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Gut-Origin sepsis; evolution of a concept
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Abstract

The concept of bacterial translocation and gut-origin sepsis as a cause of systemic infectious
complications and the multiple organ dysfunction syndrome (MODS) in surgical and ICU patients
has emerged over the last several decades, although the exact clinical relevance of these
phenomenon continue to be debated. Thus, the goal of this review will be to trace the evolution of
gut-origin sepsis and gut-induced MODS and put these disorders and observations into clinical
perspective. Additionally, the mechanisms leading to gut-derived complications will be explored
aswell as therapeutic options to limit or prevent these complications. From this work, several
major conclusions emerge. First, that bacterial translocation occurs clinically and is responsible
for increased infectious complications in patients undergoing major abdominal surgery. However,
the phenomenon of bacterial translocation is not sufficient to explain the devel opment of MODS
in ICU patients. Instead, the development of MODS in these high risk patientsis likely due to gut
injury and the systemic spread of non-microbial, tissue injurious factors that reach the systemic
circulation viatheintestinal lymphatics. These observations have resulted in the gut lymph
hypothesis of MODS.
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Introduction

The idea of the gut being the reservoir for systemic infections during stress states dates back
to the 1940's, when live bacteria of enteric origin were found in the peritoneal washings of
dogs after hemorrhagic shock (1). However, this notion of gut origin sepsis fell out of favor
until the early 1980's when the concept of bacterial transl ocation was proposed as a potential
mechanism to explain systemic infection in patients with organ failure (2). Although it is
now generally, but not universally, accepted that gut barrier failure can lead to systemic
infection and/or a systemic septic state in various preclinical models, some controversy
remains about its clinical relevance. The controversy over the clinical relevance of bacterial
translocation and gut-origin sepsis is confounded by these terms meaning different things to
different people. Therefore, the first step in discussing this topic is to establish a common
vocabulary (Table 1) and secondly to stress the important point that bacterial translocation
and gut-derived sepsis may occur /ndeperndently of each other. That is, bacterial
translocation may occur in the absence of gut-derived sepsis, or the patient may have gut-
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derived sepsisin the absence of documented bacteria translocation. Consequently, attempts
to understand the clinical relevance and potential therapeutic approaches to bacterial
translocation and gut-origin sepsis should not necessarily link the two together but should
examine each process separately. Aswill be discussed in more detail later, the phenomenon
and clinical relevance of bacterial translocation has been studied largely in patients
undergoing abdominal surgery whereit is possible to sample intestinal lymph nodes. These
patient populations where bacterial translocation has been directly measured are generally
not critically ill, and although they have an increased risk of developing post-operative
infections, they have alow-likelihood of developing multiple organ dysfunction syndrome
(MODS). In contrast, the incidence and clinical relevance of gut-origin sepsis and its
consequences, such as organ failure, have been studied mainly in critically ill or injured
intensive care unit (ICU) patients, in whom the diagnosis of gut-origin sepsisis based
primarily on measurements of increased gut permeability and not bacterial translocation.

The clinical controversy over bacterial translocation and gut-origin sepsis

During the past three decades, the concept that the gut and its contents can induce,
contribute to, or perpetuate the systemic inflammation response (SIRS), acute lung injury
(ALI), acute respiratory distress syndrome (ARDS) and MODS, aswell as serveasa
reservoir for bacterial infection has gained attention. During this time period, multiple
studies have examined the role and relevance of intestinal barrier failure, bacteria
translocation and gut-derived sepsisin multiple patient populations. Aswill be discussed
later, based on both clinical and experimental studies, the answer to the questions, >do
bacterial translocation and gut-derived sepsis exist?= appears to be yes. However, the
clinical relevance of bacterial trandocation in the pathogenesis of sepsis and organ failureis
more controversial. The controversy revolves around the failure to consistently find gut-
derived bacteria or bacterial products, such as endotoxin, in the blood of criticaly ill or
injured septic-appearing patients with MODS. Thus, the first step in clarifying the
controversy over the clinical relevance of the stressed gut in the pathogenesis of sepsis,
ARDS and MODS isto expand the focus beyond bacterial translocation to include gut
barrier failure and the systemic spread of gut-derived nonmicrobial, proinflammatory and
tissue-injurious factors. This proposal is based on observations that loss of gut barrier
function, even in the absence of systemic bacteremia or endotoxemia, can cause a septic
state and contribute to distant organ dysfunction (3). This septic response appears to occur
through the release of nonmicrobial factorsinto the intestinal lymphatics which, upon
reaching the systemic circulation, are sufficient to cause both distant organ injury and a
septic state (3). Simply stated, it is now time to dissociate the process of bacterial
translocation from the pathophysiology of gut-derived sepsis and MODS, since, although
these two conditions may occur together, gut-origin sepsis and MODS do not require
bacterial translocation and bacterial translocation by itself may not lead to MODS.

