastrointestinal mucosa—reduce the number of
translocated bacteria and have been associated with improved survival in experimental
thermal injury.133 However, there have been no reports of corresponding randomized,
controlled investigations on such enteral manouevres or on the use of prostaglandins in
conditions promoting BT in humans.

Table 7. Examples of therapeutic approaches for the prevention of BT.

Therapy Disease/model Reference

Enteral nutrition Surgical patients 122

Immunonutrition/fibre Severely injured patients 124,125

Immunoglobulin A Formula-fed neonatal

rabbits/low-birth-weight-infants

126,127,143

Fish oil TPN/low endotoxin 131

Prostacyclin/prostaglandin E Low-dose endotoxin in cat 132

Burn injury in mice 133

Ornithine-a-ketoglutarate Endotoxin/small-bowel

transplant in rat

128,129

Lactulose 188–190

Lactobacillus/probiotics Liver injury, short bowel,

enterocolitis in rat

137–139

Hyperbaric oxygen Intestinal obstruction,

obstructive jaundice in rat

140,141

Polymyxin/anti-endotoxin Septic/burned patients 145–147

BPI Endotoxaemia/haemorrhagic

shock in rats

149,150

Meningococcal sepsis/trauma

patients

151,152

Neutrophil depletion Thermal injury in rats 153

Anti-L-selectin Haemorrhagic shock in baboons 155

Xanthine oxidase inhibition Haemorrhagic/portal

hypertensive rats

191

C1-inhibitor Thermal injury in pigs 192

IL-6 Haemorrhagic shock in mice 193

IL-11 Burn injury mice 194

ACE-inhibition (enalapril) Thermal injury mice 195

Angiotensin-II inhibitor DuP753 Thermal injury/endotoxin

in minipigs

196

Preferential iNOS inhibition Thermal injury/endotoxaemia in rat 53,54

NOX (NO scavenger) Endotoxinaemia in rat 197

Cholylsarcosine (conj. bile acid) Liver cirrhosis in rat 198

Glucagon-like peptide 2 Acute necrotic pancreatitis in rat 199

Growth hormone Acute necrotizing pancreatitis

in rats

200

SGD Critically ill, pancreatitis, liver,

bone and marrow transplantation

and cirrhotic patients

16,117,160–164

We apologize that, owing to limited space for citation of references in the chapter, only examples are

given, and the list of references is far from complete.
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Probiotics, such as various Lactobacillus species, have been reported to exert many
effects and to protect the gut from BT. Lactobacilli inhibit the growth of Gram-negative
and pathogenic bacteria, attenuate adherence and invasion of enterovirulent bacteria in
human intestinal cell lines, enhance the secretion of intestinal IgA and stabilize the gut
epithelial barrier.134,135 Moreover, lactobacilli modulate immunological defence
mechanisms, enhancing host resistance against infection.136 This battery of effects has
been shown to inhibit translocation of E. coli in an in-vitro human colonic cell culture
and to attenuate BT in experimental models of acute liver injury, enterocolitis, short-
bowel syndrome and other conditions.135,137–139 However, convincing benefits of
probiotics in preventing BT in the clinical setting are lacking.

Hyperbaric oxygen(HBO2) has been reported to prevent BT in experimental models
of intestinal obstruction, burn injury, systemic inflammation and obstructive jaundice
(Figure 4).140–142 This benefit has been attributed to its bacteriostatic effect on some
strains of E. coli, preventing bacterial overgrowth, and its anti-inflammatory properties.
Moreover, HBO2 strengthens the host’s defence against infection by increasing the
killing capacity of phagocytes and neutrophils—which require molecular oxygen as a
substrate for microbial killing. This dramatic benefit of HBO2 has been reported to be
synergistic with that of IgA in reducing BT.143 HBO2 has been used successfully in
individual cases of haemorrhagic shock in patients who refused blood on religious
grounds144; however, randomized, controlled trials—and hence, clinical evidence for its
use in critical illness—are absent.

The therapeutic approach of binding and neutralizing endotoxin has been reported to
reduce mortality in patients with Gram-negative sepsis145, but these results have been
criticized and could not be confirmed.146 Moreover, the use of endotoxin-neutralizing
peptides—such as polymyxin–has been shown to reduce endotoxin levels in burn
patients without effect on mortality.147 This lack of effect has been attributed to the fact
that although the antibodies bound to endotoxin they did not completely neutralize its
toxic effects.148 Additionally, ‘immunoparalysis’—a well-known compensatory anti-
inflammatory response to the systemic appearance of inflammatory mediators—may
be excessive in some patients, causing immunosuppression which hampers the effect of
antibodies against endotoxin. A physiological protein with anti-endotoxin properties is
the bactericidal/permeability-increasing protein (BPI) which is part of the neutrophil
defence system. BPI binds to, neutralizes and accelerates clearance of LPS, suppresses
endotoxin-mediated cellular activation and exhibits antibacterial properties. Recombi-
nant rBPI has been shown to reduce the incidence of BT and to attenuate vital organ
damage, increasing survival in several animal models of endotoxaemia and haemorrhagic

Table 8. Effect of ‘immune-enhancing-diet’ on septic complications, and hospital parameters, in severely

injured patients.

