NON-ANTIBIOTIC
ANTI-VIRULENCE
APPROACHES TO
MITIGATE
ANASTOMOTIC LEAK
AND SEPSIS

Dr Sanjiv K Hyoju MBBS, MS

Non-antibiotic anti-virulence approaches
to mitigate anastomotic leak and sepsis

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr……….
volgens besluit van het college van decanen
in het openbaar te verdedigen op …
om … uur precies
door

Dr Sanjiv K Hyoju MBBS, MS
geboren op 29 december 1979
te Nepal

ISBN: 978-94-6423-511-1
Lay-out: Wendy Schoneveld || www.wenziD.nl
Printed by: ProefschriftMaken || Proefschriftmaken.nl
This study was supported by the National Institute of Health.
© Sanjiv K Hyoju, 2021

Non-antibiotic anti-virulence approaches
to mitigate anastomotic leak and sepsis

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.H.J.M. van Krieken,
volgens besluit van het college voor promoties
in het openbaar te verdedigen op maandag 15 november 2021
om 16:30 uur precies
door

Sanjiv Kumar Hyoju
geboren op 29 december 1979 te Banepa (Nepal)

Promotor
Prof. dr. H. van Goor
Prof. dr. J.C. Alverdy (University of Chicago, Verenigde Staten)
Manuscriptcommissie
Prof. dr. P. Pickkers
Prof. dr. L.A.B. Joosten
Prof. dr. N.D. Bouvy (Maastricht UMC+)

Paranimfen
Kiedo Wienholts
Stijn Bluiminck

Table of Contents
CHAPTER 1

Introduction

9

CHAPTER 2

The gut microbiome and the mechanism of surgical infection
British Journal of Surgery

23

CHAPTER 3

Mice fed an obesogenic Western diet, administered antibiotics,
and subjected to a sterile surgical procedure develop lethal
septicemia with multidrug-resistant pathobionts
mBio 2019

41

CHAPTER 4

Low-fat/high-fiber diet prehabilitation improves anastomotic
healing via the microbiome: an experimental model
British Journal of Surgery

71

CHAPTER 5

Novel de novo synthesized phosphate carrier compound ABAPEG20k-Pi20 suppresses collagenase production in Enterococcus
faecalis and prevents colonic anastomotic leak in an experimental
model
British Journal of Surgery

91

CHAPTER 6

Oral polyphosphate suppresses bacterial collagenase production
and prevents anastomotic leak due to Serratia marcescens and
Pseudomonas aeruginosa
Annals of surgery

107

CHAPTER 7

Can methicillin-resistant Staphylococcus aureus silently travel
from the gut to the wound and cause postoperative infection?
Modeling the “Trojan Horse Hypothesis”
Annals of surgery

125

CHAPTER 8

General Discussion

149

CHAPTER 9

Future perspectives

161

CHAPTER 10

Summary

171

APPENDICES

Nederlandse samenvatting
Research data management
List of publications
PhD portfolio
Acknowledgments / Dankwoord
About the author

176
179
180
184
186
188

CHAPTER 1

Introduction

CHAPTER 1

BURDEN OF SEPSIS AND ANASTOMOTIC LEAK
Sepsis has been recognized as a clinical entity since 1000 BC. Initially, it was described as
putrefaction of blood and tissues with fever by Avicenna and subsequently modified by
Boerhaave, von Liebig, Semmelweis, Pasteur, Lister, Lennhartz (1). According to a 1991
consensus report, sepsis is defined as deleterious systemic inflammation and immune
response due to microbial invasion, with clinical features of fever, tachycardia, leukocytosis
leading to multi-organ failure, immunosuppression and death (2). It is proposed that
patients dying of infectious diseases inevitably die of sepsis, suggesting that it is not the
infection per se that kills the patient, but rather the host immune response itself as the
collateral damage of the immune response against the infection is what leads to the ultimate
demise of the patient. Sepsis is a major public health problem and leading cause of death
(3). In patients with sepsis, mortality increases significantly with disease severity; presence
of septic shock and organ failure increase mortality from 10% to 80%. Recent published
data from Centers for Disease Control and Prevention (CDC) estimates 1.7 million adult
Americans develop sepsis each year; of those, nearly 270,000 Americans die, and one in
three patients who die in a hospital have sepsis. It is among the most expensive conditions
treated in US hospitals accounting for $23.663 billion costs in 2013(2, 4) and the incidence
of sepsis among hospitalized patients is increasing by 8.7% per year. The causative organisms
for sepsis are many and their mechanisms of action have been elucidated over many years.
For example, sepsis has been considered to be secondary to Gram-negative bacterial
endotoxin. Yet, in the last 25 years, the scientific community has begun to recognize gram
positive bacteria as an important cause of sepsis in addition to gram negative sources. (5).
Even more recently, sepsis due to fungal infection has grown at an even more rapid pace.
This may represent a general increase in nosocomial cases of sepsis, or it may reflect effective
antibiotics for treatment of bacterial infections, thus promoting fungal infections (6).
Despite asepsis protocol, antibiotics and local decontamination procedures, sepsis remains
a major concern for surgeons in the form of surgical site infection that include wound
infections, deep organ space infections, anastomotic leaks and postoperative pneumonia.
For the gastrointestinal surgeon, anastomotic leaks are among the most feared and deadly
infection-related complication causing peritonitis, sepsis and need for emergency surgery.
(7). The incidence of anastomotic leak following colorectal surgery ranges from 1.6%-16%
(8). Of note, the presence of bacterial strains within the gut, such as Pseudomonas aeruginosa
or Enterococcus faecalis are associated with higher incidence of anastomosis leak (10).
Anastomotic leaks lead to increased clinical burden with a rise in 30-day re-admission
rates, more frequent postoperative infections, longer average length of stay and elevated
economic burden with hospital costs increased by $24000 within the first period of
admission (9).
10
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DIET AND THE GUT MICROBIOME
In the context of anastomotic leak and it consequences such as peritonitis, sepsis and death,
diet is emerging as important regulator of the microorganisms present in the gut that might
predispose to this complication. Microorganisms have coevolved within the intestines of
hosts to form a complex ecosystem known as intestinal microbiota which comprises of vast
number of bacteria, fungi, archaea, viruses, and protozoans. The human gastrointestinal
tract harbors at least 1014 bacteria with the highest density in the large intestine. Because
of its importance, the gut microbiome has been considered as a fourth organ of the digestive
system or the “forgotten organ”. The US Human Microbiome Project Consortium reports
more than 2,000 species, classified into 12 different phyla, of which 93.5% belong to
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes (11). The Firmicutes and
Bacteroidetes account for greater than 90% of the bacterial population in the colon.
Firmicutes are composed of both obligate and facultative anaerobic bacteria with most
being Gram-positive and are able to form endospores. Oxygen-tolerant pathobionts such
as Enterococcus species which belong to Firmicutes are found in low abundance but can
undergo pathogenic expansion during intestinal dysbiosis (12). Bacteroidetes are composed
of both anaerobic and aerobic, non-spore-forming, Gram-negative, rod-shaped bacteria
that colonize the entire intestinal tract. Bacteroidetes degrade complex carbohydrate
releasing volatile short-chain fatty acids (SCFAs) such as acetate, butyrate and propionate
that are reabsorbed by the host for energy. Additionally, SCFAs have been implicated to
regulate intestinal epithelial cell growth, differentiation and stimulation of the immune
system along with regulation of intestinal resistance to Enterobacteriaceae (13).
Actinobacteria and Proteobacteria are present in low abundance within the gut microbiome.
Actinobacteria are composed of aerobic and anaerobic bacteria with Bifidobacteria species
as one of the major genera of bacteria residing in the intestinal tract (14). Bifidobacteria
species protect against pathogens through various processes such as competitive exclusion
(15), bile salt hydrolase activity, immune modulation by their ability to adhere to the mucus
layer in the intestinal epithelium (16). Proteobacteria encompass a wide variety of Gramnegative bacteria. Although Proteobacteria are natural inhabitants of the intestine, they
normally comprise a small minority in a homeostatic microbial community. Increased
prevalence of Proteobacteria in a gut microbial community can serve as a potential
diagnostic signature of dysbiosis and risk of disease. Among proteobacteria, pathogenic
Gram-negative bacteria such as Escherichia coli, Klebsiella species, Pseudomonas aeruginosa,
Proteus mirabilis, Serratia marcescens are normally found in low abundance, but have the
potential to overgrow during dysbiosis (17) causing postoperative sepsis (18-20) and
anastomotic leak (10, 21).
The composition of the gut microbiome is influenced by multiple factors such as host
genome, the immune system and diet. The concept of “let food be thy medicine” was coined
11
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by Hippocrates over 2,000 years ago. Dietary nutrients can directly promote or inhibit gut
microbiome growth by affecting microbial capability to extract energy. Diet has direct
competitive advantage to select members of the gut microbial community, rendering them
more capable of proliferating at the expense of less-adept members. This is reflected by the
observation that diet affects not only the relative and absolute abundance of gut bacteria
but also their growth kinetics. Diet has emerged to be a pivotal determinant of gut microbial
community structure that is known to play an important role in maintenance of host
physiology, including its metabolism, immunity and neuronal development (22). Therefore,
introducing different dietary nutrients into the environment of the host and its microbiota
has the potential to either maintain homeostasis or contribute to disease susceptibility (23).
The industrial revolution during the eighteenth and nineteenth centuries significantly
changed the dietary patterns of the general population of industrializing nations towards
increased consumption of high fat, high carbohydrate and low fiber foods known as the
Western diet. Western diet has resulted in an altered genetic composition and metabolic
activity of the gut microbiome and subsequent disruption of host-microbiome symbiotic
relationships. Such dysregulation of host-microbe interactions is suspected to contribute
to pathologies and promote diverse forms of inflammation-related diseases such as obesity,
diabetes mellitus, and hypertension in the developed world (24). The gut microbiota of
hunter-gatherers well before the industrial revolution was distinct and harbored greater
diversity as compared to that of the microbiota of the western population, potentially due
to increase consumption of dietary fibers (25, 26). These hunter-gatherers are relatively free
of chronic health conditions such as diabetes, hypertension and obesity but develop all
these chronic health conditions once their diet is transformed to western diet (27). Hence,
diet modification would be a simple key step to maintaining gut microbial homeostasis
and improving health outcomes.

ROLE OF GUT BACTERIA IN SEPSIS AND ANASTOMOTIC LEAK
The human gastrointestinal tract contains a wide variety of aerobic and anaerobic bacteria
with residence of unique bacterial flora in each section of the intestinal tract (28). In the
colon, Enterobacteriaceae and obligate anaerobic bacteria are predominant potential
pathogens but their low abundance is maintained by the normal anaerobic flora (29). The
indigenous microbiome exerts an important influence in preventing colonization with
exogenous pathogens known as colonization resistance. Antibiotic decontamination of the
gut not only favors persistent colonization with pathogenic bacteria but also facilitates
translocation of pathogenic bacteria to the lymphatic system (30). During critical illness,
antibiotic treatment or parenteral nutrition therapy causes disruption of the gut microbiome
followed by growth of Enterobacteriaceae, particularly E coli (31). Since gut microbiome is
12
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important for heath maintenance, an altered gut microbiome is thought to play an important
role in increasing the susceptibility to sepsis, systemic inflammatory response syndrome
(SIRS) and multiple organ dysfunction syndrome, perhaps due to its influence on immune
regulation (32). Analysis of fecal microbiome of patients with SIRS revealed markedly lower
total anaerobic bacterial composition (Bifidobacterium and Lactobacillus) with increased
facultative anaerobes such as Staphylococcus and Pseudomonas (33). Enterobacteriaceae has
been mostly implicated in gut derived sepsis through increased bacterial translocation from
intestine to other organs (34). Marshall et al. found that over 90% of ICU patients with
infection had at least one episode of infection with an organism present in the gut (35).
Yet it is not just the presence of bacteria, but rather there in vivo expression of virulent
genes that are conditionally expressed following injury or infection. Bacteria express
virulence genes in response to environmental cues via the well-established quorum-sensing
signaling system (36). This system allows communication between bacteria to sense their
population density and regulate gene expression accordingly, presumably in the amount
necessary to overcome the host (37). E. coli increases its adherence phenotype in presence
of norepinephrine via signaling molecules involved in the quorum-sensing system. Likewise,
P. aeruginosa isolated from critically ill and immunocompromised patients causes sepsis
via mechanisms involving disruption of the epithelial barrier. These strains harbor unique
genes and display high swimming motility and adhesiveness (38). It is possible that the
ability of bacteria to regulate gene expression in response to environmental cues is crucial
to their ability to survive and compete with other organisms. In this regard, the expression
of a lethal phenotype in a given bacterial population may be governed by extraordinary
induction of its virulence genes at a time of unique host susceptibility. This may result in
lethal gut derived sepsis when intestinal pathogens express virulence factor in response to
environmental signals indicating host stress. One such environmental signal is low mucosal
phosphate levels, a conserved and key nutrient for bacterial survival, which can become
locally depleted in response to surgical stress. Opportunistic pathogens directly sense low
phosphate conditions and activate their virulence circuitry to cause lethal gut derived sepsis.
Similarly, alteration in pH, redox state, increase norepinephrine in the intestinal tract are
other environmental cues due to surgical stress that drive in vivo expression of virulence
genes leading to lethal gut-derived sepsis (39).
Yet not only are pathogenic bacteria, the expression of their virulence genes and loss of the
normal microbiota potentially detrimental to the surgical patient, but they can also
predispose to an anastomotic leak as there is now a wound in the gut from surgery. The
role of bacteria in anastomotic complications has been first described by Cohn and Rives
where they found antibiotics delivered directly into the devascularized segment at the
anastomotic site prevented complications (40). Blain and Kennedy demonstrated parenteral
13
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penicillin partially protected ischemic bowel from necrosis (41). Previous work from Dr.
Alverdy’s lab at the University of Chicago has shown that anastomotic leak is a local
complication of infection. Gut bacteria are difficult to eliminate even with the current
standard regime of bowel preparation and antibiotic treatment. Change in microbial
composition and function following anastomotic repair may potentially accelerate or
complicate anastomotic healing. Shogan et al. (42) found anastomotic repair induced
significant change in the anastomotic tissue microbiota with increase in the relative
abundance of Enterococcus in a rat model (43). In human studies with and without
anastomotic leak after stapled colorectal anastomosis, van Praagh et al. showed that patients
with anastomotic leak had lower microbial diversity and higher abundance
of Lachnospiraceae and postulated that the higher rate of anastomotic leak may be explained
by the presence of mucin-degrading Ruminococci within that family (44). A study from
South Korea found that diabetes mellitus and prolong antibiotic treatment are major risk
factors for acquisition of multidrug-resistant bacteria in patients with anastomotic leak
following colorectal cancer surgery. In this study, Enterococcus species were commonly
isolated gram-positive bacteria and P. aeruginosa and Enterobacter species were commonly
isolated gram-negative bacteria from anastomotic leak site (45).

ROLE OF PHOSPHATE IN SUPPRESSING BACTERIAL
VIRULENCE
In order for microbes to survive and proliferate in the complex environment of the intestine,
they must be able to forage to gain access to nutrients especially those know to support
their growth such as phosphate. Individual microbial species have uniquely adapted to
their preferential microenvironmental niches. Signals present in these microenvironments
play key roles in shaping host-microbe interactions. Disruption of these homeostatic signals
leads to pathogenic conditions such as overgrowth of commensal bacteria or submucosal
invasion of commensal bacteria which elicit the host inflammatory response. One of the
homeostatic signals is the mucosal phosphate level which is decreased by almost ten times
during states of acute stress.
Inorganic phosphate (Pi) is an essential macronutrient for bacteria and eukaryotic
organisms. Phosphate is absorbed from Na+ P+ transport in small intestine. It is the sixth
most abundant element in all living organisms including bacteria. Pi, a component of ATP
which is a form of energy storage in all cell, plays an important role in cellular regulatory
process in both human and gut bacteria. Pi is an important component of membrane
phospholipids and incorporates into proteins during post-translational modifications. Pi
is necessary for normal functioning of red blood cells, platelets, and oxygen release from
14
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oxyhemoglobin in humans. During surgical trauma or sepsis, a redistribution of phosphate
occurs from extracellular fluid into the cells contributing to significant hypophosphatemia.
Stimulation of glycolysis with a release of catecholamine and drawing of phosphate from
extracellular to intracellular compartments is thought to be one of the mechanisms of
hypophosphatemia (46). Similarly, increased levels of interleukins activate immune cells
that utilize most of the remaining extracellular phosphate. In sepsis, severe
hypophosphatemia is correlated with increased cytokine levels and is an independent
predictor of mortality, increasing the risk of death by nearly 8-fold (47).
Given the crucial role of Pi in cell metabolism, bacteria have evolved several mechanisms
to sense Pi concentrations and regulate Pi metabolism accordingly. Pi starvation induces
the expression of Pi starvation-inducible (psi) genes, which encode several proteins involved
in Pi uptake and metabolism. These genes are members of the Pho regulon, a global
regulatory circuit involved in bacterial Pi management. Low Pi leads to a severe physiological
reorganization, which influences not only Pi metabolism but also many other metabolic
and structural traits (48). Among such physiological reorganization, changing shape to
enhance the surface to volume ratio, increasing contact with the surrounding environment,
and enhancing chances to capture essential nutrients including phosphate has been reported
in the literature. Low Pi levels can affect regulation of up to 400 genes including virulencerelated genes which could play a crucial role in the establishment and maintenance of
interactions with eukaryotic hosts (49). These genes may be related to biofilm formation
(50), enhancement of motility (51), induction of collagenase production, or ability to
withstand oxidative stress that alters the interaction between bacteria and host.
Opportunistic pathogens directly sense low phosphate conditions within the gut during
surgical injury as a signal of host injury and activate virulence circuitry that causes lethal
gut derived sepsis (52). P. aeruginosa is one of the opportunistic pathogens whose virulence
gene activation is highly sensitive to depletion of extracellular phosphate. Depletion of Pi
in the distal gut changes the phenotype of Pseudomonas into one that is highly virulent,
multidrug resistant and a lethal phenotype demonstrating PstS-rich surfaces structures
induced by PhoB. These phenotypes are capable of producing toxic materials such as
phenazine and pyocyanin. Phosphate limitation activates Pho regulon and induces a shift
of B. fragilis from a gut symbiont to a pathogenic phenotype, leading to successful infection
and survival in peritoneal abscesses (53). Similarly, Candida albicans which normally
colonizes mucosal surface can phenotypically change to a more virulent filamentous form
and become more invasive in the phosphate-limited conditions observed in critically ill
patients (54). Hence, phosphate is one the micro-elements in the gut environment that
maintains a symbiotic relationship between the host and gut bacteria. Taken together, these
findings suggest that embedding functionally durable phosphate at key sites of the hostmicrobiota interface could be an effective anti-virulence approach to preventing anastomotic
leak, sepsis and surgical site infections in those patients most at risk.
15
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AIMS
The first aim of this thesis is to understand the role of the gut microbiome in surgical site
infections that involve infections in the wound, those that result in anastomotic leak and
those that lead to the morbid and lethal condition of sepsis.
The second aim is to model these processes in mice and understand the role of diet and
antibiotic exposure, two of the most major factors that alter the microbiome, in the processes
of anastomotic leak, wound infection and sepsis.
The third aim is to determine the mechanisms by which exposure of mice to a western diet
and antibiotics increase the incidence of anastomotic leak and determine, how short term
dietary prehabilitation with a high fiber chow-based diet can mitigate its incidence.
The fourth aim is to test if supplementation of phosphate rich compounds Pi-PEG
(Phosphorylated Polyethylene Glycol) and PPI-6 (Polyphosphate), a novel compound that
durably embed phosphate in the gut during stress and dietary manipulation, can prevent
anastomotic leak by suppressing collagenase production by E. faecalis and S. marcescens.
The fifth aim is to model a “Trojan horse hypothesis,” a mechanism whereby intestinal
pathogens silently travel to the operated wound and cause wound infection, and determine
its plausibility as to cause surgical site infection. This will be accomplished by gavaging
mice with labeled strains of methicillin resistance Staphylococcus aureus and demonstrating
their travel from the gut to the wound.

OUTLINE
Chapter 2 is a review of evolving concepts of the gut microbiome and is role in the
mechanism of surgical site complications. Despite major advances in preoperative care,
surgeons today are witnessing rising infection related complications following elective
surgery. Many of these infections are caused by resistant and virulent micro-organisms.
Despite strict asepsis these bacteria have emerged as a result of human progress, changes
in diet, stress, antibiotic treatment and chronic illness. In this chapter, a more complete
understanding of the role of the gut microbiome in surgical site complications and their
preventive measures is discussed.
Chapter 3 In this chapter, a novel mouse model of gut derived sepsis by manipulation of
gut microbiome is described. When mice are fed an obesogenic high fat western diet, they
16
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become susceptible to lethal sepsis with multiple organ failure after exposure to antibiotics
and 30% hepatectomy which is otherwise a recoverable surgical injury. Analysis of gut
microbiota in this model demonstrates that western diet alone leads to loss of Bacteroidetes,
a bloom of Proteobacteria, and evidence of antibiotic resistance development even before
antibiotics are administered. After administration of antibiotics and surgery, lethal sepsis
with organ damage develops in mice fed a western diet with an appearance of multi drugresistant pathogens in liver, spleen and blood.
Chapter 4 describes a study which demonstrates that a western-type diet has a major
adverse effect on both the intestinal microbiome and anastomosis healing following colonic
anastomosis. This adverse effect has been reversed by a short course of dietary rehabilitation
in the form of a low-fat high fiber diet composition. Taken together, these data suggest that
dietary modification before major surgery can improve surgical outcomes via their effects
on the intestinal microbiome.
Chapter 5 describes a study of novel strategies to suppress E. faecalis virulence on
anastomosis tissues. Clinical studies demonstrate that E. faecalis is the most common
organism present at sites of anastomotic leak. It causes anastomosis leak by degrading
wound collagen by producing collagenase enzymes. These bacteria are not routinely
eliminated by standard oral or intravenous antibiotics. This study demonstrates the efficacy
of the ABA-PEG20k-Pi20 compound in preventing anastomotic leak due to collagenolytic
E. faecalis in a mouse model.
Chapter 6 describes a study of novel strategies using polyphosphate (PPI-6) to suppress
Serratia marcescens and Pseudomonas aeruginosa collagenase production and anastomotic
leak in mice undergoing colon surgery. The study demonstrates that collagenase production
of these virulent bacteria is suppressed by polyphosphate and leads to prevention of
anastomotic leak. Hence, PPI-6 may represent a novel probiotic strategy to prevent
anastomotic leak.
Chapter 7 describes a study on whether intestinal colonization with methicillin resistant
Staphylococcus aureus (MRSA) can be the source of surgical site infection (SSIs). This study
demonstrates that gut derived MRSA may cause SSIs via mechanisms in which circulating
immune cells scavenge MRSA from the gut and home to surgical wounds (Trojan Horse
Hypothesis) even in the absence of direct contamination of the surgical site.

17
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ABSTRACT
Since the very early days of surgical practice, surgeons have recognized the importance of
considering that intestinal microbes might have a profound influence on the recovery from
surgical diseases such as appendicitis and peritonitis. Traditionally the pathogenesis of
surgical diseases such as cholelithiasis, diverticulosis, peptic ulcer disease and cancer have
been viewed as disorders of host biology having little to do with the surrounding microbiota.
Yet the discovery that peptic ulcer disease, and in some cases gastric malignancy, can now
be considered as infectious diseases, has made modern surgeons take pause and realize
that viewing humans as superorganisms consisting of both host and microbial genes may
be necessary to more completely understand the diseases that they treat and the action of
the surgery they perform. This recognition has also led to the further realization that the
products of human progress such as the routine intake of highly processed food, the
promiscuous use of antibiotics, a reduction in overall sleep time and potent doses of
chemotherapy and radiation, are major stressor to the microbiome, the consequences of
which remain unknown. Applying this line of reasoning to the ever-aging high-risk
population of patients facing surgeons today, begs a more complete understanding of their
effects on both the host metabolome and microbiome. Despite major advances in
perioperative care, surgeons today are witnessing rising infection-related complications
following elective surgery. Many of these infections are due to highly resistant and virulent
microorganisms that have emerged as a result of human progress including global travel,
antibiotic exposure, crowded urban conditions and the application of highly invasive and
prolonged medical and surgical treatment. Therefore, a more complete understanding of
the role of the microbiome in surgical disease is warranted in order to inform the path
forward for prevention.
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INTRODUCTION
The discovery of Helicobacter pylori as a cause of peptic ulcer disease was truly disruptive
to how surgeons viewed their approach to the study of surgical diseases. Once the domain
of the surgeon-scientist, peptic ulcer disease was described by Schwartz as a disease that
followed the dictum “no acid, no ulcer.” When Barry Marshall’s brave experiments to fulfill
Koch’s, postulates required that he ingest the bacterium himself in order to prove causality
between H. pylori and ulcer disease, the idea that an infectious agent can cause a surgical
disease was borne. Yet as experienced surgeons and gastroenterologists who regularly care
for patients with ulcer diatheses are keenly aware, such tidy stories are rarely complete
explanations for the protean clinical manifestations they encounter when treating complex
diseases such as peptic ulcer disease.
Yet despite the remarkable discovery of H. pylori and its relevance to peptic ulcer disease,
much confusion has arisen in the wake of this important discovery. For example, we cannot
reconcile the observation that in developing countries the prevalence of colonization with
H pylori approaches 80% while its prevalence in industrialized nations has been estimated
at 20-50%. Yet most of these patients never develop ulcer disease. Clearly other lines of
defense must breakdown before H pylori is able to damage the epithelium. Among these is
the cytoprotective mucus layer and the normal microbiota, which themselves are critical for
the maintenance of a thick mucus coat. This controversy has led scientist to develop a specific
lexicon to describe causality between a given factor (i.e infectious agent) and a host phenotype
(peptic ulcer) using the qualifier that in order to implicate a particular factor in a disease
phenotype, the factor must be both “necessary” and “sufficient” to cause the disease. In many
cases H. pylori alone is not sufficient to cause ulcer disease and similarly it is not necessary
as ulcers can develop in the absence of H. pylori. Unfortunately, the H pylori story was wholly
dismissive of the potentially role of the microbiome in the pathogenesis of ulcer disease,
which is now coming to light (1). The presence of an abundant and diverse microbiome
within the stomach and duodenum may be an unrecognized defense factor in the
pathogenesis of ulcer disease (2). This may even include the more common non-steroidal
anti-inflammatory (NSAIDs) medicate ulcers that are rapidly becoming the most common
cause of ulcer disease. For example, mice chronically fed NSAID agents will develop
spontaneous intestinal ulcers and perforations whereas mice treated with antibiotics or raised
in germ free conditions are protected against NSAID- induced ulcerations and perforations
(3-6). The clinical context of these experimental observations may be significant (7). For
example, surgeons occasionally are consulted on to treat ulcers (gastric, duodenal,
anastomotic, small intestine) that do not heal despite maximal medical therapy. Often, like
an infected extremity ulcer, these ulcers can only be treated with excision. Is the persistence
of these ulcers a function of an infection with a yet-to-be identified pathogen or community
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of pathogens (i.e pathobiome)? Or alternatively stated, do some patients lack a sufficiently
diverse and abundant microbiome in order to heal the ulcer? Such questions beg a more
precise description of when a microbiome becomes a pathobiome and the conditions under
which a pathobiome produces disease (8).

DEFINITION OF THE MICROBIOME
While there are many definitions of the term “microbiome”, in this review we will define it
to encompass all of the microbial consortia (both commensal and pathogenic bacteria,
viruses, and fungi), their genes, their gene products (proteins, metabolites), their community
structure (distribution, diversity, evenness) and the particulars of the environment in which
they reside. What has allowed the scientific community to move from speaking about a
cultured microbial species as a causative pathogen versus this expanded description of a
microbiome, is the ability to measure beyond simple culture and antibiotic sensitivity. DNA
and RNA sequencing, mass spectrometry (MS/MS), and proteomics allow for the
measurement of multiple elements within a sample, be it from the bottom of the ocean, a
home plumbing system or at an anastomotic tissue site. Sequencing and MS/MS can
describe not only who is there, but who they are with, what they are doing, how and along
which arrangement are they interacting with one another, and if the local environment
(pH, redox state, phosphate, nitrogen, carbon, etc) are sufficient to support their growth
and diversity (9). From this explosion of measurements across multiple environments and
their regional and spatial context are emerging definitions of what might be identified as
a “health-promoting microbiome” versus a “disease-promoting microbiome” or pathobiome.
When microbiome measurements do not conform to a defined normal configuration, such
as when diversity, abundance, or evenness is lost, or when known harmful pathogens are
identified to predominate in the community, the inadequate term dysbiosis is often used.
A developing concept in microbiome science is that a highly diverse and abundant
microbiome provides resilience to the host much along the lines that the normal microbial
flora of the gut provides colonization resistance to invading pathogens (10). However, this
conceptual framework has shifted from the simple notion that the normal intestinal
microbiota provides “mass effect” to competitively exclude transient pathogens, to one in
which the intestinal microbiome is actively engaged with the host through receptors on the
lining of the intestinal epithelia that communicate via dendritic cells to elements of the
systemic immune system and provide tonic and health promoting influences on overall
host health maintenance (10). Data are now emerging to suggest that the healing of wounds
and tissues remote from the gut microbiome, such as the liver, lung and surgical incision,
are positively influenced when the gut microbiome expresses a diverse and abundant
community structure and function (vide infra).
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The idea that the healing of a surgical wound can be influenced by the intestinal microbiota
in the absence of direct contamination was recently reported and observed to involve the
neuropeptide oxytocin (11). In this study the authors demonstrated that supplementing
food with lactic acid microbes accelerated wound healing in the skin via vagal nervemediated oxytocin stimulation, the effect of which recruited T cells to the wound resulting
in accelerated healing. In another study, investigators demonstrated that mice raised in a
germ-free environment produce scarless wounds characterized by less neutrophil
recruitment to the wound site and a greater degree of vascularization as judged by the
accumulation of vascular endothelial growth factor (VEGf) within wounds (12). Taken
together these studies indicate the intestinal microbial environment may have an
unappreciated regulatory role in wound healing throughout the body. Furthermore, the
techniques employed by these studies will finally afford surgeon-investigators the
opportunity to elucidate the mechanisms by which a given management approach
(nutritional support, antibiotics, use of opioids, bowel preparation) either enhances or
hinders recovery from surgery.

