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Introduction

The human body is covered with 100 trillion bacterial cells. The normal human microbiome 

has a complex symbiotic relationship with the human body and immune system. Unique 

communities of bacteria populate our skin, lungs, genital tract and intestinal tract: each with 

distinct sub-communities defined by the adjoining cells, the availability of nutrients and 

immune interactions.1 Although it is recognized that humans are multicellular organisms, 

that this multicellularity includes its microbiome and its various interactions with other 

ecosystems is less well recognized. Scientists are just now beginning to understand the 

intricate interactions between the human body and the bacteria that live on and within it.

The Human Microbiome Project

The past 30 years have seen an explosion of information about the genetic material that 

makes up human life. Initially, this investigation was focused on human genetic composition 

and variation, lead chiefly by the Human Genome Project. Between 1990 and 2003, this 

international collaborative of scientists successfully sequenced over 20,000 genes, creating a 

map of the human genome. In the process, they continually improved methods of processing 

and storing high volumes of genetic information and tackled the legal and ethical issues 

intertwined with use of genetic data. This project has served as the basis for many 

subsequent collaborative projects that investigate genetic variation and protein 

transcription.2

Human genetic composition is only one component of a complicated algorithm that 

determines health and disease. Scientists are just beginning to appreciate the complex 

interaction between the human host and its microbiome. In the early 20th century, with a new 

understanding of germ theory and the development of antibiotics, society and modern 

medicine began an assault on the bacterial world both inside and outside of the body. 

However, over the past two decades, amid increasing bacterial resistance and autoimmune 
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disorders, we have learned that the human microbiome is vital to our health and that its 

disruption and imbalance can lead to disease.

Beginning with Pasteur, the study of microbiology has depended on the ability to grow and 

propagate microorganisms through culturing techniques. Identification, characterization and 

genetic sequencing were initially only possible for purified cultures. Even with elaborate 

culturing techniques, only a small fraction of the bacterial world was identified. As genetic 

evaluation methods advanced, smaller and smaller amounts of DNA were needed for 

identification. By 2005, researchers were analyzing the intestinal microbiota using molecular 

fingerprinting and sequence analysis of cloned microbial small-subunit ribosomal RNA 

genes (16S ribosomal DNA (rDNA)). Their analysis demonstrated that the majority of 

species present in the intestine were novel microorganisms not previously identified by 

available culturing techniques and distinct patterns of bacterial colonization in different body 

habitats.3

With the recognition of this significant knowledge deficit, the United States National 

Institute of Health launched the Human Microbiome Project, an initiative to identify and 

characterize microorganisms that are found in association with human health and disease.4 

Started in 2008 as a 5-year feasibility study, the Human Microbiome Project addressed five 

primary goals: (1) To develop a reference set of microbial genome sequences and to perform 

preliminary characterization of the human microbiome, (2) To explore the relationship 

between disease and changes in the human microbiome, (3) To develop new technologies 

and tools for computational analysis, (4) To establish a resource repository, and (5) To study 

the ethical, legal, and social implications of human microbiome research. Five body sites 

were emphasized: oral, skin, vagina, gut and nasal/lung. As the project advanced, further 

refined culture-independent methods of analysis were developed, including metagenomics, 

deep sequencing of 16S rRNA, and whole genome sequencing. Thus far, over 536 peer-

reviewed publications have been associated with this project.4 The ongoing investigation has 

already led to an enormous advance in the understanding of microbiome development, 

stability and alterations associated with health and disease. The human microbiome is a 

dynamic ecosystem that is acutely responsive to the environment and to the human body.5,6 

This review will summarize some of the important discoveries that relate our bacterial 

counterparts to human health and disease.

Microbiome Development

The development of the human microbiome begins very early in life and is highly dependent 

on the surrounding environment. The bacterial composition of an infant’s meconium is 

similar to the bacteria found in the maternal placenta.7 In fact, unlike adults, neonates have 

undifferentiated microbiome communities throughout the body, perhaps reflective of the fact 

that prior to delivery they were uniformly bathed in amniotic fluid.8 Within 10 days of 

delivery, the infant microbiome undergoes critical changes; the bacterial communities of the 

different body habitats become distinct. Interestingly, these bacterial ecosystems are 

reflective of the mode of delivery: the first exposure to the world outside the womb. 

Compared to infants delivered vaginally, those born by cesarean section have a different 

intestinal microbiome with lower populations of Bacteroides.9,10 This population of 
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Bacteroides is thought to contribute to complex carbohydrate digestion and important 

interactions with the developing immune system.11 Further research is necessary to 

understand the consequences of this bifurcation in newborn microbiome populations.

It is increasingly evident that the human body and the microbiome are mutually dependent 

and adapted to function together. The microbiome performs functions integral to human 

survival. Colonic bacteria break down ingested carbohydrates, proteins and fatty acids into 

nutrients that can be absorbed by our intestine.12–15 Commensal bacteria stimulate increased 

epithelial mucosal barrier function. The immune system develops and learns from exposure 

to the bacteria present in our intestines.16 If this bacterial-immune interchange does not take 

place, as demonstrated in germ-free mice, T helper cell development is impaired.17 In 

another experimental model, piglets kept indoors with strict hygiene protocols were 

subsequently shown to have low intestinal microbial diversity and impaired immune 

responses.18,19 Microbiome development begins in the womb and continues to evolve 

throughout life. The health implications of a low diversity microbiome and inadequate 

immune stimulation may include metabolic, allergic, infectious, inflammatory and 

autoimmune diseases.20

While the initial development of the human microbiome is greatly affected by early bacterial 

exposure, the established adult microbiome is relatively stable.21 On a small scale the 

intestinal microbiome fluctuates on a daily and even hourly basis, depending on the 

individual’s diet, daily habits and interactions with other animals and people.5,22 Lifestyle 

choices—diet, exercise, smoking, environment and pets—significantly affect the 

microbiome.22–26 Notable changes in the microbiome are detected within one day of an 

alteration in diet.22 However, despite constant fluctuations, the microbiome tends to return to 

a baseline.21 Interestingly, each individual’s unique pattern of microbial colonization is shed 

onto our environment, altering the bacterial profile of any surface touched by an individual. 

This technology is beginning to be applied in forensics as the individual microbial signature 

is so distinct that it can be used to identify who has been present in a given location.27 This 

technology may someday inform the pathogenesis of surgical infections as microbial vector 

transmission can be tracked in space and time.

Microbiome Disruption and Disease

While the interaction of the microbiome with the human body is important for development 

and health, there is great variation in what constitutes a normal microbiome among 

individuals.28 This variation has been proposed to contribute to four physiologic processes: 

modulation of energy homeostasis, modulation of gut barrier integrity, regulation of 

gastrointestinal peptide hormone secretion, and modulation of the host inflammatory state.29 

The intestinal mucosa is a site of constant interaction between the luminal bacteria and the 

host. This delicate balance can be disrupted acutely as seen with antibiotic therapy or acute 

illness or gradually due to selective environmental pressures. Prolonged alterations in 

microbiome composition may alter the interaction with mucosal tissues and the immune 

system. This microbiome imbalance, often termed dysbiosis, can lead to inflammation or 

susceptibility to infection.30 Dysbiosis is thought to contribute to numerous diseases, 
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including obesity, inflammatory bowel disease (IBD), cancer and postsurgical 

complications.31,32

Significant disturbances of microbiome structure and function can result from acute 

physiologic insults, particularly the use of antibiotics. Broad spectrum antibiotics have a 

rapid and profound impact on microbial diversity.33,34 Microbiome recovery after antibiotic 

therapy occurs over the course of many months and is often incomplete.21,35,36 A seven day 

course of clindamycin dramatically perturbs the human intestinal microbiome composition, 

with a higher incidence of antibiotic-resistant clones in the Bacteroides genus and 

incomplete recovery even after two years.37,38 Similar laboratory studies with multiple 

different antibiotics have shown prolonged disturbance of the mouse microbiome that 

persists long after treatment.33 Repeated use of antibiotics increases the likelihood of 

incomplete recovery of the microbiome and development of antibiotic resistence.34,36,39 

These antibiotic insults depopulate subsets of the microbiota, allowing other bacterial 

species to “bloom” and develop resistance. In general, a decrease in bacterial diversity due to 

antibiotic use may predispose the host to intestinal colonization by pathogenic bacteria.40,41

Even without the use of antibiotics, acute illness or stress of injury significantly disrupts the 

intestinal microbiome. A pattern of ecologic collapse is seen following burn, trauma, 

surgery, acute cardiac events and stroke.42,43 When the context of the normal microbe-

immune interaction changes, local overgrowth and virulence factor expression among enteric 

bacteria associated with altered intestinal selectivity can result in sepsis.44,45 Interestingly, 

the most frequent organisms that cause sepsis are among the 10,000 bacterial species that the 

body encounters on a daily basis.28,46 Immunocompromised patients are particularly 

vulnerable to life threatening bloodstream infections of commensal intestinal bacterial 

species: Enterococcus, Enterobacteraciae, and Streptococcus.47 Preceding bloodstream 

infection, the stool of patients undergoing allogenic hematopoietic stem cell transplantation 

(allo-HSCT) demonstrates intestinal domination by the offending bacterial species 

(accounting for at least 30% percent of the stool microbial composition).48,49 This suggests 

that overpopulation by a pathogenic enteric bacterial species in a vulnerable host may result 

in infectious complications and sepsis. Similar observations have also been made in the 

development of neonatal sepsis.50–53 Among such patients, certain bacterial species can 

evolve highly virulent and resistant phenotypes that arise from the commensal microbiota 

when the endogenous microbiome and immune balance is disrupted, resulting in bacterial 

overgrowth and sepsis.

In addition to the risk of systemic infection, dysbiosis causes mucosal inflammation. 

Persistent bacterial-immune imbalance results in immune activation at mucosal sites and 

chronic inflammation.30 The pathogenesis of inflammatory bowel disease (IBD), Crohn’s 

disease and ulcerative colitis, is now thought to be a combination of genetic predisposition 

and environmental factors altering the intestinal microbiome. Increased IBD risk is 

associated with early childhood exposure to environmental triggers found within developed 

societies, including smoking, urban environment, oral contraceptive use and diet.54,55 

Current IBD therapy modulates the immune response; evolving therapies aim to modify the 

intestinal microbiota with antibiotics, probiotics and even fecal microbiota transplant 
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(FMT).56 Further understanding of how the microbiome contributes to chronic inflammation 

will allow for development of targeted therapy.