IED ISO P-value

Major septic complications 5/16 (31%) 7/17 (41%) P , 0:02

Antibiotic use (therapeutic, days) 2.8 ^ 1.6 7.1 ^ 1.7 P , 0:02

Hospital stay (days) 18.3 ^ 2.8 32.6 ^ 6.6 P , 0:03

Costs 80.515 ^ 21.528 $ 110.600 ^ 19.132 $

IED ¼ ‘Immune-enhancing-diet’ via jejunostomy tube. ISO ¼ Isonitrogenous isocaloric diet. Repro-

duced from Kudsk KA at al (1996, Annals of Surgery 224: 531–540) with permission.
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shock.149,150 rBPI has been used safely in children with severe meningococcaemia151 and
has demonstrated a favourable trend in reducing mortality or serious complications in
patients with haemorrhage due to trauma.152

The profound effect of neutrophil accumulation and activation on intestinal barrier
function and BT is underlined by experimental data in animal models of thermal injury
and haemorrhagic shock.153–155 Interference with neutrophil function reduced BT in
experimental thermal injury153 and improved survival time in a haemorrhagic–
traumatic shock model.155 Moreover, in the process of BT, the role of reactive oxygen
species—derived, for example, from activated neutrophils– is supported by the utility
of free oxygen radical scavengers, or inhibitors of xanthine, which decrease mucosal
injury and reduce the incidence of BT in various animal models.156–158 Regarding the
potential risk of increased infections induced by blocking neutrophil function, a recent
randomized placebo-controlled trial showed that inhibition of leukocyte adherence by
administration of monoclonal antibody directed against ICAM-1 improves wound
healing without increasing infectious complications.159 This may indicate the potential
use of such an approach in clinical conditions promoting BT.

A more general attempt to reduce the presumed risk of BT in critically ill patients is
selective gut decontamination (SGD). Major targets of SGD performed typically with
tobramycin, polymyxin E, amphotericin or cefotaxim are Enterobacter, Pseudomonas,
Acetobacter and yeast. One of the first well-designed randomized studies in this area
demonstrated that SGD significantly reduced the incidence of nosocomial infections in
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Figure 4. The effect of hyperbaric oxygenation on BT in obstructive jaundice in rats. Hyperbaric oxygenation
(HBO) was applied by 2.5 ATA for 75 minutes twice daily for 7 days. BDL ¼ Bile-duct ligation.
MLN ¼ mesenteric lymph nodes. The incidence of BTwas significantly decreased by HBO2 in all the organs
studied ðP , 0:05Þ: Reproduced from Akin ML et al (2001, Digestive Diseases and Sciences 46: 1657–1662)
with permission.
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mechanically-ventilated intensive-care patients.160 In a large meta-analysis on the effect
of oral non-absorbable antibiotics in intensive-care-unit patients, the incidence of
pneumonia was found to be significantly decreased. This beneficial impact on the rate of
respiratory tract infection has been firmly established.161 However, the reduced
infection rate in these studies did not result in a reduction in the length of hospital stay,
the incidence of MOF or the mortality. Owing to the lack of effect on mortality and on
serum endotoxin concentrations, the extra costs and the development of resistant
organisms, SGD is rarely used in clinical practice in critical illness.

Nonetheless, SGD has been shown to reduce the incidence of secondary pancreatic
infection and, in those expected to die, to improve survival.162 Moreover, it has been
used in patients undergoing liver transplantation and is routinely used in patients
undergoing intestine and bone marrow transplantation.163 This is based on the well-
known high incidence of serious post-operative bacterial infections and the intensive
immunosuppression in those patients. Furthermore, prophylactic usefulness of SGD
has been shown to decrease the rate of SBP and to improve survival in cirrhotic
patients with gastrointestinal haemorrhage known to be at high risk of developing
severe bacterial infections.164 Finally, owing to the excessive risk of recurrence of SBP,
secondary prophylaxis is recommended in any cirrhotic patient recovering from an
episode of SBP.117 The recommended first-choice antibiotics in cirrhotics are
quinolones, usually norfloxacin due to its simple administration and low cost.

CONCLUSIONS AND SUGGESTIONS

BT should not be considered as an ‘on–off’ or an ‘all-or-nothing’ phenomenon leading
to clinically obvious changes under all circumstances. Extensive animal studies have
reported increases in BT in a multitude of pathological entities with varying impact on
outcome. In humans, data are much more scarce and the reported rates of BT are, in
general, much lower. Nonetheless, BT has been shown to occur in healthy patients and
has also been shown to be increased in those patients severely critically ill from
extensive trauma shock, sepsis or thermal injury—as well as in those with end-stage
cirrhosis. However, translation of the available data into clinical consequences is
severely limited owing to:

(a) methodological problems, such as the lack of serial and multiple evaluation of
MLNs in humans as well as shortcomings in sensitivity and in the practical aspects
of available tools for detecting the occurrence and extent of BT;

(b) lack of agreement regarding the clinical impact and the prognostic relevance of BT.
For instance, after a given insult one patient will develop MOF, with fatal outcome,
while another will recover. However, owing to the complex nature of the process
of BT and the number of host and microbial factors involved, prediction of the
clinical consequence of BT, once it has occurred, is unlikely to be feasible in the
foreseeable future;

(c) the lack of sufficient compelling evidence on the effect and benefit of preventing or
treating BT in most of the various pathological entities referred to.

Nonetheless, despite the presence of negative data, the concept that BT contributes
to morbidity remains a fruitful line of investigation. In particular, the role of the liver and
lung in modulating an inflammatory response should be investigated; further studies
should also be carried out on permeability changes in the colon and the lymphatic route
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of BTand the delivery of inflammatory mediators beyond the MLNs. At the very least,
learning about BTwill provide insight into the mechanisms of cellular dysfunction of all
kinds associated with ischaemia, sepsis or other causes of diffuse inflammation. At best,
this avenue of investigation will lead to new treatment options for improving clinical
outcome, and eventually will even help to develop preventive measures against the
development of infectious complications.
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