Bacterial Translocation and gut-origin sepsis; The evidence

It iswell recognized that most infections are caused by organisms colonizing the host that
generaly originate at sites of mucosal injury, ciliary dysfunction or integumentary damage.
This means that infections principally begin where bacteria breach the patient=slocal
mechanical defenses. Since the intestine is the reservoir for enormous numbers of bacteria
(>1019 organisms per gram of tissue) and their toxic products, such as endotoxin and
peptidoglycan, failure of the gut barrier could be easily seen to lead to systemic bacteremia
and a septic state. In this context, the concept of bacterial translocation gained clinical
attention in the 1980's because it clarified the clinical observation of how critically ill or
injured patients could develop endotoxemia or bacteremia with enteric organisms without an
identifiable focus of infection being found, even at autopsy (4). However, studies to
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establish whether bacterial translocation occurs in patients were more difficult to perform
than the preclinical animal studies carried out to establish the concept of bacterial
translocation and gut-origin sepsis (5). Thisis because alaparotomy to harvest and culture
mesenteric lymph nodesis necessary to definitively establish that bacterial translocation has
occurred. Although any or all of the following clinical observations might suggest that
bacterial translocation is occurring, these findings are indirect and not definitive: 1)
association between increased gut permeability and MODS in high risk patient groups, 2)
association between gut mucosal acidosis (ischemia) and distant organ failure, and 3)
clinical trialsindicating that enteral feeding or selective gut decontamination improves
clinical outcome. Consequently, the initial human proof-of-principle studies establishing that
intestinal bacteria do transocate to intestinal lymph nodes were carried out in patients
undergoing abdominal surgery either for inflammatory bowel disease (6) or simple small
bowel obstruction (7).

Subsequently, similar results were observed in a study measuring bacterial translocation in
organ donors (8). In this study, bacterial transl ocation was documented in 67% of the organ
donors and the bacteria recovered from the lymph nodes and other tissues were identical to
those isolated from the bowel contents. Since then, six additional clinical seriestotaling
2125 patients undergoing abdominal surgery have shown that the incidence of bacterial
translocation to the mesenteric lymph nodes ranged from 5% to 21% and that in each of
these studies, bacterial translocation was associated with a significant twofold to threefold
increase in the rate of infectious complications (9-14). Furthermore, in about half of these
patients, the same organisms were identified in the mesenteric lymph nodes asin the
postoperative infectious focus (9-14). The notion that the gut was the reservoir for these
translocating bacteria was further validated by genomic studies showing that the bacteriain
the mesenteric lymph nodes originated from the patients= gut flora (15). Thus, studies of
surgical patients undergoing laparotomy have validated the concept that bacterial
translocation isaclinical event and that its occurrence is associated with a significantly
higher incidence of systemic infectious complications.

Bacterial translocation has been implicated as the mechanism by which the ischemicnecrotic
pancreas becomes infected in patients with severe pancreatitis (16,17). This conclusion is
based on work showing that intestinal permeability isincreased in patients with severe
pancreatitis and that this increased gut permeability was associated with endotoxemia, organ
failure and morbidity (17). Bacterial translocation also occurs in patients with cirrhosis and
liver failure and the incidence of bacteria translocation increased from 3% to 31% as the
magnitude of the liver dysfunction (Child score) increased (18). Further, bacterial

transl ocation appears to be a mechanism by which bacterial peritonitis occursin cirrhotics
with ascites (19).

However, although bacterial translocation has been documented to occur in patients
undergoing major operations, in organ donors and in patients with severe pancreatitis or
cirrhosis, the studies linking bacterial and/or endotoxin translocation to MODS in critically
ill or injured patientsin the ICU was indirect and was primarily based on increased gut
permeability to orally administered probes. These studies showed that gut permeability was
increased in thermally injured, traumaand 1CU patients, but in less than half of these studies
was a clear association between the magnitude of the increase in gut permeability and
infectious complications or endotoxemia found, although the evidence linking increased gut
permeability to the development of MODS was stronger (20—26). Thus, based on clinical
studies using gut permeability as a surrogate marker for bacterial translocation or gut-origin
sepsis, there is suggestive, but not conclusive, evidence that 1oss of gut barrier function
contributes to the development of systemic infection and MODS. In an attempt to directly
correlate bacterial and endotoxin translocation with the subsequent development of ARDS
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and MODS, Moore et a (27) carried out a prospective study where porta vein catheters
were placed in severely injured trauma patients shortly after their arrival to the hospital.
Serial portal blood samples were then tested for transl ocating bacteria or the presence of
endotoxin. While 30% of the enrolled patients subsequently developed MODS, only 2% of
all the portal vein cultures collected were positive for bacterial growth and none of the portal
blood samples contained endotoxin. Given the compelling results of this study, doubt was
cast on the clinical relevance of bacterial tranglocation in the development of MODS.
Although bacterial translocation did appear to predispose to infectious complicationsin
post-operative surgical patients, this clinical study (27) and other inconsistent resultsin
preclinical and clinical studies, caused us and others to re-evaluate the role of bacterial
tranglocation in the pathogenesis of MODS.