Inflammation is implicated as the initiating and driving factor in many gastrointestinal 

cancers. Local inflammation induces a shift in the mucosal tissue, driving to the progression 

to dysplasia and eventually to metaplasia and metastatic ability.57,58 In fact, the duration and 

degree of inflammation in IBD patients correlates with increasing risk of cancer 

development.59 While dysbiosis of the microbiome may lead to progression toward cancer, 

other members of the intestinal microbiota appear to be beneficial in cancer therapy and 

actually have been shown to enhance the success of the response to biologic agents.60

Despite advances in chemotherapy and radiation, surgery remains the gold standard therapy 

for gastrointestinal cancers. Yet the process of cancer surgery of the gastrointestinal tract has 

a significant impact on the intestinal microbiome. A small surgical resection of the colon 

even without antibiotic use, demonstrated in piglets, causes a sustained alteration in colonic 

microbial composition for at least two weeks following surgery.43 Additionally, many 

perioperative interventions (antibiotics and bowel preparation) dramatically alter the 

microbiome.61 This microbiome disruption may create selective pressures that encourage the 

formation of virulent and resistant organisms.62 The presence of virulent, collagen-

degrading bacteria may contribute to postsurgical complications such as anastomotic leak.63

The normal microbiome is responsible for nutrient breakdown and processing along the 

course of the intestinal tract. The microbiome of obese persons shows a higher proportion of 

Bacteroides, a genus of anaerobic bacteria considered to be responsible for much of the 

nutrient recovery from the intestinal lumen.64 As we will learn in the later sections of this 

monograph, this may mean that the microbiome of obese people is more effective at 

extracting energy from food and stimulating lipogenesis.65 Importantly, this microbiome-

related obese phenotype is transmissible: the transplant of an obese mouse fecal microbiome 

to a normal weight germ-free mouse results in dramatic weight gain.66 Additionally, when 

the microbiome of obese mice after Roux-en-Y gastric bypass surgery is transferred into 

germ-free mice, these mice lose weight and fat mass compared to germ-free mice that 

received microbiota from mice subjected to sham surgery. Clearly, the microbiome has a 

significant impact on weight gain and loss, and we are gradually moving toward an 

understanding of the factors that are responsible for this shift and how they can be 

manipulated to improve health.

From this brief introduction we can already see that many diseases are attributable to or 

impacted by the intestinal microbiome. Imbalance of the microbiota involved in nutrient 

processing may lead to disrupted metabolism and obesity. Bacterial signals can trigger 

mucosal inflammation, leading to chronic inflammation and tumorigenesis. Surgical 

intervention results in independent microbiome shifts and rise of aggressive bacteria 

contributing to postsurgical complications. In the following sections of this monograph we 

will discuss the fragile balance of the symbiotic host-microbial relationship that is necessary 

to maintain health and how imbalances in the microbiome can lead to complications from 

surgery and disease.
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Microbiome and Sepsis

Post-surgical sepsis remains an important source of postoperative morbidity, long-term 

complications and mortality. Despite the advances in critical care and antibiotic 

development, recent decades have seen a rise in post-surgical sepsis and effective therapies 

for this complex disease process remain scarce.67,68 This therapeutic deficit is in part due to 

our incomplete understanding of the process by which bacteria overwhelm the host immune 

system, leading to sepsis and associated organ failure. Rigorous scientific discoveries have 

recently shed light on the powerful contribution of the intestinal microbiome to health and 

disease, including post-surgical sepsis. It is now believed that the stress of surgery coupled 

with physiologic changes associated with critical illness alter the delicate homeostasis of the 

intestinal milieu, leading to dysregulated crosstalk between the intestinal epithelium, 

immune system and the numerous microbiota contained within the gut.69,70 With recent 

innovations in methods to elucidate the composition and function of the gut microbiome, a 

more complete understanding of the diverse ecosystem of the human intestinal microbiome 

and its role in sepsis is now possible.3,71,72

Human Intestine and its Microbiome as the “Driver” of Critical Illness and 

Sepsis

Devoid of physiologic stressors, the healthy intestinal environment is abundant in nutrients, 

supplying unlimited fuel to both the host cells and their microbial counterparts, maintaining 

a delicate symbiotic liaison. However, the physiologic perturbations caused by surgical 

stress along with selective pressures imposed by antibiotics, hypoxia and nutrient depletion 

cause this delicate balance to be altered. The resident microbes can no longer be supported 

by these harsh intestinal conditions and must adapt to survive. These selective pressures lead 

to alterations in the composition and function of the intestinal microbiome with profound 

effects on the host immune system and the course and outcome of post-surgical recovery.73

Starting in the 1980s, scientists began to suspect that the human intestine was the “driver” of 

critical illness and sepsis.74 Many theories arose to explain how the intestinal microbes gain 

access to and cause inflammation within their host, leading to sepsis. Initially, the theory of 

“gut-derived” sepsis centered on the hypothesis of the “leaky gut.” It was believed that the 

stressors imposed on the human body lead to the breakdown of the intestinal barrier. This 

increased intestinal permeability and translocation of bacteria into the previously sterile 

blood compartment was postulated to allow microbes to activate the immune system, leading 

to damage of key organs such as the lung, liver and kidney.75–77 In support of this theory, 

critical illness has been shown to induce alterations to the intestinal mucous layer and 

damage to the intestinal epithelium, thereby increasing permeability and leading to loss of 

barrier function.78 Furthermore, the presence of bacteria in the blood has been shown to 

correlate with the severity of critical illness and sepsis.79 However, clear evidence in support 

of the “leaky gut” hypothesis as a sole explanation of the pathophysiology of sepsis is 

lacking. For one, bacteria and fungi are seldom cultured from the blood stream of critically 

ill and septic patients, speaking against the idea that the mere presence of bacteremia is 

responsible for the derangements seen in this complex disease process.79,80 In addition, even 
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healthy individuals are subject to transient and asymptomatic bacteremia, without 

development of septic complications.81 Therefore, it is now thought that bacterial 

translocation may be a part of normal human physiology, possibly to allow the immune 

system exposure to and sampling of the intestinal contents. While bacteremia as a result of 

“leaky gut” undeniably occurs with sepsis, its clinical relevance is uncertain and bacteremia 

alone cannot be the sole explanation for the derangements seen in “gut-derived” sepsis.

With lack of evidence to support bacteremia as the inciting cause of gut-derived sepsis, 

attention was turned to the lymphatics.82 The theory “gut-lymph” theory of sepsis postulates 

that, during physiologic stress, live bacteria and their released factors are able to translocate 

into the submucosal intestinal lymphatics and mesenteric lymph nodes where they interact 

with the immune system causing local and systemic immune activation, sepsis and organ 

failure.83 In a series of 927 abdominal laparotomies, MacFie et al. found that 14% of 

patients had intestinal bacteria within the mesenteric lymph nodes, a finding that correlated 

with increased rate of post-operative sepsis.84 However, evidence suggests that sepsis and 

organ failure occur even in the absence of detectable bacteria in the mesenteric lymph 

nodes.85 For example, Lemaire et al. showed that thoracic duct lymph in patients with multi-

organ failure seldom contained live bacteria, but did contain small amounts of endotoxin and 

pro-inflammatory cytokines.86 Magnotti et al. discovered that mesenteric lymph collected 

from animals subjected to trauma and hemorrhagic shock induced increased gut 

permeability and immune activation, while plasma from the same animals did not.87,88 In 

addition, the authors discovered that lung injury induced by the same animal model can be 

ameliorated through the division of the gut lymphatic drainage.88 Mesenteric duct ligation 

has also been shown to significantly improve survival and cardiac function in other animal 

models of shock.89,90 These discoveries lead to the “three hit theory” of gut-origin sepsis 

proposed by Deitch in 2002.91 He hypothesized that injury-induced splanchnic hypo-

perfusion followed by restoration of intestinal blood flow with resuscitation (ischemia-

reperfusion) lead to the damage of epithelial barrier function and the translocation of gut-

derived pro-inflammatory mediators into the lymphatic system, contributing to systemic 

inflammation and distant organ injury.92

While all of these mechanisms have been shown to play partial roles in the pathophysiology 

of sepsis, it is naïve to think that the gut serves simply as a mechanical barrier to the 

intestinal microbes. The above mechanisms fail to consider the effects of the altered gut 

microbiome on the course and outcome of sepsis. The critical role of the intestinal 

microbiome in sepsis and critical illness is illustrated by studies that employ germ-free 

animals. In both, hemorrhagic shock and ischemia-reperfusion models, germ-free animals 

demonstrate improved survival when compared to conventional animals.93,94 Therefore, a 

more complete view that incorporates the role of changing intestinal microbiome and its 

interactions with the host during health and disease was initially coined by Clark and 

Coopersmith in 2007 and termed the “intestinal crosstalk” paradigm.69 The paradigm 

considers a three-way symbiotic relationship between the intestinal epithelium, immune 

system and the commensal bacteria. In the following paragraphs, we will demonstrate how 

this delicate homeostatic relationship can be disrupted by surgical injury and critical illness 

and how perturbation to this balance can lead to sepsis and multi-organ failure.
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Perturbations of the Intestinal Milieu during Injury

While the intestinal mucous layer, epithelium and mucosa-associated immune system 

provide an important defense against invasive microbes, it is the intact health-promoting 

intestinal microbiome that is now considered the most important protective element against 

pathogen invasion.95 Commensal bacteria play a critical role in host metabolism, immune 

homeostasis and provide colonization resistance against accidentally acquired pathogens, 

meaning those microbes that have not co-evolved with their host.73,96 In addition the 

microbiota provide tonic stimulation of the host immune system via TLR (Toll-like receptor) 

signaling which strengthens epithelial integrity, optimizes gut motility and leads to the 

production of factors that maintain a balanced distribution of bacterial symbionts that then 

protect against invading transient pathogens.97,98 Commensals also regulate intestinal 

inflammation by altering pro-inflammatory signaling pathways in the intestinal 

epithelium.99,100 Bacteria, in turn, have their own system of cell-to-cell signaling termed 

quorum sensing. Quorum sensing (QS) molecules released by the bacteria provide a system 

through which bacteria communicate with each other, with the host and with the surrounding 

microenvironment.101(p-) Host interception of QS molecules is another example by which 

the host monitors and responds to changes in the commensal microbiota.102 Byproducts of 

commensal bacterial metabolism in the gut also contribute to homeostasis. For example, a 

short chain fatty acid butyrate, the primary energy source for colonocytes, is known to 

dampen the intestinal and systemic immune responses.103,104 Butyrate contributes to 

increased expression of certain heat shock proteins important for epithelial cell viability, 

barrier integrity, and down regulation of pro-inflammatory cytokines.105 Importantly, 

butyrate-producing bacteria are often lost during critical illness.106 The fine-tuned 

homeostatic balance within the host-microbiome interaction can be readily disrupted by host 

injury, leading to changes in the composition and function of the intestinal bacteria and 

further predisposing to immune activation and the development of systemic complications.

Physiologic and tissue related stress associated with host injury, including elective surgery, 

has been demonstrated to alter the composition and function of the intestinal microbiome. 