THE GUT MICROBIOME CAN INFLUENCE THE HOST IMMUNE
SYSTEM AND METABOLOME WITHOUT BACTERIAL
TRANSLOCATION OR DISSEMINATION
In order to understand how the gut microbiome influences the occurrence, course and
outcome of surgical infection, it is important to be aware of the various emerging
mechanisms that indicate that a diverse and abundant intestinal microbiome provides tonic
stimulation to the immune system at the microbial-epithelial interface. Work by Mazmanian
and others have elegantly demonstrated that highly abundant commensals such as
Bacteroides fragilis and Bifidobacteria secrete key metabolites that provide tonic stimulation
to epithelial receptors leading to profound effects on immune function throughout the
body (10). Intestinal bacteria need not translocate to active these signals as their simple
engagement with epithelial receptors or the long reaching arms of dendritic cells (antigen
presenting cells) insinuated between the epithelia, is sufficient to transduce the information.
Alternatively, many of the metabolites of intestinal bacteria can be taken up by epithelial
cells and undergo modifications to active compounds such as occurs when bacterial-derived
tryptophan is converted to serotonin and then absorbed (13). Yet the fate of bacterial
metabolites is difficult to predict given that the gut lumen is a challenging environment
where bacterial metabolites can either be degraded or absorbed depending on competing
microbes and the particulars of the local physico-chemical environment. Therefore, complex
measurements of the intestinal microbiome such as with the use of 16s rRNA sequencing
to display the community structure and taxa that are present in an expelled stool sample,
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and identification of specific metabolites and proteins in a given expelled stool sample,
cannot necessarily be contextualized to a specific disease phenotype as yet. Experimentally
the use of germ-free mice in whom transfer of the microbiota from a mouse displaying a
particular clinical phenotype via fecal transplant, can provide some causal inference as to
the relationship between these factors and the disease of interest. Today what can be inferred
from microbiome data generated from human fecal samples among injured and infected
patients is that a loss of microbial diversity and abundance in the gut is associated with
worse outcome by mechanisms that remain to be clarified (14,15). Speculatively, the adverse
consequences of loss of the intestinal microbial consortia and their exoproducts following
surgical injury results in loss of host resilience mechanisms that are driven by loss of tonic
stimulation of the immune system by the colonizing microbiota.
Several studies have now documented that loss of the intestinal microbial consortia and
their exoproducts can occur within as little as six hours following a sudden insult (16,17).
There is a near 90% loss of microbial abundance and a significant decrease in important
cytoprotective metabolites such as short chain fatty acids that occurs following a sudden
insult such as a myocardial infarction, stroke or a burn injury (18). Although data are not
yet available, it can be assumed that as the underlying insult is effectively treated by modern
medical and surgical care, intestinal refaunation occurs and then drives a recovery-directed
immune response. It may for this reason, among others, that fast, technically meticulous
and bloodless operations tend to be associated with excellent outcomes whereas longer
more complex operation requiring prolonged antibiotic exposure and prolonged
hospitalization are associated with worse outcomes. However, the precision to predict which
patients will do worse may lie in the degree to which the microbiome can refaunate and
drive a recovery-directed immune response. While the science behind this notion is in its
early descriptive phase, there is a growing body of literature to substantiate that patients
who are critically ill (8,19) and those undergoing bone marrow and stem cell transplantation,
recover in association with reestablishment of the intestinal microbiome (20).

MICROBIOTA ARE KEY PARTICIPANTS IN THE GUT-LUNG,
GUT-LIVER, GUT-BRAIN AND GUT-WOUND AXIS
As has been discussed, the intestinal microbiome may have positive influences on the
healing of remote tissues via its interaction with the intestinal epithelium which can engage
and activate downstream signals of the immune system (10). Yet it is also important to
recognize that the intestinal microbiome may exert similar influences via the enteric
nervous system and via absorption of yet-to-be-identified metabolites that reach remote
tissues. With the availability of germ-free mice and transgenic mice harboring various
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reporter genes, it is now possible to invoke alterations in the gut microbiome to disorders
within the brain, lung, liver and other tissues. For example, the lung is protected against
pneumonia when the intestinal microbiome maintains a diverse and abundant community
membership (21,22). Antibiotics directly impair this process by eliminating the microbiome’s
probiotic effect on the immune system which has a far reach into the local inflammatory
response of the lung. Similarly, liver regeneration, a critical response following major hepatic
resection, is highly influenced by the normal structure and function of the intestinal
microbiome. Recent studies suggest that the commensal bacteria maintain Kupffer cells in
a tolerant state thus preventing subsequent NKT cell overactivation during liver regeneration
(23). Use of antibiotics (ampicillin) has a potent inhibitory effect on liver regeneration in
mice (24). The use of fecal transplantation in these models is another mechanism by which
the observed host phenotype can be traced back to the membership of the intestinal
microbiota. Yet in many of these cases involving a positive effect of fecal transplantation
on the host phenotype, the conclusion that the whole is greater than the sum of the parts
makes it challenging to identify a single microbe and/or secreted exoproduct that is
responsible for the observed effect. To date, many of these experimental models remain
descriptive and much remains to be learned about the mechanisms underlying these striking
clinical observations. Particularly exciting is the prospect that the gut microbiome may
have a major influence on brain function and autoimmune disease through common
mechanisms outlined above.
In the aggregate the information thus far provided should force surgeons to carefully
consider the indications, doses and duration of antibiotics they commonly use to care for
surgical patients. This has been highly debated for example in the treatment of acute
pancreatitis (25). Although traditionally, surgeons have been cautious about their antibiotic
use so as to avoid superinfections such as Candidiasis or Clostridium difficile colitis,
emerging information on the important role of the intestinal microbiome on maintaining
a recovery-directed immune response provides yet another incentive to stop antibiotics
when they are not needed. Recent studies from the STOP-IT trail suggest that 5 days of
antibiotics to treat intraabdominal infection is equivalent, in terms of eradicating infection,
to 10 days of antibiotic treatment (26). The longstanding controversy surrounding the use
of antibiotics in pancreatitis has not traditionally consider that preservation of the normal
microbiota by withholding antibiotics may actually provide an immune advantage to
patients. Randomized trials in which patients with severe acute pancreatitis were
randomized to a probiotic regimen or placebo, but received prolonged broad-spectrum
antibiotics, showed no difference in outcome (infections, mortality) (27). This is not
surprising given that the provision of antibiotics to both groups of patients could alone
have negated any effect of the probiotic regimen which itself might have been eliminated
by the antibiotics used in the study. In light of emerging knowledge demonstrating the role
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of the microbiome to drive a recovery-directed immune response, clinical trials involving
the role of the microbiota on the course and outcome of severe acute pancreatitis will need
to be significantly re-designed. These studies might include a high-resolution analysis of
the microbiome in each patient and an assessment of the community structure, membership
and diversity of each patient in the study. Patients whose microbiome appears to have
collapsed during the course of pancreatitis could then be randomized to repletion, either
with a probiotic regimen or a fecal transplant, or placebo. In the current era of precision
medicine, it is no longer tenable to randomize patients to one treatment versus another
and only examine gross clinical outcome variables as such studies are limited in their
capacity to inform mechanism. In this regard the microbiome can be considered to be yet
another variable to be accounted for in the host response to surgical intervention, infection
and injury.

ADHESIONS, ILEUS, AND ANASTOMOTIC LEAK: THE ROLE OF
THE MICROBIOME BEYOND SURGICAL SITE INFECTIONS
Enhanced recover after surgery (ERAS) programs have emerged all over the world as a
method to develop practical approaches to minimize the stress of surgery and limit the
time of hospital confinement with the overall goal of improving patient outcome (28).
Among the various methods applied in ERAS programs are to provide oral nutrition at the
earliest possible time point, to promote early laxation by early ambulation, limiting the use
of opioids and applying laxatives when determined to be safe. Among the various goals of
ERAS is to prevent the development of ileus and infection, two of the most common reasons
for prolonged length of stay and readmission to the hospital following gastrointestinal
surgery. If one were to examine each of the elements of ERAS for their effect on the intestinal
microbiome, they would each be significant and substantial. For example, lack of enteral
nutrition has been shown by our group and others to have a profound effect on the
community structure, membership and function of the microbiome with consequences on
the incidence of surgical site infections (29). Similarly, the use of opioids in surgery has
been shown to be an independent risk factor for the development of surgical site infections,
sepsis and ileus (30). Not only do opioids have a suppressive effect on the immune system,
but more importantly they have been shown to dramatically affect the community structure
and function of the intestinal microbiome (31,32). Our group has made the novel
observation that opioids can directly shift the virulence state of intestinal pathogens by
activating their quorum sensing system, a molecular pathway in which bacteria sense “cues”
in the local microenvironment and accordingly express virulence genes (33,34). We have
demonstrated that the consequences of this direct action of opioids on bacterial virulence
expression are an increase in sepsis and sepsis-related mortality in mice. Blockage of the
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peripheral action of opioids with specific competitive antagonists such as alvimopan has
been shown to dramatically decrease surgical complications following intestinal surgery
such as surgical site infections, ileus, and anastomotic leak (35). Although the precise
mechanism of action of this effect remains to be clarified, there is likely a significant
contribution of the intestinal microbiome in this response.
Ileus and adhesion formation remain important concerns for surgeons operating within
the abdominal cavity. The extent to which the intestinal microbiome contributes to both
of these complications is unknown. However, there is compelling evidence to suggest that
the intestinal microbiome plays a key and contributory role in the pathogenesis of both
ileus and adhesion formation. This conclusion is based on experimental and clinical
observations in which germ-free conditions or antibiotic use, such as oral non-absorbable
antibiotics, reduce or eliminate the incidence of these complications (36-38). Yet despite
these interesting observations, because of the empiricism of the clinical studies and their
lack of mechanistic detail, applying universal guidelines for patient management cannot
move forward. Today we still do not know which of the intestinal microbes should be
preserved and which should be eliminated. Furthermore, we cannot selectively eliminate
the pathogens which drive surgical complications within the microbiome while at the same
time preserve the health promoting microbiota. It is important to realize that many of the
identified causative pathogens such as Enterococcus faecalis, Pseudomonas aeruginosa,
methicillin resistant Staphylococcus aureus exist within the intestinal microbiome as low
abundance pathogens (<1% of the total). They only bloom when the normal microbiota
are eliminated by either broad spectrum antibiotics, surgical injury and other factors related
to physiologic stress. As such the broad “kill strategy” employed by surgeons to suppress
the harmful effects of intestinal pathogens remains not only empirical, but based on the
limited knowledge provided by culture alone. Furthermore, much of the antibiotics used
today are based on 50 culture data that do not incorporate the microbiome shifts that have
occurred in today’s patient population who have been exposed to newer antibiotics, new
chemotherapy agents, processed foods and global travel.

ANASTOMOTIC LEAK- A MODERN EXAMPLE OF FAILURE TO
INCORPORATE MICROBIOME SCIENCES INTO SURGICAL
THINKING AND PRACTICE
More than 60 years ago, experimental studies were performed in dogs that unambiguously
and uncontestably demonstrated that intestinal microbes play a key and causative role in
the pathogenesis of anastomotic leak. One study created a transverse colon anastomosis
with gross ischemia created by dividing the feeding blood vessels to the anastomotic
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segment and then administering either saline or antibiotics into the colon lumen via a
feeding tube placed just proximal to the anastomosis (39,40). Saline treated colon segments
developed gross leaks and peritonitis, whereas the antibiotic treated dogs’ groups
demonstrated complete reversal of the ischemia and completely healed and intact
anastomoses. Similar studies were later performed in rats showing again that microbes
were the causative agents of anastomotic leak (41). Several randomized prospective placebo
blinded trials and now retrospective large database analyses have come to the same
conclusion (42,43). Finally, our group recently elucidated, in high resolution molecular
detail, the mechanisms by which high collagenase producing intestinal microbes
(Enterococcus faecalis, Pseudomonas aeruginosa) cause anastomotic leak in rats and mice
with causative inference in humans by demonstrating the presence of these pathogens in
patients with anastomotic leak (44). Yet to surgeons, this hypothesis still remains untenable
because “bacteria are there all the time” and because variations in clinical practice, i.e. bowel
preparations (purgative cleansing) and antibiotic choice, do not seem to correlate to rates
of anastomotic leak. For the purposes of elucidating how microbes might play a key and
causative role in anastomotic leak and other processes of seemingly non-microbe-related
complications (i.e ileus, adhesions), it might be useful to unpack the incongruence of this
line of reasoning.
The comment that “bacteria are there all the time” needs to be qualified with a more indepth understanding of the molecular Kock’s postulates in the context of advances in
microbiome sciences. For the past 50 year, clinicians have been taught that most infectiousrelated diseases are monomicrobial and the isolation of a single pathogen can be implicated
in the disease process by demonstrating that it is present in patients with the disease and
absent in those without the disease, can reproduce the disease in when introduced in
animals and when eradicated with antibiotics (which also kill many various other adjacent
microbes) the disease is cured. Yet the molecular Kock’s postulates state that microbial
phenotype (i.e ability to produce collagenase which varies by isolate not species), the
presence of the local microbiome (i.e microbiota community structure, function,
membership) and the local environmental “cues” that “in vivo activate” virulence genes in
a given pathogenic isolate are those elements that govern whether a particular microbial
species will behave commensally or pathogenically in a context dependent manner (45). It
is for this reason that isolation of a single causative pathogens in surgical disorders such as
neonatal necrotizing enterocolitis, anastomotic leak, ileus or adhesion formation has eluded
surgeon-investigators. Even in disease states in which a single pathogen is considered to
be the causative agent, such as with Clostridium difficile colitis or Helicobacter pylori ulcer
disease, the mere presence and abundance of the pathogen does not predict the development
of the clinical disorder (46,47). Based on the emerging paradigm of the molecular Koch’s
postulates, one might explain this observation as a function of the pathogen’s dominance
32

Role of gut microbiome in Surgery

in the microenvironment, the loss of the protective microbiome, its expression of virulence
genes (adhesins, toxins, etc), alignment of the pathogen’s adhesins and toxins with the host
receptor genetics (glycosylation of receptors, receptor homology to the adhesin, activation
or damping of host inflammation) and likely many more factors. For this reason, scientist
that perform reductionist modeling of these events use the terms “necessary” and “sufficient”
to invoke the role of a causative agent in a particular host phenotype (or disease). For
example, our work on anastomotic leak demonstrates that collagenase producing microbes
are necessary to cause anastomotic leak but alone are not sufficient to cause leak. The
microbiome must be depleted for the causative pathogen to predominate and adhere to
anastomotic tissues and compensatory host factors from surgical injury (i.e the release of
host stress factors known to activate bacterial virulence genes, opioids, end-products of
ischemia, cytokine) must be locally present to shift the pathogens phenotype from one of
an innocuous colonizer to an invasive and virulent pathogen (44,48,49). As can be readily
understood, analyzing such a complex molecular dialogue within the regional and spatial
context of anastomotic tissues is challenging and cannot simply be determined by
assessment of expelled stool or a blood test (10). As such we are just beginning to observe
the tip of the iceberg in the molecular pathogenesis of these disorders and many
technological advances are forthcoming that will enable more predictive models and
biomarkers.
Along this line of reasoning and with the new information, perhaps Schwartz’s dictum “no
acid, no ulcer,” could be better stated as: acid is necessary but not sufficient to cause peptic
ulcer disease. In the case of H. pylori, experimentally, it alone may be insufficient to cause
peptic ulcer disease, even if a large abundance is ingested, unless it occurs in a susceptible
host (50). Alternatively, it could be stated that in some cases of bacterial mediated peptic
ulcer disease, H. pylori may be necessary, but alone not sufficient, requiring host stress factors
to induce the bacteria to express its adhesins in vivo, loss of the mucus barrier, loss of the
resilience of the gastric and duodenal microbiome, etc. Perhaps this is what Dr Barry
Marshall indicated when he stated “in a susceptible host (50).” Although not yet performed,
most investigators in the field of Helicobacter pylori pathogenesis might bet that if 100 human
volunteers ingested H pylori in the manner that Barry Marshall did, most would not develop
ulcers. In light of the above discussion, the reason for predicting such a result might be that
probabilistically, volunteers, on average, would fail to fulfill all of the molecular Kock’s
postulates required for the disease to occur. Perhaps Barry Marshall and other volunteers
were nervous the night before the experiment and did not sleep, activating various stress
induced cytokines and hormones that have now been shown to change the microbiome and
local mucus barrier. Perhaps the short period of starvation of “nothing by mouth” prior to
the experiments affected these same parameters. Variation in disease presentation and the
invoking of pathogens as causative agents of disease must now march along a very complex
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and challenging experimental platform to understand diseases who protean manifestations
have eluded traditional concepts of disease pathogenesis. In this regard the complex
bioreactor of microbial cells within our gut are likely to play a significant role.

THE ROLE OF NUTRITION TO MODIFY RECOVERY AFTER
SURGERY
In the absence of significant knowledge and consideration of the role of the intestinal
microbiome to modify, and be modified by foodstuffs as they pass through the intestinal
bioreactor, surgeon-investigators over the years performed several studies to attempt to
modify the metabolic response to injury with nutrients. Spectacular failures to enhance
recovery after surgery were witnessed including trials designed with glutamine (51), branch
chain amino acids(52,53), arginine(54) and various fat emulsions. Viewing the gut as a
mere conduit for nutrient absorption led to missteps and miscalculations that nutrients in
their most elemental form, could be delivered parenterally and would be sufficient to
reprogram the immune system to enhance recovery. The greatest payoff for such studies
was clearly predicted to be in high risk patients, many of whom would harbor markedly
altered microbiomes as a result of chronic illness, the presence of cancer, multiple prior
and concurrent exposures to antibiotics, etc. In the case of enterally presented chemically
defined nutrients, that these nutrients normally do not reach the distal intestine where
much of the probiotic microbiome activity affects the immune system, was unaccounted
for in the design of clinical trials or their anticipated results. Alongside these studies
emerged rapid advances in surgery and anesthesia, pain management, adoption of ERAS
protocols, and restraint and governance on the use of antibiotics. In the aggregate, many,
if not most of these studies suffered, and continue to suffer from, a tradition of therapeutic
empiricism. The limitation of such studies with only crude outcome measures is that do
not inform mechanism and therefore the path forward remains undefined.
Today, next generation technology offers the promise of unprecedented insight into disease
pathogenesis through the use of genomic, metabolomic and proteomic analysis. However,
as information is gathered and large datasets are assembled, data analysis and interpretation
require the expertise of bioinformatic specialists. While there is much excitement in this
approach, in many cases, the costs can outstrip the available resources to conduct clinical
trials with such high-resolution analysis. Yet short of this analysis, single identified
biomarkers will continue to fall short of their predictive capacity and will not be sufficient
to inform preventative therapies.
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PRACTICAL APPLICATION OF MICROBIOME SCIENCES TO
SURGERY
In many countries today, the quality of surgical care is being measured by readmission rates
to the hospital. As most elective surgery today requires a 3 day or less hospitalization, using
readmission rates as a proxy for quality is rapidly gaining acceptance by all stakeholders as
it is both practical and trackable. Today, the most common reason for readmission to a US
hospital is infection (55). This statistic has forced surgeons to be ever-cognizant of the
possibility of an infection becoming clinically manifest outside the hospital setting. Yet
despite multiple measures to prevent readmissions due to infections, many cannot be
anticipated and the mechanisms underlying their occurrence often remains obscure.
Although technology can now generate an overwhelming amount of genetic and
metabolomic information on both host tissues and the microbiota that surround them, the
costs and discriminative value of this type of megadata medicine remains to be determined.
Alongside this emerging body of knowledge, there is a practical lesson. It is that when
surgery is performed in a manner in which tissue trauma and blood loss is minimized,
when drugs such as opioids and antibiotics are used judiciously, and when non-processed
foods are resumed at the earliest time point, a previously unappreciated resilience factor
driving a recovery-directed immune response, the microbiome, may be operative. Perhaps
surgeons have known this all along as they were the first to recognize the importance of
the intestinal microbiota to postoperative infection and sepsis(56,57), the first to administer
nutrient enemas(58) and the first to deliver fecal transplants to treat life-threating antibioticinduced fulminant colitis(59) Although these early empirical approaches have turned out
to have a scientific basis to their efficacy, the quest to elucidate the molecular details behind
them must continue if we are to further reduce infectious complications whose occurrence
and pathogenesis continue to elude both best practices and explanation.
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ABSTRACT
Despite antibiotics and sterile technique, postoperative infections remain a real and present
danger to patients. Recent estimates suggest that 50% of the pathogens associated with
postoperative infections have become resistant to the standard antibiotics used for
prophylaxis. Risk factors identified in such cases include obesity and antibiotic exposure.
To study the combined effect of obesity and antibiotic exposure on postoperative infection,
mice were allowed to gain weight on an obesogenic western-type diet (WD), administered
antibiotics and then subjected to an otherwise recoverable sterile surgical injury (30%
hepatectomy). The feeding of a WD alone resulted in a major imbalance of the cecal
microbiota characterized by a decrease in diversity, loss of Bacteroidetes, a bloom in
Proteobacteria and the emergence of antibiotic resistant organisms among the cecal
microbiota. When WD fed mice were administered antibiotics and subjected to 30% liver
resection, lethal sepsis developed characterized by multiple organ damage. Notable was the
emergence and systemic dissemination of multi-drug resistant (MDR) pathobionts
including carbapenem-resistant, ESBL-producing Serratia marcescens which expressed a
virulent and immunosuppressive phenotype. Analysis of the distribution of exact sequence
variants (ESVs) belonging to genus Serratia suggested that these strains originated from
the cecal mucosa. No mortality or MDR pathogens was observed in identically treated mice
fed a standard chow diet. Taken together, these results suggest that consumption of a
western diet and exposure to certain antibiotics may predispose to life-threating
postoperative infection associated with multi-drug resistant organisms present among the
gut microbiota.
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INTRODUCTION
The most common, costly and deadly complication following major surgery is infection
(1-3). Despite the use of broader and more frequent dosing of antibiotics, surgical infections
continue to occur at unacceptable rates. Recent data indicate that 50% of all surgical site
infection are now due to organisms that have become resistant to the standard antibiotics
used for prophylaxis (4, 5). Although the precise source of these pathogens is unknown, in
humans, the gut has been identified as a major reservoir for antibiotic resistant bacteria (6,
7). Yet precisely how pathogenic organisms in the gut might contribute to postoperative
infection remains unknown.
The microbiome a given patient harbors prior to undergoing major surgery is unknown
and is likely to be affected not only by diet, but recent antibiotic exposure, travel history
and the diagnosis of the underlying disease for which surgery is being performed, such
as cancer (8, 9). Patients are often exposed to multiple and prolonged antibiotics prior to
high-risk surgery when they undergo biopsies, radiation or chemotherapy or present with
an infection. The extent to which these exposures alters the intestinal microbiome, and
the influence of the altered microbiome on postoperative infection are largely unknown
(10). Compounding these factors is the observation that more than 30% of patients
undergoing major surgery in the US are obese (11), which itself is an independent risk
factor for the development of all postoperative infections (12, 13). In the present study,
we hypothesized that an obesogenic diet combined with antibiotic exposure would
predispose a host to infection-related morbidity following a major surgical intervention
via effects that involve the intestinal microbiome. Therefore, the aims of the present study
were to 1. create a novel mouse model of lethal infection in which mice are fed an
obesogenic diet, are administered antibiotics and undergo an otherwise recoverable sterile
surgical injury and 2. define the microbiota and pathobionts that are associated with lethal
infection in this model and determine their source, antibiotic resistance patterns and effect
on immune cell function. Results indicate that an obesogenic diet and antibiotic exposure
impose selective pressure on the intestinal microbiota such that lethal infection develops
following an otherwise recoverable surgical injury. That we are aware, this is the first animal
model to demonstrate spontaneous emergence and dissemination of virulent, drugresistant pathobionts with multiple organ failure and lethal sepsis without the introduction
of an exogenous pathogen.
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METHODS
Animals
Male C56BL/6 mice (Charles River laboratory) 6 weeks old, with an average weight of 22
g (range 20 to 24 g) were used. The mice were housed in a temperature-controlled 12 light/
dark cycled room at the University of Chicago animal facility for one week. Mice were
randomly assigned to ad libitum feeding of either standard mouse Chow (Envigo) or a
Western-type diet (Bio serve, mouse high fat diet, cat#S3282) (Table A1). To avoid social
isolation stress, mice were housed 5 mice per cage during 6 weeks following their random
assignment to their respective diets. Mice were weighed every three days. All experiments
were performed in accordance with the National Institutes of Health guidelines, and
approval was obtained from the University of Chicago Animal Care and Use Committee
(Protocol 71744).

Surgical procedure
Following dietary allocation, antibiotics were administered as a combination of cefoxitin
and clindamycin. Cefoxitin (Hikma pharmaceutical NJ USA) 30 mg/kg was administered
subcutaneously, and Clindamycin (Clindrops Henry Schein Dublin, OH, USA) 70 mg/kg,
was administered by gavage twice daily, for 5 days before surgery. 5 days of antibiotic
exposure was necessary for sepsis/mortality to develop in this model (data not shown).
Mice were individually housed and were only given water for 14 hours prior to surgery.
Mice were anesthetized by intraperitoneal injection of Ketamine 80mg/kg and xylazine
10mg/kg with injection of Buprenorphine 0.05mg/kg 30 minutes before anesthesia. The
abdomen was sterilely prepared and left lobe of liver excised bloodlessly. For recovery,
mice received a subcutaneous injection of 1 ml of warm saline (37°C) and buprenorphine
at 8 hours. Mice were assessed every six hours according to standard sepsis scoring system:
Score 1 - an ambulatory, active, normal fur coat, normal amount of feces (Normal); Score
2 – ambulatory, active, ruffled fur (Mild sepsis); Score 3 - ruffled fur, hunched posture,
increased respirations (Moderate sepsis); Score 4 -ruffled fur, hunched posture, increased
respirations, slowly staggering gait in response to touch ( severe sepsis); Score 5 -animal
on side, minimally responsive, rapid shallow respirations, gasping (moribund).

Sample collection
Blood was collected aseptically by direct cardiac puncture. A portion of the liver and spleen
was homogenized for culture. Cecal tissue and content were collected in 10% glycerol for
culture and frozen for DNA extraction. Finally, lung and cecal tissue were fixed in formalin
for histology.
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Table A1. Comparative analysis of ingredients in Chow and Western diet
##

Ingredients

Chow

Western

1. Fatty acids, gm/kg

Total saturated

9

141

Total monounsaturated

13

162

Total polyunsaturated

34

40.2

2. Fat, %

6.2

36

3. Proteins, %

18.6

20

Crude fiber

3.5

0

Neutral detergent fiber

14.7

0

4. Fiber, %

5. Crude protein, %
6. Carbohydrates, %
7. Calories, kcal/gm

8. Minerals, gm/kg

9. Amino Acids, gm/kg

10.

18.6

20.5

Simple sugars

3

22

Complex sugars

41

14

Calories from protein

0.24

0.82

Calories from fat

0.18

3.24

Calories from carbohydrate

0.58

1.43

Calcium

10

5.6

Chloride

4

0.86

Phosphorus

7

5.8

Sodium

2

0.57

Potassium

6

5.6

Magnesium

2

0.49

Zinc

0.07

0.022

Manganese

0.1

0.047

Copper

0.015

0.004

Iodine

0.006

0.003

Iron

0.2

0.05

Aspartic Acid

14

12.8

Glutamic Acid

34

40.6

Alanine

11

5.3

Glycine

8

4.9

Threonine

7

8.7

Proline

16

20.5

Serine

11

11.4

Leucine

18

16.6

Isoleucine

8

11

Valine

9

13

Phenylalanine

10

8.9

Tyrosine

6

11.4

Methionine

4

7.1

Cystine

3

0.6

Lysine

9

14.8

Histidine

4

5.5

Arginine

10

7.3

Tryptophan

2

2.2

Vitamin K3 (menadione)

50

0.52

Vitamin B1 (thiamin)

17

3

3

Vitamins, mg/kg
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Table A1. Continued
##

11.

Ingredients

Chow

Western

Vitamin B2 (riboflavin)

15

2.3

Niacin (nicotinic acid)

70

15

Vitamin B6 (pyridoxine)

18

4.1

Pantothenic Acid

33

5.5

Vitamin B12 (cyanocobalamin)

0.08

0.04

Folate

4

0.75

Choline

1200

1148

Vitamin A

15000

3162

Vitamin E

110

25.7

Vitamins, IU/kg

Bacterial Culture
100 ml of blood, liver and spleen homogenates were serially diluted and plated on
MacConkey and Columbia Nalidixic Acid (CNA) agar plates (BD Difco) and colony
forming units (CFU) counted at 24 hours.

IL-6, CRP Serum assays
C reactive protein and IL-6 concentrations were assayed using commercially available kits
(R & D system, Minneapolis, MN, BD OptEIATM).