This notion that loss of gut barrier function might not be involved in the devel opment of
SIRS and MODS was based on the supposition that it is bacteria and their products exiting
the gut through the portal circulation that contributes to the devel opment of trauma-induced
sepsis and organ failure. One potential explanation for the failure of Moore et al (27) to find
bacteria or endotoxin in the portal system of patients with MODS is that gut-derived,
MODS-inducing factors were exiting the gut via the intestinal lymphatics rather than the
portal blood (Figure 1). This observation is consistent with preclinical studies showing that
the primary route of translocating bacteria as well as other gut-derived molecules reaching
the systemic circulation is viathe intestinal lymphatics (28). It would aso help explain why
increased gut permeability and gut ischemia are better predictors of the development of
MODS than the presence of gut-derived bacteremia or endotoxemia. Based on an extensive
series of studiesin rodents, pigs and non-human primates, it now appears that the early onset
of SIRS and organ failure after trauma, shock or other systemic stress states are due to
nonbacterial, tissue-injurious, pro-inflammatory factors liberated from the stressed gut that
reach the systemic circulation through the mesenteric lymphatics rather than the portal
venous system (reviewed in ref 3). Thiswork has resulted in the gut-lymph hypothesis of
SIRS, ARDS and MODS.

This gut lymph hypothesis is based on several major experimental observations. First,
ligation of the major intestinal lymph duct, which prevents intestinal lymph from reaching
the systemic circulation, prevents the development of early ARDS and MODS. Secondly, in
vitro studies of mesenteric lymph from shocked, but not sham-shocked, animals |eads to
neutrophil activation, cardiomyocyte and endothelial cell injury aswell as red blood cell
dysfunction (3). Lastly, injection of shocked but not sham-shocked lymph into healthy mice
or rats recreates a systemic septic state and causes ARDS and MODS (3). Since these pro-
inflammatory and tissue-injurious lymph specimens were sterile and did not contain
detectable levels of endotoxin or bacterial DNA (29), the biologically active factorsin the
lymph samples appeared to be non-microbial. Likewise, the biologic activity of lymph does
not appear to be cytokine-mediated (3). While investigations into the exact nature of the
biologically-active factors in lymph continues, recent studies suggest that these non-
microbial factors act as danger signals and exert their adverse systemic effects by
stimulating TLR4 and perhaps other pattern recognition receptorsin afashion similar to
bacteria (29). These observations are consistent with the recently proposed >danger model =
(30) where non-micraobial, host-derived products of tissue injury lead to a sterile systemic
inflammatory state that can progressto ARDS and MODS if the systemic inflammatory
response is sufficiently great. Thus, although the gut-lymph hypothesis remains to be fully
tested clinically, it does resolve the paradox of how gut-derived sepsis and MODS can occur
and yet neither bacteria nor endotoxin be consistently found in the portal or systemic
circulations. This hypothesis also explains the relationship between increased gut
permeability and MODS (Figure 2).
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Pathogenesis and Therapy

Asageneral principle, therapies directed at preventing or limiting bacterial translocation
and/or gut injury are based on an understanding of the host=s physiologic defenses that
maintain normal intestinal barrier function, limit stress-induced gut injury and help maintain
astable gut flora as well as the pathophysiol ogic changes associated with bacterial
translocation and/or gut barrier failure. Conceptually, these therapeutic approaches can be
divided into two major groups. First, therapies directed at maintaining a stable gut floraand
thereby limiting the risk of bacterial translocation and the development of systemic
infections and secondly, therapies focusing on limiting the development of gut injury and
gut barrier failure and hence reducing the incidence of gut-origin sepsis and MODS.
Although some therapies have over lapping effects, this conceptual approach of categorizing
various therapies by their goals has the advantage of providing arational e therapeutic
framework and thereby facilitating rational e therapeutic decision making.