Our laboratory has shown that intestinal resection with anastomosis, a commonly performed 

colorectal surgical intervention, results in alteration of the abundance of mucosa-associated 

Enterococcus with an associated increase in virulence activation and collagenase production 

that predisposes to anastomotic leak and sepsis.63,107 In a study of human microbiome 

composition following burn injury, Earley et al. showed a decrease in the overall diversity of 

the gut microbiome characterized by an increase in the relative abundance of the family 

Enterobacteriaceae, represented by many opportunistic pathogens.44 In the same study, the 

authors demonstrated that mice subjected to burn injury experienced alterations of their 

microbiome as early as the first day post-injury, with overgrowth of Gram-negative aerobic 

bacteria coupled with increased intestinal permeability. Similarly, Hayakawa et al. showed 

that in otherwise healthy individuals who suffer a major insult, such as trauma or cardiac 

arrest, the fecal bacterial composition changed within 6 hours of the incident.108

While injury alone has the ability to alter the intestinal microbiome, adjunctive treatments 

employed in the hospital setting such as use of broad spectrum antibiotics and opioids, 

restriction of oral intake, and the use of vasoactive mediations have dramatic effects on the 
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state of the intestinal microbiome and loss of colonization resistance. For example, intestinal 

hypo-perfusion and reperfusion injury lead to an altered oxygen gradient in the mucosa and 

increase nitrate concentration favoring the growth of opportunistic pathogens.109–111 Our 

laboratory has recently shown that critically ill septic patients confined to the intensive care 

unit, who are exposed to prolonged broad-spectrum antibiotic treatment and life support, 

suffer a near complete ecologic collapse of their intestinal microbiome, retaining only two to 

four multidrug resistant healthcare-associated pathogens.70 The remarkable depletion of 

microbiome diversity has been shown to be predictive of sepsis-related mortality.106

Rise of the Pathobiome through Bacterial Quorum Sensing and Virulence 

Activation

The loss of a protective microbiome seen with injury and critical illness with resultant loss 

of colonization resistance allows healthcare-acquired opportunistic pathogens to colonize the 

host, subvert its immune system and succeed in causing infection. These pathogens have 

unique life histories shaped by repeated exposures to antibiotics and nutrient-poor, hostile 

environments of other hospitalized patients.70,112 They can become further virulized by host 

compensatory signals produced in response to inflammation and hypoxia, such as 

inflammatory cytokines, catecholamines, and endogenous opiods.113–117 We have 

demonstrated that an endogenous opioid dynorphin released from the intestinal mucosa 

following ischemia/reperfusion injury can be intercepted by Pseudomonas aeruginosa 
quorum sensing circuitry involving signals such as the global transcriptional regulator MvfR 

and the quorum sensing-related quinolone signaling molecules PQS, HHQ, and HQNO 

resulting in enhanced virulence.116 Furthermore, exposure of Pseudomonas aeruginosa to 

morphine leads to a dramatic shift to a mucus suppressing, barrier disrupting, and lethal 

phenotype in a mouse model of gut-derived sepsis.118 We also discovered that intestinal 

phosphate limitation has a similar ability to induce a lethal phenotype switch of 

Pseudomonas aeruginosa through the activation of phosphosensory pathways directly related 

to virulence pathways.119 Virulence activation by these pathogens not only results in harm 

against the host, but also leads to elimination or suppression of the remaining 

commensals.116 One example of this type of opportunism is observed with Salmonella 
enterica. Normally, the intestinal epithelium produces several antimicrobial peptides such as 

lipocalin-2 and calprotectin, which sequester iron and zinc from the gut, preventing bacterial 

overgrowth. Salmonella enterica subverts this protective mechanism by producing 

salmochelin and the ZnuABC transporter that allow it to obtain these critical nutrients from 

the intestinal environment and gain a competitive advantage over the commensals.120

Along similar lines, evidence shows that certain members of the commensal flora exposed to 

a hostile intestinal environment are able to increase in abundance and transform via quorum 

sensing and virulence activation to a more aggressive phenotype. For example, commensal 

Escherichia coli recovered from a mouse after a partial hepatectomy and short-term 

starvation display an adherent and barrier-altering phenotype characterized by expression of 

type 1 fimbriae.121 Exposure to broad spectrum antibiotics and epithelial injury transforms 

commensal E. coli into a multi-drug resistant lethal phenotype capable of inducing severe 

gut-derived sepsis through Naip5-Nlrc4 infammasome activation.122 Similarly, commensal 
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Candida albicans is able to switch its phenotype to a lethal hyphae-producing phenotype 

when exposed to conditions of limited phosphate abundance. Oral supplementation of 

phosphate reverses this virulence and prevents mortality in a mouse model of lethal gut-

derived sepsis due to gut C. albicans.123 As a third example, Clostridium difficile co-exists 

with its host in low numbers as part of the commensal flora.124 However, loss of 

colonization resistance from antibiotic exposure results in a bloom of this opportunistic 

pathogen, resulting in toxin production and disease states that vary from diarrhea to toxic 

megacolon and sepsis.125 The newly formed destructive and resistant pathogens (the 

pathobiome) can engage the intestinal epithelium and immune system leading to the 

overwhelming inflammatory activation and peripheral organ damage characteristic of sepsis.

Bacteriotherapy in Critical Illness and Sepsis: Preservation of the 

Microbiome as a Preventive Strategy

If the deranged gut pathobiome is the driver and perpetuator of critical illness and sepsis, it 

is rational to suspect that restoration of the intestinal microbiome can alter the course of 

critical illness and sepsis, returning host homeostasis. Various strategies to preserve the 

microbiome composition and function and prevent progression of sepsis, such as the use of 

probiotics and prebiotics have been proposed. Despite the success in reducing mortality 

from sepsis in animal studies126, probiotics have not been successful in achieving that goal 

in clinical trials. This is likely due to our limited understanding of the complex interactions 

that occur in the gut of the critically ill. The use of probiotics, such as Lactobacillus or 

Bifidobacterium species, have been studied extensively in the critically ill, with some reports 

of decreased infectious complications.127–129 However, none have been able to show 

survival benefit. In fact, a large multicenter randomized controlled trial (PROPATRIA) 

published by Besselink et al. revealed that the use of a novel probiotic mixture in critically 

ill patients with severe acute pancreatitis led to increased mortality compared to placebo.130 

Importantly, comparisons between these studies are difficult to make as they are confounded 

by discrepancies between the type and dosages of probiotics studied. There are also 

concerns regarding the possible risks associated with probiotic use, such as adverse 

reactions, virulence activation, and transfer of antibiotic-resistance genes.131 Additionally, it 

is difficult to imagine that addition of a few probiotics could restore the complex 

composition of the health-promoting intestinal microbiome.

Therapeutic strategies that thwart virulence expression and suppress growth of pathogens 

have shown promise. First such treatment is fecal bacteriotherapy with fecal microbiota 

transplantation (FMT), where stool of a healthy person is introduced into the gut of a 

critically ill patient via an oral or rectal route. FMT has shown great success in the treatment 

of recurrent Clostridium difficile diarrhea. Through expression of toxins within the intestine, 

C. difficile causes severe diarrhea, intestinal inflammation, and may progress to severe 

systemic illness and sepsis.132 The initial treatments for C. difficile diarrhea include the use 

of antibiotics such as metronidazole or vancomycin, with a 87% and 97% success rate, 

respectively. However, the recurrence rate is very high, up to 35% after the initial infection 

and 65% after a second recurrence.133 FMT has been shown to have a remarkable efficacy in 

treatment of recurrent C. difficile colitis with success rate of 90%, compared to 26% for 
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vancomycin.134–136 In addition, therapeutic strategies aimed at modifying the intestinal 

milieu in hopes of reducing pathogenic bacteria virulence hold promise. As an example, 

taking into consideration the importance of local phosphate abundance for suppression of 

microbial virulence activation, our laboratory developed a phosphorylated high-molecular 

weight polyethylene glycol (Pi-PEG) as an anti-virulence therapeutic. When administered 

orally, Pi-PEG is capable of embedding inorganic phosphate into the intestinal environment 

and suppressing virulence activation of pathogens across several cellular and animal models, 

and across several pathogens and pathogen communities.137,138

Conclusion

As our knowledge of the human intestinal microbiome is expanding, we are becoming more 

equipped to better understand the complexity of the host-microbiome interactions in critical 

illness and sepsis. The promise of novel therapeutic strategies aimed at restoring and 

maintaining the healthy microbiome throughout the hospitalization is becoming more 

tangible.

Microbiome and Anastomotic Leak

Anastomotic leakage is the most devastating complication of gastrointestinal surgery. The 

sequelae of a leak are well described and include increased mortality due to septic 

complications, anastomotic strictures and fistulae, increased rates of cancer recurrence and 

poor quality of life, among others.139–141 When a leak occurs, intraluminal contents of the 

bowel, such as succus, stool, and bacteria, are given entry into the sterile abdomen, resulting 

in abdominal pain, fever, and septic shock.142 This morbidity translates to increased length 

of hospital stay and a significant mortality risk.139,143 Leaks are particularly prevalent after 

resection in high-risk areas, such as the esophagus and the rectum.144 Although these areas 

are known to have higher rates of anastomotic leakage, the reason for this remains 

unknown.145 As a result of this persistently high leak rate after rectal procedures, many 

surgeons choose to divert the enteric stream via ileostomy or colostomy to decrease the 

clinical mal-effects of anastomotic leakage.146 However, this procedure only mitigates the 

sequelae of leak; it has no preventative effect. Subsequently, diverted patients require re-

operation at least six weeks later for takedown of the diverting stoma, another surgical 

procedure that itself is susceptible to anastomotic leakage. As such, many patients never 

have their stoma reversed, between 19–40% in varying series.147,148 In addition, those who 

suffer from anastomotic leak experience subsequent poor anorectal function secondary to 

pelvic fibrosis.149,150

Defining anastomotic leak in a clinical context is no simple task as there is no consensus on 

the criteria for the diagnosis in patients.151 In a systematic review of 97 studies investigating 

leakage after gastrointestinal anastomoses, Bruce et al. found 56 distinct definitions of 

leak.152 Through that lens, it is easy to understand the context in which the reported leak rate 

varies from 1–24%.142 Despite years of dogmatic teaching that technical factors are the 

cause, surgeons remain unable to predict which patients will leak, and the pathophysiology 

by which leaks occur remains unknown.145,153 Increasing evidence suggests that the 
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intestinal microbiome changes at the site of a healing anastomosis may have a profound 

effect on the clinical outcome.