16S rRNA sequencing and sequence data analysis
Microbial DNA extraction from cecal contents was performed with PowerSoil DNA
Isolation Kit (MoBio, Carlsbad, CA, USA). Tissues were homogenized and DNA extracted
using the UltraClean Tissue and Cells DNA isolation Kit (MoBio, Carlsbad, CA, USA). For
library preparation, DNA was amplified using the barcoded 12-bp Golay primer set designed
for the Earth Microbiome Project (EMP) (14). PNAClamp technology (PNA Bio) was used
to prevent the amplification of the murine 16S mitochondrial region. For each sample, PCR
was performed per protocol using the EMP primers, mPNA, AccuStart II PCR ToughMix,
and the extracted DNA (Quntabio). As the PNA requires a hold at 75°C for 10 seconds in
order to ‘clamp’ onto contaminant DNA, the standard EMP 16S PCR schedule was modified
to: 94 for 3 minutes, 35 cycles of [94 for 45 sec, 75 for 10 sec, 50 for 1 minute, 72 for 1.5
minutes], and a final extension at 72 for 10 minutes. Following amplification, the PCR
products were quantified through a PicoGreen® dsDNA quantitation assay (Invitrogen).
The results of the quantification were then used to normalize the amount of DNA from the
PCR product to use for sequencing, and to ensure each amplicon was represented evenly
during sequencing. These volumes were then sequentially consolidated into a single tube
using an OpenTrons liquid-handler running a custom Python script. Finally, an aliquot of
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the final pool was taken, and the DNA was purified using the Agencourt AMPure XP PCR*
purification system (Beckman-Coulter). The samples were then run on an Illumina MiSeq
at the University of Illinois at Chicago (150 bp × 2). The data is available in EMBL-ENA
under BioProject ID PRJEB32897 (secondary accession # ERP115632) along with the
metadata.
For 16S rRNA gene sequence analysis, the paired-end reads were joined using the join_
paired_ends.py script followed by quality filtering and de-multiplexing using the split_
libraries_fastq.py script in QIIME (15). The final set of de-multiplexed sequences were then
selected for Exact Sequence Variant (ESV) picking using the DeBlur pipeline (16). To
improve downstream network analysis, ESVs present in ≤10 samples were also removed.
The data was also rarefied to a depth of 10,000 reads per sample. Alpha and beta diversity
were analyzed using the Phyloseq and MicrobiomeSeq package in R. For alpha diversity,
Shannon index was used and the beta diversity was analyzed using NMDS plots that were
generated based on weighted UniFrac dissimilarity matrix. Assessment of statistical
significance of alpha and beta diversity trends was performed using PERMANOVA. To
determine significantly different ESVs between groups of interest, the Analyses of
Composition of Microbiome (ANCOM) pipeline was used at p-value (FDR) cut-off of <
0.05.

TUNEL analysis
TUNEL staining was performed using ApopTag Plus Peroxidase in Situ apoptosis detection
kit (Millipore) as previously described (17). Determination of TUNEL-positive cell fraction
was performed by color deconvolution of scanned gut images followed by setting threshold
to positive signal and determination of area fraction using built-in plugins of Fiji. The
distribution of TUNEL cells per villus was automated using a custom macro script in Fiji.
Villi were traced with a wide line region of interest, the villus was straightened and rotated
to be horizontal with the base on the left, the positive cells were identified using a manuallyconfirmed threshold and the distance to each cell centroid was determined relative to the
villus tip using standard Fiji plugins. Aligned villi were assembled into a common
(minimum) projection to pictorially show the location of cells along the villi.

FISH staining
FISH staining for visualization of S. marcescens was performed as previously described (17)
using a probe S. marcescens Alexa Fluor488 designed by MetaSystems Indigo GmbH,
Germany which uses a next generation fluorescence in situ-hybridization beacon-based
technology. Bacterial Universal Texas Red probe was applied for dual staining. Confocal
microscopy was performed on a Leica SP5 II AOBS tandem scanner spectral confocal
system on a DMI6000 microscope and controlled by LASAF software (version 2.8.3).
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Mouse embryonic fibroblast experiments
C57BL/6 primary mouse embryonic fibroblasts (MEFs) were obtained from 12.5-14.5 days
post coitus embryos and cultured in Dulbecco’s Modified Eagle’s Medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco), and 1% non-essential amino acids
(Gibco). MEFs were plated at a density of 2.5 x 105 / mL in 24-well plates (Costar) overnight.
Pathogen lysates were prepared by taking live pathogens in culture, resuspending in PBS,
and bead beating with 0.1mm diameter glass beads (BioSpec) for 5 min and filtering using
Millex-GV 0.22 µm filter (Millipore). Cecal content lysates were prepared by bead beating
cecal contents with 0.1mm diameter glass beads (BioSpec) for 5 min and filtering using
Millex-GV 0.22 µm filter (Millipore). Protein concentrations were measured by BCA protein
assay kit (Thermo Fisher Scientific). Plates were incubated at 37C, 5% CO2 for 6 or 12 hours
with the addition of lysates after which culture media was removed and cells were harvested
in Buffer RLT Plus (Qiagen) with 1% 2-Mercaptoethanol (Sigma). RNA extraction was
performed using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s
instructions. Two independent experiments were performed, with technical replicates.

Transcriptional analysis of MEFs (qRT-PCR assay)
RNA was converted to cDNA using reverse transcriptase (Promega) according to the
manufacturer’s instructions. Samples were run in duplicate via quantitative polymerase
chain reaction (qPCR) on a Roche LightCycler 480 using SYBR Advantage qPCR Premix
(Clontech). Expression levels were quantified and normalized to housekeeping gene
GAPDH. The following qPCR primers were custom ordered from Integrated DNA
Technologies: IL1β-F GAAATGCCACCTTTTGACAGTG and
IL1β-R TGGATGCTCTCATCAGGACAG; IL-6-F CCAAGAGGTGAGTGCTTCCC and
IL-6-R CTGTTGTTCAGACTCTCTCCCT; IRF3-F GAGAGCCGAACGAGGTTCAG
and IRF3-R CTTCCAGGTTGACACGTCCG; GAPDH-F
AGGTCGGTGTGAACGGATTTG and GAPDH-R
TGTAGACCATGTAGTTGAGGTCA.

Microbial phenotype microarray
The GEN III MicroPlateTM test panel (BIOLOG, Hayward, CA, USA) was used to determine
the phenotypic fingerprint of microbial community in Chow, Western, CASH and WASH
treated mice. Cecal contents were collected in saline with 10% glycerol and in saline with
10% glycerol and 1% cysteine (to preserve anaerobic bacteria) at the time of sacrifice and
stored at -80°C until use. Samples were centrifuged at 100 rpm for 1 minute to remove tissue
debris, and bacterial cell suspension was diluted in saline to OD of 0.25 at 600nm. Then 50
μl of the sample was introduced in the IF-A inoculation fluid vial (Biolog, Hayward, CA).
Each diluted sample was placed on 96-well Gen III microplates (Biolog, Hayward, CA) and
incubated for 22 hrs at 37°C in OmniLog incubator/reader (Biolog, Hayward, CA). Processing
48

Western diet predispose post surgical sepsis

of anaerobic samples was performed in anaerobic chamber, and plates were sealed with
Microseal ‘B’ seal (Bio – Rad). Data analysis was performed with the statistical program R
and the package “opm”. Growth curve parameters (AUC and maximum) were aggregated
from the data using the function ‘do_aggr’. The data was normalized to the AUC of the
negative control, as this was the well on the plate without substrate to affect the growth of
the microbial community in the samples. Heatmaps and radial plots were created using the
functions ‘heat_map’ and ‘radial_plot’. Pairwise comparisons (analysis of variance) between
the groups was performed with the function ‘opm_mcp’

Bacterial identification and antibiotic resistance profiling
Bacterial identification was performed on the Vitek® MS (MALDI-TOF) (bioMérieux, Inc.,
Durham, NC). Susceptibility testing of gram-negative bacilli was performed by the Vitek
2 XL system (bioMérieux, Inc., Durham, NC) using the AST-GN75 card. Confirmatory
testing for extended spectrum beta-lactamase (ESBL) production was performed on
Mueller-Hinton agar using cefotaxime and ceftazidime disks, with and without clavulanic
acid (BD, Franklin Lakes, NJ). A difference of ≥5 mm in zone size between the clavulanic
acid containing disks and the disks without clavulanic acid was considered positive for
ESBL production. The Modified Carbapenem Inactivation Method (mCIM) was performed
to detect carbapenemase production. The test was performed as described in the 28th
edition of the CLSI supplement M100-S28 (reference below).

Statistical analysis
Data were analyzed using GraphPad prism (Graph Pad Software, San Diego, CA). The result
were expressed as means ± standard errors of the means. Nonparametric Mann Whitney,
one-way ANOVA test, Log-rank (Mantel-Cox test) were used to test the statistical
significance. P value of <0.05 was considered significant. The statistical program R and the
package “opm” provided by Biolog were used for the analysis of phenotypic microarray data.

RESULTS
The cecal microbiota of Western Diet fed mice demonstrates loss of
Bacteroidetes, a bloom in Proteobacteria, and antibiotic resistance
Mice were fed a high fat/low fiber Western diet (WD) diet versus chow for 40 days. WD
fed mice had a significant increase in weight compared to chow- fed mice (n=4 for Chow
group and n=5 per Western group, *p<0.001, t-test) (Figure 1A) with typical fat deposition
in the liver. Serum C-reactive protein (CRP), IL-6, and body temperature (Figure A1A-C)
trended higher in WD fed mice with the rare detection of positive cultures within the blood,
liver and spleen (Figure A1D).
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A significant alteration in cecal microbiota composition and function was observed (Figure
1B-E). A decrease in total bacterial density in the cecal tissue-associated microbiota was
observed in WD-fed mice by qPCR (Figure 1B) and a significant decrease in alpha diversity
in both the lumen and tissue-associated microbiota as measured by Shannon and inverse
Simpson indexes (Figure 1C). Microbiota composition was significantly different between
WD and chow- fed mice in both the lumen and tissues compartments (cecum) based on
weighted UniFrac metric (Figure 1D). In the lumen, the ratio of Bacteroidetes: Firmicutes:
Proteobacteria (B:F:P) was 16:25:0 in chow- versus 1: 375:125 in WD-fed mice. In the
tissues, the B:F:P ratio was 220: 245: 3 in chow- versus 9: 680 : 300 in WD-fed mice (Figure
1E). Compositional changes in the microbiota were accompanied by functional changes
as judged by phenotypic microarray analysis performed under anaerobic (Figure 1F) and
aerobic (Figure 1G) conditions. Under anaerobic conditions, microbiota in WD-fed mice
displayed a lower metabolic activity pattern compared to chow-fed mice (Figure 1F). The
opposite effect was observed under aerobic conditions (Figure 1G). The low metabolic
activity of the microbiota under anaerobic conditions in WD mice was consistent with loss
of Bacteroidetes, whereas high metabolic activity under aerobic conditions was consistent
with the observed bloom in Proteobacteria. A higher saccharolytic potential was observed
in the microbiota of WD mice based on a significant increase in glucose and gluconic acid
consumption. In addition, the antibiotic resistance potential observed in the microbiota of
WD-fed mice was striking as judged by their significant growth in the presence of
Aztreonam (Figure 1H). Analysis of the entire carbohydrate set on the GENIII plates
demonstrated a clear pattern of a preference of multiple carbohydrate consumption under
aerobic conditions among the microbiota of WD-fed mice (Figure A2).
WD fed mice exposed to antibiotics develop lethal sepsis following an otherwise
recoverable and sterile surgical injury
Following 6 weeks on either a Western- type or Chow diet, mice were exposed to 5 days
of antibiotic treatment with cefoxitin and clindamycin (A), pre-operative starvation (S)
(water only the night prior to surgery), and a 30% surgical hepatectomy (H) (i.e., CASH
versus WASH) (Figure 2A). A 30% hepatectomy is performed in less than 15 minutes and
is a completely recoverable injury (18, 19). Morbidity score and survival curves demonstrated
that the full complement WASH treatment was needed for morbidity and mortality to occur
(Figure 2B-F). Without antibiotic treatment (i.e., WSH or CSH), mice survived surgery
with complete recovery to normal health status (Figure 2B, C). Pre-operative antibiotic
treatment (cefoxitin, a broad-spectrum, second-generation cephalosporin, and clindamycin,
a lincosamide antibiotic specific for anaerobes) significantly altered the post-surgical
outcome which was highly dependent on the Western diet (Figure 2D.E). In CASH treated
mice, only 2 of 15 developed a morbidity score of 5 (Figure 2D). WASH treated mice
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Figure A1. Analysis of sepsis markers in Western- and Chow- fed mice measured before antibiotic
treatment. (A), C-reactive protein (CRP. p=NS, n=4 per group. (B), Serum IL-6 levels pg/ml, p=NS, n=4 per
group. (C), Body surface temperature measured by laser instrument reflecting minimum and maximum
measurements. p=NS. n= 5 mice per group. (D), Colonization of blood, liver and spleen by gram-negative
bacteria on MacConkey plates. p=NS, n=5 per group, Mann-Whitney test.

became moribund by 24 hrs, and 10 of 15 mice received the highest morbidity score of 5
at 40 hrs post-operatively (Figure 2E). Kaplan-Meyer survival curves demonstrated 70%
sepsis related mortality in WASH treated mice (Figure 2F).
C-reactive protein (CRP) (Figure 2G) and IL-6 (Figure 2H) were significantly elevated in
the blood of WASH treated mice. This was associated with a high degree of dissemination
of Gram (-) bacteria (105 to 107 CFU/gm of tissue or ml of blood) (Figure 2I). Dissemination
of Gram (+) bacteria was negligible compared to Gram (-) bacteria (102 CFU/g in tissues,
sterile blood) in CASH treated mice and absent in all samples from WASH treated mice.
When integrating all experimental runs and aggregated data, a low percentage of
dissemination and mortality was observed in CASH treated mice compared to a high
percentage in WASH treated mice (Figure 2J).
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Figure 1. The role of Western diet on gut microbial structure, membership and function. (A), Change in
mouse weight (%) over time. Western (open circles) vs Chow (solid circles), *p<0.0001, Chow (n=4), Western
(n=5). Statistical bars depict standard arrow (SEM). (B), Total bacteria DNA concentration in cecal tissue
determined by qPCR. n=5 per group, p=0.037 by nonparametric Mann-Whitney test. (C), Alpha diversity
based on Shannon and invSimpson indexes. Asterisks indicate statistically significant differences. N=5 mice
per group, * p< 0.05. (D), Non-metric multidimensional scaling (NMDS) plots based on weighted UniFrac
dissimilarity matrix between the four groups, n=5 mice per group. The multi-group PERMANOVA revealed
significant differences between the groups: Chow lumen vs Chow tissue, p=0.01; Chow Tissue vs Western
tissue, p=0.002; Chow lumen vs Western fed mice lumen, p=0.004. No significant difference for Western lumen
vs Western tissue. (E), Stack plots showing distribution of phyla with relative abundance > 2%. The taxa with
less than 2% abundance are placed under one category i.e. “<2%”. Statistical analysis tested for differential
abundance at a p-value < 0.05 with Benjamini Hochberg FDR correction in ANCOM. N=5 mice per group. (F,G),
Heat maps of phenotype microarrays tested with GENIII plate under (F) anaerobic and (G) aerobic conditions.
Chow (n=4), Western (n=5). (H), Radial plot representing the set of substrates with significantly higher metabolic
activity of microbial populations from Western- diet versus Chow-diet fed mice. Radial numbers represent the
Area under curve (AUC) values. Each line on the plot represents an individual mouse. The degree to which the
line deviates toward a given metabolite on the plot represents the predisposition of the bacterial community
to metabolize that metabolite.
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Figure A2. Comparative carbohydrate metabolic analysis of cecal contents isolated from Western- and
Chow-fed mice. Analysis using GENIII plates to assess microbial phenotype.

Representative histology of the lungs, the most common organ affected in animal models

Fig.A2. Comparative carbohydrate metabolic analysis of cecal contents isolated from
of sepsis,
demonstrated
infiltration
of inflammatory
cellsmicrobial
and collapse
of alveoli in
Westernand Chow-fed
mice.heavy
Analysis
using GENIII
plates to assess
phenotype.

WASH treated mice (Figure 3C) which was markedly attenuated in the lungs of CASH
treated mice (Figure 3B) and absent in normal untreated chow fed mice (Figure 3A).

Domination by pathobionts in WASH treated mice is associated with apoptosis
at the base of cecal crypts
16S rRNA gene sequence analysis revealed a significant loss of alpha diversity in both lumen
and tissue-associated microbiota on postoperative day 2 (POD2) independent of diet
(Figure 4A,B). Alpha diversity (Shannon diversity index) (Figure 4A) decreased
significantly in both WASH and CASH treated mice. By the inverse Simpson (Figure 4B),
diversity was also decreased in both groups but was significantly decreased in WASH treated
mice. Microbiota composition was also significantly altered on POD2 in both groups and
across both compartments (cecal lumen and tissue-associated) based on the weighted
UniFrac metric (Figure 4C). The ratio of Bacteroidetes:Firmicutes:Proteobacteria (B:F:P)
was shifted toward Proteobacteria in all35groups: 1:10:30 in the lumen and 120:1:60 in the
tissue in CASH vs 0:0:100 in the lumen and 0:50:50 in the tissue-associate microbiota in
WASH treated mice (Figure 4D). Notable however was the persistence of Bacteroidetes in
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the cecal tissues of CASH but not WASH treated mice (Figure 4D). At the genus level, most
bacteria in the lumen of CASH treated mice were unclassified; tissues from CASH treated
mice were dominated by Bacteroides; most bacteria in the lumen of WASH treated mice
were identified as Pseudomonas; in the tissues of WASH treated mice Pseudomonas and
Serratia dominated (Figure 4E, Table A2). To determine if disseminated Serratia originated
from the cecum, qPCR analysis of cecal tissues from Chow diet, WD, CASH and WASH
treated mice was performed. Results indicated the presence of Serratia marcescens DNA in
all four groups including untreated Chow diet- fed mice (Figure 4F). Cecal tissue S.
marcescens DNA was significantly higher in WD fed mice versus chow- fed mice with the
highest level in WASH treated mice (Figure 4F). Using DeBlur 16S rRNA amplicon
sequence analysis, we determined the distinct organ distribution of Exact Sequence Variants
(ESVs) belonging to Serratia and Pseudomonas, two abundant genera in the cecal tissues
of WASH treated mice. We identified nine ESVs of Pseudomonas, among which, ESV7 was
dominant in the cecal lumen of CSH and WASH treated mice. None of the Pseudomonas
ESVs were dominant in extra-intestinal organs (Figure 4G). We also found two Serratia
ESVs; among them, Serratia-ESV2 was detected at very low abundance (0.05%) in the cecal
tissue of untreated Chow- fed mice. Notably, its abundance reached 2% following surgery
in mice without pre-operative antibiotic treatment and 30-60% in extra-intestinal organs
following antibiotic treatment and surgery (30% hepatectomy) (Figure 4G). More abundant
Serratia-ESV2 was observed in the liver and spleen in WASH treated mice. To confirm the
presence of S. marcescens in cecal tissue of non-treated mice, fluorescent in situ hybridization
(FISH) was performed. S. marcescens was identified within bacterial clusters located at the
base of the cecal crypt (Figure 4H), similar to as others have shown for Proteobacteria (21).
Next, we determined if the Serratia and Pseudomonas within tissue-associated microbiota
has a significant effect on cecal crypt function using TUNEL (Terminal deoxynucleotidyl
transferase dUTP nick end labeling) staining (Figure 5). Representative images indicated
that apoptotic cells localize to the tops of crypts in CASH mice (Figure 5A), whereas they
are concentrated at the base of cecal crypts in WASH treated mice (Figure 5B). Quantitative
analysis demonstrated that the overall percentage of TUNEL-positive cells was significantly
higher in the crypts of WASH treated mice (Figure 5C), with significantly higher amounts
of TUNEL positive cells in WASH treated mice localized at the crypt base, the stem cell
compartment (Figure 5D). Apoptosis at the crypt base cells can lead to the loss of stem
cells and impede the process of epithelial regeneration and recovery resulting in irreversible
damage to the tissues.
WASH treated mice harbor multi-drug resistant strains of Serratia marcescens that
express a virulent and immunosuppressive phenotype
Culture demonstrates that S. marcescens is the dominant species in the cecum, blood, liver,
and spleen with a higher prevalence in the WASH versus CASH treated mice (Figure 6A).
54

Western diet predispose post surgical sepsis

3

Figure 2. Effect of Western-diet (W) on lethal sepsis following antibiotic exposure (A), short-term
starvation (S) and a 30% hepatectomy (H)- WASH. (A), Experimental protocol (B-E), Postoperative morbidity
scores in CSH (Chow+Starvation+Hepatectomy), CASH (Chow+Antibiotics+Starvation+Hepatectomy), WSH (We
stern+Starvation+Hepatectomy), and WASH (Western+Antibiotics +Starvation+Hepatectomy). Morbidity Score
(20); MS1 – healthy mice, MS2 -ruffled fur, normal fecal pellets (3-4 pellets over 24 hrs), MS3 - ruffled fur, less
fecal pellets (1-2 pellets over 24 hrs), hunched posture, increased respirations, MS4 -ruffled fur, no pellets,
hunched posture, increased respirations, do not move to touch, MS5 - animal on side, minimally responsive,
rapid shallow respirations, gasping, moribund. (WASH compared to all groups, p<0.0001 at 18, 24, 30, 36, and
40 hrs, n=15/group, two-way ANOVA). (F), Kaplan-Meier survival curves. WASH compared to all other groups:
p<0.0001, n=15 mice/group, Log-rank (Mantel-Cox) test). (G), Serum C-reactive protein (CRP) in CASH and
WASH in blood samples collected at POD2. n=5 per group, *p=0.0008 by t-test. Statistical bars depict standard
arrow (SEM). (H) Serum IL-6 from CASH and WASH. n=5 per group, *p=0.0135 by t-test. Statistical bars depict
standard arrow (SEM). (I) Quantitative culture results on MacConkey plates. *p=0.003, n=5 per group, MannWhitney test. (J) % mortality/dissemination across all experimental runs, n=30 CASH group, n=40 WASH group.
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Among all S. marcescens isolates from WASH treated mice, 10-50% express a MDR
phenotype (Figure 6B). MDR strains were defined based on their resistance to ≥3 classes
of antibiotics. Extended-spectrum β-lactamase (ESBL)-producing and carbapenem-resistant
strains of S. marcescens were flagged in the group of MDR strains. Further analysis of 21
randomly selected strains from this group revealed that 76% (16 of 21) of the MDR strains
harbored an extended beta-lactamase (ESBL) and 95% (20 of 21) displayed resistance to
meropenem (Table 1).
None of the isolates, produced carbapenemase based on negative mCIM results. Importantly,
no S. marcescens MDR strains were isolated in CASH treated mice. We tested the virulence
of MDR isolates using Galleria mellonella. Results demonstrated that among 19 MDR strains

Figure 3. The effect of WASH treatment on organ damage. Lung histology of non-treated (A), CASH treated
(B) and WASH treated (C) mice.
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Figure 4. Comparative analysis of the cecal microbiota in CASH and WASH treated mice. (A,B), Alpha
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Benjamini Hochberg FDR correction in ANCOM. (F), The qPCR analysis of cecal tissue-associated S. marcescens.
(Western vs Chow: *p= 0.048, n=5 per group; WASH vs CASH: **p=0.0005, n=5 per group, unpaired t-test with
Welch’s corrections. (G), The distribution of ESVs belonging to genera Serratia and Pseudomonas. The smaller
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(FISH) analysis of cecal tissue of untreated Chow- fed mice indicates the presence of S. marcescens within a
bacterial cluster inside a crypt is depicted by the arrow.
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tested, 47% demonstrated a level of virulence similar to the three tested sensitive strains,
and 36% of MDR strains displayed an extremely high virulence phenotype as judged by
their ability to kill G. mellonella (Figure 6C). The virulence of a given strain was not specific
to the organ from which it was isolated. For example, among 9 cecal isolates of S. marcescens,
two isolates were found to be avirulent, and 5 were extremely virulent as judged by G.
mellonella killing assays.
To test the effect of S. marcescens on the innate immune response, we performed experiments
using lysates of S. marcescens strains and cecal contents from Chow-, WD and CASH and
WASH mice. Lysates were applied onto mouse embryonic fibroblasts (MEFs) and immune
responses tested in vitro (Figure 6D) (22). Analysis by qRT-PCR after 6 hours of coincubation was performed for genes encoding Interleukin 1 beta (IL-1β), Interleukin 6
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Figure 5. Effect of WASH treatment on cecal crypts. (A and B) Representative images demonstrating the
abundance and distribution of TUNEL-positive cells in the cecal crypts of CASH-treated (A) and WASH-treated
(B) mice. (C) Percent TUNEL-positive cells in cecal crypts (n = 3 mice [one-third of each tissue slide was counted
separately]; **, P = 0.0017). (D) Percent distance of distribution of TUNEL-positive cells from the base to the top
of the crypts (n = 3 mice [62 crypts with TUNEL-positive cells were counted per group]; *, P < 0.0001 [unpaired
t test with Welch’s corrections]).

58

Western diet predispose post surgical sepsis

(IL-6) and the gene encoding interferon regulatory factor 3 (IRF3), a key transcriptional
regulator of type I interferons (IFNs) (23-25). Results demonstrated that S. marcescens,
both multi-drug resistant and sensitive strains, upregulated pro-inflammatory genes
encoding IL-1β and IL-6 and down regulated gene encoding IRF3. Higher concentrations
of lysates were required for CASH to induce the same level of expression of proinflammatory genes but IRF3 did not respond even at a high dose (1 μg protein/ml) (Figure
6D). Cecal lysates from chow-fed mice and mice fed a Western-type diet did not stimulate
MEF cells (Figure 6D). Given the downregulated response of IRF3 and its critical role in
the immune response via type I IFNs, we performed flow cytometry analysis of blood
collected from CASH- and WASH-treated mice and compared it to chow-fed mice as a
control.
Results demonstrated a significant attenuation of B cells in both CASH and WASH treated
mice with a trend toward attenuation in WASH treated mice and a significant decrease of
naïve and central memory CD4 T cells in WASH treated mice (Figure A3).
We also performed reiterative experiments comparing S. marcescens and E. faecalis, bacteria
that were cultured from cecal tissue-associated microbiota. E. faecalis did not stimulate
MEF cells to express pro-inflammatory genes (Figure A4). An additional bacterium isolated
in this model, Enterobacter cloacae, stimulated MEF cells in a similar pattern to S. marcescens
(Figure A4). This pathogen was isolated in several reiterative experiments in WASH treated
mice in which mortality was not associated with S. marcescens, but rather E. cloacae
disseminated in the blood, liver, and spleen. In this experiment, similar to S. marcescens,
E. cloacae expressed the MDR phenotype but did not produce ESBL or carbapenemase
enzymes.

59

3

CHAPTER 3

Table 1. ESBL and mCIM test in group of MDR resistant strains of S. marcescens
#

Strain ID

Source

ID

Antibiotic resistance

1

T56447

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

2

T23150

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinR, ErtapenemR, GentamicinR,
LevofloxacinR, MeropenemR, PiperacilinR

NEG

3

T23157

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
NEG
CiprofloxacinR, ErtapenemR, GentamicinR,
LevofloxacinR, MeropenemR, PiperacilinRv

NEG

4

T23147

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinI,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

5

T56439

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

6

T56441

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

7

T56443

WASH Liver

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
I
R
R
Levofloxacin , Meropenem , Piperacilin

NEG

8

T56444

WASH Spleen

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

9

F75150 (13)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

10

F75151 (16)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
NEG
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

11

F75152 (17)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

12

F75147 (8)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
NEG
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

13

F75148 (9)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

14

F75149 (10)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

15

F75150 (12)

WASH Cecum

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

16

T23208

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

17

T23213

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
NEG
CiprofloxacinI, ErtapenemR, GentamicinI,
LevofloxacinI, MeropenemR, PiperacilinR

NEG
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Table 1. Continued
#

Strain ID

Source

ID

Antibiotic resistance

ESBL mCIM

18

F75144 (4)

WASH Cecum

S. marcescens

GentamicinR, Piperacilin R,
TobramycinR,Trimeth/SulfaR

NEG

NEG

19

T56430

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

20

T56432

WASH Blood

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
LevofloxacinI, MeropenemR, PiperacilinR

NEG

21

T56434

WASH Liver

S. marcescens

CefepimeR, CeftazidimeR, CeftriaxoneR,
POS
CiprofloxacinI, ErtapenemR, GentamicinR,
I
R
R
Levofloxacin , Meropenem , Piperacilin

NEG

DISCUSSION
By combining the effects of an obesogenic diet and antibiotic exposure, we observed
spontaneous emergence and dissemination of pathobionts associated with organ damage
and lethality following an otherwise recoverable surgical injury. Surprisingly, among the
isolated pathogens, ~20% displayed a multi-drug resistant (MDR) phenotype that appeared
unrelated to the antibiotics used in this model. Results from the present study support the
observations in humans that multi-drug resistant pathogens causing bacteremia in patients
may emerge from the intestinal microbiome rather than from a grossly infected organ or
direct environmental contamination (6, 7, 26).
Surgery was required for mortality to occur in this model. Not only is the physiologic stress
of surgical injury known to cause collapse of microbiota community structure and function
(27, 28), but it is also known to alter intestinal barrier function and accelerate intestinal
apoptosis, two interrelated events (29). Yet, intestinal barrier function alterations following
surgical injury alone (burn, trauma, hemorrhagic shock), rarely if ever lead to lethality
perhaps owing to the fact that the organisms that translocate under these circumstances
are mainly commensal Escherichia coli which translocate at low bacterial density and which
themselves are not lethal pathogens (28, 30).
Interestingly the species of pathobionts that emerged in the current model, S. marcesens
and E. cloacae, are often those found in ultra-low diversity communities in critically ill
patients with organ failure and sepsis (31). The difficulty in detecting these pathogens preoperatively may be due to their being camouflaged within hidden niches of the gut such as
the cecal crypts (21). Bacteroides persisted in the cecal mucosa of CASH treated mice and
may have played a role in preventing mortality via its ability to produce short chain fatty
acids, suppress pathobionts even in the face of antibiotics and surgery, and via its ability to
perverse the mucosal mucus layer and barrier function (32).
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Figure 6. Quantitative and qualitative analysis of retrieved strains of Serratia marcescens. (A), Frequency
of S. marcescens culture positive organs in CASH and WASH groups. n=30 mice per group. (B), Frequency
of S. marcescens MDR strains among isolates. (C), Virulence/killing assays using Galleria mellonella injected
with selected antibiotic sensitive and MDR strains of S. marcescens isolated from WASH treated mice. Time of
incubation after injection= 14 hrs. n=45 larvae per bacterial strain (15 larvae x 3 biological replicates). L, liver; S,
spleen. (D), Heat maps representing expression of genes encoding IL-1β, IL-6, and IRF3 in MEF cells in response
to filtered lysates of S. marcescens and cecal contents from Chow, Western, CASH, and WASH groups. Data is
normalized to the expression of GAPDH. n=3 per group. Error bars indicate standard error of mean (SEM).
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Figure A3. Adaptive immune responses as analyzed by flow cytometry from blood samples. (A, A’), Flow
plots (A) and estimation (A’) of population of B cells (CD19+). (B, C), naïve CD44-CD62L+ (B) and central memory
CD44+CD62L+ (C) subsets of CD4 T cells.