Thetwo major clinical therapeutic approaches directed at limiting intestinal bacterial
overgrowth with potential pathogenic bacteria are sel ective digestive tract decontamination
(SDD) and the use of prebiotics and probiotics. The strategy of SDD is based on the concept
that life-threatening infectionsin critically ill or injured patients originate from the gut and
the use of oral nonabsorbable antibiotics plus abrief course of systemic antibiotics prevents
intestinal bacterial overgrowth and thereby limits gut-origin infections and improves clinical
outcome. Although most of the early studies documented that SDD reduces the incidence of
infection by about 50%, they were not able to consistently document a survival advantage.
However, some recent single center prospective trials as well as meta-analyses indicate that
SDD reduces mortality in multiple ICU patient populations (31-33). While the reduction in
mortality with SDD has varied between studies, most have shown an absolute reduction of
mortality of greater than 3-4%, which transates into an over all reduction of mortality of
approximately 11%. Because of the risk of antibiotic resistance, several studies have used a
selective oral decontamination (SOD) approach rather than SDD. The efficacy of SOD
versus SDD in preventing ventilator associated pneumonia and improving mortality was
recently tested in amulti-center clinial trial enrolling 5939 patients (31). The results of this
study showed that the two therapeutic approaches were comparable with SDD reducing 28
day mortality by 3.5% and SOD reducing mortality by 2.9%. Thus, the use of SDD or SOD
to control oropharyngeal and intestinal colonization with potentially pathogenic bacteria
appears a viable therapeutic option.

A new approach to controlling the gut florais the use of enterally administered prebiotics,
probiotics and synbiotic combinations as adjuncts to more traditional therapies (34).
Prebiotics are specific plant fibers and probiotics are mainly specific strains of lactobacillius,
whereas synbiotics are a combination of the two. The largest number of clinical trialsusing
these agents have been performed in patients undergoing elective major abdominal
procedures and a recent meta-analyses of these studies was published in 2009 (35). This
meta-analysis of 9 clinical studies, documented that the perioperative administration of
probiotics and/or synbiotics reduced the overall postoperative infection rate by more than
50% and significantly decreased length of stay, although there was no mortality advantage.
Thisfailure to show a mortality benefit was not surprising, since the mortality rate of these
studies was low and averaged about 3%. The second largest group of prospective controlled
randomized trials was carried out in mechanically ventilated ICU patients testing whether
the use of probiotics/synbiotics would decrease the incidence of ventilator-associated
pneumonia (VAP). A meta-analysis of these trials found that probiotic-treated patients had
40% less VAP than the control group as well as decreased length of stay, although again
there was no survival advantage (36). The one major exception to these clinical studies
showing probiotics/synbiotics are clinically beneficial, was a study in patients with severe
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acute pancreatitis where the probiotic-treated patients had an increased incidence of
infectious complications and a higher mortality rate (37). While the explanation for these
conflicting results remains to be resolved, in a subsequent subgroup analysis of the patients
in this pancreatitis study, the authors found that the adverse effects of the probiotic therapy
was largely confined to the group of patients who already had early organ failure (38). From
this observation, the authors proposed that probiotics may result in adverse consequences
when administered into patients with compromised gastrointestinal tracts where gut
permeability islikely to be increased and intestinal oxygen delivery reduced. Thus, in
thinking about the use of probiotics, prebiotics and synbiotics, the timing of administration
may be critical. For example, the prophylactic administration of these agents electively prior
to major operations seems to be a uniformaly beneficial therapy. This may be because gut
barrier function isintact and the patient=s gut flora has not been perturbed. In contrast,
administering these agents at high dosages to patients with established gut injury and
increased gut permeability may result in these low virulence bacteria translocating across the
injured mucosa thereby contributing to increased systemic inflammation and atered immune
defenses. As more information becomes available, these types of questions can be answered.

Because of the potentially important relationship between nutrition, infection and gut barrier
function, this area has received significant clinical and experimental attention over the last
several decades. One of the most important concepts that has evolved from this work is that
the gut has specific nutritional needs distinct from the rest of the body and that lack of
enteral feeding itself can result in impaired gut barrier function (39). This concept is based
on both clinical and preclinical studies documenting that lack of enteral feeding aswell as
standard total parenteral nutrition rapidly leads to gut atrophy as well as changesin gut
function. Thus, amajor clinical strategy directed towards supporting gut structure and
function has been nutritional and various nutritional strategies have been devel oped
focusing, at least in part, on supporting gut barrier function and hence reducing the
incidence of gut-origin sepsis and MODS. These nutritional therapeutic approaches can be
divided into 1) perioperative strategies used for high-risk elective surgical patients and 2)
those utilized in ICU patients. One example of the effectiveness of perioperative nutrition is
in patients undergoing major abdominal surgery where early enteral nutrition was found to
significantly reduce mortality (40), afinding that was later confirmed in a 2009 meta-
analysis (41). Early enteral nutrition has also shown clinical benefit in patients with severe
pancreatitis who are at increased risk of gut-origin sepsis and bacterial translocation (42).