The Microbial Hypothesis of Anastomotic Leak

The microbial hypothesis of anastomotic leak is greater than 60 years old. In 1955, Cohn 

and Rives at Louisiana State University rescued dog bowel anastomoses that had been 

rendered ischemic from ligation of the mesentery by instilling intraluminal topical 

antibiotics at the site of the anastomoses and preventing the near-100% leak rate observed in 

the negative controls.154 A similar study was performed in the 1980s, in which rats 

undergoing mesenteric vessel ligation that were treated with intraluminal antibiotics were 

protected from anastomotic leak.155 In the 1990s, a German group compared the effect of 

oral antibiotics (polymyxin, tobramycin, vancomycin, and amphotericin B) to placebo on 

anastomotic leakage after total gastrectomy. In their randomized, double-blinded, 

prospective trial, the authors reported a statistically significant decrease in the rate of 

anastomotic leakage in the antibiotic treated group (10.6% control versus 2.9% antibiotic 

group, p<0.05).156

Bacteria present at the anastomotic site may respond to the stress of surgical injury with 

activation of virulence pathways that result in derangements of the healing process. Our 

laboratory has shown that exposing anastomotic tissues to pathogenic bacteria such as 

Pseudomonas aeruginosa leads to selection of a virulent phenotype within the bacterial 

population, causing the certain strains to increase production of an enzyme with collagen-

degrading activity, resulting in an anastomotic leak.62 Further work using 16S rRNA 

analysis of the microbiome of leaking tissues in rats demonstrated a nearly 500-fold increase 

in the presence of Enterococcus species in the anastomotic tissue.107 Phylogenetic analysis 

of the Enterococcus genome demonstrated that the GelE gene expression, which produces 

the collagen degrading enzyme gelatinase, is predominant in the Enterococcus species 

present at leaking anastomotic tissues. High collagenase-producing Enterococcus introduced 

to sites of healing anastomotic tissues led to a higher rate of leakage in rats. Only with the 

use of local antibiotics (i.e topical antibiotics given via enama) was leak prevented.63 In the 

same study, systemic administration of antibiotics (a second-generation cephalosporin, in 

line with national recommendations for surgical antibiotic prophylaxis) failed to 

decontaminate the anastomotic site of the same pathogenic bacteria. In fact, other studies 

have shown a bloom in Enterococcus related to systemic administration of second-

generation cephalosporins.63,157,158

An investigation of the fecal microbiota of patients before and after colorectal surgery for 

cancer revealed that Enterococcus faecalis and Pseudomonas aeruginosa were the dominant 

pathogens present after surgery, with a several log-fold increase over the post-operative 

recovery period.159 Similarly, other studies have shown that PCR-detection of Enterococcus 
in drain fluid after colorectal surgery correlated with those patients that developed 

anastomotic leakage.160

From the 1950s until the 1980s, mechanical bowel preparation with oral antibiotics was the 

standard of care prior to elective colorectal resection.161 Despite numerous randomized trials 
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demonstrating the efficacy of oral antibiotics after mechanical bowel preparation, the use of 

intravenous antibiotics at the beginning of surgery supplanted oral antibiotics. By the 1990s, 

most surgeons in the United States did not routinely prepare patients for surgery using oral 

antibiotics.162 Currently, there is renewed interest in the United States regarding the use of 

bowel preparation and oral antibiotics to prevent anastomotic leakage. Matheson et al. 

performed a multicenter randomized trial with 120 patients undergoing elective colorectal 

surgery evaluating the role of pre-operative oral antibiotics, in this case oral neomycin and 

metronidazole. They reported reduced anastomotic leakage (11.9% in controls, 0% in 

antibiotic group, p<0.02) as well as decreased rates of superficial wound infection and 

sepsis.163 Further study into the effect of this therapy on the microbiome will be needed 

before this practice is adopted widely.

Conclusion

When taken together, the above data from animal and human studies suggest that commensal 

microbiota subjected to stress of intestinal resection and anastomosis along with other 

stresses of surgery (prophylactic antibiotics and opioids) may selected species present 

among the normal commensal microbiota (i.e Enterococcus, Pseudomonas) to express a 

more aggressive, tissue-destroying phenotype that plays a key and contributory role in the 

pathogenesis of anastomotic breakdown and clinical leakage. As this hypothesis is more 

rigorous confirmed in large patient trials, the path forward for novel strategies to prevent 

leak can be implemented and the routine use of ileostomy avoided.

Microbiome and Cancer

That certain environmental exposures increase risk for cancer is a well-understood concept. 

Ultraviolet light is a risk factor for skin cancer; tobacco smoke infamously has been 

implicated as a risk factor for many forms of cancer, beyond the direct exposure to toxins in 

the lung. Yet people without identifiable risk factors frequently fall victim to these same 

diseases. As developments in the control of infectious disease and improvements in hygiene 

and diet have allowed us to live longer, millions of people annually are diagnosed with 

cancer.164 Now, more than ever, it is imperative for us to gain understanding of the causes 

and means of preventing this devastating disease. One of the most intimate and ubiquitous 

exposures remains a relative mystery in its relationship to cancer: the microbiome. In this 

golden age of discovery of the world around us, the time has come for a greater 

understanding of the contribution of this substantial exposure to the pathophysiology of 

cancer.

Normal Host-Microbiome Relationships

The human body has evolved to maintain a delicate and co-dependent balance with its 

microbial partners. Several mechanisms exist in order to regulate both the population of the 

microbiome, and maintain immune tolerate to its presence.165,166 Elements of this include 

an intact epithelium, immune surveillance of bacterial invasion, and organ-specific 

specialized functions. These include the prohibitively low pH of the stomach, the mucus in 

the gut, and secretion of antibacterial molecules by keratinocytes in the skin.167
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The gut, being the host site to the overwhelming majority of the human microbiome, is 

perhaps the best-equipped organ for microbial regulation. In addition to the aforementioned 

chemical barrier, the gut contains specialized cells that inactivate potentially invasive 

bacteria: Paneth cells that can secrete antimicrobials and gut-specific plasma cells within 

Peyer’s patches that secrete of immunoglobulin A (IgA).168–170 IgA limits the host’s 

interaction with both pathogenic as well as commensal microbes. Additionally, the 

microbiome itself serves as a further barrier against bacterial infection. Clostridium difficile, 

well known to be an common member of the healthy microbiome, only causes disease when 

it is no longer counter-balanced by the normal microbiota, which may be eliminated by a 

course of antibiotics.171 Under normal circumstances, the healthy diversity of the gut 

microbiome provides competition for resources, and thus maintains a balance with 

pathogens.172 In addition, commensal bacteria may respond to the stress of competition by 

further limiting bacterial growth through the secretion of bacteriocins or antibiotic 

molecules.173

Despite such intricate, co-evolved mechanisms of regulation of the human-bacterial 

interaction, several investigators have suggested that the same mechanisms which are 

responsible for microbial detection and immune tolerance may ultimately promote 

inflammation, inhibit apoptosis and cell senescence and thus promote cancer.165,174 Below, 

we will outline these mechanisms, as well as other interactions with the microbiome that 

promote tumorigenesis.

Carcinogenesis and the Microbiome

Perturbations of the Epithelial Barrier

Much knowledge has been generated over the recent decades to elucidate specific genomic 

alterations associated with cancer. When considering the added contribution of the 

microbiome, an obvious question raised is “which came first?” Do genetic mutations lead to 

dysbiosis or does dysbiosis lead to genetic alterations? Some evidence suggests that certain 

mutations may predispose the host to a loss of balance with the microbiome. It is likely that 

altered tumor metabolism or oxygen tension are environmental factors which may be 

favorable for some microbes to thrive.175 Examples of this are epithelial tumors with 

mutations in proteins responsible for the epithelial barrier function.176 Mutations in E-

cadherin may lead to dysfunction of tight junctions in the mucosa, which in turn leads to 

increased bacterial translocation and a resultant increase in tissue inflammation.177 

Additionally, this barrier dysfunction may allow for the introduction of bacterial antigens not 

previously seen by the host, triggering inflammation and carcinogenesis.165 Nucleotide-

binding oligomerization domain-containing 2 (NOD2) is a protein responsible for the 

recognition of bacterial peptidoglycans, which regulates the immune response to both 

commensal and pathogenic bacteria.178 Inactivation of NOD2 has been shown to increase 

intestinal inflammation, resulting in colitis with subsequent colitis-associated dysplasia.179 

In studies using transgenic animals, these changes resulted in a significantly altered 

microbiome. When this microbiome was transplanted to wild-type animals, a similar 

phenotype of colitis and increased dysplasia risk resulted; conversely, when the microbiome 

of wild-type animals was transplanted into knockout animals, the risk was attenuated.179 In 
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humans, NOD2 has been shown to increase inflammation in the setting of H. pylori 
infection, leading to activation of nuclear factor-kappa B (NF-κB) and increasing the risk of 

mucosal-associated lymphoid tissue (MALT) lymphoma.180

Further evidence of the link between defects in the epithelial integrity and malignancy exists 

in the context of colon cancer. Mucin-2 (MUC2) is a gene responsible for mucin production 

throughout the gastrointestinal tract. It has been shown to be missing in human colorectal 

cancers, but present in adjacent normal tissue.181 In fact, transgenic mice lacking the MUC2 

gene develop spontaneous colorectal cancers.182 In studies of mouse colorectal cancer 

models, sites of colorectal cancer demonstrate bacterial translocation not present in normal 

tissue.181 Additionally, mice susceptible to colon cancer demonstrate lower rates of cancer 

when maintained in a germ-free environment. Taken together, these data suggest that in 

addition to a genetic component resulting in a defective mucosal barrier, bacteria in the 

tumor microenvironment contribute to carcinogenesis.

Microbes as Immunomodulators

With recent advent of immunotherapeutics in the arena of cancer treatment, the immune 

system’s role in cancer is increasingly important.183 As noted above, immune tolerance is 

necessary for appropriate balance of the microbiome. However, the microbiome is equally 

equipped to modulate the immune system in return.184 By exposure to various microbes 

early in life, we develop tolerance; aberrant host-microbe immune responses lead to 

hypersensitivity or allergic reactions.

In the context of epithelial barrier breakdown, host adaptive immune responses to the 

microbes and microbe products can affect tumorigenesis as well. Recognition of translocated 

bacterial proteins such as flagellin and lipopolysaccharide (LPS) by tumor-infiltrating 

immune cells can lead to the production of tumorigenic cytokines.176,177 Specifically, IL-23, 

IL-17, IL-6, and TNF-α have been implicated as pro-tumor cytokines in colon 

cancer.175,176,185 In addition to NOD2 discussed above, other members of the nucleotide-

binding, oligomerization domain (NOD)-like receptor (NLR) protein family are responsible 

for innate immunity against commensal microbes; their dysregulation plays a significant role 

in dysbiosis.186 Perturbation of these inflammatory responses (and inflammation in general) 

can also lead to cancer; anti-inflammatory medications such as aspirin are known to prevent 

colon cancer.187 The relationship of inflammation with cancer also manifests in certain 

contexts in a microbe-dependent manner. For example, transgenic knockout mice lacking 

transforming-growth factor-β1 develop colitis and ultimately colon cancer. Remarkably, this 

pattern can be prevented in a germ-free environment.188

Lipopolysaccharide, a product of gram negative bacteria, is detected by the innate immune 

system due to activation of toll-like receptors, particularly TLR4. Activation of TLR4 

increases inflammation, and is associated with inflammatory states such as colitis. In animal 

studies inactivation of TLR4 prevents colitis-associated cancers, while constitutively 

activated TLR4 is associated with increased severity of colitis and colitis-associated 

cancer.189,190 This is corroborated by increased expression of TLR4 in colon cancer samples 

from patients with ulcerative colitis. Furthermore, TLRs present on macrophages as well as 

other inflammatory signals (such as TNF or IL-1), can activate nuclear factor-κB (NF-κB) in 
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intestinal epithelial cells.191 NF-κB leads to DNA transcription, and is an important pathway 

in the tumorigenesis of stomach and colon cancer, among others. Thus, inflammation as a 

result of the presence of microbes, may be one of several “hits” in the progression toward 

cancer.192

Conversely, microbe-induced immunosuppression can lead to tumorigenesis. Infamously, 

chronic and systemic immunosuppression by HIV is a risk factor for numerous 

malignancies, and particularly virus-associated cancers175. The global immunosuppression 

leads to escape of otherwise eliminated viral infections, leading to chronic inflammation and 

ultimately oncogenesis. Additionally, immunosuppression may lead to dysfunction of 

antitumor immunity. For example, Fusobacterium nucleatum has been shown to inhibit NK 

and T cells by binding the T cell immunoglobulin and ITIM domain (TIGIT). This leads to 

an inactivation of these cells’ cytotoxic functions and inability to destroy recognized cancer 

cells.193

Diet, Bacteria and Carcinogenesis

The modern human diet is a complicated and ever-evolving high-risk exposure for 

cancinogenesis. Evidence suggests that our diet is closely linked to cancer of the gut as well 

as other organs.176,194 Table 1 summarizes notable examples of diet-bacterial interactions 

discussed further here. A prime example of this relationship recently received great 

attention, when the International Agency for Research on Cancer released their report 

implicating processed meats as a major risk exposure for colon cancer.195 However, this 

particular example deserves additional assessment. Of course, carcinogens present in meat 

as a result of processing procedures pose an obvious risk. More interestingly, however, are 

the carcinogenic potential of byproducts of meat that are generated during digestion and 

metabolism by the gut microbiome. Charred meats containing pro-carcinogenic heterocyclic 

amines are digested by anaerobic colonic bacteria.196 These byproducts are believed to be 

direct mutagens of the colonic mucosa. Additionally, the commensal bacteria 

Bifidobacterium longum and lactobacilli appear to inhibit these toxic effects, associating 

with lower cancer incidence in animal models of heterocyclic-amine-induced colon 

cancer.197 Digestion of nitrates in meat by gut bacteria also results in the production of N-

nitroso compounds or NOC.198 These are known alkylating agents responsible for DNA 

damage, and specifically implicated in K-ras mutations associated with colorectal cancers. 