Fig. A3. Adaptive immune responses as analyzed by flow cytometry from blood samples.
(A, A’), Flow plots (A) and estimation (A’) of population of B cells (CD19+). (B, C), naïve CD44CD62L+ (B) and central memory CD44+CD62L+ (C) subsets of CD4 T cells.

In cases of both human and experimental sepsis, bacteremia is both rare and highly variable
(33-35). Less than one third of patients with severe sepsis are found to have bacteria in their
blood either by culture or PCR (33-35). Among WASH mice, we were able to detect
significant bacteremia and culture positivity in the liver, spleen and blood compared with
culture negativity across all sites among the other treatment groups (CASH, CSH and WSH).
Although causality between bacterial dissemination and mortality was not established in
this model, the ability to capture and characterize MDR S. marcescens and others in WASH
treated mice suggests that multiple perturbations to the intestinal microbiota, including
diet, antibiotic exposure, and surgery are needed for this to occur, although it does not
occur in all WASH treated mice. It remains to be determined the exact mechanism by which
S. marcescens developed resistance to carbapenem, but given the lack of carbapenemase
production we hypothesized that this observed carbapenem resistance was likely due to
hyperproduction of the AmpC β-lactamase (36). There are several potential explanations
36
for how MDR strains might have emerged in this model. First, they may have been
introduced into the mouse gut from the local environment (housing facility, during
transportation, etc). Second, they may have been part of the normal flora and were selected
for by the conditions of WASH treatment. Finally, it is possible that commensal strains
were transformed to MDR strains by effects of WASH treatment on their evolutionary
trajectory. This latter possibility is supported by existing evidence demonstrating that
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Figure A4. Heat maps of genes encoding IL-1β, IL-6, and IRF3 of mouse embryonic fibroblasts (MEF)
exposed to filtered bacterial lysates. Enterobacter cloacae (E.c.), Enterococcus faecalis (E.f.), S. marcescens
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microbes can become antibiotic resistant without be exposed to the specific antibiotics that
confer resistance (37). Testing this possibility will require serial genetic tracking of the
intestinal microbiota at the strain level and ultra-deep sequencing. Additionally, there is
evidence that antibiotic resistant strains are normal members of the intestinal microbiome
(38). Relevant to the present study, is the observation that obese patients are more likely to
harbor bacterial resistance genes (39) and are also more susceptible to postoperative
infections (40).
Potential mechanisms of any of the above possibilities may relate, in part, to the known
increase in bile acid synthesis observed in obese hosts (41). The potent antimicrobial activity
of bile acids has been shown to directly regulate the gut microbiota (42, 43) including effects
such as disruption of bacterial membranes, denaturation of proteins, chelation of iron and
calcium, oxidative damage of DNA, etc. (44). Furthermore, a western type diet has been
demonstrated to increase oxidative stress (45, 46) which can also impact the emergence of
37
antibiotic resistance (47-49). Finally, it is possible that WASH treatment eliminates epithelial
protective Bacteroidetes and other microbiota that competitively suppress the pathobionts.
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Absent Bacteroides and other cytoprotective microbiota, enteric pathogens beyond MDR
S. marcescens can disseminate as observed in WASH treatment mice (Figure 2D).
A limitation of this study is that the precise compositional elements responsible for the
effect of diet on the composition of gut microbiota in this model are unknown as the two
diets varied significantly in fatty acids, fiber content, carbohydrates, minerals and vitamins.
Any number of combinations of these nutrients could potentially influence the observed
decrease in Bacteroidetes (50, 51) and Actinobacteria (52, 53) and the bloom of
Proteobacteria (54, 55). Now that the model is fully characterized up to the endpoint of
organ damage and lethality, reiterative studies varying single nutrients and related groups
of nutrients can be carried out. Similarly, varying type and duration of antibiotic exposure,
environmental factors (sleep, social stress, etc) background microbiota and mouse genetics
are now possible in this model. Another limitation is that mice were not housed separately
for 6 weeks after randomization to the specific diets which may have introduced a “cage
effect” on the microbiota. However, given the multiple experimental runs, the reproducibility
of the impact of diet on the microbiota and the large sample size, the direct influence of
the cage effect on our results is likely to have been minimized.
In summary, here we present a novel model of lethal sepsis occurring without the
introduction of an exogenous pathogen and without creating a gross untreated infection
such as occurs with the cecal ligation and puncture model. The present model herein
described may advance our understanding of the mortality of human sepsis which most
often involves multi-drug resistant pathogens, immunosuppression and the absence of an
active untreated infectious focus.
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ABSTRACT
Background
Both obesity and the presence of collagenolytic bacterial strains (i.e Enterococcus faecalis)
can increase the risk of anastomotic leak. The aim of this study was to determine if mice
chronically fed a high fat western type diet (WD) develop anastomotic leak in association
with altered microbiota, and to determine it mitigation by a short course preoperative
standard diet (SD- low fat/high fiber).

Methods
C57BL/6 male mice obtained from Charles River were randomly assigned to either a
standard Chow diet (SD) or an obesogenic Western type diet (WD) for 6 weeks followed
by preoperative antibiotics and colon anastomosis. Microbiota were longitudinally analyzed
postoperatively and correlated to healing using an established anastomotic healing score.
In reiterative experiments, mice on a WD for 6 weeks were exposed to a SD for 2, 4, and
6 days prior to colonic surgery and anastomotic healing and colonic microbiota analyzed.

Results
Compared to SD-fed mice, WD- fed mice demonstrated an increased risk of anastomotic
leak with a bloom in the abundance of Enterococcus (65-90% for WD versus 4-15% for
SD- p<0.01). Microbiota of SD-, but not WD- fed mice were restored to their preoperative
composition postoperatively. Anastomotic healing was significantly improved when WDfed mice were exposed to a SD diet for 2 days prior to antibiotics and surgery (p<0.01).

Conclusion
The adverse effects of a chronic feeding of a WD on the microbiota and anastomotic healing
can be prevented by a short course of SD in mice. Validated stool biomarkers may predict
patients at risk for anastomotic complications.
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BACKGROUND
The biologic variables that drive secure and safe anastomotic healing are complex and
involve multiple aspects including surgical technique, blood flow, tension and inflammatory
factors. Because the gut is constantly exposed to high burden of microbial organisms,
healing may be dependent on a delicate balance between the health-promoting microbiota
and the virulence of pathobiota. Studies in animals as early as 1955, demonstrate a key role
for the colonic microbiota in the pathogenesis of anastomotic healing (1-6). More recent
studies examining anastomotic tissues in rodents demonstrate a significant loss of health
promoting taxa such as Ruminococcus, Bacteroidales family S24-7 and Prevotellaceae with
a significant bloom in Escherichia and Enterococcus (7). Functional profiling of predominate
strains colonizing anastomotic tissues in these studies predicted the production of multiple
virulence factors including those involved in the collagen degradation (7). Given that
Enterococcus is currently considered to be a causative agent of anastomotic disruption (810), it is possible that the combination of loss of the normal microbiota and domination of
pathobiota in anastomotic tissues contributes to anastomotic disruption. Given the intestinal
microbiota have co-evolved with host tissues, it is not surprising that they have a positive
effect on the host immune system and healing when injury occurs (11, 12). Yet in modern
intestinal surgery, the intestinal microbiota are routinely disrupted by the use of antibiotics
and cleansing purgatives, by diets that consists mainly of liquid foods and by the exposure
of intestinal tissues to ambient oxygen leading to elimination of key health-promoting
Bacteroides species (7).
Among the many variables that may affect both gut microbiota composition and anastomotic
healing is diet. A high fat obesogenic western-type diet is known to alter gut microbial
composition (13, 14). In addition, obesity is a known risk factor for anastomotic leak(15).
Yet whether an obesogenic diet affects the microbiota at the site of an intestinal anastomosis
and whether such changes are associated with leak, is unknown. Therefore, the aims of this
study were to determine the effect of intake of WD versus SD on the anastomotic
microbiome and on anastomotic healing following colorectal surgery in mice. A longitudinal
study tracking the microbiome was performed within expelled stool, within luminal
contents at the anastomotic site and on anastomotic tissues to encompass both the regional
and spatial context of the microbiome and determine its correlation to anastomotic healing.
Finally, whether mice chronically fed WD could be prehabilitated with SD to mitigate the
effects of WD on anastomotic healing was determined.
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METHODS
Mouse model
C57BL/6 male mice aged 6-7 weeks (Charles River Laboratories) were used in all
experiments and maintained in accordance with the guidelines at the University of Chicago
(Protocol 72417). Mice were housed under standardized laboratory conditions in a
temperature-controlled room (22°C to 24°C) with a 12 hour light/dark diurnal cycle. Mice
were allowed food and water ad libitum.
62 mice were randomly assigned to either a high fat/low fiber western diet (WD) or standard
diet (SD) of rodent chow (Table S1). Mice were maintained for 6 weeks on their respective
diets and weighed weekly. After 6 weeks, 6 WD mice and 4 SD mice were sacrificed and
samples of intestinal luminal contents and tissues were obtained to determine the
preoperative microbiota status. The remaining mice underwent a low colorectal anastomosis
as previously described (9, 16). Thirty minutes prior to surgery, mice were subcutaneously
injected with cefoxitin (40 mg/kg), anesthetized with intraperitoneal ketamine (100mg/kg)
and xylazine (10mg/kg). A midline abdominal incision was made, the mice underwent
colon transection and anastomosis using interrupted sutures. Anastomotic integrity was
confirmed by distending the distal colon with normal saline via enema. All animals were
resuscitated with 1 ml 0.9% normal saline subcutaneously. Postoperatively mice were
maintained for 4 weeks on their respective diets. For longitudinal analysis of the microbiome
during the postoperative period, expelled stool samples were collected daily. Luminal and
tissue associated microbiota were assessed longitudinally by sacrificing three mice from
each on postoperative day (POD) 1, 3, 7, 13, 16, 24, and 28 and anastomotic healing was
assessed using the anastomotic healing score (AHS) as previously described (9, 16). AHS
0= Normal healing; AHS 1= Flimsy adhesions, AHS 2=-Dense adhesions without abscess,
AHS 3= Dense adhesions with gross abscess at the anastomotic site, AHS4= Gross leak
with peritonitis. During sacrifice, luminal contents and anastomotic tissues were collected
and, with expelled stool, analysed for microbiota composition by 16S rRNA. Experimental
design is outlined in Figure 1A. Reiterative experiments were performed to directly
compare anastomotic healing between WD and SD fed mice on POD5 (n = 5 per group).
To test the ability of SD to reverse the effects of WD feeding, a crossover designed
experiment was performed (Figure 6A). Mice consumed a WD for 6 weeks and then were
randomly assigned to groups consuming a SD for 2,4, and 6 days prior to surgery (n=5 per
group) and continued on either a SD or WD postoperatively. Reiterative experiements were
performed to detemine the effect of 2 days of chow feeding (n=10 per group). All mice
were sacrificed at POD5 during which anastomotic healing was evaluated using the AHS.
In addition, anastomotic tissues were collected and assayed by culture for the presence of
collagenolytic Enterococcus.
74

High fiber diet improves healing

Microbiota analysis of expelled stool, luminal contents and anastomotic tissues
Expelled stool samples were weighed daily from each mouse. Luminal and tissue samples
were obtained from groups of mice at sacrifice. Luminal contents were collected by flushing
the anastomotic site with 100 µl of sterile water. A 0.5 cm section of anastomotic tissue was
collected proximal and distal to the anastomosis. Tissue samples containing mucosal and
the overlying mucus were homogenized and divided into two for DNA extraction and
culture. In selected cases, tissue samples were analyzed for collagenolytic Enterococcus.

Isolation of DNA and 16S rRNA sequencing
DNA was extracted using the DNeasy PowerSoil HTP 96 Kit (Qiagen). For the stool
samples, one fecal pellet was used, and for the tissue samples, 0.25 g of tissue was used. The
DNA extraction protocol followed that of the Earth Microbiome Project (17), with heating
performed in a Lab Armor Bead Bath (Fisher Scientific) to minimize contamination.
For library preparation, DNA was amplified using the barcoded 12-bp Golay primer set
designed for the Earth Microbiome Project (EMP)(17). A mitochondrial PNA blocker
(PNA Bio) was used to prevent the amplification of the murine 16S mitochondrial region.
For each sample, PCR was performed per protocol using the EMP primers, mPNA,
AccuStart II PCR ToughMix, and the extracted DNA (Quntabio). The results of the
quantification were then used to normalize the amount of DNA from for sequencing, and
to ensure each amplicon was represented evenly during sequencing. The volumes were then
sequentially consolidated into a single tube using an OpenTrons liquid-handler running a
custom Python script. Finally, an aliquot of the final pool was taken, and the DNA was
purified using the Agencourt AMPure XP PCR* purification system (Beckman-Coulter).
The samples were run on an Illumina MiSeq at UIUC (150 bp × 2). The sequence data are
deposited in the Database at the EBI, accession number ERP113631.

16S rRNA sequence data analysis
For 16S rRNA analysis, the paired-end reads were joined using the join_paired_ends.py
script followed by quality filtering and de-multiplexing using the split_libraries_fastq.py
script in QIIME(18). The final set of de-multiplexed sequences were then selected for Exact
Sequence Variant (ESV) picking using the DeBlur pipeline(19). To improve downstream
network analysis, ESVs present in ≤10 samples were also removed. The data was also rarefied
to a depth of 10,000 reads per sample. Alpha and beta diversity were analyzed using the
Phyloseq and MicrobiomeSeq package in the statistical software R. For alpha diversity,
Shannon index was used and the beta diversity was analyzed using NMDS plots that were
generated based on weighted UniFrac dissimilarity matrix. Assessment of statistical
significance of alpha and beta diversity trends was performed using PERMANOVA. To
determine significantly different ESVs between groups of interest, the Analyses of
Composition of Microbiome (ANCOM) pipeline was used at p-value (FDR) cut-off of < 0.05.
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Enterococcus culture analysis for collagenolytic activity
Anastomotic tissues were plated on selective media for Enterococcus Enterococcosel agar
media with the addition of 15% skim milk prepared as previously described(9). Enterococcus
collagenolytic species producing black colonies surrounded by a clearing halo were counted,
and CFU counts were normalized to the tissue weight.

Statistical analysis
Data from the study was reported as mean ± SD; statistical significance was determined by
ANOVA or t-test, where appropriate. P < 0.05 was considered statistically significant, unless
otherwise stated. Statistical analysis for the anastomotic healing score was performed on
the mean AHS/group/post-operative day by ANOVA.

RESULTS
WD alters gut function and delays anastomotic healing
WD resulted in a significant increase in body weight (Figure 1B). WD mice had increased
weight loss after antibiotics compared to SD. By POD3, both groups of mice experienced
similar weight loss. By POD5, weights for both groups normalized back to preoperative
weights (Figure 1B). WD resulted in significant decrease in preoperative and postoperative
stool mass (Figure 1C). Stool mass in SD mice significantly decreased following surgery
however recovered to preoperative levels by POD7 (Figure 1C). The anastomotic healing
score was significantly different between SD and WD across the entire study (Figure 1D’,
p = 0.0033), with the most pronounced difference occurring on POD3 (Figure 1D,p <
0.001). Given the differences seen in AHS at POD3, further studies were performed
comparing WD and SD on POD5 (n=5 / group) resulting in a significant difference in AHS
between the groups (Figure 1E).

WD shifts the colonic microbiota prior to surgery
A loss of diversity in both luminal and colonic tissue was observed in WD mice (Figure
2A). WD mice had a significant shift in microbiota composition compared to SD mice
characterized by significant decrease of Bacteroidetes within luminal contents and expelled
stool and emergence of Proteobacteria within colonic tissue (Figure 2B). Enterococcus
abundance was low in both groups: 0.5% in the tissue of WD mice and 0.008% in the tissue
of SD mice, not statistically significant.

Longitudinal tracking of microbiota in expelled stool identified domination by
Enterococcus in WD mice
Three compartments were analyzed by 16S rRNA: expelled stool, colonic luminal content,
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Figure 1. WD mice developed altered gut function and anastomotic healing. (A), Experimental design.
(B), Weight of mice after 6 weeks on SD vs WD. N=5 per group, *p<0.01, **p<0.05, by unpaired 2-tail t-test.
(C), Longitudinal analysis of stool mass (g). n=30 per group at the start of the experiment with a gradual
decrease to n=3 per group at the end of the experiment due to sacrifice of mice every three days. 2way-ANOVA
demonstrate that mice fed WD shared a significantly lower expelled stool mass then SD-fed mice (F(1,8) =
33.87, p=0.0004). Pink-bordered circles depict WD, and black-bordered – SD- fed mice. (D,D’), Longitudinal
analysis of anastomotic healing score with 30 mice per group at the start of the experiement from which 3
mice per group were sacrificed at diffrent time points to determine the AHS. (D) Pink-bordered circles depict
WD, and black-bordered - SD fed mice. *p<0.001 for the POD3 by t-test. (D’) Pink-area under curve depict WD,
and striped area –SD fed mice. 2way-ANOVA demonstrate that mice fed WD had a significantly higher AHS
then SD-fed mice (F(1,28) = 18.78, p=0.0002). (E), Anastomotic healing score examined on POD5 in a separated
groups of WD versus SD mice exposed to antibiotics and colorectal surgery n=5 per group, *p=0.0210 mean
± SD. Pink-bordered circles depict WD, and black-bordered - SD fed mice. NOTE: 80% (4/5) of WD-fed mice
had an AHS or 3 or 4 indicating an abscess (AHS=3) or peritonitis (AHS=4) whereas only 1/5 of SD mice had an
AHS=4 indicating an abscess. WD, Western diet; SD, standard chow diet.
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and anastomotic tissue. To determine if expelled stool could serve as a trackable biomarker
in this model, all three compartments were compared and analyzed. In the expelled stool
and luminal contents of WD mice, we observed a dominance of Enterococcus which
comprised 85% of the microbiota within the first postoperative week (Figure 3A, right
panel). In comparison to SD mice, Enterococcus relative abundance occupied 15% (p<0.05,
FDR) of the microbiota in expelled stool and luminal contents (Figure 3, left panel). At
the tissue level, differences in the relative abundance of Enterococcus was not as pronounced,
but was still significantly higher in WD mice (Figure 3B). Enterococcus could be detected
up to 1 month in expelled stool and anastomotic tissues in WD mice compared to complete

Figure 2. 16S rRNA analysis of the colonic microbiota in pre-operative samples. (A, B,C) Alpha diversity
based on Shannon index comparing SD and WD fed mice before surgery and antibiotic exposure of the
three samples sites (expelled stool, A; lumen contents,B; and anastomotic tissue,C). Assessment of statistical
significance of alpha and beta diversity trends was performed using PERMANOVA, *p < 0.05 and **p<0.005.
(B) Relative abundance plots at the level of phyla. WD, Western diet; SD, standard chow diet.
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absence of Enterococcus in SD by POD5 (Figure 3B). In summary, WD mice had a spike
in Enterococcus within the first post-operative week and then persisted up to one month
postoperatively. These changes were consistent between the tissue and expelled stool thus
validating expelled stool as a potential marker of microbiota status following colon surgery.
Finally there was a notable loss of Bacteroides coupled with an increase in Akkermansia
and Clostridia observed in the stool of WD mice (p<0.05, FDR) (Figure 3A,B).

The composition of the colonic microbiota are restored in SD but not WD fed
mice
Using weighted Unifrac as a measure of beta diversity, microbiota composition was noted
to be significantly altered immediately postoperatively in both SD and WD mice (Figure
4). However beta diversity appeared to progress toward preoperative levels within the first
two postoperative weeks in SD mice (Figure 4A). This was contrary to the persistent
disturbance of beta diversity for up to 4 weeks postoperatively in WD mice (Figure 4B).

Figure 3. Longitudinal 16S rRNA analysis of colonic microbiota in post-operative samples. A) Relative
abundance (Rarefield to 10,000 reads/sample) of bacterial taxa at the genus level in lumen, expelled stool, and
tissue microbiota. (B-D), Relative abundance of Enterococcus in lumen, expelled stool, and tissue. * p<0.05,
FDR, between SD and WD- fed mice in each sample type demonstrating a significantly higher domination
of Enterococcus in WD group. The p-values inside each panel in red and green colors stand for significant
difference in relative abundance of Enterococcus over time demonstrating a significant flux of Enterococcus at
certain time in both SD and WD mice. WD, Western diet; SD, standard chow diet.
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Figure 4. 16S rRNA analysis for restoration of microbiota after disruption caused by surgery. Weighted
UniFrac based non-metric multidimensional scaling (NMDS) plots of expelled stool microbial community
composition by time dependent manner in SD (A) and WD mice (B). *p<0.05, FDR, between post-surgical
composition compared to pre-op composition. The p-values inside each panel demonstrate a significant
difference in surgery-related influences on microbial composition in both SD and WD mice. Red arrows show
disruption of microbiota at early post-operative period (POD2,3). Green arrows depict reversal in the direction
of the microbiota toward that of the pre-operative period. WD, Western diet; SD, standard chow diet.

Collagenolytic Enterococcus proliferates to a high degree in WD mice
Given our previous studies demonstrating a role for collagenolytic Enterococcus in
anastomotic leak pathogenesis, culture analysis for collagenolytic Enterococcus was
performed. Anastomotic tissues were cultured on Enterococcosel agar media with the
addition of skim milk (9). Both WD and SD mice were equally colonized by collagenolytic
popultions of Enterococcus on POD3. However, on POD5, the density of collagenolytic
Enterococcus began to decrease in SD mice yet further proliferate in WD mice (Figure 5).
Short-term prehabilitation on a SD reverses the adverse effect of chronic WD feeding
on anastomotic healing
To determine if short-term preoperative switching from a WD to a SD affects anastomotic
healing, mice fed a WD for 6 weeks were switched to SD diet for 2, 4, and 6 days prior to
antibiotic treatment and colonic surgery (Figure 6A). These groups were termed WD+2d
SDprehab, WD+4d SDprehab, and WD+6d SDprehab, respectively. Independent of the
duration of SD feeding, a significant improvement in anastomotic healing was observed in
all groups on POD5 (Figure 6B). To account for the effect of the chow-based postoperative
diet, a separate group of mice were administered the WD postoperatively resulting in equal
protective effect on anastomotic healing. Taken together, these results indicate that
consumption of a short-term SD in the preoperative period has a significant and durable
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Figure 5. Collagenolytic potential of Enterococcus population in anastomotic tissue. Fold increase of
collagenolytic Enterococcus to preoperative level. (Error bars are not seen at this scale). n=5, p<0.05 (unpaired
2-tail T-test).

effect on anastomotic healing independent of the postoperative diet (Figure 6B). Given
the improvement seen in AHS among WD+2d SDprehab, additional studies were conducted
to confirm the reversal effect with 10 mice/group. Results indicated that 60% of WD fed
mice developed an anastomotic healing score of ≥3 (indicating clinically significant leak)
compared to 20% of WD+2d SDprehab (p<0.01,Figure 6C). SD prehab had two main effects
on mouse weight: prehabilitation with SD resulted in weight loss (Figure 6D), and antibiotic
induced weight loss was significantly attenuated with SD prehabilitation (Figure 6D’).
Short-term SD preoperative feeding restores Bacteroidetes in chronic WD fed mice,
improves overall diversity and decreases postoperative collagenolytic Enterococcus.
Short-term preoperative SD feeding attenuated WD-induced colonic microbiota
composition distortion evident by maintaining the abundance of Bacteroidetes in the
colonic lumen of preoperative samples (p=0.0290 for SD vs WD, p=0.0006 for WD vs
WD+2d SDprehab group (Figure 7A). Short-term dietary prehabilitation was also able
to minimize the loss of diversity in the colonic microbiota seen in WD (Figure 7B). The
total relative abundance of Enterococcus in tissues among WD + 2d SDprehab was decreased
compared to mice maintained on a WD (Figure 7C), although not statistically significant.
However, a significant decrease in the collagenolytic population of Enterococcus was
observed in anastomotic tissues from WD + 2d SDprehab mice (Figure 7D n=10, p<0.01
between SD and WD, and p<0.01 between WD and WD+2d SDprehab). When comparisons
were made between leaking vs non-leaking anastomoses across all groups, a statistically
significance difference (p<0.01) was observed in both the overall relative abundance of
Enterococcus (Figure 7E) and percentage of collagenolytic Enterococcus (Figure 7F).
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Figure 6. Pre-operative short- term switch to SD improves anastomotic healing in chronically fed WD
mice. (A), Experimental design. (B), Anastomotic healing score (AHS) at the POD5. n=5 per group, *p=0.0252,
mean ± SEM. (C), Anastomotic healing score (AHS) at the POD5. n=10 per group. *p= 0.0248, mean ± SEM.
Unpaired t-test. WD+2d SDprehab, Western diet for 6 weeks followed by standard diet for 2 days prior to
antibiotic treatment. WD+4d SDprehab, Western diet for 6 weeks followed by standard diet for 4 days prior to
antibiotic treatment. WD+6d SDprehab, Western diet for 6 weeks followed by standard diet for 6 days prior
to antibiotic treatment. WD+2d SDprehab, Western diet for 6 weeks followed by standard diet for 2 days
prior to antibiotic treatment and switching back to Western diet after colon surgery. (D,D’), The effects of the
SD prehab on the changes in mouse body weight demonstrating (D) the reduction of the weight in WD+6d
SDprehab vs WD (n=5, p<0.01, t-test) and (D’) reduced drop of weight after antibiotic treatment (WD+6d
SDprehab vs WD (n=5, p<0.01, t-test) .
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Figure 7. Pre-operative short- term switch to SD prevents WD - mediated distortion of colonic
microbiota. (A), Relative abundance plots at the level of phyla in pre-operative colonic lumen microbiota.
(B), Alpha diversity based on Shannon index comparing colonic lumen microbiota at POD5. (C), Relative
abundance of Enterococcus in anastomotic tissue at POD5 by 16S rRNA analysis. SD: n=5 mice, WD: n=15,
WD+2Sdprehab: n=15 mice. (D), The % of collagenolytic colonies among total Enterococcus populations in
colonic lumen and anastomotic tissue microbiota at POD5. (*p<0.01, **p<0.05, Student’s t-test). Error bars
indicate means ± SD. (E), Relative abundance of Enterococcus in anastomotic tissue at POD5 grouped for
clinically relevant leaking (AHS≥3) and non-leaking (AHS≤2) anastomoses. n= 12 for AHS≥3 group, n=23 for
AHS≤2 group, p=0.0012. (F), The % of collagenolytic Enterococcus in anastomotic tissue at POD5 grouped by
clinically relevant leaks (AHS≥3) and non-leaking (AHS≤2) anastomoses. n=12 for AHS≥3 group, n=23 for AHS≤2
group, p=0.0380.
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DISCUSSION
Historically, preoperative dietary modulation to reduce postoperative complications has
been a major consideration among surgeons, yet it mostly involves the use of chemicallydefined, liquid sterile supplements. Yet their effect size on postoperative complications
seems to be diminishing given the advances in anesthesia and pain control, use of minimally
invasive techniques and enhanced recovery programs. It may be important to recognize
that the current recommendation of enhanced recovery programs specifically suggests
“solid” food to be provided to postoperative patients (20). Therefore it may be time to
consider the consumption of customary unprocessed foodstuff beyond their effect on BMI,
serum protein markers and other standard nutritional parameters (15, 21).
Although obesity increases the probability of postoperative healing complications, especially
infections, it is important to recognize that the great majority of obese patients do not
develop complications and non-obese patients can experience serious complications
including infections (22). In this regard high fat low fiber diets, independent of their ability
to produce a high BMI state, may increase the risk of postoperative complications, which
in the present report is demonstrated for anastomotic leakage. That this effect may be
mediated, in part, by alterations in the microbiome bears further consideration.
Our laboratory has provided compelling evidence that bacteria with the capacity to produce
collagenase, can play a key and causal role in anastomotic leak. We initially identified E.
faecalis and P. aeruginosa as two highly collagenolytic bacteria capable of causing leaks in
both rats and mice (8, 23). The discovery of E. faecalis as a leak pathogen is particularly
important given that it is the most common pathogen to be cultured from a leaking
anastomosis in patients (3, 24-26) and the most difficult to eradicate from the intestinal
tract (27, 28). Although E. faecalis is classified as a low abundance commensal species
among the normal microbiota, when properly provoked, it can “bloom” and behave as a
virulent pathogen (29-31).
In this report, we demonstrate an important link between diet, antibiotic exposure and
anastomotic surgery in terms of their aggregate effect on the microbiome and their potential
role in anastomotic healing. Data from the present study suggest that a high fiber/ low fat
diet like standard rodent Chow diet, can preserve the health promoting Bacteroidetes which
may competitively exclude and suppress pathogens such as E. faecalis and P. aeruginosa
from impairing anastomotic healing (32). While obesity, defined by BMI, is identified as a
risk factor for postoperative infection-related complications, (33), diet quality may be a
more relevant parameter to consider given that a high fat/low fiber diet can change the
microbiome independent of its effect on weight (34). The ability to rapidly shift the observed
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microbiota imbalance in WD fed mice with only two days of dietary prehabilitation with
a low fat/high fiber chow based diet is not unexpected, given the wealth of evidence
demonstrating the near immediate effect of a dietary change on the animal and human
microbiome (35).
An important finding in the present was the fidelity in the 16S rRNA analysis (community
structure and membership) between expelled stool, luminal contents and anastomotic
tissues. This potentially validates the use of expelled stool to determine a patient’s
microbiome status prior to surgery and modulate the diet accordingly. Further work using
this approach is planned.
Our study has several limitations. First, the WD used had a complete absence of fiber as
compared to a standard low-fiber WD. This was done to amplify the effects of fiber in our
model. Its important to note, the fiber in a western diet typically consists of non-fermentable
fiber which has little benefit to the microbiota (36). Finally, as with any mouse study, the
translation to humans will require further study. There are major variations between mouse
and human microbiomes; however, the global changes of the microbiota to diet and
antibiotics in human and mice tend to be similar(37).
In summary, data from the present study demonstrate that consumption of a high fat/ low
fiber diet can destabilize the colonic microbiota, decreasing its diversity and diminishing
the abundance of Bacteroidetes leading to failure to suppress and contain the proliferation
and virulence of collagenolytic Enterococcus. The finding that short-term prehabilitation
with a high fiber/low fat feeding regimen can reverse the effects of chronic poor quality
nutrition on anastomotic healing bears further investigation into the mechanisms that
underpin this response and its practical application to optimally prepare patients undergoing
high risk surgery.