In ICU patients, nutritional therapies, including the use of key gut-protective
immunonutrients, such as glutamine, omega-3 fatty acids and trace elements such as
selenium, have been shown to reduce the incidence of infectious complications, improve gut
barrier function, reduce length of stay and in some series improved survival (43). This
complex area has been recently reviewed in detail by Martindale et al (43). Thus, although
these specific nutritional components and approaches may have multiple non-gut effects,
including roles as anti-oxidants and immuno-inflammatory modulators, it appears that at
least part of their effectivenessis at the level of the gut. Consequently, it appears clear that
early enteral feeding and enteral and/or parenteral administration of glutamine and omega-3-
fatty acidsis gut protective and clinically beneficial in high-risk surgical aswell asICU
patients.

In addition to the clinically established therapies discussed above, preclinical and early
Phase | and Phase Il clinical trials are being carried out testing various other gut-protective
approaches. These include various anti-oxidant volume resuscitetive therapies directed at
limiting intestinal ischemia-reperfusion injury, various agents directed at neutralizing
potential gut-derived proinflammatory mediators as well as agents directed at limiting the
host response to microbial products as well as danger signal molecules. As more basic
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information is gained on the exact mechanisms of stress, shock and ischemia-induced gut
injury as well as the pathophysiology of gut-derived sepsis, new therapeutic options should
emerge.

Conclusions

In summary, gut barrier failure has evolved from atheory in which bacteria translocating to
distant organs cause injury into one in which bacteria and gut ischemia invoke an intestinal
inflammatory response and gut-derived inflammatory products lead to distant organ injury.
In this paradigm, gut ischemia appears to be the dominant link by which splanchnic
hypoperfusion is transduced from a hemodynamic into an immuno-inflammatory event and
it appears to do so viathe release of biologically-active factors into the mesenteric
lymphatics. Importantly, the clinical conditions found to be associated with bacterial
translocation, loss of gut barrier function, gut-derived sepsis and organ dysfunction are
largely consistant with that predicted from preclinical studies. Having established that gut-
derived infection, sepsis and MODS occurs in patients, we believe that further research will
focus on the mechanisms of gut barrier failure as well as the exact nature and function of
gut-derived, pro-inflammatory nonmicrobial factors.. Hopefully, the results of these
mechanistic studies will lead to new and effective therapies that improve clinical outcomes.
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Integrated models of gut-origin sepsis
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Figure 1.

Schematic illustration of lymphatic and portal pathways by which gut-derived factors and/or
bacteria can reach the systemic circulation. In the portal route, the liver would be the first
major organ encountered by these gut-derived factors, while in the lymphatic route, the
factorsin lymph would enter the systemic circulation at the level of the subclavian vein and
after passing through the heart would go into the pulmonary circulation. Thus, in the
intestinal lymph route, the lung is the first major vascular bed that drains the gut
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Figure2.

Schematic overview illustrating the proposed integrated models of gut-origin sepsis. In this
model system, gut injury or dysfunction can lead to bacterial translocation and systemic
infection and/or the release of non-microbial gut-derived factors that potentiate the
development of a septic state, ARDS and MODS. The bacterial translocation pathway
leading to an increased incidence of systemic infections has been documented in severa
groups of surgical patients undergoing major procedures. The gut lymph pathway however
appears to be the major mechanism of gut-origin sepsisin ICU patients.
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Table 1

Bacterial translocation and gut-derived sepsis: a common vocabulary

Bacterial Translocation is best defined as the process by which intestinal bacteria or Candida cross the intestinal mucosal barrier to reach the
mesenteric lymph nodes from which they may or may not spread systemically and cause infection.

The diagnosis of bacterial translocation requires the identification of intestinal bacteriain the intestinal lymph nodes.

Gut-derived sepsisis best defined as the process whereby gut-derived pro-inflammatory, tissue-injurious microbial and non-microbial factors
induce or contribute to the development of SIRS, ARDS or MODS. This process may or may not occur in presence or absence of gut-origin
systemic infection or bacterial translocation.

The diagnosis of gut-derived sepsisis based on measurements of gut barrier function (permeability) in conjunction with the clinical response of
the patient.
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