In addition to meats, high protein foods in general are partly digested by gut bacteria, 

resulting in hydrogen sulfide as a metabolite.176 Hydrogen sulfide is believed to increase 

colonocyte oxidation, and possibly activate mitogenic pathways such as mitogen activated 

protein kinase (MAPK), leading to dysregulation of the colonocyte cell cycle.196,199 In 

addition to these mechanisms, hydrogen sulfide has been shown to be a direct genotoxic 

agent leading to DNA damage.200

As we will see in a later section, the microbiome is a significant contributor to obesity. 

Obesity is a known risk factor for several types of cancer.201 The connection between the 

obesity, the microbiome and carcinogenicity is complicated. A high fat diet may be 

dangerous for more reasons than previously understood. Dietary fat digestion through 7α-

dehydroxylation by bacteria results in increased levels of deoxycholate (DCA), a secondary 
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bile acid.202 Elevated levels of this molecule are associated with hepatocellular carcinoma, 

colon and esophageal cancers.165 In fact, laboratory models of obese mice demonstrate that 

mice fed a high fat diet are more likely to develop hepatocellular carcinoma than are mice 

fed a regular diet. In addition, obese mice demonstrate a higher proportion of Clostridium 
cluster IX species, which are responsible for the generation of DCA; these mice also 

demonstrate higher levels of circulating DCA.203 In fact, when treated with antibiotics 

targeting Clostridium species, the mice did not develop hepatocellular carcinoma. However, 

in a mouse model of intestinal cancer due to K-ras mutations, a high fat diet led to increased 

tumor growth independent of obesity.204 In addition, in mice fed a normal diet, a fecal 

transplant from mice fed a high fat diet reproduced the tumor phenotype, while treatment 

with antibiotics reversed this increased risk.

As colorectal surgeons have long speculated, fiber may be a beneficial component of the diet 

in more ways than is currently appreciate. Dietary fiber is fermented by bacteria in the 

colon, resulting in the production of numerous short-chain fatty acids, including butyrate.175 

Fiber exerts an anti-inflammatory effect on the colonic mucosa. This is due at in part to 

activation of GPR109a, a receptor for butyrate on colonic macrophages, the activation of 

which results in the generation of regulatory T cells.205 Additionally, short-chain fatty acids 

may play a role in colonocyte cell cycle regulation. GPR43, a G-protein coupled receptor for 

short-chain fatty acids, has been found to be reduced or lost in colon cancer compared to 

normal colon tissue. Restoration of GPR43 expression in vitro, followed by exposure to 

butyrate, resulted in increased apoptosis of colon cancer cells.206 However, these effects may 

not be generalizable. In a more recent report, high dietary butyrate was found to induce 

colon cancer transformation in mice with mutations in the common colon cancer-associated 

genes APC and MSH2.207 Based upon these findings, we must exercise caution in 

generalizing these recommendations to patients, as the exact risk profile may yet depend 

upon a complex relationship of the microbiome, dietary metabolites, as well as the 

underlying genetic background of the host.

There are numerous relationships between dietary compounds, the microbiome, and cancer 

risk, perhaps even those that improve the cancer risk profile. An example of this includes 

metabolism of flavonoids by Enterococcus faecium and Lactobacillus mucosae strains 

leading to decreased risk of cancer in populations consuming high amounts of soy.198 Thus, 

byproducts of bacterial metabolism of various components of our diet, as well as bacterial 

production of toxins as a response to the diet, may modulate the risk associated with other 

exposures.

Microbes and Endogenous Pro-Carcinogens

The bacterial metabolism of many endogenous substances can be similarly important. One 

example discussed above is the increased transformation of endogenous bile acids in the 

setting of a high fat diet into secondary bile acids such as DCA by gut bacteria. Another 

example is that of estrogen, a known risk factor for breast and endometrial cancer.176 

Circulating estrogens are processed in the liver, and excreted either in urine or bile, and thus 

are exposed to the colonic microbiome.198 Once in the intestine, estrogen breakdown 

products can undergo biochemical processing, such as deconjugation by colonic bacteria, 
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and be returned to the circulation. Additionally, dietary estrogen precursors and 

phytoestrogens can be further metabolized by colonic bacteria to produce biologically active 

estrogen-mimicking compounds in the circulation.208 Conversely, dietary fiber may bind 

estrogens in the gut lumen and prevent metabolite processing and recirculation.198 Similarly, 

studies in mice have demonstrated that testosterone levels are closely correlated with the gut 

microbiome.209 When the microbiome from male mice is transferred to female mice of the 

same background, their testosterone levels are markedly increased over controls. This study 

highlights the complex influence of the body on the microbiome, and the microbiome, in 

turn, on the body.

Microbes as Inducers of DNA Damage

While the bacterial relationship with various environmental factors is complex, there is 

reason to believe that the individual bacterial species themselves may be causative agents of 

cancer. Studies in germ-free mice are perhaps most revealing of this relationship. When 

germ-free mice are transplanted with the fecal microbiome from mice with colon cancer, 

they are at greater risk of developing the disease than those transplanted with the 

microbiome of mice without cancer in the absence of any other risk factors.210 In fact, 

specific microbes can be associated with both an increased and a decreased risk of colon 

cancer in the recipient mice.211 Additionally, surveys of patients with colon cancer 

demonstrate markedly decreased diversity of the microbiome.212,213 Together, these findings 

lead us to continue to question whether dysbiosis is the cause or an effect of colon cancer.

One proposed explanation for this paradox may lie in the evolutionary advantage that certain 

microbes enjoy that allows them to successfully compete for survival by responding to 

selective pressures within the local microenvironment.175 For example, cytolethal distending 

toxin (CDT) has a subunit, CdtB, that can produce double-stranded DNA breaks in host 

cells, frequently resulting in cell cycle arrest and cell death.214,215 This mechanism allows 

bacteria to survive by directly destroying host immune cells. However, the collateral damage 

from this DNA break may also trigger a critical step toward carcinogenesis. Numerous 

human pathogens express CDT or similar toxins resulting in double-stranded DNA breaks, 

notably E. coli, H. pylori, and S. Typhi, all organisms that have been implicated in the 

pathogenesis of stomach, gallbladder and colon cancers.165,216,217 Another bacterial product 

capable of generating double-strand DNA breaks is colibactin. Colibactin induces DNA 

damage, resulting in cell cycle arrest and ultimately apoptosis of eukaryotic cells. Several 

members of the microbiome express colibactin, particularly in the family 

Enterobacteriaceae.218 E. coli group B2 is known to express a genomic island, termed pks, 

encoding genes including colibactin. Contact with this pks+ E. coli strain results in double-

strand DNA breaks in human cells.219 In IL-10 deficient mice, susceptible to colitis and 

colon cancer, pks+ E. coli was found at a higher concentration in mice with active colitis and 

colon cancer, while deletion of this gene island resulted in decreased rates of both.220 In 

addition, transfer of the microbiome into germ free mice with susceptibility for colitis leads 

to higher colonization by pks+ E. coli, suggesting that inflammation within the host 

contributes to selection of these deleterious bacteria.221 Evaluation of tissue samples of 

patients with colon cancer compared to patients with diverticulitis as controls revealed a 

significantly higher rate of colonization with B2 group E. coli in patients with cancer.222 
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Further assays revealed that the genotoxic genes located in the pks island were functionally 

active in the cancer tissues.

Generation of reactive oxygen species is another mechanism of DNA damage resulting in 

cancer formation. Bacteroides fragilis is a potentially pathogenic member of the gut 

microbiome, capable of producing Bacteroides fragilis toxin (Bft). This toxin results in the 

generation of reactive oxygen species and activation of the host cell stress response, leading 

to DNA damage. This may lead to downregulation of the tumor suppressor E-cadherin, and 

upregulation of the c-Myc oncogene, causing increased cell proliferation.223,224 

Additionally, laboratory models suggest that the toxin triggers IL-17-mediated 

inflammation; when IL-17 is blocked, animals infected by Bft-expressing B. fragilis develop 

fewer colonic tumors.225 Investigation of Bft expression in samples from patients with colon 

cancer revealed a significantly higher level of Bft (in both tumor and adjacent normal tissue), 

as compared to healthy controls.226 Thus, colonization by toxin-producing B. fragilis may 

be a risk factor for colon cancer. However, colonization alone is insufficient to cause cancer; 

the microenvironment must shift in favor of supporting the presence and growth of B. 
fragilis, which can exert a pro-carcinogenic effect when no longer counter-balanced by 

beneficial microbes.227 Other bacterial molecules are also capable of signaling cellular 

growth pathways via E-cadherin. F. nucleaum, another known member of the normal human 

microbiome, has been associated with colonic adenomas and tumors.228,229 This may be due 

to its expression of the FadA molecule, which allows bacterial adhesion to human tissue. 