List of Abbreviations
AHS: anastomotic healing score; Abx: antibiotics; POD: post-operative day, W+2d
SDprehab: switching Western diet to Standard Chow diet for 2 days prior to antibiotic
treatment and surgery.

Availability of data and material
All data generated or analyzed during this study are included in this published article and
in the supplementary information files. The datasets generated during the current study is
available in the database at the EBI, accession number ERP113631.
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ABSTRACT
Background
We have previously shown, that anastomotic leak can be caused by collagenolytic bacteria
such as Enterococcus faecalis via its effect on wound collagen. In humans, E. faecalis is the
most common organism cultured from the anastomosis and is not routinely eliminated by
standard oral or intravenous antibiotics. Therefore, novel strategies are needed to contain
the virulence of this pathogen when present on anastomotic tissues.

Methods
We de novo synthesized poly-phosphorylated polymer ABA-PEG20k-Pi20 with antivirulence properties and tested its ability to suppress the collagenolytic activity of E. faecalis
and to prevent anastomotic leak in mice. Collagenolytic activity was tested in the presence
of ABA-PEG20-Pi20 and its non- phosphorylated precursor ABA-PEG20k. Polymers were
then provided to mice in their drinking water and their efficacy to prevent anastomotic
leak due to E. faecalis was determined at sacrifice 7 days later.

Results
Overnight incubation of two different E. faecalis collagenolytic strains with 2 mM of ABAPEG20k-Pi20 led to near complete inhibition of collagenase production (from 18,000 to
1,000 and from 68,000 to 5,000 (n=6/group, p<0.001)) without suppressing bacterial growth.
Among mice drinking 1% ABA-PEG20k-Pi20, the concentration of phosphate in distal
colon mucus increased 2-fold and leak rates decreased from 80% to 20% (n=10, p<0.01).
The percentage of collagenolytic colonies among E. faecalis populations present at
anastomotic sites was decreased 20-fold (n=5, p<0.05) in mice drinking ABA-PEG20k-Pi20.

Conclusion
These data indicate that oral intake of ABA-PEG20k-Pi20 may be an effective agent to
contain the virulence of E. faecalis and prevent anastomotic leak due to this organism.
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INTRODUCTION
Anastomotic leak (AL) is among the most feared and disabling complications following
intestinal surgery. Despite decades of descriptive research, the etiology and pathogenesis
of AL remains unknown. That microbes may be key causative agents in anastomotic leak
was first proposed over 60 years ago 1 and has been confirmed in multiple subsequent
animal studies 2. However, the clinical evidence that microbes play a major role in
anastomotic leak is primarily indirect and is based on clinical trials in which the use of oral
non-absorbable antibiotics significantly reduced the incidence of anastomotic leak 3, 4.
Recently we elucidated the mechanism by which intestinal microbes may cause anastomotic
leak by identifying that they can produce collagenase which has a direct effect on
anastomotic collagen breakdown 5, 6. We identified several pathogens that can express this
collagenolytic phenotype including Pseudomonas aeruginosa, Serratia marcescens, and
Enterococcus faecalis 5-7. In rats, we showed that the relative abundance of Enterococcus
increases by 500 fold at anastomotic tissues following a low colorectal anastomosis 8.
Although the precise role of E. faecalis as a causative agent in anastomotic leak in human
remains to be defined, clinical studies demonstrate that it is the most common organism
present at sites of anastomotic leak 9. Most importantly, current methods to prepare the
bowel for surgery that include both intravenous and oral non-absorbable antibiotics
demonstrate that E. faecalis persists in stool for up to 7 days after surgery 9. Therefore, there
may be a rational basis for developing strategies to either eliminate or “contain” E. faecalis
over the course of anastomotic surgery with the potential to reduce anastomotic leak in
those patients who harbor this pathogen.
Our laboratory has been interested in the concept of phosphate-based therapy as a method
to “contain” the collagenolytic activity of E. faecalis and other potential collagenolytic
pathogens by exploiting the known mechanisms by which bacteria respond to extracellular
phosphate. We have previously shown that intestinal bacteria are exquisitely sensitive to
the extracellular concentration of phosphate in sites throughout the gut 10. When phosphate
is abundant, bacterial virulence expression is suppressed by phosphosensory and
phosphoregulatory mechanisms that are linked to virulence activation circuits such as
quorum sensing 10. However when phosphate is depleted below a certain threshold, these
phosphosensory circuits are de-repressed and quorum sensing- mediated virulence is
activated leading to expression of aggressive and invasive bacterial phenotypes 11, 12. While
phosphate thresholds at which virulence is triggered may be unique for each bacteria, most
importantly phosphate-related virulence mechanisms are highly conserved across
pathogens. Therefore, maintaining local phosphate concentrations at distal sites of wound
injury, such as the anastomosis, where activating host cues (i.e., opioids, immune elements,
ischemia metabolites) are known to be present and where phosphate is known to be
depleted13, may be a viable strategy to prevent bacterial-mediated anastomotic leak.
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Along this line of reasoning, we recently demonstrated that the high phosphate containing
FDA approved food additive hexametaphosphate (PPi-6) was highly effective in suppressing
collagenase production in two collagenolytic strains of gram-negative bacteria, S. marcescens
and P. aeruginosa 7. Oral delivery of PPi-6 to mice was highly efficacious in preventing
anastomotic leak in mice due to these pathogens 7. However, PPi-6 had a minimal effect
on collagenase production in E. faecalis perhaps owing to its class as a gram positive
organism. Given its high prevalence as a “leak” pathogen, we tested another compound
that we have recently synthesized to suppress bacterial virulence in the gut, a phosphorylated
polyethylene glycol ABA-PEG20k-Pi2014 that is a high phosphate carrier. We hypothesized
that ABA-PEG20k-Pi20 would more efficiently deliver phosphate to E. faecalis, attenuate
its production of collagenase and prevent anastomotic leak in mice. Therefore, the aim of
this study was to test the ability of ABA-PEG20k-Pi20 to suppress collagenase production
in E. faecalis and prevent leak in mice.

METHODS
Bacterial Strains
E. faecalis E2 5 and E. faecalis E27 from our library of collagenolytic strains were used in
the experiments.

ABA-PEG20k-Pi20
We used a polyphosphate-containing polyethylene glycol - based triblock copolymer with
defined ABA (hydrophilic/-hydrophobic/-hydrophilic) structure that we recently
synthesized de novo 14. The molecular weight and anti-virulence properties of this
phosphorylated polymer named ABA-PEG20k-PI20 and its non-phosphorylated precursor
polymer ABA-PEG20k have been recently characterized 14.

Collagenolytic activity of Enterococcus faecalis
The collagenolytic activity of E. faecalis was measured using fluorescein- labeled gelatin or
fluorescein- labeled collagen (EnzChek Gelatinase/Collagenase assay kit (Fisher Scientific)
in 96 well plates as previously described 5.

Mouse model of anastomotic leak caused by E. faecalis
Our laboratory developed a novel mouse model of spontaneous anastomotic leak by first
performing a low colorectal anastomosis followed by bacterial inoculation of the
anastomosis (via enema) with pathogenic microbes (i.e., P. aeruginosa or S. marcescens) 7.
This model predictably results in anastomotic leaks similar to those that are clinically
significant in humans (i.e., dense adhesion to the anastomosis, abscess formation or
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peritonitis) 7. Briefly, the C57BL/6 male mice aged 10-12 weeks (Charles River Laboratories)
were used in all experiments. Animals were maintained in accordance with the guidelines
prepared by the institutional animal care and use committee at University of Chicago
(IACUC Protocol 72417). All animals were housed in filter-top cages under standardized
laboratory conditions and allowed to acclimate for 48 hours prior to all experiments in a
temperature-controlled room (22°C to 24°C) with a 12-hour light/dark diurnal cycle. Mice
were allowed food and water ad libitum. Mice were anesthetized with an intraperitoneal
injection of ketamine (100mg/kg) and xylazine (10mg/kg). All procedures were performed
under sterile conditions by a single surgeon highly proficient in the surgery. Once
unresponsive to light stimuli, mice were placed supine on a warming blanket, secured in a
supine position using adhesive tape and covered by clean impermeable filter paper
(Whatman). Aseptic technique was used in accordance to the Animal Resource Center
(ARC) guidelines at the University of Chicago.
Mice were randomly allocated to ad libitum access to water or water containing 1% ABAPEG20k-Pi20 or 1% ABA-PEG20k beginning the week prior to surgery until the day of
sacrifice on postoperative day 7 (POD7). Mice received oral clindamycin (100mg/kg, ~ 50
µl oral gavage of 50 mg/ml) followed by a subcutaneous injection of cefoxitin (40 mg/kg,
~100 µl of 10 mg/ml) on the morning and evening prior to surgery. Administration of
antibiotics were given to mimic the practice of oral and intravenous prophylactic antibiotic
use in humans prior to surgery. On the day of surgery (POD0), a midline abdominal
incision was created and the colon transected at the peritoneal reflection. Next, an
anastomosis was created using 7 interrupted stitches of 8-0 proline. The integrity of all
anastomoses was tested by slowly distending the distal colon with normal saline via enema
using a 22G blunt tip gavage needle. Finally, the abdomen was closed in two layers with
5-0 Vicryl and 5-0 Nylon for the skin. All animals were volume resuscitated with 1 ml 0.9%
normal saline administered as a subcutaneous injection. At POD1, in order to deliver
bacteria directly to anastomotic tissues, 100 µl of a freshly prepared E. faecalis suspension
(OD600nm=0.5 in 10% glycerol) was gently injected to the anastomosis site via rectal enema
using a 22G blunt tip gavage needle. This procedure has been tested several times, it does
not disrupt anastomotic tissues and does not lead to mortality. All mice were sacrificed at
POD7.

Anastomotic healing score
At sacrifice, mice were euthanized and the anastomosis healing score (AHS) assessed as
previously described 7. Briefly, scoring was as follows: 0- Normal healing, 1- flimsy adhesions
2- dense adhesions without abscess or intraperitoneal contamination, 3- dense adhesions
with gross abscess at the anastomotic site, 4- gross leak with peritoneal contamination and
a visible anastomotic dehiscence.
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Anastomotic tissue sample collection
Colonic contents, anastomotic tissues, and the anastomotic mucosa were collected. Each
sample was homogenized in either 1ml of sterile water (for tissue collagenase activity and
phosphate content measurements) or 10% glycerol (for culturing bacteria). Samples were
stored at -80˚C.

Tissue and luminal bacterial culture analysis
Tissues were homogenized, serially diluted in normal saline (0.9% NaCl), and 50 μl of each
dilution was plated on Enterococcal selective plates (BD Difco). The CFU count was then
normalized to the sample weight. For identification of collagenolytic E. faecalis, special
skim milk plates were made by adding 15% skim milk with Enterococcal agar. Collagenolytic
species produced classical black colonies with a clearing halo surrounding it whereas noncollagenolytic species failed to produce this effect.

Phosphate assay
The mucus layer from 1 cm2 area at the site of anastomosis was scraped off and homogenized
on FastPrep-24TM 5G homogenizer with lysing matrix D beads using Animal Intestinal
Tissue protocol (speed 6 m/sec, 40 sec) followed by centrifugation at 6000 rpm, 10 min.
The supernatants were used for phosphate analysis. The phosphate concentration was
assayed using the PiPer phosphate assay kit (P22061) (Fisher). Briefly, 50 μl of the sample
and 50 μl of the working solution was added to a 96-well plate and incubated for 30 minutes
in the dark at 37˚C. Phosphate was measured as a fluorescence at excitation 545±15nm and
emission 590±15nm using M5 SpectraMax plate reader.

Statistical analysis
Results are represented as mean±SEM. Statistical analysis was performed by t-tests using
GraphPad Prizm. Non-parametric Mann Whitney test was used for the statistical analysis
of bacterial culture data. p<0.05 was considered statistically significant.

RESULTS
ABA-PEG20-Pi20 markedly suppresses the collagenolytic activity of E. faecalis
At baseline in TY media (10 g/L tryptone and 5 g/L yeast extract), E. faecalis displayed
significant collagenolytic activity as judged by its ability to degrade fluorescein-labeled
gelatin. (Figure 1A). The addition of 10% ABA-PEG20k-Pi20 to the TY medium led to a
significant decrease of collagenase production by ~9 fold in the E2 strain and ~12 fold in
the E27 strain (Figure 1A). The non-phosphorylated parent polymer ABA-PEG20k
displayed a diminished but significant collagenase suppressive effect (i.e., ~2 fold for the
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Figure 1. ABA-PEG20-Pi20 significantly suppresses collagenolytic activity in E. faecalis. (A), Fluoresceinlabeled gelatin is degraded by both phosphorylated ABA-PEG20k-Pi20 and non-phosphorylated ABA-PEG20k
polymers with ABA-PEG20k-Pi20 displaying greater collagenolytic activity. (B), ABA-PEG20k-Pi20 promotes the
growth of E. faecalis. Data were collected at 0 and 12 hrs time points, and 0 time point values were subtracted
from overnight time point values. n=3/group, *p<0.01 by Student t-test. Columns represent average values,
and error bars – standard deviations.

E2 strain and ~4 fold for the E27 strain) (Figure 1A). Of note, the ABA-PEG20k-Pi20
enhanced the growth of both E. faecalis strains while the non-phosphorylated compound
did not, suggesting that strains can consume phosphate from the phosphorylated polymer
(Figure 1B).
ABA-PEG20k-Pi20 protects mice from anastomotic healing complications caused by
collagenolytic E. faecalis
In all mouse experiments, E. faecalis strain E2 was used. A scheme of the experimental
design is presented on Figure 2. Mice were randomly allocated to drink water with 1%
ABA-PEG20k-Pi20 or 1% ABA-PEG20k. Data demonstrated that E. faecalis injected via
enema to the anastomosis significantly impaired anastomotic healing (AHS score Control,
1.333 ± 0.1594 vs E. faecalis, 2.6 ± 0.2138, n=15, p=<0.0001) with ~50% of mice developing
an AHS ≥ 3- a score that is considered to represent a clinical leak (Figure 3A,B). In mice
uninfected by E. faecalis (control group), no clinical-like leaks were observed as indicated
by an AHS ≤ 2. In mice randomly assigned to drink 1% ABA-PEG-Pi20, healing was
significantly improved (E. faecalis, 2.6+- 0.2138 vs E. faecalis + ABA-PEG20k-Pi20, 1.933+0.1817, n=15, p=0.0246). There was no improvement of healing by non-phopshorylated
polymer ABA-PEG20k (AHS=2.5 ± 0.2236, n=10).

Collagenolytic Enterococcus is decreased at anastomotic tissue sites in mice
drinking ABA-PEG20k-Pi20
Based on the above studies, in this series of experiments, we compared the efficacy of 1%
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ABA-PEG20k-Pi20 to suppress collagenolytic strains of E. faecalis by randomly assigning
mice to drink either water (control) versus water containing to 1% ABA-PEG20k-Pi20. All
mice again received E. faecalis E2 on POD1 by enema following anastomotic surgery.
Collagenolytic populations were evaluated on Enterococcal plates covered with skim milk
on which collagenolytic species produced black colonies with clearing halo surrounding it
(Figure 4A). The CFU count was normalized to the sample weight. Results indicated that
the total Enterococcus population was not significantly different in between the two groups
neither from luminal samples harvested at anastomotic sites or from anastomotic tissue
samples. (Figure 4B). However, collagenolytic colonies of E. faecalis were significantly
reduced in mice drinking ABA-PEG20k-Pi20 compared to water in both tissue and luminal
contents (Figure 4C).
Water

ABA-PEG20k-Pi20

Pre-7

Pre-1

Starting 7 days prior to surgery and
until the end of the experiment,
mice drink either water,
1% ABA-PEG20k-Pi20,
or 1% ABA-PEG20k
In the morning and evening
on the day prior to surgery,
mice received oral clindamycin
and subcutaneous cefoxitin

POD0

Colon resection

POD1

E. faecalis enema

POD7

ABA-PEG20k

Sacrifice
Gross assessment of leak

Figure 2. Mouse model of colon anastomosis. Mice were randomly allocated to water or to 1% ABA-PEG20kPi20, 1% ABA-PEG20k or 1% PPi-6 beginning the week prior to surgery until the day of sacrifice on POD7.
On the day prior to surgery (Pre-1), mice received oral clindamycin (100mg/kg, ~ 50 µl oral gavage of 50 mg/
ml) followed by a subcutaneous injection of cefoxitin (40 mg/kg, ~100 µl of 10 mg/ml) twice daily. At POD0, a
midline abdominal incision was created and the colon transected at the peritoneal reflection. On POD1, 100 µl
of a freshly prepared E. faecalis suspension (OD600nm=0.5 in 10% glycerol) was delivered to the anastomosis
site via rectal enema using a 22G blunt tip gavage needle. At POD7, mice were sacrificed and the anastomosis
evaluated by direct inspection and calculation of the AHS.

Fig. 2 Wiegerinck et al
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Figure 3. ABA-PEG20-Pi20 enhances anastomotic healing. (A), The anastomotic healing score (AHS).
*p<0.0001 between control and E. faecalis enema groups, and **p=0.0246 between E. faecalis and E.
faecalis +1% ABA-PEG20k-Pi20 groups, n=15 per group. There was no improvement of healing with the nonphopshorylated polymer ABA-PEG20k (AHS=2.5 ± 0.2236, n=10). The control group includes mice with a colon
anastomosis only. Unpaired two-tailed t-test (GraphPad Prizm) was used for statistical analysis. Data represent
3 separate experiments. The range of AHS=0 to AHS=4 includes those anastomoses without complications
(AHS=0) and those with gross abscess and leakage (AHS=3, 4). (B), Representative images of the anastomoses
in control, E. faecalis and E. faecalis +1% ABA-PEG20k-Pi20 groups. Arrows indicate anastomotic healing lines
demonstrating adequate healing in the control group, dense adhesions with gross abscess in the E. faecalis
group, and flimsier adhesions without abscess in the E. faecalis +1% ABA-PEG20k-Pi20 group.

ABA-PEG20k-Pi20 enriches the anastomotic mucus layer with phosphate
Phosphate concentration was measured in the mucus layer scrapped off from 1 cm2 area
at the site of anastomosis at the time of sacrifice on POD7. The concentration of phosphate
was significantly increased in mice drinking ABA-PEG20k-Pi20 compared to water only
(E. faecalis + water 23.22 ± 5.73 vs E. faecalis + ABA-PEG20k-Pi20, 48.42±7.633 μM,
p=0.0297, n=5) (Figure 5).
Hexametaphosphate (PPi-6) does not suppress collagenolytic activity in E. faecalis and
does not prevent anastomotic leak
Fig. 3 Wiegerinck et al
We performed reiterative studies in vitro with E faecalis and in mice to determine the
efficacy of PPi-6 to suppress collagenase and prevent anastomotic leak. Results indicate
that PPi-6 does not suppress collagenolytic activity in E. faecalis (Figure S1A) and does
not prevent anastomotic leak in mice drinking PPi-6 ad libitum (Figure S1B).
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(A), Enterococcal- specific plate covered with skim milk plate to assess the total and collagenolytic counts of
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of Enterococcus. (C), Counts of collagenolytic strains. n=5/group, *p=0.0159, **p=0.0079 by nonparametric
Mann-Whitney test (GraphPad Prizm).
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Figure 5. Oral delivery of ABA-PE20k-Pi20 leads to an increase in phosphate in the mucus layer of
anastomotic tissues. The phosphate concentration was measured in the mucus layer from a 1 cm2 area on
anastomotic tissues. n=5 mice per group, *p= 0.0297, two-tailed t-test (GraphPad Prism).
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Figure S1. PPi-6 does not suppress the collagenolytic activity of E. faecalis and does not protect against
anastomotic leak (A), Gelatin-degrading (collagenolytic activity) of E. faecalis E2 at various concentrations of
PPi-6. Readings
are determined
following
Fig. S1.
Wiegerinck
et alovernight growth in 96- well plates. N=3 per group. *p=0.48 Student
t-test. (B), Anastomotic healing score at POD7. n=4 per group.

DISCUSSION
Based on our ongoing work on the molecular pathogenesis of anastomotic leak, the role of
intestinal microbes as key and causative agents in anastomotic leak is becoming increasingly
evident 5-7, 15. Although there certainly may be a role for ischemia in this process owing to
hypotension, blood loss, or inadequate blood supply to the anastomosis, here we posit that
without the presence of a collagenolytic strain of bacteria and without its in vivo expression
of the collagenolytic phenotype, leaks do not occur. As we have previously outlined, loss
of the colonization resistance of the normal microbiota which protect intestinal tissues
from invasion from collagenolytic microbes is a prerequisite for strains such as E. faecalis
to predominate at sites of anastomotic tissues, a process which is facilitated by the use of
prophylactic antibiotics 5, 8. However indiscriminate use of broad-spectrum antibiotics
carries the unintended consequences of disabling the normal microbiomes ability to contain
collagenolytic bacteria from proliferating. In addition, this practice may also promote the
emergence of antibiotic resistant strains. It is for this reason that we are exploring alternative
approaches such as phosphate mediated suppression of bacterial virulence to avoid these
potential untoward effects.
Organic phosphates in intestinal mucus are continuously replenished by local intestinal
tissues under homeostatic conditions. However, during physiologic stress, such as surgical
injury, the mucus layer becomes depleted limiting bacterial access to this rich source of
phosphate. Oral dietary phosphate will not replete phosphate under these conditions as it
is rapidly digested and absorbed proximally in the human intestine leaving little to no free
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inorganic phosphate in the distal gut. Interestingly Lactobacilli species are known to be
high producers of polyphosphate 16. Unfortunately surgical injury itself leads to a rapid
depletion of lactobacilli 8 as does the administration of standard antibiotics for prophylaxis.
Finally, the precise form and dose of oral phosphate needed to suppress the virulence of a
given species of bacteria is likely to be highly variable given the high diversity of bacteria
that can produce collagenase. It may be for this reason that PPI-6 functioned well against
S. marcescens and P. aeruginosa but not against E. faecalis. The findings in the present study
suggest that in order to deliver phosphate to anastomotic tissues that will reach distal sites
and remain bioactive against common pathogens that disrupt healing anastomotic tissues,
a polydisperse solution of phosphate delivery may be needed.
The ABA-PEG20k-Pi20 polymer used in this study was synthesized de novo and verified
for its ability to coat bacteria and make its phosphate available for delivery and virulence
suppression14. In the present study, we found that ABA-PEG20k-Pi20 delivers phosphate
to the site of anastomosis, significantly attenuates collagenolytic populations of E. faecalis
at anastomotic sites and enhances anastomotic healing. The ability of ABA-PEG20k-Pi20
to suppress collagenolytic activity is likely to be critical for its in vivo protective effect. Its
non-phosphorylated parent compound ABA-PEG20k and inorganic polyphosphate PPi-6
were less effective in suppressing the collagenolytic activity of E. faecalis and as such, were
less protective in preventing anastomotic leak caused by this pathogen. This finding suggests
that although phosphate concentration at the site of the host-pathogen interaction is critical
in this response, not all forms of phosphate can be universally applied to all pathogens that
cause anastomotic healing impairment. Taken together, these finding indicate that future
formulations to prepare the bowel for surgery may need to consider their effectiveness
against a broad range of collagenolytic pathogens that are involved in the pathogenesis of
anastomotic leak.
In summary, ABA-PEG20k-Pi20 has a potent suppressive effect on collagenase production
in E. faecalis, a common bacterium associated with anastomotic leak and a commensal
organism that is highly resistant to antibiotic elimination in the human gut following colon
surgery. Its in vivo efficacy in mice suggest that it might be an important adjunct to current
formulations to prepare the bowel for surgery.
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ABSTRACT
Objective
The objective of this study was to determine the effect of polyphosphate on intestinal
bacterial collagenase production and anastomotic leak in mice undergoing colon surgery.

Summary Background Data
We have previously shown that anastomotic leak can be caused by intestinal pathogens that
produce collagenase. Because bacteria harbor sensory systems to detect the extracellular
concentration of phosphate which controls their virulence, we tested whether local
phosphate administration in the form of polyphosphate could attenuate pathogen virulence
and prevent leak without affecting bacterial growth.

Methods
Groups of mice underwent a colorectal anastomosis which was then exposed to
collagenolytic strains of either Serratia marcescens or Pseudomonas aeruginosa via enema.
Mice were then randomly assigned to drink water or water supplemented with a 6-mer of
polyphosphate (PPi-6). All mice were sacrificed on postoperative day 10 and anastomoses
assessed for leakage, the presence of collagenolytic bacteria and anastomotic PPi-6
concentration.

Results
PPi-6 markedly attenuated collagenase and biofilm production as well as swimming and
swarming motility in both S. marcescens and P. aeruginosa while supporting their normal
growth. Mice drinking PPi-6 demonstrated increased levels of PPi-6 and decreased
colonization of S. marcescens and P. aeruginosa and collagenase activity at anastomotic
tissues. PPi-6 prevented anastomotic abscess formation and leak in mice following
anastomotic exposure to S. marcescens and P. aeruginosa.

Conclusions
Polyphosphate administration may be an alternative approach to prevent anastomotic leak
induced by collagenolytic bacteria with the advantage of preserving the intestinal
microbiome and its colonization resistance.
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INTRODUCTION
Anastomotic leak (AL) is among the most feared and disabling complications following
intestinal surgery. Despite decades of descriptive research, the etiology and pathogenesis
of AL remains unknown. Although there is compelling evidence that microbes are the
primary drivers of the pathogenesis of anastomotic leak, practicing surgeons are generally
dismissive of this hypothesis and therefore few efforts have been aimed at understanding
and controlling the microbes that may complicated anastomotic healing 1, 2.
A microbial cause for anastomotic leak was first proposed over 60 years ago 3 and has been
confirmed in multiple studies 4. The main clinical evidence for a microbial cause of
anastomotic leak is indirect and is based on clinical trials in which the use of oral nonabsorbable antibiotics significantly reduces the incidence of anastomotic leak 5, 6. As such,
mechanistic studies on the microbial pathogenesis of anastomotic leak are lacking and have
stalled preventative efforts that target the causative microbes.
Clinical studies have demonstrated, that despite the use of purgative cleansing agents and
intravenous and oral non-absorbable antibiotics, patients still remain colonized by strains
of Enterococcus faecalis and Pseudomonas aeruginosa for as long as 7 days after surgery 7.
We have provided compelling evidence that these pathogens can produce collagenases that
impair anastomotic healing 8, 9. This suggests that strategies other than antibiotics are needed
to contain the virulence of these pathogens.
Here we present the concept of phosphate-based therapy as a method to attenuate bacterial
virulence without affecting bacterial growth. This latter property may be highly desirable
given the emerging data demonstrating the health promoting effects of preserving the
intestinal microbiome 10. Previous work from our laboratory has demonstrated that bacteria
harbor exquisitely sensitive sensory systems to detect the extracellular concentration of
phosphate which plays a major role in virulence expression 11, 12. Because we have shown
that surgical injury depletes local intestinal phosphate concentrations 13, maintaining local
phosphate levels at anastomotic tissues may suppress the release of undesired bacterial
virulence products.
In the present report, we identify a pathogen capable of producing a high degree of
collagenase, Serratia marcescens, whose role in anastomotic leak has not been previously
described. We show that PPi-6 suppresses collagenase production in S. marcescens and P.
aeruginosa in vitro. We then created a novel model of bacteria-mediated anastomotic leak
by exposing mice to both pre- and postoperative antibiotics followed by introduction of
collagenolytic bacteria via enema. Mice drinking PPi-6 were protected against anastomotic
leak due to the inoculated pathogens.
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METHODS
Bacterial Strains
An antibiotic resistant Serratia marcescens strain was originally isolated from the stool of
a critically ill patient 14. This strain was characterized as collagenolytic and was termed S2S. marcescens to denote it from other isolated strains of S. marcescens (i.e. S1- S. marcescens
–vide infra) that do not produce collagenase. The S1- S. marcescens strain, also isolated
from the stool of a second critically ill patient 14, did not display collagenolytic activity and
was used for comparison. A Pseudomonas aeruginosa strain previously isolated from leaking
rat anastomoses (termed MPAO1-P2) was used which displayed high collagenolytic activity,
swarming motility, and biofilm formation 9, 15.
Mouse model
C57BL/6 male mice aged 10-12 weeks (Charles River Laboratories) were maintained in
accordance with the University of Chicago IACUC Protocol 72417. All animals were housed
in filter-top cages under standardized laboratory conditions and allowed to acclimate for
48 hours prior to experiments in a temperature-controlled room (22°C to 24°C) with a 12
hour light/dark diurnal cycle. Mice were allowed food and water ad libitum.
Mice were anesthetized with an intraperitoneal injection of ketamine (100mg/kg) and
xylazine (10mg/kg). Once unresponsive to light stimuli, mice were placed supine on a
warming blanket and secured using adhesive tape. A midline abdominal incision was
created and the colon transected at the peritoneal reflection. An anastomosis was performed
using 7 interrupted sutures of 8-0 proline. Its integrity was tested by distending the distal
colon with normal saline via enema using 22G blunt tip gavage needle. Finally, the abdomen
was closed in two layers with 5-0 Vicryl and 5-0 Nylon for the skin. All animal was volume
resuscitated with 1 ml 0.9% normal saline administered as a subcutaneous injection (See
supplemental video).
At postoperative days POD1, POD2 and POD3, 100 µl of a freshly prepared bacterial
suspension (OD600nm=1.0 in 10% glycerol) was injected twice daily to the anastomosis
site via rectal enema using a 22G blunt tip gavage needle (Figure 2D).
Antibiotic treatment. Mice received oral clindamycin (100mg/kg, ~ 50 ul oral gavage of 50
mg/ml) and a subcutaneous injection of cefoxitin (40 mg/kg, ~100 ul of 10 mg/ml) twice
daily for 5 days starting at preoperative day1 to POD3 (Figure 2D).
Mice were randomly allocated to drink water or water supplemented with PPi-6 water
beginning the day prior to surgery until the day of sacrifice on POD10.
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Figure 2. Mouse model of S2- S. marcescens –induced anastomotic leak. (A), Anastomosis healing score
(AHS): 0= normal healing, 1= loose adhesions, 2 = dense adhesions and inflammation, 3= abscess with dense
adhesions/inflammation and 4= gross leak. Arrows indicate the line of the anastomosis. (B), Introduction of S2S. marcescens to anastomotic tissues and antibiotic exposure induce anastomotic leak. *p<0.01. (C), Antibiotic
treatment promotes higher colonization of anastomotic tissues by S. marcescens. n=6 mice/group, *p<0.01.
(D), Schematic presentation of the model and experimental protocol. At POD0, a distal colonic transection and
anastomosis is performed. Antibiotics treatment starts at the day of surgery and continues to POD3, twice
daily. S2-S. marcescens is delivered by enema at POD1, POD2, and POD3, twice a day, 100 µl of S. marcescens
solution in 10% glycerol, OD600 nm = 1.0. All mice are euthanized on POD10 and analyzed for anastomotic
healing.

Anastomotic healing score
On POD10, all mice were euthanized and the anastomosis healing score (AHS) was
determined as described 16. Briefly: 0- Normal healing, 1- flimsy adhesions, 2- dense
adhesions without abscess or intraperitoneal contamination, 3- dense adhesions with gross
abscess at the anastomotic site, 4- gross leak with peritoneal contamination and a visible
anastomotic dehiscence (Figure 2A).
Anastomotic tissue sample collection
At sacrifice, anastomotic tissues were inspected and their anastomotic healing score (AHS)
determined. Sterile instruments were used for tissue dissection to prevent contamination.
Colonic contents and anastomotic tissues were collected. Each sample was homogenized
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in either 1ml of sterile water (for tissue collagenase activity and PPi-6 content measurements)
or 10% glycerol (for culturing bacteria). Samples were stored at -80˚C.
Tissue bacterial culture
Given that the S2-S. marcescens strain is resistant to imipenem, we prepared selective plates
to isolate S2-S. marcescens and distinguish it from indigenous strains of S. marcescens by
supplementing MacConkey’s agar with imipenem, 1mcg/ml. The selectivity of the plates
was confirmed by plating homogenized anastomotic tissues from mice not exposed to S2S. marcescens. Tissues were homogenized, serially diluted in normal saline (0.9% NaCl),
and 50μl of each dilution was plated. The CFU count was then normalized to the sample
weight.
Tissue collagenase assay
Tissue collagenase was assayed as previously described 8. Briefly, 10 mg of anastomosis
tissue was homogenized in 650 μl assay buffer (EnzChek Gelatinase/Collagenase assay kit
(Fisher Scientific) supplemented with ZnCl2. 30 μl of fluorescent pig gelatin was added to
each sample and incubated for 24 hours in the dark at room temperature. Fluorescence was
measured by M5 SpectraMax set at excitation 415±15nm and emission 550±15nm.
PPi-6 assay
In order to determine whether the orally ingested PPi-6 was present at anastomotic tissues,
an entire ring of anastomotic tissue was collected and centrifuged at 6000 rpm. The
supernatant was then assayed for PPi-6 concentration using a Micromolar polyphosphate
assay kit (Profoldin). Briefly, 30 μl of the sample and 30 μl of the kit fluorescence dye (PPD)
was added to a 96-well plate and incubated for 30 minutes in the dark. PPi-6 was measured
as a fluorescence at excitation 415±15nm and emission 550±15nm using M5 SpectraMax
plate reader.
The effect of PPi-6 on the in vitro collagen/gelatin degrading activity of S. marcescens
and P. aeruginosa
Tryptic soy broth (TSB) was supplemented with sodium hexametaphosphate PPi-6 (Sigma)
at a range of concentrations 0-0.2 mM to obtain suitable TSB/PPi-6 media. The TSB/PPi-6
media was spiked with the bacterial inoculum and diluted 100 fold in freshly prepared
TSB/PPi-6 with fluorescein labeled gelatin or collagen (EnzChek Gelatinase/Collagenase
assay kit (Fisher Scientific). Serial fluorescence was determined dynamically using the M5
SpectraMax set at excitation of 485±15nm and emission of 530±15nm for 24 hours and
normalized to bacterial cell density as measured by OD600 as previously described 8.
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The effect of PPi-6 on biofilm production by S. marcescens and P. aeruginosa
Bacterial cultures were prepared in TSB/PPi-6 media as above. The PPi-6 concentration
was adjusted to 8 and 16 mM. 300µl of the bacterial culture was plated on Costar 96 well
plates (Sigma Aldrich) in triplicate. Plates were incubated overnight at 37°C. Wells were
then washed three times with tap water and 300 µl of 0.1% crystal violet was added into
each well and incubated at room temperature for 30 minutes. The stained biofilm was then
dissolved in 300 µl of 70% ethanol and absorption measured at 570 nm and normalized to
bacterial cell density that was measured at OD600 nm prior to washing the plates for biofilm
analysis.
The effect of PPi-6 on S. marcescens and P. aeruginosa motility
Swimming media contained 5 g peptone, 3 g yeast extract and 3 g Bacto agar per liter with
and without PPi-6 at concentrations of 8 – 48 mM. Swarming media contained 5 g tryptone,
2.5 g yeast extract, and 5 g Difco Bacto Agar per liter, with and without PPi-6 at
concentrations of 8 – 48 mM. Bacteria were grown in TSB overnight, and 1.5 µL of overnight
bacterial culture was inoculated at the center of a plate. The plates were incubated at 35°C
for 8 hrs.
Statistical analysis
Results are represented as mean±SEM. Statistical analysis was performed by Student’s t or
Chi squared tests using GraphPad 4.0. p<0.05 was considered statistically significant.

RESULTS
S2-S. marcescens expresses a high degree of collagenolytic activity
Results indicate that S2-S. marcescens expresses a high degree of collagenase activity
following 10 hours of growth in tryptic soy broth (TSB) (Figure 1A). This isolate can
degrade both gelatin and collagen I, a key protein in anastomotic healing (Figure 1C). The
S1- S. marcescens displayed negligible collagenase activity. Thus, the S2- S. marcescens
phenotype shares similarity to other high collagenolytic strains including P. aeruginosa (P2
phenotype) and Enterococcus faecalis (E2 phenotype) whose collagenase activities correlate
to their ability to impair anastomotic healing 8, 9.
Polyphosphate suppresses collagenase production in S2- S. marcescens
Phosphate is a well-established extracellular cue that is known to suppress bacterial
virulence across a broad range of pathogens via several conserved phosphoregulatory and
phosphosensory systems present on bacterial membranes 17. We tested several phosphatecontaining compounds (data not shown) including potassium phosphate buffer (25 mM,
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pH6.0), phosphorylated polyethylene glycol (Pi-PEG15-20, 5-10%)17, and the 6-mer
polyphosphate herein termed as PPi-6, and identified that PPi-6 was highly effective at
suppressing collagenase production in S2-S. marcescens (Figure 1B). Importantly, PPi -6
suppressed collagenase production at concentrations that did not affect bacterial growth
(Figure 1B) suggesting that regulatory mechanisms rather than bacteriostatic effects are
involved in this response. Given that polyphosphate may chelate Zn from the active site of
collagenase 18, we tested whether PPi-6 had a direct effect on the collagenase already secreted
by bacteria. S2- S. marcescens was grown to stationary phase (12-14 hrs) and then bacterial
cells were removed by centrifugation and the supernatant filtered through a 0.22 µm filter
for sterilization. When PPi-6 was added to the supernatant containing the secreted
collagenase(s), it did not suppress its collagenolytic activity (Figure 1D). These data suggest
that the mechanism by which polyphosphate suppresses collagenase activity is by affecting
its production rather than by chelating Zn and denaturing the collagenase.
PPi-6 suppresses biofilm production and inhibits swarming and swimming motility in
S2- S. marcescens
We next tested if PPi-6 may provide more global anti-virulence effect by affecting biofilm
production and motility, two phenotypic features important for tissue colonization. As
shown by others, both swarming and swimming motility can be induced by phosphate
limitation 19, 20. PPi-6 was added to TSB and S2- S. marcescens was grown overnight, and
then plates were prepared with low agar concentrations to analyze the motility of S.
marcescens at varying concentrations of PPi-6. Results demonstrated that PPi-6 suppressed
biofilm production (Figure 1E), swimming motility (Figure 1F, top panel), and swarming
motility (Figure 1F, bottom panel) in a concentration-dependent manner.
Development of a mouse model of S2- S. marcescens –induced anastomotic leak
We next developed a novel mouse model of anastomotic leak in which bacteria are
introduced to the anastomotic sites via enema following a low colon (colorectal)
anastomosis. Animals were sacrificed 10 days following surgery and their anastomoses
inspected and scored according to the AHS system as described above. Briefly an AHS of
0 indicates a completely healed anastomosis, no adhesions, no detectable leakage, no
inflammation, all sutures and tissues are intact. AHS1 and AHS2 refer to a minimal amount
of adhesion formation with AHS1 indicating flimsy loose adhesions and ASH2 indicating
denser adhesions however without any gross inflammation or abscess formation, AHS3
and AHS4 refer to clinically relevant anastomotic healing complications such as gross
abscess formation, dense adhesions and inflammation (AHS3) and gross leak (AHS4) with
visible fecal material exiting the anastomotic sites causing severe local inflammation and
peritonitis (Figure 2A).
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Figure 1. Polyphosphate suppresses the collagenolytic activity, biofilm production, and motility of
S2-S. marcescens. (A), Dynamics of gelatin-degrading activity in S. marcescens grown in TSB. n=6. (B), PPi-6
suppresses the collagenolytic activity of S. marcescens without affecting its growth. n=6/group, *p< 0.01. (C)
Gelatin and collagen I but not collagen IV are degraded by S. marcescens. n=6/group. (C), (D), PPi-6 does not
affect the gelatin-degrading activity of the S. marcescens supernatant. (E), PPi-6 suppresses biofilm production
by S. marcescens without affecting its growth. n=4/group, *p< 0.01. (F), PPi-6 suppresses swimming and
swarming motilities in a concentration dependent manner.

The operative procedure was carried out as indicated above. All mice were sacrificed on
postoperative day 10 (POD10). There were no systemic signs of gross infection at the time
of sacrifice and all mice appeared healthy without evidence of peritonitis from the time of
anesthesia to the time of sacrifice. The procedure for anastomotic tissue inoculation was
as follows: a 100 μl of bacterial suspension in 10% glycerol, OD600nm =1.0 (2 X109 CFUs/
ml) of S1-S. marcescens (non-collagenolytic strain) or S2- S. marcescens (collagenolytic
strain) were introduced to site of the anastomosis following its surgical completion via
enema with a feeding needle and syringe. Enema inoculation of bacteria was carried out
on POD1, POD2, and POD3, twice daily. Results demonstrated that S1-S. marcescens caused
minimal healing complications (AHS=1.2), never exceeding AHS2 in contrast to S2- S.
marcescens where the mean AHS was 2.0 with several mice reaching the AHS3 (abscess
formation) (Figure 2A, B). We next introduced antibiotics as they are routinely used in
colon surgery. Results indicated that antibiotics increased the anastomotic leak score to the
AHS3 and AHS4 range (chi square test, p=0.003 (Figure 2A, B)). In addition, use of
antibiotics led to a 100 fold increase in S. marcescens colonization at anastomotic tissues
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(p<0.01, n=6) (Figure 2C). Based on these preliminary experiments, the model was then
standardized to include antibiotic treatment starting at the day of surgery and infection of
anastomotic site with S2- S. marcescens starting on POD1 (Figure 2D). It is important to
note that in this model, there was no mortality or systemic illness (sepsis) in any mice that
we analyzed on POD10.

PPi-6 attenuates S. marcescens colonization and collagenase activity at
anastomotic tissues and prevents healing complications
PPi-6 was added to the drinking water at a final concentration of 16 mM, based on in vitro
experiments indicating suppression of biofilm formation and motility of S2-S. marcescens
(Figure 1). Mice were randomly assigned to receive tap water supplemented with PPi-6
versus tap water only starting the day before surgery and continuing through the length of
the experiment. PPi-6 dramatically improved anastomotic healing as compared to tap water
only controls (Figure 3A-C). Luminal contents at the anastomotic sites of mice drinking
PPi-6 contained higher concentration of PPi-6 compared to the water only drinking group
(p<0.001, n=5/ group) suggesting that PPi-6 was delivered to the site of the anastomosis
(Figure 3D). Colonization of anastomotic tissues by S. marcescens (Figure 3E) and total
collagenase activity in the anastomotic site were significantly decreased in mice drinking
PPi-6 (Figure 3F).
Generalizability of PPi-6 to other gram negative pathogens known to cause anastomotic
leak: P. aeruginosa
Based on previous work with a P2 phenotype strain (high collagenase) of Pseudomonas
aeruginosa that were isolated from rats with anastomotic leak and fully characterized,
reiterative experiments were performed with this strain which is termed MPAO1-P2 9, 15.
Results indicated that PPi-6 at 8 mM had a potent inhibitory effect on collagenase
production in MPAO1-P2 (Figure 4A). In addition, PPi-5 inhibited MPAO1-P2 biofilm
formation (Figure 4B,’) and swarming motility (Figure 4C). Swimming motility was
suppressed at 48 mM of PPi-6 (Figure 4D). Similar to S. marcescens, PPi-6 did not affect
the growth of MPAO1-P2 when exposed to collagenase inhibitory concentrations. We next
introduced the P. aeruginosa MPAO1-P2 strain into the mouse model of anastomotic
surgery. All parameters of the model, including antibiotic treatment, were the same as for
S. marcescens. Results indicated that PPi-6 improved healing (p<0.05, n=5 (MPAO1-P2
+antibiotic = AHS 2.25 ± 0.25 vs MPAO1-P2+antibiotic +PPi-6 = AHS 1.2 ± 0.37) (Figure
4E). The improved healing was associated with a 100 fold decrease in P. aeruginosa
colonization at anastomotic tissues (n=5, p<0.001) (Figure 4F) and attenuated total
collagenase activity in anastomotic tissues (n=5, p<0.001) (Figure 4G).

116

Phosphate rich compound prevent anastomosis leak

6

Figure 3. PPi-6 promotes healing in mouse model of S2- S. marcescens –induced anastomotic leak. (A-C),
AHS is improved by oral PPi-6 as seen by the absence of gross leaks (AHS3 and AHS4) (A), significant decrease
of the mean AHS, n=10, p<0.05 (B), no abscesses in healed tissues (C). (D), PPi-6 concentration is increased at
the site of anastomosis in mice drinking PPi-6, n=15 samples/group, *p<0.05. (E), colonization of anastomotic
tissues by S. marcescens is attenuated by oral PPi-6, n=5, *p<0.01. (F), total collagenase activity at anastomotic
tissues is decreased by oral PPi-6, n=5, *p<0.01.
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Figure 4. PPi-6 promotes healing in P. aeruginosa–induced anastomotic leak. (A), PPi-6 suppresses
the gelatin-degrading activity of P. aeruginosa MPAO1-P2 grown in TSB. n=6. (B), PPi-6 suppresses biofilm
production by P. aeruginosa MPAO1-P2. (C, D), PPi-6 suppresses swarming (C) and swimming (D) motility in
MPAO1-P2. (E-G), oral PPi-6 causes a significant decrease in the mean AHS, n=10, p<0.05 (E); attenuation of
P. aeruginosa colonization at anastomotic tissues, n=5, *p<0.01 (F) decrease of total collagenase activity at
anastomotic tissues, n=5, *p<0.01 (G).

DISCUSSION
Animal models of anastomotic leak are often criticized for lacking clinical relevance as the
leaks that these models produce are not considered similar to those observed clinically (i.e.,
abscess formation and gross dehiscence of the anastomosis). Furthermore, the conditions
needed to produce leaks in animals (production of gross intestinal ischemia, inadequate
suturing with major tissue gaps, etc.) are not those that well-trained experienced surgeons
would ever allow to occur. While our model could also be criticized for its lack of clinical
relevance, three features make it highly useful to the field of anastomotic leak research: 1.
anastomoses are technically well-constructed and fully intact at the time of closure, 2. the
leaks produced are clinically relevant (i.e., abscesses, gross leaks) and 3. clinically relevant
leaks in this model occur at low frequency as is typical of the clinical situation.
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In the model herein presented, as in our previous studies, we demonstrate that collagenolytic
bacteria play a major role in the pathogenesis of anastomotic leak. We also demonstrate
that the use of polyphosphate may represent a novel strategy to improve anastomotic healing
by suppressing the production of production of bacterial collagenase(s). Our model involved
the use of a broad and significant exposure to antibiotics as well as a large and repeated
inoculation of the test pathogen, which may be considered a limitation of the study. In
defense of this approach is the observation that the mouse gut is known to be highly
resistant to colonization by exogenous microbes and most models of intestinal infection
in mice require antibiotic exposure for up to one month 21, 22 and repeated oral inoculation
to achieve mucosal colonization. Humans however may be more vulnerable in this regard
given that patients undergoing colon surgery usually harbor cancer, receive preoperative
chemotherapy and radiation, are elderly, eat a western high fat diet, are obese and are
repeatedly exposed to antibiotics- factors that are known to significantly and dramatically
change the microbiome 23-25.
Here we antibiotic resistant S. marcescens strain isolated from the stool of a critically ill
patient that we had previously characterized. This strain was exposed to multiple selective
pressures as a result of the patient being confined in an intensive care unit for over one
month. The relevance of using this strain is based on recent reports demonstrating that
resistant pathogens are both prevalent and growing in incidence in anastomotic tissues 23,
26
, especially those that experience a leak. The relevance of this pathogen and other resistant
organisms is real given that surgeons today are operating on older and sicker patients with
more chronic diseases 14, 27, 28. This situation begs an approach beyond the addition of broader
and longer courses of antibiotics which themselves can select out more resistant and
virulence strains that contaminate anastomotic tissues.
The identification of polyphosphate as a highly efficacious compound to prevent anastomotic
complications is intriguing. The biological importance of inorganic polyphosphate (polyP)
has been extensively studied for decades 29. It has been demonstrated that polyP is produced
by almost all living organisms from microbes to animals and serves multiple important
biologic functions 30 including those involved in the stress response 31, 32. In animals, polyP
is found mainly in brain tissue and within heart nuclei at the µM concentration 31, 33 which
is dramatically lower compared to microorganisms 34. Microorganisms can synthesize polyP
at concentrations as high as 100-200 mM 29. Subsequently, numerous reports have described
that multiple microorganisms can accumulate polyP in their cytosol especially during
conditions unfavorable for growth 35.
PPi-6 used in the present study may represent the ideal intestinal cytoprotectant during
anastomotic surgery or recovery from any intestinal injury of inflammatory process.
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Lactobacillus brevis can produce polyphosphate which has been shown to enhance epithelial
barrier function 36 and down-regulate the expression of inflammation- and fibrosisassociated genes in the intestinal epithelium 37. Previous work from our lab has shown that
following anastomotic surgery in rats, the relative abundance of Lactobacillus at anastomotic
tissues is profoundly diminished 38, 39. Therefore, the provision of polyphosphate to patients
in preparation for intestinal anastomotic surgery may be a rational approach to prevent
anastomotic complications.
A more thorough investigation of the pathogens present at anastomotic tissues, the
phenotypes they express and what role they play in anastomotic leak pathogenesis is needed.
The generation of such information may require serial endoscopic surveillance of
anastomotic tissues and microbial sampling in order to be able to understand not only
which pathobiota are present but which microbiota are absent. This analysis must be carried
out not only at the time of surgery, but during the period of exposure to the complex
microbial environment of an acute care hospital. Further studies can then clarify the role
that pathogenic microbes play in anastomotic leak and inform novel strategies for
prevention of this rare, but devastating complication to which no surgeon is immune.
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ABSTRACT
Objective
To determine whether intestinal colonization with methicillin-resistant Staphylococcus
aureus (MRSA) can be the source of surgical site infections (SSIs) in the absence of direct
wound contamination.

Background
MRSA remain a leading cause of SSIs. We hypothesized that gut-derived MRSA may cause
SSIs by neutrophils taking up MRSA from the gut and homing to injured tissue sites (Trojan
Horse Hypothesis).

Methods
To create a novel model of gut-derived MRSA SSIs, MRSA colonization was achieved by
disrupting the microbiota with antibiotics and MRSA gavage. Mice were subjected to
surgical injury (30% hepatectomy) then rectus muscle injury and ischemia. All wounds
were cultured prior to closure. To control for postoperative direct wound contamination,
reiterative experiments were performed in mice in which the closed wound was painted
with live MRSA on postoperative days 1 and 2. To rule out extracellular bacteremia as a
cause of wound infection, MRSA was injected intravenously in mice subjected to rectus
muscle ischemia and injury.

Results
All wound cultures were negative prior to skin closure, suggesting no intra-operative
contamination. Four mice (10%) developed abscesses. Nine mice (22.5%) had MRSA
positive cultures of the rectus muscle without visible abscesses. No SSIs were observed in
mice injected intravenously with MRSA. Wounds painted with MRSA did not develop
infections. Capture of neutrophils from mice by flow cytometry demonstrated the presence
of MRSA within their cytoplasm.

Conclusions
Neutrophils as Trojan Horses carrying gut-derived MRSA may be a plausible mechanism
of SSIs in the absence of direct contamination.
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INTRODUCTION
Methicillin resistant Staphylococcus aureus (MRSA) is rapidly moving to the top of the list
as one of the most frequent pathogens in surgical site infections (SSIs) (1). MRSA wound
infections are most often attributed to direct contamination, either at the time of surgery
or postoperatively. Surprisingly however, the evidence for this claim is weak at best(2). For
example, wound cultures performed at the time of closure refute the notion that MRSA
infections are caused by intraoperative contamination (3,4). Also, while nasal and
oropharyngeal carriage of MRSA have been shown to be variably predictive of SSIs, how
the pathogen travels from its primary site of colonization to the wound remains unknown
and controversial (5–7).
Intestinal carriage of MRSA may represent an unappreciated MRSA reservoir (8–10).
Importantly, while nasal carriage can be associated with MRSA colonization of the intestine,
30-60% of individuals can be sole intestinal MRSA carriers, the presence of which is not
detected by nasal or oropharyngeal screening (9,10).
To reconcile these issues, Thwaites and Gant have proposed a “Trojan Horse Hypothesis”
for MRSA infection. Their hypothesis implicated immune cells, specifically neutrophils, as
privileged sites where S. aureus can circulate in the bloodstream without causing septicemia
and home to distant tissues (11,12). Yet proof of this process is still lacking. GreenleeWacker et al have shown that MRSA has the ability to survive within the neutrophil
phagosome (13). Gresham et al injected S. aureus into the peritoneum of mice and then
subsequently isolated pure neutrophils and then transferred them into the peritoneum of
a naïve mouse which produced infection (14). Yet still, these experiments left many
questions unanswered. Here we proposed that a similar mechanism might explain
postoperative wound infections due to MRSA (Figure 1) where neutrophils might act as
vehicles to silently carry the pathogen to a site of a surgical wound.
Therefore, the aims of the present study were to create a reproducible and clinically relevant
murine model of gut-derived MRSA SSIs that occurs in the absence of direct intra- and/
or postoperative wound contamination. Results demonstrated that mice intestinally
colonized with MRSA can develop a metastatic wound infection originating in the gut
characterized by silent migration of the pathogen from the gut to the wound, without sepsis
or bacteremia, and via mechanisms that might involve the homing of neutrophils carrying
MRSA to the site of tissue injury.

127

7

CHAPTER 7

Figure 1. Proposed “Trojan Horse Hypothesis” of remote surgical site infection due to intestinal MRSA.
During times of physiological stress, MRSA colonizing the gut is taken up by the intestinal neutrophils which
then home to distant sites of tissue inflammation and release their microbial payload resulting in metastatic
infection.

MATERIALS AND METHODS
Bacteria
Bioluminescent MRSA (frozen stock) was plated on tryptic soy agar (TSA) with 10μg/ml
Chloramphenicol (Sigma Aldrich) and grown overnight at 37˚C. A few colonies were then
suspended in 5ml of tryptic soy broth (TSB) with 10μg/ml chloramphenicol in 50ml falcon
tube and grown overnight in a shaker at 37˚C. The suspension was diluted 1:100 in 5 ml of
TSB and grown for 3 hours on a heated shaker. The concentration was adjusted to an OD600
of 0.7 (1x108 CFU/mL). The bacterial suspension was rinsed by centrifugation (2,000xg,
10 min). The remaining pellet was re-suspended in the same volume of normal saline.
Fluorescent MRSA (frozen stock) was plated on TSA medium supplemented with 10 μg/
ml Erythromycin (Sigma Aldrich) and grown overnight at 37˚C. A few colonies were
suspended in 5 ml of TSB with 5μg/ml Erythromycin and 1μg/ml oxacillin in 50 ml falcon
tube and grown overnight on a shaker at 37˚C. Suspension was diluted 1:100 in 5 ml of
TSB with 1 μg/ml Oxaciillin and cultured for 3 hours on a heated shaker. The cell density
was adjusted to an OD600 of 0.7 (1x108 CFU/mL). The bacterial suspension was centrifuged
(2,000xg, 10 min) and the remaining pellet re-suspended in the same volume of normal
saline.

Animal experiments
All experiments were approved by the Institutional Animal Care and Use Committee at
the University of Chicago (IACUC protocol 72090). Eight-week-old male C57B/L6 mice
(Charles River Laboratories International, Inc. Wilmington, MA) were fed tap water and
Harland Teklad feed (Madison, WI). They were maintained under 12-hour light/dark cycles
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and were allowed to acclimate (at least 48 hours) before use. On the day of operation, mice
were anesthetized with an intraperitoneal injection of ketamine (100mg/kg) and xylazine
(10mg/kg) (Henry Schein). All operations were performed under sterile conditions.