FadA binds to E-cadherin on the surface of normal cells, causing cleavage of β-catenin.230 

The downstream effects of β-catenin activation include increased expression of oncogenes 

and inflammatory genes. Similarly, AvrA, a protein secreted by S. typhi during chronic 

infection, has been shown to activate β-catenin.231 This property of S. typhi may explain its 

relationship with colon and gallbladder cancers.232–234

Organ-Specific Considerations

Specific Microbe-Cancer Relationships

Several direct microbe-cancer relationships have been observed; these are summarized in 

Table 2. The intestine has significant direct interaction with the microbiome. As many of the 

above sections have described, direct toxicity to cells in contact with potentially dangerous 

microbes increases the risk for tumorigenesis. Perhaps the high concentration of microbes in 

the large intestine explains the higher incidence of cancers there as compared to the small 

intestine.165 Certain risk factors, such as epithelial barrier function defects may lead to the 

proliferation of deleterious microbes over the usual commensal flora, further increasing an 

individual’s risk of cancer. Another example of this step-wise pathway toward cancer is 

inflammatory bowel disease.235 This has been studied using IL-10 deficient mice that mimic 

an inflammatory bowel disease phenotype. Mice predisposed to inflammation carry a 

significantly different microbiome from wild-type mice, characterized by decreased diversity 

and increased concentrations of Enterobacteriaceae. By manipulating the microbiome, the 

rate of carcinogenesis can be attenuated.236 In fact, studies of patients with inflammatory 

bowel disease demonstrate decreased diversity of the gut flora, irrespective of the NOD2 

status of the patient, which was noted previously as a risk factor for epithelial barrier 
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dysfunction.237,238 Specifically, invasive E. coli species have been associated with colitis 

and colon cancer in the setting of inflammatory bowel disease.239,240

In recent years, H. pylori has been implicated as a causative agent in the pathophysiology of 

gastric cancer.241 Colonization of the stomach by H. pylori is an overwhelmingly common 

occurrence worldwide. Chronic infection leads to gastritis, hypochlorhydria, gastric atrophy, 

gastric ulcers and ultimately gastric cancer.242 By its effect on the mucosal barrier of the 

stomach, H. pylori may also lead to overgrowth of the stomach by other deleterious bacteria, 

leading to increased risk of cancer due to the metabolism of dietary nitrates by such 

microbes.165,243,244 Interestingly, observational data suggests that there is a decreased risk 

of esophageal cancer among patients with H. pylori. As a corollary to this observation is the 

finding that esophageal cancer prevalence has increased since widespread treatment for H. 
pylori has been implemented.245 The protective effect may be due to the hypochlorhydria, 

resulting in decreased acid reflux and decreased caustic damage to the lower esophagus.

Microbial-mediated carcinogenesis however is not just limited to bacteria. Human papilloma 

virus is an extremely common microbe, silently infecting millions of people worldwide. 

Several strains of the virus, particularly HPV16 and HPV18, have been identified as 

causative factors leading to cervical, anal and oropharyngeal cancers.246 HPV replication 

relies upon several key proteins, called “early proteins,” of which E6 and E7 are categorized 

as oncoproteins. To aid in viral replication and survival, E7 binds pRB, resulting in 

transcription of proteins needed for DNA replication, and E6 leads to degradation of p53, 

thus interfering with cell apoptosis. By doing so, the viral proteins begin the process of 

tumorigenesis in infected tissues.247 Other viruses are similarly classified as human 

carcinogens, most notoriously the hepatitis viruses, leading to cirrhosis and hepatocellular 

carcinoma.248,249

Organs without a Microbiome

The gut is the primary home for our microbiome. Most interactions with carcinogenic 

microbes are direct and organ-specific. However, other types of cancer may be affected by 

microbiomes and microbial products, despite lack of an appreciable direct microbial 

contact.165 For example, observational evidence previously suggested that antibiotic use is 

associated with breast cancer.250 In fact, there may be a detectable microbial community 

within human breast milk.251 More recently, classification of microbial DNA in breast 

cancer biopsy samples revealed a significantly lower and different bacterial load compared 

to normal tissue.252

There is evidence that pancreatic cancer may be another example of microbiome related 

cancer. In the setting of pancreatitis, exposure to LPS may accelerate pancreatic 

tumorigenesis.253 Additionally, variations in the oral microbiome have been associated with 

increased risk of pancreatic cancer.254 While this observation is poorly understood, one 

hypothesis is that the inflammatory state of the patient with pancreatic cancer may allow for 

colonization by these microbes; therefore, classification and characterization of the oral 

microbiome may allow earlier detection of pancreatic cancer. Another potential mechanisms 

by which the oral microbiome contributes to carcinogenesis is via activation of toxins, such 
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as alcohol and carcinogens in cigarette smoke with their resultant exposure to the upper GI 

tract.255

As a result of breakdowns that can occur in the epithelial barrier, various bacterial products 

can be introduced to the systemic circulation. This may be yet another mechanism by which 

there is exposure of distant organs to the microbiome. These molecules are termed 

“microorganism-associated molecular patterns,” or MAMPs.165 One such MAMP is DCA, 

discussed previously, which increases in the gut as a result of a high-fat diet or obesity and 

which is associated with hepatocellular carcinoma.200,203,204 Another such molecule is LPS 

produced by gram negative bacteria, which can bind to human cells via toll-like receptor 4 

(TLR4). In the setting of existing liver damage, activation of TLR4 has been shown to 

potentiate hepatic fibrosis, cirrhosis and hepatocellular carcinoma.256–258

Another unexpected site of bacterial carcinogenesis is the lung. The lung has recently been 

shown to harbor a significant microbiome. Studies of patients with COPD have revealed a 

significantly altered lung microbiome compared to the lungs of healthy controls.259 This 

difference may be the result of the alteration in the organ due to the disease itself, or due to 

the higher use of steroids and bronchodilators among patients with COPD. Infections in the 

setting of COPD may exacerbate the disease and may lead to chronic inflammation.260 In 

studies in a model of animals susceptible to lung cancer, a higher incidence of lung cancers 

was demonstrated in rats with chronic respiratory infection, compared with germ-free and 

specific-pathogen-free controls.261 Additional studies in mice suggest that this effect may be 

due to exposure to LPS.262

The Microbiome and Cancer Treatment

The Microbiome as a treatment for Cancer

Despite the numerous examples of microbes as deleterious agents in the pathway to cancer, 

we have seen several examples of beneficial effects of microbes and their products. A 

connection between bacterial infection and cancer regression was noted over 300 years 

ago.263,264 Later, a New York surgeon in the 1890s, Dr. William Coley, noted spontaneous 

cure of sarcoma in his patients who simultaneously suffered from erysipelas.265 After 

disastrous results from injection of S. pyogenes into cancer patients in the pre-antibiotic era, 

Dr. Coley refined his treatment by using heat-killed bacteria, now known as “Coley’s toxin.” 

More recently, similar observation in patients after glioblastoma resection suggest a survival 

benefit for patients who suffer post-operative infection.266 These findings are difficult to 

reproduce consistently; however, the concept of using bacterial products to induce immune 

responses against cancer is widely utilized.183

Among the currently used “Coley toxins” is BCG for the treatment of non-muscle invasive 

bladder cancer. BCG, or Bacillus Calmette-Guérin, is an attenuated strain of Mycobacterium 
bovis. The strain was developed in the quest for an effective vaccine for tuberculosis. Due to 

observations of the effect of the vaccine on subsequent immune responses, it was applied as 

a therapy for cancer.267 Today, it remains a useful tool for localized bladder cancer, due to its 

induction of a tremendous local immune response.268 Similarly, Listeria monocytogenes has 
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been used as an anti-tumor vaccine and has shown promise in animal studies due also to its 

ability to stimulate the innate and adaptive immune systems.269,270

As we saw previously, dysbiosis may be responsible for the “first hit” in the process of 

carcinogenesis. In fact, detection of dysbiosis has been proposed as a screening test for early 

colon cancer.271 It seems logical that a return of eubiosis may reverse some of these harmful 

effects. Lactobacilli are common members of the microbiome, and are most often beneficial. 

Bioengineered strains of Lactobacilli can engage the immune system and reverse colonic 

inflammation and even lead to regression of established polyps in mice.272,273 Other genetic 

alterations of members of the gut microbiome have been used to decrease inflammation by 

overexpression of antioxidants.274

Just as diet can lead to the production of harmful bacterial products, it can also produce 

beneficial results. While “probiotics” may be used to introduce beneficial bacteria into the 

microbiome, “prebiotics” can be used to promote the growth of favorable members of the 

microbiome.275 These include indigestible foods, such as fiber, inulin and lactulose. These 

have been shown to increase the proportion of Bifidobacteria and Lactobacilli in the gut 

microbiome, which in turn can result in decreased aberrant crypt foci in mouse studies.276 A 

direct relationship between these bacteria and decreased cancer risk has not yet been 

established.

While it is tempting to develop therapeutic strategies to eliminate certain bacteria as an 

attempt to reverse dysbiosis using antibiotics, this approach carries major risks. With known 

pathogens, such as H. pylori, targeted bacterial eradication is associated with a decreased 

cancer risk. However, it is known that non-targeted antibiotic therapy carries the unwanted 

risk of eradication of beneficial bacteria. This leaves patients at risk for opportunistic 

bacterial infections, such as C. difficile, and makes them vulnerable to infection by 

multidrug resistant species. With the recent rise of fecal transplantation for the treatment of 

severe C. difficile colitis, it seems logical to hypothesize that this may be an effective tool 

for fighting “procarcinogenic” dysbiosis. In fact, fecal microbial transplantation has been 

reported as an adjunct tool for the treatment of severe inflammatory bowel disease.277 Until 

we know the exact pathogens responsible for other disease processes to allow specific 

treatment, it may be more prudent to focus on targeting specific inflammatory pathways 

activated by these bacteria or their genotoxins.165

The Microbiome as an Adjuvant

As chemotherapeutic medications are exquisitely toxic agents, it is not surprising that they 

exert an effect on the microbiome. In the setting of allogenic hematopoetic stem-cell 

transplantation, the gut-associated microbiome undergoes significant changes, due in part to 

damage of the intestinal mucosa. Reduced gut microbiome diversity has been reported as a 

predictor of mortality after stem-cell transplantation.278 There is a similar loss of 

microbiome diversity following bone marrow transplantation.279 Studies of bone marrow 

transplantation models demonstrate that reintroduction of Lactobacillus species reduces 

intestinal inflammation and protects against intestinal graft versus host disease.
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Various chemotherapeutic drugs interact with the microbiome, with effects resulting in 

altered drug responses or side effect profiles. Camptothecin and its analogues (topotecan, 

irinotecan) target human topoisomerase I, specifically affecting rapidly-dividing cells. 

Irinotecan in particular is capable of causing severe diarrhea.280 It undergoes 

glucuronidation in the liver, and is then excreted into the GI tract as an inactive metabolite. 

However, β-glucuronidase enzymes produced by commensal microbes are capable of 

reactivating this into its active form, thus leading to gastrointestinal toxicity. Therefore, 

inhibition of this enzyme may prevent or attenuate the gastrointestinal side effect. 

Cyclophosphamide also causes intestinal toxicity, which leads to bacterial translocation, 

immune stimulation and thus activation of Th17 cells. These have been shown to be 

necessary for the efficacy of cyclophosphamide as an anticancer treatment.281 The 

microbiome also assists in the therapeutic efficacy of oxaliplatin by modulating the function 

of myeloid immune cells, making them capable of generating a larger oxidative reaction in 

response to the drug.282

As immunotherapies are showing great promise in cancer treatment, the relationship of the 

immune system with the microbiome becomes increasingly important. As we discussed 

previously, commensal and pathogenic microbes are capable of having enormous effects on 

the immune system. In fact, Bacteroides species appear to be crucial in the host response to 

anti-CTLA-4 therapies.283 Bacteroides species have been shown to become enriched in the 

microbiome as a result of anti-CTLA-4 therapy. Additionally, germ-free mice appear 

resistant to anti-CTLA-4 therapy, a finding that can be reversed by microbial transplantation. 

In other studies, the presence of the commensal microbe Bifidobacterium in the gut has been 

shown to be required for the therapeutic efficacy of checkpoint blockade with anti-PD-L1 

antibodies in mice harboring melanoma cells.284 These findings suggest that the intestinal 

microbiome governs and regulates the immune system in a manner that influences the 

efficacy of immunotherapy.