Mouse model of direct wound contamination
Following anesthesia and sterile preparation, a vertical skin incision was made and the left
rectus abdominis muscle exposed by undermining the skin. Mice were randomly assigned
to 4 groups: 1) Sham– skin incision, exposure of the underlying abdominal wall muscle,
no rectus muscle trauma, 2) Ischemia– skin incision, suture ligation of the epigastric
vascular bundle superiorly and inferiorly using 4-0 Vicryl suture to create a small area of
muscle ischemia, 3) Injury– skin incision, scratching of the rectus muscle with a needle
and cautery, 4) Injury + Ischemia– as above only with a combination of rectus muscle injury
and ischemia. Prior to wound closure, a solution of MRSA adjusted to an OD600 of 0.7 was
applied to the wound for 10 seconds and washed out using 500μl of normal saline to mimic
intraoperative contamination. The skin was closed using a running 4-0 Vicryl suture. All
animals survived the protocol and none appeared septic. Animals were humanely euthanized
as per ARC guidelines on post-operative day (POD) 14 for wound examination and tissue
sampling. Sterile conditions were maintained during wound inspection and sample
collection. Animals were examined for the presence of dermonecrosis (15) and rectus
muscle abscesses. Wounds were scored using a wound severity score: 1- no dermonecrosis/
abscess, 2- no dermonecrosis, small punctate abscesses, 3- small area of dermonecrosis, no
abscess, 4- small area of dermonecrosis, small punctate abscesses, 5- small area of
dermonecrosis, large abscess, 6- large area of dermonecrosis, large abscess. At sacrifice, the
left rectus muscle was excised and homogenized in 10% glycerol using a sterile glass tissue
grinder (Corning) and cultured. The colony forming units (CFUs) were normalized to
sample weight.

Galleria mellonella killing assay
MRSA isolates from each group were tested for their lethal effect by injection into the wax
moth Galleria mellonella, a well-established small animal model to evaluate microbial
virulence (16,17). Larvae were injected into the haemocoelic cavity (analogous to the
peritoneal cavity in mammals) and observed for discoloration/mortality (17). Larvae were
randomly assigned to 6 groups (10 larvae/group): 1) no injection, 2) 0.9% normal saline,
3) MRSA recovered from sham rectus muscle, 4) MRSA recovered from ischemic muscle,
5) MRSA recovered from injured muscle, 6) MRSA recovered from Isch/Inj muscle. Isolates
were grown overnight on selective medium (BD BBL CHROMagar MRSA II) and cultured
for one hour in TSB. The suspension was diluted to an OD600 of 0.2 in normal saline. Larvae
were incubated on 5cm petri dishes at 37°C in the dark and observed over 48 hours. Dead
larvae were recognized by lack of movement and color change to black.
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Mouse model of remote tissue SSI due to gut-derived MRSA
To disrupt the normal microbiota and allow for intestinal MRSA colonization, mice were
administered antibiotics: 60μl intramuscular injection of 25 mg/ml ampicillin (Teknova)
and 50μl oral gavage of 4 mg/ml metronidazole (Spectrum Chemical) 24 hours before
surgery and continued every 8 hours for 32 hours (Figure 3). To mimic the process of
surgery, mice were starved for 24 hours, beginning 16 hours preoperatively with tap water
given ad lib. Oral gavage of 200μl of bioluminescent MRSA solution (OD600 0.7) was
performed 16 and 2 hours preoperatively. Following anesthesia and sterile skin preparation,
a vertical skin incision was made and the midline fascia incised sharply. To simulate the
systemic response to major surgery, the left liver lobe was removed using cautery (MedVet
International) resulting in 30% partial hepatectomy. This procedure was bloodless and took
less than 5 minutes. The midline fascia was closed with running 4-0 Vicryl suture. Next,
the left rectus muscle was further exposed and subjected to injury and ischemia as described
above. Wounds were cultured using swabs (BD) prior to skin closure with running 4-0
Vicryl suture. All swabs were plated on TSA media to assess intra-operative contamination.
Three groups of mice served as internal controls: 1.) Group 1 mice underwent all the above
steps (antibiotics, starvation, intestinal MRSA colonization and partial hepatectomy)
without the subsequent rectus injury/ischemia. 2) to rule out the possibility that
postoperative wound contamination from the environment caused wound infection, group
2 underwent rectus muscle injury/ischemia and skin closure following which the wound
was painted directly with live MRSA (OD600 0.7) on POD1 and 2. 3) To rule out extracellular
bacteremia as a cause of wound seeding with MRSA, Group 3 underwent rectus muscle
injury/ischemia only, followed by intravenous (iv) injection of 200μl of MRSA (OD600 0.7).
All animals were euthanized on POD14 and examined for presence of rectus muscle
infection by gross examination. The muscle was excised, homogenized in 10% glycerol and
plated on TSA. The presence of labeled bacteria was determined by bioluminescence
imaging, by plating on selective media and by speciation by the University of Chicago
Microbiology Clinical Laboratories.

Neutrophil isolation by flow cytometry
We isolated and examined circulating neutrophils for the presence of fluorescent MRSA
following tail-vein injection with 200μl of fluorescent MRSA (OD600 0.7). Animals were
euthanized one hour after injection and whole blood was collected by cardiac puncture.
Pooled blood was incubated in ACK lysis buffer (KD Medical) for 2 minutes. 15ml of dPBS
was added and the solution was centrifuged at 400xg for 10 minutes. The pellet was resuspended in 500μl of dPBS with addition of 5μl of CD11bBV711 (Biolegend), CD11cPECy5
(Ebioscience) and Ly6G/GR-1(RB6-8C5)PE-Cy7 (Molecular Probes) antibodies and
incubated at 4˚C for 20 minutes. 5 ml of d-PBS were added and the solution was centrifuged
at 400xg for 5 minutes. Cells were analyzed and sorted using FACSariaIIIu and FACSDiva
software (BD Biosciences).
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Imaging and histological analysis
Bioluminescence imaging of animals and agar plates was performed at the University of
Chicago Optical Imaging Core Facility using the Xenogen IVIS200 imaging system
(PerkinElmer, Inc.). Neutrophils containing fluorescent MRSA were incubated in Bodipy
FL Vancomycin (Molecular Probes) to enhance the fluorescent signal and imaged using
SP5 Tandem Scanner Spectral 2-Photon Confocal (Leica Microsystems).
Immunofluorescence staining of cecal and rectus muscle tissues for S. aureus and mouse
neutrophils was performed using Anti-Protein A antibody (Abcam) and monoclonal antimouse neutrophil antibody clone NIMP-R14 (Thermo Scientific), respectively. Secondary
antibodies were purchased from Thermo Scientific. Slides were imaged using SP5 Tandem
Scanner Spectral 2-Photon Confocal.

Statistical analysis
Statistical analysis was performed using Prism 6 (GraphPad Software, La Jolla, CA).
Categorical variables were compared using c2 test. Group medians were compared using
Mann-Whitney test. Kaplan-Meier survival curves were constructed by group and compared
with log-rank test. Statistical significance was established at P=0.05.

RESULTS

7

Experimental groups are summarized in Figure 2A. Sham surgery with direct MRSA
inoculation resulted in no demonecrosis however small punctate abscesses were present
on gross inspection. Rectus muscle injury alone, muscle ischemia alone and injury combined
with ischemia resulted in progressively worsening dermonecrosis and progressively larger
abscesses (n=4/group, P=0.0286 versus rectus injury alone) (Figure 2B-C). These findings
were corroborated by quantitative assessment of MRSA present in the tissues of mice in
each group, which demonstrated an increase in the abundance of MRSA per mg of tissue
as the severity of tissue trauma increased (Figure 2D).

MRSA virulence is affected by the wound environment
MRSA isolated from wounds with increasing degrees of tissue trauma resulted in
progressively greater virulence as judged by Galleria mellonella larvae lethality (Figure 2E).
MRSA recovered from the Inj/Isch muscle lead to a significant increase in larvae mortality
when compared with MRSA isolated from rectus muscle without tissue trauma (Sham)
(n=10/group, P=0.0097) (Figure 2F). This finding indicates that the virulence of MRSA is
affected by the wound environment. Given that the highest probability of a wound infection
following major surgery occurs in wounds subjected to Inj/Isch, we used this combination
in all subsequent experiments.
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The degree of tissue trauma affects the characteristics of MRSA wound infection

Figure 2.

Figure 2. MRSA wound infection characteristics and virulence are affected by the degree of tissue
trauma. (A, B) Direct MRSA inoculation onto varying degree of rectus muscle trauma (sham, ischemia only,
injury only and injury/ischemia) with subsequent washout results in progressively worsening dermonecrosis
and abscesses. (C) Average wound severity score increases with increasing tissue trauma (n=4/ group,
P=0.0286). Wound severity score: 1 – no dermonecrosis, no abscess, 2 – no dermonecrosis, small punctate
abscesses, 3 – small area of dermonecrosis, no abscess, 4 – small area of dermonecrosis, small punctate
abscesses, 5 – small area of dermonecrosis, large abscess, 6 – large area of dermonecrosis, large abscess.
(D) Average MRSA concentration within the wound increases with increasing tissue trauma (n=4/group). (E)
Kaplan Meier survival curve showing that increasing severity of rectus muscle trauma results in higher MRSA
virulence activation represented by G. mellonella mortality differences. (F) Kaplan Meier survival curve showing
statistically significant difference in G. mellonella mortality when comparing MRSA isolated from injured and
ischemic muscle (Inj/Isch) compared to non-traumatized sham muscle (n=10/group, P=0.0097).
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MRSA successfully colonizes the mouse intestine following antibiotics and
starvation
The experimental design is summarized in figure 3. After antibiotics and MRSA gavage, a
low level but persistent MRSA colonization was observed. Bioluminescent MRSA clusters
were detected along the entire length of the gastrointestinal tract on POD2, with lower levels
on POD7 (Figure 4A). MRSA colonization was also confirmed by positive immunofluorescence
staining of the cecum on POD2 in contrast to the cecum from non-treated mice which were
negative for MRSA (Supplemental Figure 1S). MRSA was detected in the shed stool pellet
on POD1 and 2 in mice subjected to the full treatment (starvation, heptectomy, antibiotics,
rectus muscle injury/ischemia) but was not present on POD7 (Figure 4B). In contrast, low
levels of MRSA were detected in the cecum on POD2 and 7 (Figure 4C).

Evidence for intestinal MRSA colonization as a cause of SSIs in the absence of
intra- and post-operative contamination
Mice intestinally colonized by MRSA who underwent partial hepatectomy and rectus
muscle injury and ischemia, were culture negative for any bacterial growth confirming the
absence of intra-operative MRSA contamination (n=40). (Supplemental Table 1). None
of the mice appeared septic at any time during the study. Reiterative studies sacrificing mice
at different time points during the postoperative period demonstrated that there was no
MRSA detected in blood, spleen, or mesenteric lymph nodes on POD2 (n=10) or on POD7
(n=5). One of 10 mice was found to have MRSA within the liver at the hepatectomy site
on POD2 (Supplemental Table 2, 3). At the time of sacrifice on POD14, four (4) mice had
gross abscesses at the rectus injury/ischemia surgical site, for an overall wound infection
rate of 10% (Figure 5A-C). Among the four mice with gross MRSA wound infections, one
was also found to have a separate abscess within the liver at the hepatectomy site that did
not communicate with the abdominal wall abscess (Figure 5D). Interestingly, an additional
9 mice were found to be culture positive for MRSA within their rectus muscle despite not
having any visible abscesses (Figure 5A). Despite no manipulation of the intestine during
surgery, 7 of the 9 rectus muscle wounds were positive for Enterococcus gallinarum and one
of 9 for Escherichia coli, both members of the intestinal flora. In the aggregate the incidence
of culture positivity for MRSA in this model was 32.5% (Figure 5A). To rule out
postoperative environmental contamination of the surgical wound, we performed additional
experiments to directly contaminate the wound following skin closure. Following rectus
Inj/Isch (in otherwise untreated mice), the closed skin overlying wounds was painted with
live MRSA on POD1 and 2 (n=10). Cultured rectus muscle homogenates harvested on
POD14 displayed no bacterial growth suggesting that these SSIs are not due to direct
postoperative contamination (Supplemental Table 4). Finally, to rule out contamination
during sample collection, mice underwent MRSA colonization and hepatectomy as before,
but without rectus Inj/Isch. Again, all homogenates were culture negative for bacterial
growth on POD14 (n=10) (Figure 5E).
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Figure 3.

Figure 3. Mouse model of remote surgical site infection due to gut-derived MRSA. Mice were given an
intramuscular injection of Ampicillin (60μl of 25mg/ml) and oral gavage of Metronidazole (100μl of 4mg/ml)
beginning 24 hours before surgery and every 8 hours thereafter for 32 hours. Mice were starved for 24 hours
peri-operatively, but allowed drinking water ad lib. MRSA solution was orally gavaged twice, 16 hours and 2
hours before surgery. Surgery consisted of 30% partial hepatectomy and Inj/Isch of the left rectus abdominis
muscle. Intestinal colonization was assessed on day 2, 7, and 14. Rectus muscle was examined for presence of
abscess grossly and by luminescence imaging, collected and cultured on day 14. A subset of mice serving as
controls underwent colonization and partial hepatectomy, but not rectus Inj/Isch.

Rectus injury and ischemia are required for metastatic SSIs
Results from groups of mice undergoing intestinal MRSA colonization and hepatectomy
without rectus Inj/Isch (n=10), had no evidence for wound infection, either grossly or by
culture, (Figure 5E) indicating that muscle injury and ischemia are required for metastatic
abdominal wall infection due to intestinal MRSA.

Extracellular MRSA in the blood stream does not result in SSIs
To further exclude the possibility that gut-derived MRSA infections are due to extracellular
bacteremia, we injected MRSA (OD600 0.7=4.4x108) intravenously following rectus Inj/Isch
via tail vein injection. None of these mice developed signs of sepsis. Examination of the
wounds on POD14 demonstrated no abscesses by gross examination and all rectus muscle
homogenates displayed no bacterial growth on culture suggesting that extracellular MRSA
in the bloodstream alone does not result in a SSI (Supplemental Table 5).
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Neutrophils enter the cecal lumen while MRSA gains access to the cecal
epithelium- area of potential contact
In our model of intestinal colonization with MRSA, hepatectomy and rectus muscle
ischemia/injury, immunofluorescence staining of cecal tissues for MRSA and mouse
neutrophils revealed an opportunity for contact in both the cecal lumen and within the
cecal epithelium. Neutrophils were noted to be present in the cecal lumen and to be in close
contact with luminal MRSA (Figure 6A,B). MRSA cells were noted within the cecal
epithelium,
Figure 4. coming in close contact with tissue-associated neutrophils (Figure 6C,D). This

7

Figure 4. MRSA successfully colonizes mouse intestine following antibiotic treatment and starvation.
(A) Bioluminescence imaging of the entire mouse GI tract. Bioluminescent MRSA clusters seen in the stomach,
cecum, and throughout the small bowel and colon on POD2 and to a lesser degree on POD7. (B) MRSA
concentration present in the shed stool pellet persists past POD2, but not POD7. (C) Low level colonization of
MRSA in the cecum persists past POD7.
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finding is in agreement with previous reports of bacterial translocation into the intestinal
epithelium following administration of antibiotics (18,19) as well as of neutrophil
translocation into the intestinal lumen (20,21).

MRSA-containing neutrophils can be isolated within the rectus muscle in the
model
We performed immunofluorescence staining of the rectus muscle for MRSA and within
neutrophils in several of the culture positive samples and identified one example where
MRSA was present both extracellularly and within a neutrophil present in the rectus muscle
(Supplemental Figure 2S).

Circulating neutrophils harbor intact MRSA
In order to determine whether circulating neutrophils can take up MRSA without causing
lysis of either the bacterium or the neutrophil, pooled mouse blood was collected an hour
after intravenous injection of fluorescent MRSA (Figure 7A). Four hours later, neutrophils
isolated by cell sorting (FACS) from blood samples demonstrated intact MRSA within the
neutrophil cytoplasm (Figure 7B). Fluorescent MRSA containing neutrophils incubated
at 37˚C displayed no bacterial growth (3000 MRSA-containing neutrophils/TSA plate,
n=4), suggesting that intact MRSA within a neutrophil may exist within a dormant state,
as judged by the lack of growth on culture medium.
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7

Figure 1S. MRSA successfully colonizes mouse intestine following antibiotic treatment and
starvation. Bioluminescence imaging of the entire mouse GI tract on day 2 (A) and day 7 (B) (n=5/group).
(C) Immunofluorescence staining showing abundant S. aureus present in the cecal lumen and intestinal
neutrophils within the epithelium. (D) Non-treated cecum and absence of S. aureus and neutrophils in the
cecum and lumen. Neutrophil – green, S. aureus – red, nuclei – blue. 10 μm scale bars.
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Figure 5. MRSA colonization of the gut can be the source of distant MRSA infections in the absence
of intra- and post-operative contamination. (A) Mice whose intestine is colonized with MRSA develop
remote surgical site infections at a rate of 32.5%, out of which 10% present as gross abscesses and 22.5% as
culture positive infections without abscess formation(n=40). (B) Image of one of four rectus muscle abscesses
displaying bioluminescence and culture positivity for bioluminescent MRSA. (C) Three rectus muscle abscesses.
(D) Liver abscess noted at the previous partial hepatectomy site that did not communicate with the rectus
muscle abscess. (E) Total number of gut-derived MRSA surgical site infections comparing mice that received
rectus Inj/Isch to mice without rectus Inj/Isch (n=40 and n=10, respectively; P=0.0463).
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Table 1. Intraoperative rectus muscle cultures following rectus Inj/Isch but prior to skin closure.
Mouse # Culture
result

Mouse # Culture result Mouse # Culture
result

Mouse #

Culture
result

1

No growth

11

No growth

21

No growth

31

No growth

2

No growth

12

No growth

22

No growth

32

No growth

3

No growth

13

No growth

23

No growth

33

No growth

4

No growth

14

No growth

24

No growth

34

No growth

5

No growth

15

No growth

25

No growth

35

No growth

6

No growth

16

No growth

26

No growth

36

No growth

7

No growth

17

No growth

27

No growth

37

No growth

8

No growth

18

No growth

28

No growth

38

No growth

9

No growth

19

No growth

29

No growth

39

No growth

10

No growth

20

No growth

30

No growth

40

No growth

Table 2. Organ cultures at POD2 in mice intestinally colonized with MRSA.
Mouse #

Blood culture

Liver culture

Spleen culture

Mesenteric LNs
culture

1

No growth

No growth

No growth

No growth

2

No growth

No growth

No growth

No growth

3

No growth

No growth

No growth

No growth

4

No growth

No growth

No growth

No growth

5

No growth

No growth

No growth

No growth

6

No growth

No growth

No growth

No growth

7

No growth

No growth

No growth

No growth

8

No growth

+ MRSA

No growth

No growth

9

No growth

No growth

No growth

No growth

10

No growth

No growth

No growth

No growth

7

Table 3. Organ cultures at POD7 in mice intestinally colonized with MRSA.
Mouse #

Blood culture

Liver culture

Spleen culture

11

No growth

No growth

No growth

12

No growth

No growth

No growth

13

No growth

No growth

No growth

14

No growth

No growth

No growth

15

No growth

No growth

No growth
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Table 4. Rectus muscle culture at POD14 following MRSA application to healing skin closure site.
Mouse #

Rectus muscle culture

Mouse #

Rectus muscle culture

1

No growth

6

No growth

2

No growth

7

No growth

3

No growth

8

No growth

4

No growth

9

No growth

5

No growth

10

No growth

Table 5. Rectus muslce culture at POD14 following rectus Inj/Isch and iv MRSA injection
Mouse #

Rectus muscle culture

1

No growth

2

No growth

3

No growth

4

No growth

5

No growth

DISCUSSION
Advances in microbial sciences have demonstrated that bacteria can switch on and off their
virulence, growth rates and morphotype, in response to “cues” they encounter in a given
environment (22). The reason for this is that in a given environment, bacterial virulence
expression can be an asset one minute, and a liability the next. This highly evolved fitness
response is necessary for an opportunist like MRSA to be a successful pathogen and may
explain, in part why this pathogen remains a constant threat to surgical patients.
For the “Trojan Horse Hypothesis” to be considered plausible, several contingencies must
be fulfilled. First gut-derived MRSA must enter an immune cell and survive either by
directly subverting the host antimicrobial mechanism and/or by shifting its phenotype into
a dormant (no growth) state (23). This latter feature is suggested by results from the present
where we show that neutrophils visibly carrying MRSA, as seen by fluorescence, fail to
grow MRSA when cultured. An additional set of contingencies include that the pathogen
carrying immune cell must home to an area of injury and release its infectious payload into
an environment where the pathogen is “cued” to express a virulent phenotype. Results from
the Galleria mellonella studies suggest that indeed the injured/ischemic wound environment
does enhance the virulence potential of MRSA. The absence of extracellular bacteria
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detected by culture (i.e liver, spleen, blood) and the lack of development of a wound
infection by directly contaminating the closed skin wound, provide evidence that gut
derived MRSA may have arrived to the wound in a protected manner, such as within the
neutrophil. Finally, that neutrophils were observed in close contact to gut MRSA again
suggest the plausibility of a Trojan Horse mechanism for wound infection in this model.
Yet the present study has several limitations. To prove that MRSA carrying neutrophils are
the putative cause of the SSIs observed in our mouse model would require that we isolate
circulating MRSA infected neutrophils in mice colonized in the gut by MRSA and
demonstrate that their intravenous injection (or direct application to the infected wound)
causes SSIs. Challenges with this approach include capturing a significant quantity of
neutrophils that retain the MRSA phenotype ex vivo over an extended period of time to be
able to perform these experiments. Second, a major investment in comparative
pathogenomics with high resolution sequencing would be required to prove that the MRSA
in the gut is the same isolate that infects the wound. Comparative transcriptomics of the
isolates would further demonstrate phenotype switching across the various environments.
These studies are well beyond the scope of this first report.
The hypothesis that gut pathogens can cause remote tissue infections without detectable
bacteremia is not new (24,25). The classic example is that of infected pancreatic necrosis,
the precise mechanism of which today, still remains unknown. Interestingly MRSA is
emerging as one of the most common pathogens to infect the pancreas following severe
acute pancreatitis (26) perhaps because it is selected out in the gut by broad and prolonged
antibiotic use. Whether neutrophils are the vehicles by which the pancreas becomes infected
following severe acute pancreatitis remains unknown.
Postoperative infections are the number one cause of readmissions in surgery (27). The
“Trojan Horse Hypothesis,” could explain many infections that occur without intraoperative
contamination and that develop late in the postoperative course (11,28). Further work is
underway to more precisely define the mechanistic details of this hypothesis.
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Figure 6. S. aureus and neutrophils come in close contact with each other within the cecal lumen and
cecal epithelium. (A,B) Immunofluorescence staining of cecal tissues reveals neutrophils present in the cecal
lumen in close proximity to S. aureus. (C,D) S. aureus cells present within the cecal epithelium come in close
contact with tissue-associated neutrophils. Neutrophils – arrows, S. aureus – arrow heads. 10 μm scale bars.
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Figure 2S. Neutrophil within the rectus muscle harbors S. aureus. (A,B) Immunofluorescence staining of
culture positive rectus muscle of mouse sacrificed on POD7 contains S. aureus (A) as well as a neutrophil
harboring S. aureus (B). Neutrophil – green, S. aureus – red, nuclei – blue. 10 μm scale bars.
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Figure 7. Circulating neutrophils carry intact MRSA. (A) Neutrophil isolation by flow cytometry from pooled
Figureblood
7.
mouse
following intravenous fluorescent MRSA injection. Confocal microscopy imaging of fluorescent
MRSA (B), GFP-negative neutrophil (C), GFP-positive neutrophil (D), fluorescent MRSA located within circulating
neutrophils obtained 4 hours following blood draw. 7μm scale bar.
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DETRIMENTAL EFFECTS OF HIGH FAT/LOW FIBER DIET AND
ANTIBIOTIC TREATMENT ON SURGICAL OUTCOMES.
Research over the past decade has established that human beings have maintained a
symbiotic relationship with their gut microbiome which has coevolved to be essential for
health and whose fragile balance can be disrupted for during illness. More than 1500
bacterial species make up the gut microbiota; the majority are anaerobic and belong to the
Firmicutes and Bacteroidetes phyla (1, 2). There is extensive inter-individual variability
based on diet (3, 4). Diet plays a significant role in shaping the gut microbiome and dietary
alterations can induce large, temporary microbial shifts within a day (5). Gut microbial
fermentation of dietary fiber in humans produces short-chain fatty acids (6), which are a
source of metabolic fuel separate from glucose. SCFA also act as a signaling mechanism to
maintain body homeostasis. Similarly, a human study comparing an animal-based diet and
a plant-based diet demonstrated significant alteration of gut bacterial composition and
metabolites within 24 hours. The group consuming the animal-based diet displayed a
significant decrease in carbohydrate fermenting gut bacteria and its metabolites with an
increase in amino acid utilizing gut bacteria and its metabolites as compared to the group
consuming the plant-based diet. Another human study revealed that increased fiber intake
led to an increase in microbial abundance. Dietary fiber interventions, particularly fructans
and galactooligosaccharides were found to increase fecal abundance of Bifidobacterium
and Lactobacillus species (7). Due to inherent plastic nature of the microbiome, stress cause
by change in diet (8) leads to adaptation of microbial composition to cope under such
adverse conditions. Accordingly, in animals, a high fat diet/low fiber (HFLF) consumption
leads to a decrease in Bacteroidetes and an increase in Firmicutes. Feeding animals with
HFLF for 3 days was associated with a change in the colonic microbiota profile marked by
an increase in abundance of Porphyromonadaceae family and a decrease in abundance of
Clostridiales. This result demonstrates that gut microbial environment can rapidly respond
to altered micronutrient levels nd novel food components (9). Hence, the gut microbiota
is able to adapt to detrimental states when faced with continuous perturbations that can
change the metabolic profile of the entire gut microbial community and significantly impact
the host immune system.
The gut microbial community is involved in maintaining host homeostasis, including
playing an important role in nutrition and energy metabolism (10), immune modulation
(11), and host defense. It contributes to host health through biosynthesis of vitamins and
essential amino acids, polyamines, polyphenols, as well as generation of important
metabolic byproducts from dietary components left undigested by the small intestine(12).
Short chain fatty acid (6) byproducts such as butyrate, propionate, and acetate act as a
major energy source for intestinal epithelial cells and may therefore strengthen the mucosal
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barrier (13).These metabolites actively participate in various epigenomic mechanisms that
reprogram the host genomic machinery of a cell in response to environmental stimuli
(14). Additionally, studies conducted using germ-free mice suggest that the microbiota
directly promote local intestinal immunity through their effects on toll-like receptor (TLR)
expression, antigen presenting cells, differentiated T cells, and lymphoid follicles (15), as
well as by affecting systemic immunity through increased splenic CD4+ T cells and
systemic antibody expression. The healthy gut microbial community has important roles
such as resisting gut colonization by external pathogenic bacteria and to suppressing
indigenous pathogenic bacteria (16). Conversely, in the absence of a healthy microbial
community, the gastrointestinal tract could be a potential reservoir for colonization and
dissemination of pathogens causing serious infections (17, 18). Additionally, the
gastrointestinal tract is also considered a key site for the emergence of antibiotic resistance
and virulence expressing pathobionts that can ultimately cause life-threatening sepsis(19,
20). Colonization, dissemination and emergence of antibiotic resistant pathogenic bacteria
usually occurs during prolonged critical illness, when the gut undergoes practically
complete ecological collapse owing to the selective pressures imposed by current intensive
care therapy, including multiple broad-spectrum antibiotic exposure and provision of total
parenteral nutrition. In a longitudinal fecal microbiome study of critically ill patients in
a surgical ICU, patients treated with more than three broad spectrum antibiotics
demonstrated near-complete disruption of the normal microbiome with replacement by
members of ultra-low-diversity communities of highly resistant pathogens. Such patients
were found to harbor multidrug resistant pathogens such as Candida albicans, K.
pneumoniae, E. faecalis and S. marcescens (20). Hence, a better characterization of microbial
community and function is of utmost important and can guide correct measures including
antibiotics to prevent sepsis.
Current clinical practice involves various mechanisms that alter healthy microbial
community composition and function (21). The conventional methods of intestinal
antisepsis before gastrointestinal surgery with extensive fasting, mechanical bowel
preparation and administration of antibiotics have major impact on the structure and
function of the gut bacterial community (22, 23). Such peri-operative interventions lead
to disruption of the mucus layer, activation of virulence factors, and development of
multidrug resistant organisms (24). Surgical stress itself significantly changes phylogenetic
composition and relative abundance, microbial virulence, and increases the risk of postoperative complications such as anastomotic leak and sepsis (25). In the post-operative
period, such complications are treated with surgical intervention and antibiotic therapy.
The strategy of perturbing microbial niches with antimicrobial therapy may itself be unwise
as the unselective elimination of commensal microbes can precipitate secondary infections
and/or antibiotic resistance. Medications commonly used in surgical patients such as
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antacids, vasoactive substances, and opioids can also alter microbial composition. Antacids
disrupt the balance of acid-sensitive organisms in the foregut. Vasoactive medications used
in critically ill patients impact perfusion and oxygen delivery to the bowel lumen, induce
luminal hypoxia and hypercarbia, and can induce a shift in bacterial virulence. Similarly,
opioids disrupt peristalsis and impair gastrointestinal motility. This can result in ileus,
dysbiosis, and/or bacterial overgrowth. The host-pathogen balance is also altered in the
setting of colonic enteral nutrient deprivation—either due to fasting, total parenteral
nutrition, or highly processed foods such as a high fat diet that lead to dysbiosis and
oxidative stress to the colonic epithelium (26).
In summary, selective pressures such as western diet, antibiotic treatment, and surgical
stress shift microbial communities towards predominance of highly virulent microorganisms,
reduce commensal bacteria density, and potentially could induce hyperimmune responses
with alterations in intestinal barrier function that ultimately can lead to systemic
inflammation (e.g., gut-derived sepsis) and immunosuppression. This could potentially
lead to development of surgical complication such as sepsis, anastomotic leak and surgical
site infection (9) in vulnerable populations.