Harnessing the relationship of bacteria with epithelial host cells also has therapeutic 

potential. Understanding the mechanisms of bacterial carcinogenesis can be used to inform 

novel strategies to selectively deliver toxic molecules to tumors using attenuated 

microbes.285 Additionally, elucidation of the mechanisms utilized by microbes to survive on 

the epithelial tissues can also inform novel therapeutic strategies. An example of this is the 

type III secretion system (T3SS), which is a molecular syringe used by bacteria to deliver 

proteins into human cells.286 Utilizing such a system may allow targeted drug delivery into 

tumor cells. In fact, engineered microbes have been proposed as therapies targeting specific 

intracellular tumorigenic pathways.287,288

Conclusion: The Future of the Human Microbiome in Cancer Research and 

Treatment

Humans share a history of co-evolution with their microbial partners over ever changing 

environments and over the long course of human progress. There are countless ways in 

which these co-evolved mechanisms are helpful, ways in which they are harmful and tipping 

points in at which imbalances cause cancer. Tremendous advances are being made in the 
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understanding of the molecular mechanisms of tumorigenesis. However, these cannot be 

fully understood without the context of the human body, including consideration of the 

contribution from the human microbiome.165,289 All aspects of human life and progress 

affect the microbiome and the microbiome affects all aspects of human biology. Future 

cancer research must incorporate the influence of the microbiome on all aspects of cancer 

from its oncogenic potential to its response to chemotherapeutic agents.

Although the influence of the microbiome on intestinal tumorigenesis seems obvious, its 

contribution to the pathogenesis of extra-intestinal cancers remains poorly understood. As 

previously noted, bacterial products introduced in the circulation can directly damage non-

intestinal cells (e.g. DCA in liver cancers, LPS in pancreatic cancer), modulate immune cell 

behavior to affect other organs,176,283 and induce inflammatory states favorable for the 

development of cancer. Extra-intestinal microbiomes, while relatively small in comparison 

to the gut microbiome, may play an important but underappreciated role in these processes. 

As Dr. Coley observed over 100 years ago, microbiomes on the skin appear to contribute to 

an immune response which can be harnessed for cancer treatment.265 Other microbiomes, 

such as in the lung, mouth, and genitourinary tract may play similarly important roles.165,259

Today, understanding the mechanism by which diet affects the microbiome and human 

health is most pressing. Diet has the potential to enrich and select for certain bacteria and 

shape the overall composition and function of the microbiome. High fiber diets appear to be 

most beneficial for the selection of beneficial microbes.275 Addition of other dietary 

components may select for microbes capable of enhancing cancer.283 Further careful 

evaluation of diet and the environmental factors which favor selection of bacteria capable of 

producing antioxidant and other anti-tumor compounds may advance the understanding and 

treatment of cancer.

Microbiome and Obesity

Obesity has become a global health epidemic. Between 1980 and 2014, the worldwide 

prevalence of obesity more than doubled, resulting in over 1.9 billion adults being 

overweight (BMI>25) and over 600 million obese (BMI>30).290 In the United State alone, a 

third of the adult population and 17% of adolescents are obese.291 Leading causes of 

preventable death are linked to obesity, including diabetes mellitus, hypertension, 

cardiovascular disease, and certain types of cancer (breast, colon and endometrial).292,293 

The pathophysiology of obesity is associated with host genetics and behavioral factors such 

as diet and physical activity.294–296

However, it is becoming increasingly clear that in addition to host factors, the intestinal 

microbiome plays a critical role in the pathogenesis of this complex disease process through 

alterations to the host energy metabolism, fat storage, and resultant body morphology.297 

Mechanisms through which gut bacteria are able to affect host weight are related to 

differential energy extraction from the diet, release of bacterial metabolites and modulation 

of inflammation. This section focuses on the available evidence linking the gut microbiome 

to obesity and its resultant health complications; the effect of bariatric surgery on the 

microbiome will also be discussed.
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Altered Gut Microbiome of the Obese

The phenotype of obesity is correlated with derangements in the makeup of the intestinal 

microbiome. Multiple studies suggest that the proportion of Bacteroidetes and Firmicutes in 

the intestinal lumen may play a role in the pathophysiology of obesity. Comparative analysis 

of the microbiota of leptin deficient (obese) mice and their lean counterparts fed the same 

diet showed a 50% reduction in the abundance of Bacteroidetes and a proportional increase 

in Firmicutes in the obese animals.298 Other animal models of obesity corroborate this 

finding.299 Comparable observations have been made in human studies. Using 16SrRNA 

analysis, Ley et al. studied the intestinal microbiome of 12 obese individuals randomly 

assigned to either a fat-restricted or to a carbohydrate-restricted low-calorie diet over a one 

year period. The authors showed that the baseline relative proportion of Bacteroidetes was 

dramatically decreased in obese people when compared to lean controls; however, with 

weight loss on either type of low calorie diet, the proportion of Bacteroidetes was increased 

to resemble that of the lean individuals.300 Looking at the differences in the composition of 

the microbiome in monozygotic and dizygotic twin pairs concordant for body weight, 

Turnbaugh et al. confirmed that the gut microbiome of obesity is associated with reduced 

bacterial diversity (specifically decrease of Bacteroidetes) and enrichment in genes involved 

in energy metabolism.301 Kalliomaki et al. compared the intestinal microbiome composition 

of infants and noted that specific differences in the microbiome composition were predictive 

of overweight versus lean body type at age 7.302 The alterations of the gut microbiome in 

obesity are not constrained to the large intestine. Obesity has been shown to be associated 

with specific changes in the composition of the salivary microbiome.303 Goodson et al. 

showed that a single bacterial species Selenomonas noxia was present in 98.4% of 

overweight women suggesting that salivary bacteria may play a role in the pathophysiology 

of obesity and that a specific salivary microbial signature could be associated with the 

overweight condition. Evidence is plentiful that the intestinal microbiome composition 

differs with body morphology.

Is there a Causal Link between Gut Bacteria and Obesity?

A great deal of what is known today regarding how the gut microbiome shapes energy 

metabolism and body phenotype has been developed from studies performed in germ-free 

animal models. Animals raised in an environment completely devoid of microbes have been 

shown to be resistant to gaining excess weight despite consuming a fat- and sugar-rich 

Western diet.304 This work published by Bäckhed et al., revealed that the resistance of germ-

free animals to obesity is associated with an increase in fatty acid oxidation. However, germ-

free mice devoid of a lipoprotein lipase inhibitor Fiaf (normally suppressed to some degree 

by the microbiota) lose resistance to weight gain and are able to acquire the obese 

phenotype. Interestingly, germ-free mice colonized by cecal contents harvested from 

conventionally raised animals experienced a 60% increase in body fat content within 14 days 

with increased absorption of monosaccharides and induction of de novo hepatic lipogenesis, 

despite reduced food intake.305 Microbiota transplantation from a diet-induced obese donor 

mice to lean germ-free recipient mice promoted a greater degree of fat deposition compared 

to transplants from lean controls.306 Furthermore, a humanized mouse model of 

transplantation of human fecal microbial communities into germ-free mice and noted that 
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exposure of these mice to a Western diet led to a rapid shift in the structure of the microbiota 

along with alterations in its gene expression and metabolic pathways that led to increased 

adiposity.307 Interestingly, this metabolic phenotype was transmissible to a second 

generation of animals via fecal transplant. Taken together, these findings suggest presence of 

a causal link between structurally and functionally different gut microbiome compositions 

and body phenotype.

Gut Bacteria are Critical in Regulating Host Metabolism

The bacteria contained within the human intestine play an essential role in dietary energy 

harvest.65,308 Gut bacteria assist the host with breakdown of otherwise non-digestible 

dietary polysaccharide substrates such as resistant starch and non-starch polysaccharide 

components of fiber. End products of bacterial fermentation such as monosaccharides and 

short-chain fatty acids (butyrate, propionate and acetate) are easily assimilated by the host 

and used for de-novo glucose synthesis or energy storage in the form of lipid.309,310 Short-

chain fatty acids, specifically butyrate, comprise up to 70% of the fuel used by the 

colonocytes.103,311

The obese phenotype may be correlated with a bacteria-associated increase in energy harvest 

efficiency.301 Using metagenomic analysis, Turbaugh et al. showed that the leptin-deficient 

obese mouse microbiome is enriched in genes involved in energy harvest when compared to 

their wild-type lean counterparts.65 Microbiota transplantation from leptin-deficient obese 

mice into the gut of germ-free animals resulted in a statistically significant increase in 

percent body fat when compared to germ-free mice that received fecal transplant from lean 

animals. Similar findings have been seen in human microbiome research. In comparing the 

short-chain fatty acid content of the human gut microbiome of lean and obese individuals, 

Schwierz et al. reported that the total amount of short chain fatty acids was higher in the 

obese subjects with excess of propionate when compared to the lean subjects.312 In a study 

performed by Santacruz et al., adolescents subjected to a calorie-restricted diet and increased 

physical activity over a 10 week period of time diverged into two groups, those who lost 

<2kg or >4kg of weight. Adolescents who lost more weight had a distinct microbiome 

composition, characterized by lower abundance of Lactobacillus and Bifidobacterium when 

compared to those resistant to weight loss suggesting that the capacity for weight loss may 

be a function of our gut microbial fingerprint.313

Additional evidence shows that specific bacteria present in the gut determine the efficiency 

of energy harvest from the diet and in turn the predominant diet type ingested may 

determine the composition of our intestinal microbiome. For example, mice colonized with 

Methanobrevibacter smithii are capable of increased dietary energy extraction and weight 

gain.314 Fecal transplant of Bacteroides (phylum Bacteroidetes) and Eubacteria (phylum 

Firmicutes) together into gnotobiotic mice leads to higher energy extraction than either 

bacteria alone.315 Consumption of an animal-based diet increases the abundance of bile-

tolerant microorganisms that are better equipped to ferment protein (Bacteroides), while 

decreasing levels of Firmicutes that metabolize dietary plant polysaccharides.316 Meanwhile, 

a decrease in carbohydrate intake in the diet is associated with decreases in specific bacteria 

better equipped to metabolize carbohydrates.317 Taken together, evidence suggests that the 
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microbiome of an obese individual may be determined by their diet and therefore be better 

equipped to harvest energy from this specific diet.

Microbiome and Inflammatory Changes Associated with Obesity

Obesity has been linked to a low-grade persistent global inflammatory state.318,319 Animal 

models of obesity reveal that the adipose tissue is characterized by increased presence of 

tissue macrophages with associated increase in the expression of pro-inflammatory 

cytokines, including TNF-α, IL-1 and IL-6.320 This pro-inflammatory state of obesity has 

been associated with a range of diseases that frequently accompany obesity: insulin 

resistance, type 2 diabetes mellitus and cardiovascular disease.321–323 Furthermore, the 

chronic inflammation of obesity is associated with defects in immune responses carried out 

by neutrophils, natural killer cells and T cells.324

As seen in the previous sections of this monograph, intestinal bacteria play a critical role in 

modulation of intestinal and global inflammation. Therefore, it is plausible that changes in 

the composition and function of the gut microbiome in obesity also contribute to the 

pathogenesis of the chronic pro-inflammatory state. Cani et al. discovered that a high-fat diet 

leads to increase in the proportion of gram-negative bacteria in the murine gut with 

associated increase in circulating lipopolysaccharide (LPS) resulting in a “metabolic 

endotoxemia”; at the same time, levels of circulating LPS decrease with fasting. The authors 

further demonstrated that continuous subcutaneous infusion of LPS causes weight gain and 

insulin resistance at rates equivalent to those of mice chronically fed a high-fat diet.325 

Higher endotoxin levels in the blood have been associated with 1.8 times increased risk of 

untoward cardiovascular events and 1.5 times increased risk of development of type 2 

diabetes.326–328 Furthermore, levels of serum amyloid A protein produced in response to 

LPS signaling are increased in the obese.329 Additionally, a high-fat diet, in addition to 

altering the composition of the intestinal microbiome, promotes intestinal epithelial LPS 

absorption in chylomicrons.330 To further corroborate these results, loss-of-function 

mutations in TLR4 as well as downstream adaptor protein Myd88 have been shown to be 

protective against diet-induced obesity in a mouse model.329,331 In support of these findings, 

physical exercise and associated weight loss were linked to reduced serum LPS, suppressed 

TLR-4 signaling and improved insulin sensitivity.332 Furthermore, concurrent administration 

of high-fat diet and oral antibiotics (ampicillin, neomycin and metronidazole) to mice not 

only altered the gut microbiota composition by reducing the levels of Bacteroidetes and 

Firmicutes, but also reduced circulating LPS levels, fasting glucose, TNF-α, IL-6 and TLR4 

activation, consequently improving glucose tolerance.333

Effect of Bariatric Surgery on the Gut Microbiome

Bariatric surgery is currently the most effective and durable treatment of obesity and 

obesity-related comorbidities such as diabetes mellitus, obstructive sleep apnea, 

dyslipidemia and hypertension. Bariatric surgery also reduces overall and cardiovascular 

mortality.334–336 Two types of bariatric surgery exist based on the resulting gastrointestinal 

anatomy: purely restrictive and malabsorptive with restriction. Restrictive procedures reduce 

the luminal diameter of the stomach without altering the absorptive capacity of the small 
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intestine, thereby restricting the amount of food intake. Restrictive procedures include 

laparoscopic adjustable gastric band (LAGB), vertical-banded gastroplasty (VBG) or sleeve 

gastrectomy (SG). On the other hand, malabsorptive procedures are designed to reduce the 

surface area of the intestine available for nutrient absorption through bypass of intestinal 

segments. In addition, all malabsorptive procedures in use today, such as Roux-en-Y gastric 

bypass (RYGB) and bilio-pancreatic diversion (BPD) with or without duodenal switch (DS), 

also employ a form of gastric restriction.337

Given the anatomical and physiological changes caused by bariatric surgery, it is not 

surprising that the community structure of the intestinal microbiome becomes significantly 

altered after these procedures. Zhang et al. compared the intestinal microbiome structures at 

a single time point between individuals with normal weight, morbid obesity, and those 8–15 

months post RYGB surgery. The abundance of Firmicutes normally seen in the gut, was 

significantly decreased in individuals post RYGB when compared to both normal weight and 

morbidly obese individuals; at the same time, a higher proportion of Gammaproteobacteria 
was seen in the RYGB group, composed mostly of members of the family 

Enterobacteriaceae.338 A longitudinal study by Furet et al. compared the gut microbiota of 

13 lean controls with 30 obese individuals at baseline, 3 months and 6 months after RYGB. 

Not surprisingly, the baseline microbiome of obese individuals was characterized by a high 

Firmicutes to Bacteroidetes ratio, which significantly decreased following surgery.339 

Additionally, the authors noted that certain circulating inflammatory markers (CRP, IL-6) 

were reduced following RYGB, which was associated with increased abundance of 

Faecalibacterium prausnitzii, a bacterium known to reduce intestinal inflammation.339,340 

These findings were further corroborated by Li et al. in a rat model of RYGB, where the 

Firmicutes to Bacteroidetes ratio was also reduced following RYGB as compared to sham 

surgery. Interestingly, there was a striking 52-fold increase in the members of phylum 

Proteobacteria following RYGB, verifying earlier findings of Zhang et al.338,341

The underlying mechanisms by which bariatric surgery leads to improvement in obesity and 

related comorbid conditions have not been fully elucidated. The altered anatomy and 

physiology of the gut following bariatric surgery along with changes to the dietary intake 

preferences, energy expenditures, decreased hunger and increased satiation have been 

suggested and might be mediated by the changing composition of the intestinal 

microbiome.342 For example, due to the shortened absorptive surface area of the small 

intestine and faster transit time following RYGB, the distal gut is exposed to a higher 

oxygen tension and increased pH, in effect favoring the fast-growing facultative anaerobic 

Gammaproteobacteria over obligate anaerobes that normally inhabit the distal gut.338 In the 

future, therapeutic modifications to the already altered post-bariatric surgery gut microbiome 

may prove to promote even further weight loss and even faster resolution of obesity-

associated comorbidities. Actually, evidence already exists to show that probiotic 

(Lactobacillus) administration in post-RYGB patients reduces bacterial overgrowth and 

improves weight loss when compared to patients receiving placebo after surgery.343
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Conclusion

It is increasingly clear that the functional differences of human microbiome contribute to 

obesity, and in turn, the obese state alters the diversity and function of the gut microbiota. 

Evidence suggests that alongside host genotype and lifestyle, the gut microbiome is a critical 

element in the pathophysiology of obesity. These findings suggest that manipulation of 

community structure and function of the human microbiome may be a useful strategy for 

regulating energy balance in obese individuals.

Microbiome and Personalized Medicine: The Future

Given the advance in sequencing technology, proteomics and metabolomics, there is great 

potential to understand and shape the microbiome to improve human health. One means of 

doing this is the personalization of medicine in the context of an individual’s specific 

microbiome.344,345

In recent decades, there has been a boom in the discovery of genetic and genomic 

contributions to disease. Of great interest has been the concept of pharmacogenomics, or the 

understanding of how an individual’s genes influence their metabolism of medications.346 

More recently, we see a rise in interest in pharmaco-metabolomics, or the use of genomic 

data to predict differences in metabolism and toxicity of drugs.347 The gut microbiome, due 

to its key role in digestion and metabolism, plays a critical role in the way therapeutic drugs 

are metabolized and thus will dramatically influence their efficacy.348 The microbiome 

influences the metabolism of many common medications, from acetaminophen to digoxin to 

chemotherapy.349–351 Identification of specific bacterial enzyme pathways influenced by the 

microbiome and involved in disease processes can be specifically targeted.352

The ability to interrogate both the patients host genome as well as their microbiome will 

allow for a more holistic view of disease progression in the context of the paradigm of gene-

environment interactions.353 Dysbiosis may be corrected by targeted removal of offensive 

members of the microbiome using delivery systems such as CRISP/Cas9. Use of probiotics, 

fecal transplantation or correction of the functional disturbance created by their genomic 

profile may also be possible.354–356 Diet can also be utilized as a method of tailoring an 

individual’s microbiome toward eubiosis once the composition and function of a health 

promoting microbiome is defined.

Antibiotic overuse is ubiquitous in hospitals and increasingly in outpatient settings, 

agriculture, and livestock. The human microbiome undergoes daily insults from which it 

must recover. Eliminating this practice and its collateral damage is politically and 

economically complicated, yet understanding how to manage its untoward effects is needed. 

Developing new methods to improve microbiome resilience and restoration are being 

explored by both academic institutions and industry.

One example of this approach is in the treatment of intractable or recurrent Clostridium 
difficile infection(CDI). Transplantation of fecal microbiota (FMT) from healthy individuals 

into the intestinal tract of patients with intractable illness has progressed from folklore to 

clinical trial.357 FMT experiments in animal models of CDI have demonstrated recovery of 
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microbiome diversity and increased resistance to CDI recurrence.358 In clinical practice, 

FMT remained a last resort therapy until the emergence of convincing randomized clinical 

trial evidence that fecal microbiota transplant was more effective than conventional 

antibiotic therapy in the treatment of recurrent CDI.359 Recovery of intestinal microbiome 

diversity appears to be the defining characteristic of FMT success.360 As exciting as this new 

therapy is, there remain significant safety concerns for subsequent infection or autoimmunity 

with transfer of the entire microbiome.357 As a result, targeted methods are being developed. 

Loss of specific bacterial taxa and functions is related to susceptibility to CDI, including 

depletion of anaerobic populations and loss of bacterial deconjugation of bile salts.361 

Transplantation of specific bacterial consortia has shown similar efficacy to FMT.362 Using 

intestinal microbiome metagenomic analyses from mouse models and clinical studies, Buffie 

and colleagues determined that Clostridium scindens, a bile acid 7-dehydroxylating 

intestinal bacterium, is associated with resistance to CDI.363 This approach to restore CDI 

resistance following antibiotic use is one example in which management of the overuse of 

antibiotic by microbiome maintenance therapy is possible.

Summary

As we have seen throughout this monograph, microbes play a key role in both human health, 

disease, response to surgery and pharmacologic intervention. Advancing the understanding 

of these complex relationships is in its infancy. Technological advances in analysis, large 

data management and interpretation of data are rapidly evolving to address disease states 

which have eluded investigator and clinicians. What has been learned so far, however is both 

exciting and humbling.
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Table 1

Bacterial conversion of dietary compounds and their role in tumor biology

Dietary source Example bacteria Resulting molecules Association with cancer References

Charred meats Anaerobic colonic
bacteria

Heterocyclic amines,
N-nitroso compounds (NOC)

DNA damage 197,198

Protein Gut bacteria Hydrogen sulfide Cell cycle dysregulation,
genotoxicity

199,200

High fat diet Clostridium species Increased secondary bile acids
(including deoxycholic acid or
DCA)

Associated with hepatocellular,
colon and esophageal
carcinoma

202,203

Fiber Gut bacteria Short-chain fatty acids
(including butyrate)

Conflicting evidence: possible
anti-inflammatory effect on
colonic mucosa vs. increased
risk of colon cancer

205–207

Soy Enterococcus faecium,
Lactobacillus mucosae

Flavonoids, phytoestrogens Flavonoids exert a protective
effect; phytoestrogens may
mimic endogenous estrogen and
increase risk of breast cancer

198,208
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Table 2

Specific microbe-cancer relationships

Organ Microbe Mechanism References

Colon Enterobacteriaceae species,
others

Inflammation, epithelial damage and
translocation, direct bacterial toxicity

236–240

Stomach H. pylori Hypochlorhydria, gastric atrophy, ulcers and
ultimately gastric cancer

241–244

Cervix, anus, oropharynx Human papilloma virus E6 / E7 protein-mediated disruption of DNA
replication and apoptosis pathways

246,247

Liver Hepatitis viruses Cirrhosis leading to hepatocellular carcinoma 248,249

Gallbladder S. typhi AvrA protein causing dysregulated transcription 231–234

Lung Multiple Hypothesized dysbiosis in COPD leading to
LPS-mediated cancer promotion

259–262

Pancreas Multiple LPS increases cancer risk in setting of
pancreatitis

253–255
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