PRE-HABILITATION WITH HIGH FIBER DIET IMPROVES GUT
HEALTH, PREVENTS POST-OPERATIVE SEPSIS AND
ANASTOMOTIC LEAK
As defined by the Codex Alimentarius commission from 2009, dietary fiber is considered
to be edible carbohydrate polymers with three or more monomeric units that are resistant
to the endogenous digestive enzymes and thus neither hydrolyzed nor absorbed in the small
intestine (27). Dietary fiber has direct effects on gut microbial composition that leads to
changes in metabolites which have beneficial health effects independent of host genetics
(6). Dietary fibers are an important energy sources for the gut microbiome. Anaerobic
bacteria metabolize complex carbohydrates leading to the production of metabolites such
as SCFAs, includingacetate, propionate, and butyrate. Supplementation of dietary fiber
enriches SCFA producing bacteria, including Lachnospira, Akkermannsia, Bifidobacterium,
Lactobacillus, Ruminococcus, Roseburia, Clostridium, Faecalibacterium, and Dorea (28).
Although levels of SCFAs are low to non-existent in the peripheral circulation, they act as
signaling molecules and regulate different biological processes in the host metabolism via
activation of G-coupled-receptors (29). A low fiber diet does not only lead to reduced SCFA
production and microbial diversity, but also shifts the gut microbial metabolism towards
the utilization of less favorable substrates, such as protein and mucins which may be
detrimental to the host. A clinical study demonstrates that high-protein, low-carbohydrate
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diet not only significantly reduces the production of total SCFAs and butyrate but also leads
to an increase in potentially detrimental metabolites derived from the fermentation of
amino acids, including branched-chain fatty acids, ammonia, amines, N-nitroso
compounds, phenolic compounds including p-Cresol, sulphides, indolic compounds, and
hydrogen sulfide. The cytotoxic and pro-inflammatory nature of these metabolites
contributes to the development of chronic diseases (30). Given the trade-off between
saccharolytic and proteolytic fermentation, a high-fiber diet is likely to inhibit protein
fermentation counteracting many of the detrimental effects of a high fat diet.
Mucus is another important element affected by diet and the gut microbiome. The gut
epithelium is covered and protected by a thick mucus layer, thus keeping bacteria separated
from the mucosa and preventing microbial invasion. The gut microbiome and diet are two
important components to maintaining normal structure and production of the intestinal
mucus layer. An altered gut microbiome resulting from a diet low in fibers leads to a severe
depletion of the mucus layer and can enhance the susceptibility to infections and the
development of chronic inflammatory diseases (31) that may predispose to sepsis and
anastomotic leak.
As discussed in chapter 2, mice fed with a high fat/low fiber diet (6) for more than a month
are more prone to develop sepsis following antibiotic treatment, starvation and 30%
hepatectomy, a surgical procedure which is otherwise well tolerated. Gut microbiome
analysis in these mice demonstrates a decrease in total bacterial density with loss of
Bacteroidetes, bloom in proteobacteria, and antibiotic resistance. This is further
metabolically characterized by low activity under anaerobic conditions and high activity
under aerobic conditions. In addition, another striking feature is that the microbiome of
HFD fed mice has higher saccharolytic potential and significant antibiotic resistance
potential as judged by growth in the presence of aztreonam. HFD is prone to cause oxidative
damage to the intestinal epithelium as demonstrated by apoptosis at the cecal crypt,
significant loss of stem cells, and impede the process of epithelial regeneration and recovery.
Subsequent work from Alverdy lab by Keskey et al on this novel mouse model of sepsis
demonstrated that only seven days of dietary prehabilitation with a standard high fiber diet
is enough to reverse adverse influence of high fat diet on the intestinal microbiome and
improve surgical outcomes. During dietary prehabilitation, the microbiome response
immediately following the dietary intervention followed by a steady progression towards
homeostasis after 1 week and improve survival of mice following a 30% hepatectomy and
potentially due to restoration of butyrate producing taxa. This study further emphasizes
the importance of stool-based biomarker tools for assessment of microbiome readiness for
surgery (32).
153

8

CHAPTER 8

As discussed in chapter 3, dietary pre-habilitation is not only effective at preventing sepsis
but also highly effective in preventing anastomotic leak. A short course of high fiber
overcomes the adverse effects of a high fat/low fiber diet on the gut microbiome and
anastomosis healing. In this experiment, mice fed a western diet demonstrated a bloom in
Enterococcus faecalis. E. faecalis is classified as a low-abundance commensal species among
the normal microbiome. However, when provoked, it can bloom and behave as a virulent
pathogen (33-35).This study demonstrates an important link between diet, antibiotic
exposure, and anastomotic surgery in terms of their aggregate effect on the microbiome
and their potential role in anastomosis healing. Data from this study suggests that a highfiber low-fat diet like standard rodent chow can preserve the health-promoting Bacteroidetes,
which may competitively exclude and suppress pathogens such as E. faecalis and P.
aeruginosa from impairing anastomosis healing(36).
Shogan et al demonstrate that E faecalis contributes to the pathogenesis of anastomotic leak
through its capacity to degrade collagen and to activate tissue matrix metalloproteinase 9
(MMP9) (37) in host intestinal tissues. Microbial analysis of anastomotic tissue injury
demonstrated significant changes in the anastomotic tissue-associated microbiota, with
minimal differences in the luminal microbiota. The most striking difference was a 500-fold
increase in the relative abundance of Enterococcus in anastomotic tissue injury site.
Animals with leaking anastomotic tissues were colonized by E. faecalis strains with increased
collagen-degrading activity and increased ability to activate host MMP9, contributing to
anastomotic leakage. The antibiotic treatment before surgery did not eliminate E. faecalis
at anastomotic tissues nor did it prevent anastomotic leak in the animal model (37).
Anastomotic tissue samples of humans undergoing colon surgery and treated with the
standard recommended intravenous antibiotic still contained E. faecalis and other bacterial
strains with collagen-degrading and MMP9-activating activity. Hence, antibiotic treatment
is not and evolutionary sustainable solution and novel approach are needed to prevent
anastomosis leak.

PHOSPHATE AS A NON-ANTIBIOTIC ANTI-VIRULENT
APPROACH TO PREVENT ANASTOMOTIC LEAK
In humans, E. faecalis, P aeruginosa are frequent organisms cultured from a leaking
intestinal anastomosis (38), and are not routinely eliminated by standard oral or intravenous
antibiotics. Novel strategies are needed to limit the virulence of these pathogen and other
resistant pathogens that often are present on anastomotic tissues. Here we demonstrate that
the polyphosphorylated polymer, ABA-PEG20k-Pi20, prevents collagenase production by
E faecalis without suppressing its growth when ABA-PEG20k-Pi20 is supplemented in
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culture media and also prevents anastomotic leak by collagenolytic E. faecalis when added
to drinking water. Similarly, another phosphate compound, polyphosphate (PPI-6), is
effective in suppressing virulence of S. marcescens and P aeruginosa and prevents such
pathogenic bacteria from inducing an anastomotic leak.
Progress in understanding the pathogenesis of anastomosis leak suggests that intestinal
bacteria are a key causative agent. The presence of pathogens such as E. faecalis, S. marcescens
and P aeruginosa that predominate on anastomotic tissues despite antibiotic administration,
coupled with their ability to produce collagenase, appears to alter the process of healing
that leads to leakage. When an anastomosis leak, it can cause an abscess formation,
peritonitis and severe sepsis leaking to death. While further antibiotic administration may
seem logical, it carries the unwanted risk of eliminating the normal microbiome, which
functions competitively to exclude and suppress the virulence of pathogens such as E.
faecalis. Therefore, non-antibiotic strategies that can suppress the production of collagenase
by E. faecalis without affecting its growth or potentially alter the normal microbiome, may
have a unique advantage. The findings of this study demonstrate that drinking a phosphatebased polymer can achieve the goal of preventing anastomotic leak by suppressing
collagenase production in E. faecalis, S. marcescens and P aeruginosa without affecting its
growth.
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NEXT GENERATION BOWEL PREPARATION BASED ON
PHOSPHATE-BASED COMPOUNDS TO BALANCE THE
MICROBIOME AND PREVENT ANASTOMOTIC LEAK, WOUND
INFECTIONS AND POSTOPERATIVE SEPSIS
The concept and practice of ‘intestinal antisepsis’ emerged over 60 years ago and is credited
to Dragsted, Goliger, Nichols and Condon (39) (40). Purgative cleansing of the bowel
combined with an oral non-absorbable antibiotic not only eliminates the stool mass from
the operative site, but also decontaminates the colon for prevention of postoperative sepsis
and anastomotic leak. When it was first adopted, such preparation was largely known as
preoperative intestinal sterilization (41). More recently, this preparation is popularly known
as mechanical and oral antibiotic bowel preparation (MOABP) and is widely used across
the globe. In current practice, due to advancement of surgical technique and use of powerful
intravenous antibiotics many surgeons think MOABP is unnecessary. However, the debate
continues among surgeons as to whether oral antibiotic and/or mechanical cleansing is
necessary (42). Large cohort studies demonstrate that the probability of a surgical site
infection and anastomotic leak following intestinal surgery is significantly reduced when
patients undergo MOABP (43). As a result, antibiotic usage to prepare the bowel for surgery
has not changed in decades despite the recognition that antibiotic resistance is now
becoming widespread among surgical patients (44, 45). There is an emerging body of
knowledge elucidating the important role of the intestinal microbiome in health and disease,
hence it has been now considered that such a broad-based kill strategy may not be the only
means to prevent harm from pathogenic bacteria. Furthermore, P. aeruginosa and
Enterococcus faecalis are two organisms that are very difficult to eradicate from the intestinal
tract even after administration of appropriate antibiotics (46). These organisms possess the
ability for the in vivo production of collagenase, which can break down healing anastomotic
tissues. Similarly, we identified a third organism capable of causing anastomotic leak,
Serratia marcescens (37, 47).
Surgical injury results in local release of host-derived factors which trigger a phenotypic
change in these microbes to a virulent form, leading to an increase in collagenase production
and impaired tissue healing due to degradation of intestinal collagen. Antibiotic
administration is ineffective in addressing this issue as it inadvertently eliminates normal
flora while allowing pathogenic bacteria to “bloom” and acquire antibiotic resistance.
Compounds that could attenuate collagenase production while allowing commensal bacteria
to proliferate normally would offer major advantage without the risk of the emergence of
resistance. Previous work from The Alverdy group demonstrated intestinal phosphate
depletion in the surgically stressed host as a major cue that triggers P. aeruginosa virulence
but could be suppressed under conditions of phosphate abundance; Intestinal phosphate
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supplementation prevented sepsis due to P aeruginosa. Similarly, orally administered
phosphorylated-PEG, PPi-6, (13) suppresses collagenase and biofilm production of E faecalis,
P. aeruginosa and S. marcescens in animal models of intestinal injury. Given the diversity of
collagenase producing bacteria and the variation of phosphate metabolism among microbial
species, a combination therapy involving different phosphate compounds may be required
to attenuate pathogenic phenotypes (48, 49) (50). Hence, future perspectives of this work
suggest development of next generation bowel preparation encompassing various phosphate
compounds such as ABA-PEG20k-Pi20 and PPi-6 for intestinal preparation prior to elective
surgery with a goal of preserving the gut microbiome and suppressing virulence of various
bacteria to prevent gut derived sepsis and anastomotic leak.

DIETARY MODULATION BEFORE ELECTIVE SURGERY FOR
PREVENTION OF ANASTOMOTIC LEAK, SEPSIS AND SURGICAL
SITE INFECTION
Intake of fiber is crucial for health maintenance. Human epidemiological studies and clinical
trials have observed that intake of fiber has anti-inflammatory activity in hosts. Fermentable
fibers as well as mixed fibers have shown systemic and local intestinal anti-inflammatory
activities. Similarly, fermentable fibers are known to affect the intestinal microbiome. Fiber,
by promoting the intestinal microbiome, can change plasma metabolite (51) profiles and
thus exert the anti-inflammatory effects locally and systemically.
Although a responsive immune system is necessary for life, proper modulation of
inflammation is important for the ultimate restoration of health (9, 10). Human studies
demonstrate that a high fiber diet has been linked to lower body weight, reduce obesity
and improves blood glucose level. Plant-based fructooligosaccharide (FOS) is one type of
extensively studied bifidogenic fiber (52). Other fermentable fiber preparations including
glucose and galactose polymers, psyllium fiber, and Germinated barley fibers which are all
equally promising for promoting anti-inflammatory activity locally in the intestine.
Resistant starch (53), lactose-derived synthetic (54) and natural milk saccharides, lactulose,
goat milk oligosaccharide, partially hydrolyzed plant polysaccharide guar gum (55), and
enzyme-treated rice fiber (56) in the diet are shown to have anti-inflammatory activity in
the colon and enhance the commensal microbiome.
In the last few decades, more people are exposed to a Western lifestyle and Western diet
which is associated with high consumption of calorically rich and processed food and
induces dysbiosis (57) resulting in an altered immune-metabolic phenotype which leads
to inflammation. Such dietary evolution in western countries, has led to a rise in mostly
preventable non-communicable diseases such as obesity, diabetes, hypertension,
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autoimmune disease that now have become public health problems on a global scale (58).
Such a chronic inflammatory condition predisposes to increased risk of post-operative
complications such as sepsis and anastomotic leak causing significant mortality and
morbidity (59). We and others have demonstrated that feeding a western diet to mice
disturbs several innate immune functions and impairs the ability to clear S. aureus (60).
Further, mice on such a western diet are subjected to antibiotic treatment and a short period
of starvation followed by an otherwise recoverable surgical injury, they demonstrate 70%
mortality. Western diet can accelerate the process of anastomotic leak in mice as it increases
the growth of collagenolytic E. faecalis; yet importantly, these effects can be mitigated with
short-term dietary prehabilitation with high fiber diet by restoring the microbiome back
to its original form.
Based upon the work we have completed to date, we are confident that we can conclude
that diet is a key tipping point at which microbiome stabilization can be disrupted that will
have a major impact on the outcome following surgery. The standard mouse chow diet
(high fiber/plant based/low fat), upon which we routinely model human disease, is
extremely healthy, stabilizes and adds resilience to the gut microbiome which drives the
immunocompetence of the model and protects against sepsis, anastomosis leak and surgical
site infection. Therefore further experimental research is needed to understand how the
life-history and diet of patients undergoing complex surgical procedures influences outcome
by addressing the following issues:
• Understanding the metabolic, immunologic derangement that develops when mice are
exposed to a Western diet versus their standard chow diet.
• Working toward development of new mouse model of spontaneous surgical site infections
based on diet modification and antibiotic treatment as described in chapter 3.
• Since antibiotics are not an evolutionarily stable strategy and lead to antimicrobial
resistance, explore the use of “phosphate doping” of the microbiome to support its growth
and resilience and to suppress the virulence of pathogenic microbes that can proliferate
when broad spectrum antibiotics are used.
In terms of clinical perspectives, future efforts should be directed at clinical trials that
examine how the fecal microbiome is altered by the process of surgery (overnight starvation,
antibiotic exposure, diet, etc.) in high-risk patients with diabetic, hypertension, obesity that
undergoing major elective surgeries. Similarly, those patients with altered microbiomes
should be randomly assigned to receive a prehabilitation diet rich in fiber content and its
effect to stabilize the microbiome and enhance the availability of key nutrients such as
butyrate should be determined. The dynamic response of the microbiome over the course
of the entire surgical process could be tracked and correlated to outcome (complications)
such as sepsis, anastomosis leak and infection.
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Finally, it is now time to develop and clinically evaluate a new formulation to prepare the
bowel for surgery (i.e. Bowel Prep 2.0). This solution should contain nutrients (i.e.
phosphate) that maintain the stability and the resilience of the microbiome throughout the
course of surgery.
The following recommendations for clinical practice are proposed:
• All patients undergoing elective major surgery should undergo a full evaluation of
“microbiome readiness” for surgery.
• Those patients that display low butyrate producing taxa should be offered dietary
modification to the endpoint of “microbiome readiness” which will be established by
clinical studies.
• Bowel preparations solutions should contain phosphate-based compounds to preserve
the gut microbiome and suppress virulence of the pathogenic bacteria.
• Determining methods to preserve the microbiome throughout the course of surgery
including exposure to antibiotics, general anesthetics, high oxygen, altered diet, is essential
to preserve the health promoting function of the microbiome.
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There has been emerging evidence that human disease has been highly influenced by the
gut microbiome. With development of next generation sequencing, metabolomic profiling,
surgeons have recognized the importance of considering the intestinal microbiome and its
profound influence on recovery from surgery.
Chapter 2 discussed the complete understanding of interactions between diet, microbiome,
host metabolome and immunity. Based upon the discussion and hypotheses in Chapter 2,
we developed a novel mouse model of spontaneous sepsis based upon dietary manipulation
and antibiotic treatment which perturbed mouse microbiome making them susceptible to
sepsis following otherwise recoverable surgery (Chapter 3). This novel model of sepsis is
different than conventional cecal ligation and sepsis model in terms of pathophysiology
that represent more closely to human sepsis that we are seeing in current era. This is i.e. a
patient with multiple comorbid conditions such as obesity who, following major surgery,
remains in ICU with prolonged broad spectrum antibiotic treatment and ultimately
develops sepsis. We showed that feeding a 60% high fat low fiber diet to mice alone resulted
in a major imbalance of the cecal microbiota characterized by a decrease in diversity, loss
of Bacteroidetes, a bloom of Proteobacteria, and the emergence of antibiotic-resistant
organisms among the cecal microbiota. When such mice were administered antibiotics and
subjected to 30% liver resection, lethal sepsis, characterized by multiple-organ damage,
developed from their own microbiota. Like in human sepsis that we come across in surgical
ICU, these mice showed emergence and systemic dissemination of multidrug-resistant
pathobionts, including carbapenem-resistant, extended-spectrum β-lactamase-producing
Serratia marcescens, which expressed a virulent and immunosuppressive phenotype. The
importance of these findings lies in exposing how the selective pressures of diet, antibiotic
exposure, and surgical injury can converge on the microbiome, resulting in lethal sepsis
and organ damage without the introduction of an exogenous pathogen. Chapter 4
demonstrated that mice chronically fed a high fat western diet developed anastomotic leak
in association with altered microbiota and with an increase of collagenase producing
E. faecalis. The microbiome of western diet-fed mice was restored to its preoperative
composition following short course of standard diet. Anastomotic healing was significantly
improved when western diet fed mice were prehabilitated with a standard diet. The result
of this study demonstrate that chronic feeding of a western diet has adverse effects on
anastomotic healing and introduction of a short course of standard diet, normalizing
microbiome, prevents anastomotic leakage. Hence, microbiome directed dietary
modification could be a prehabilitation mean to prevent surgical site infection, anastomotic
leak and sepsis.
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Beside dietary modification, we demonstrated in Chapter 5 and 6 that phosphate rich
compounds like ABA-PEG20k-Pi20 and sodium hexametaphosphate (PPi-6) suppress
bacterial collagenase production and prevent anastomosis leak in mice. Bacteria harbor
sensory systems to detect the extracellular concentration of phosphate which controls their
virulence. Polyphosphorylated polymer ABA-PEG20k-Pi20 inhibited collagenase
production by E faecalis without suppressing bacterial growth. Similarly, PPI-6 inhibited
collagenase production in both S. marcescens and P. aeruginosa without affecting growth.
In animals drinking 1% ABA-PEG20k-Pi20, the phosphate concentration in the distal
colonic mucosa increased two-fold and reduced leak rates cause by E faecalis. Similarly,
polyphosphate drinking mice demonstrated increased levels of polyphosphate, had
decreased colonization of S. marcescens and P. aeruginosa, and displayed suppressed
collagenase activity at anastomotic tissues with evidence of reduced anastomotic abscess
formation and leak. These results indicate that oral ABA-PEG20k-Pi20 and PPI-6 may be
effective agents to contain the virulence of E. faecalis, S. marcescens and P. aeruginosa and
prevent anastomotic leak associated with these organisms.
Surgical site infections are the number one cause of readmissions in surgery. Intraoperative
contamination particularly with staphylococcus aureus is considered the mechanism of
developing a wound infection. This mechanism is challenged with the “Trojan Horse
Hypothesis”. This hypothesis implicate that immune cells, specifically neutrophils, are
privileged sites where S. aureus can circulate in the bloodstream without causing septicemia
and home to distant tissues. In Chapter 7, we demonstrated that gut originated methicillin
resistant staphylococcus aureus (MRSA) is able to cause surgical site infection remotely
whereas direct inoculum failed to do so under similar conditions. We found neutrophils
in close contact to gut MRSA. Additionally, virulence of the MRSA changed due to an
unfavorable wound condition i.e. ischemic surrounding tissue. These findings support the
“Trojan horse hypothesis” for a metastatic wound infection originating in the gut and
characterized by silent migration of the pathogen from the gut to the wound, without sepsis
or bacteremia, and via mechanisms that might involve the homing of neutrophils carrying
MRSA to the site of tissue injury. Although the mechanistic details need further study,
results hold promise preventing surgical wound infection by controlling gut microbiome.
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Er is toenemend bewijs dat menselijke ziekten wordt beïnvloed door de intestinale
microbiota. Met de komst van next-generation sequencing en metabolomics hebben
chirurgen meer inzicht gekregen in het belang van de intestinale microbiota en het effect
op herstel na chirurgie.
In Hoofdstuk 2 wordt de interacties tussen dieet, de microbiota, en het metaboloom en
immuniteit van de gastheer besproken. Op basis van de geformuleerde hypothesen in
hoofdstuk 2 hebben we een nieuw muismodel van spontane ontstane sepsis ontwikkeld
door middel van manipulatie van het dieet en antibiotische behandeling waardoor de
proefdieren vatbaar werden voor sepsis na een operatieve ingreep waarvan ze normaal
gesproken herstellen (Hoofdstuk 3). Dit nieuwe sepsis model komt in vergelijking met het
conventionele “cecal ligation and puncture” model pathofysiologisch meer overeen met
humane sepsis dat tegenwoordig gezien wordt, namelijk patiënten met multimorbiditeit
zoals obesitas, die op de Intensive Care langdurig worden behandeld met breed spectrum
antibiotica en uiteindelijk sepsis ontwikkelen. We hebben laten zien dat een 60% vet dieet
zonder vezels leidt tot een dysbalans van de coecum microbiota, gekarakteriseerd door een
verlies aan diversiteit en Bacteroidetes, een stijging van Proteobacteriën, en de opkomst
van antibioticaresistente organismen. Wanneer deze muizen antibiotica toegediend kregen
en een 30% leverresectie ondergingen, ontstond er fatale sepsis met multi-orgaan falen dat
ontstond vanuit de eigen microbiota. In overeenkomst met humane sepsis bij chirurgische
IC patienten, ontwikkelden deze muizen systemische disseminatie met multiresistente
pathogenen, inclusief carbapenem-resistente en extended-spectrum β-lactamaseproducerende Serratia marcescens, die een virulent en immunosuppressief fenotype tot
uitdrukking bracht. Het belang van deze bevinding is dat selectiedruk van dieet, antibiotica
en een chirurgische procedure de microbiota kunnen beïnvloeden en kan leiden tot fatale
sepsis en orgaanschade in afwezigheid van introductie van exogene pathogenen.
In Hoofdstuk 4 toonden we aan dat muizen met een vet, westers dieet naadlekkages
ontwikkelden, en dit geassocieerd was met een veranderde microbiota met een toename
van collagenase-producerende Enterococcus faecalis. Het microbioom van de westers dieet
gevoerde muizen toonde na de operatie herstel naar de pre-operatieve compositie met een
korte kuur van het standaard ieet. Heling van de anastomose was significant verbeterd door
prehabilitatie van westers dieet gevoerde muizen. Deze studies laten zien dat een chronisch
westers dieet een negatief effect heeft op de microbiota, en dat een korte prehabilitatie met
een standaard dieet naadlekkage kan voorkomen. Een microbiota-gerichte dieet aanpassing
zou een preventieve interventie kunnen zijn om wondinfecties, naadlekkage en sepsis te
voorkomen.
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Naast dieetaanpassingen hebben we in Hoofdstuk 5 en 6 aangetoond dat fosfaatrijke
verbindingen zoals ABA-PEG20k-Pi20 en natriumhexametafosfaat (PPI-6) bacteriële
collagenaseproductie onderdrukt en naadlekkage bij muizen voorkomt. Bacteriën hebben
een intrinsiek sensorisch systeem om de extracellulaire fosfaatconcentratie te detecteren
en hun virulentie daarop aan te passen. Polyfosforylering van de polymeer ABA-PEG20kPi20 remt de collagenase productie van E. faecalis zonder remming van de bacteriële groei.
Vergelijkbaar, PPI-6 remt collagenase-activiteit zonder aantasting van de bacteriële groei.
Een dierstudie laat zien dat een 1% ABA-PEG20k-Pi20 oplossing in drinkwater de mucosale
fosfaatconcentratie in het distale colon tweemaal verhoogd en de kans op naadlekkage
veroorzaakt door E. faecalis verlaagd. Vergelijkbaar, bij muizen die polyfosfaat toegediend
krijgen via het drinkwater hebben verhoogde polyfosfaat concentraties en een verminderde
kolonisatie met S. marcescens en P. aeruginosa . Tevens is de collagenase activiteit in het
anastomose weefsel verlaagd en is de kans op anastomose abcesvorming en naadlekkage
verlaagd. Deze resultaten laten zien dat orale toediening van ABA-PEG20k-Pi20 en PPI-6
mogelijk effectief zijn om de virulentie van E. faecalis, S. marcescens en P. aeruginosa te
verlagen en naadlekkage veroorzaakt door deze organismen te voorkomen.
Lokale wondinfectie zijn de belangrijkste oorzaak van heropname onder chirurgische
patiënten. Intra-operatieve contaminatie, met name met Staphylococcus aureus, wordt
beschouwd als de belangrijkste oorzaak van een wondinfectie. Deze hypothese wordt
uitgedaagd door “Trojan horse” hypothese. Deze hypothese impliceert dat immuun cellen,
in het bijzonder neutrofielen, S. aureus kunnen herbergen zonder bacteriemie te
veroorzaken, en zo infecties in weefsels kunnen veroorzaken. In Hoofdstuk 7 hebben we
aangetoond dat meticilline-resistente Staphylococcus aureus (MRSA) wondinfecties op
stand kunnen veroorzaken terwijl directe inoculatie onder dezelfde omstandigheden dit
niet deed. We vonden neutrofielen in nauwe relatie met intestinale MRSA. Additioneel, de
virulentie van MRSA veranderde door ongunstige wond condities zoals ischemisch weefsel.
Deze bevindingen ondersteunen de “Trojan horse” hypothese waarbij een pathogeen
migreert van de darm naar de wond zonder sepsis of bacteriemie, via mechanismen waarbij
neutrofielen MRSA transporteren naar de wond. Hoewel de mechanistische details nader
moeten worden bestudeerd, zijn deze resultaten veelbelovend om chirurgische wondinfectie
te voorkomen door de darmmicrobiota te manipuleren
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RESEARCH DATA MANAGEMENT
The primary and secondary data obtained during my PhD at the Radboud university
medical center (Radboudumc) have been captured and stored on H drive, University of
Chicago Internal server, which is centrally stored and daily backed-up. Data was additionally
backed-up on sever belonging to the department of Surgery. All data archives are stored
on H drive and accessible by the associated senior staff members. Mouse studies described
in Chapter 3 ,4, 5, 6 and 7 were approved by the institutional animal care and use committee
(IACUC) university of Chicago under protocols 71744, 72417 and 72090. Published data
generated or analyzed in this thesis are part of published articles and its additional files are
available on respective journal server. Chapter 3 data are available in EMBL-ENA under
BioProject ID PRJEB32897 (secondary accession no. ERP115632), along with the metadata.
Chapter 3 sequence data is deposited in the EBI Database (accession number ERP113631).
The animal data for the analyses of the studies as presented in chapter 3, 4, 5,6 is stored on
the Department of Surgery H-drive (H:\Alverdy- Lui lab\Olga\Sanjiv Hyoju in folder with
project name Sepsis, Prehab, PiPEG anastomosis leak, PPi-6 anastomosis leak. The data for
chapter 7 is stored in Department of Surgery H-drive (H:\Alverdy- Lui lab\Olga\Monika
in folder with project name Trojan Horse hypothesis. The data will be saved for 15 years
after termination of the study.
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2016

0.1
0.1
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• Rodent Euthanasia
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2016
2016
2016
2016
2016
2016
2016
2017

2.1
0.2
0.7
0.1
0.1
0.1
0.1
0.1
0.2

Seminars, workshop and master classes
• Weekly PhD supervisor meetings
• Weekly lab meetings

2016 – 2021 1.5
2016 – 2021 1
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•	4th Annual Chicago Colorectal Symposium, Chicago IL
(poster presentation) “Phosphate compound Prevent Serratia
Marcescens Induced anastomosis leak in Mouse model”
•	Surgical Infections Society 36th Annual Meeting, Palm
Beach FL, USA, Oral presentation at Plenary Session, topic:
“Oral polyphosphate as Non-antibiotic approach to prevent
anastomosis leak”
•	23rd Charles Huggins Symposium Department of Surgery,
University of Chicago, Oral presentation, March 2016
•	Surgical Infections Society 37th Annual Meeting, St. Louis
MO, USA Oral presentation at Plenary Session, Topic: “De
novo Synthesized Drug able to Suppress the Collagenase
Production in Enterococcus Faecalis and Improve
Anastomotic Healing in Mouse Model of E. Faecalis-induced
Anastomotic Leak”
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2016
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0.5
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0.5
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