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The gut microbiome has coevolved with its hosts over the years, forming a complex and
symbiotic relationship. It is formed by what we do, what we eat, where we live, and with
whom we live. The microbiome is known to influence our health by training our
immune system and providing nutrients for the human body. However, when the
microbiome becomes out of balance and dysbiosis occurs, the microorganisms within
can cause or contribute to diseases. This major influencer on our health is studied
intensively, but it is unfortunately often overlooked by the surgeon and in surgical
practice. Because of that, there is not much literature about the microbiome and its
influence on surgical patients or procedures. However, there is evidence that it plays a
major role, showing that it needs to be a topic of interest for the surgeon. This review is
written to show the surgeon the importance of the microbiome and why it should be

Y

dysbiosis

What is the microbiome? If a surgeon (or any clinician) is asked
to answer this question, they will probably say that it is the
term for all bacteria in the gastrointestinal tract. That answer is
not wrong, but it is not completely correct either. The micro-
biome is defined as “a characteristic microbial community
occupying a reasonable well-defined habitat which has distinct
physio-chemical properties,”" including its activity and influ-
ences on its surroundings. The microbial community in this
definition, however, consist of not only bacteria but also all
microorganisms present in that habitat, meaning that the
microbiome also includes viruses, protozoa, fungi, etc. In
addition, the habitat is not defined, and the human microbiome
therefore also includes the microbial communities of the skin,
ear, mouth, and so forth. Recent studies estimate the ratio of
human-to-bacterial cells is close to 1:1, although there are also
studies that estimate that there is a 10-fold of microorganisms
inhabiting the human gastrointestinal tract.> The estimated
densities of bacterial populations in the gastrointestinal tract
are ~10%~*in proximal ileum and jejunum, ~ 107! in the distal
ileum, and ~10'!-1 colony forming units (cfu) per gram within
the colon.>™ Because the gastrointestinal bacteria form the
majority of the human microbiome, the term microbiome is
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taken into consideration when preparing or treating patients.

most practically used for all bacteria present in the gastroin-
testinal tract. The term gut microbiota is often used as a
synonym for the gut microbiome and for gut bacteria.

The microbiome has coevolved with its hosts over the
years, forming a complex and symbiotic relationship.6 Our
microbiome is influenced by what we eat, where we are,
with whom we are, and how we live. In turn, the microbiome
also influences us. The gut microbiome is associated with
diseases, such as inflammatory bowel diseases (IBD),7 obesi-
ty,3? diabetes mellitus,'? a diversity of cancers,'" psycholog-
ical disorders such as depression,'? and even neurological
disorders such as Alzheimer’s disease and Parkinson’s dis-
ease.>1% Although the mechanisms behind these associa-
tions are mostly still to be elucidated, there is consensus that
the interaction between the bacteria within the microbiome
and the interaction with the human body (the habitat) is
important in health and, with that, disease in humans.
Therefore, it is not surprising that with the development of
novel (culture-independent) techniques this area of research
has become an upcoming research topic in the last decennia.
In this review, we will try to provide an insight into the
complex network that we maintain with our gut microbiome
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and how it influences our health, disease, and (surgical)
treatment.

Composition and Function of the
Microbiome: A Social Network

From all sites of the human body, the gut microbiome has
been studied the most intensively and is seen as the micro-
biome with the most influence on the physiological process-
es of the human body. Culturing methods had already shown
a great diversity of the gut microbiota. With the use of high-
throughput sequencing methods such as 16S ribosomal RNA
(rRNA) gene sequencing and the more extensive shotgun
metagenomic sequencing, mapping of the microbial compo-
sition has become more detailed. An analysis of large data-
bases of isolated species showed that over 2,100 species were
isolated in human beings.16 New techniques suggest that
more than twice as many species are to be found in the gut
microbiome.'” The gut microbiome is composed of both
aerobic and anaerobic microorganisms. As the luminal con-
tent of the bowel is in principle anaerobic, aerobic bacteria
probably find a habitat close to the mucosal cells that “leak”
oxygen toward the lumen.

A study in twins and a large cohort study have suggested
that only around 5 to 8% of the bacterial composition is
heritable.'®1? In addition, almost half of the microbiome is
determined by who we live with and the rest by other factors
like environment, intake, hygiene, and drug use.'® These
(external) influences determine the diversity and composi-
tion of the microbiome. A microbiome with a high diversity is
linked with human health and with living a long and healthy
life.?? Centenarians, for example, have a higher diversity of
the gut microbiome than people who live shorter.?" There-
fore in general, a healthy gut microbiome is considered
diverse although the interindividual differences in composi-
tion can be high.?? Therefore, one typical healthy gut micro-
biome with a determined microbial composition probably
does not exist. In addition, not all beneficial bacteria can live
together, as some known beneficial bacterial genera and
families are negatively correlated with one another.?®

The symbiotic equilibrium that the microbiome has
reached in a healthy state of the human is known to consist
of certain types of bacteria. For its symbiotic function, the
microbiome should harbor bacteria that are important for
the breakdown of dietary substrates, producing energy and
micronutrients, and in the synthesis of vitamins, essential
amino acids, and short-chain fatty acids (SCFAs). The balance
within the gut’s microbial composition determines the func-
tion and resilience of the microbiomes. They do that by
communicating with each other (e.g., by quorum sensing,
see below), fighting each other (e.g., by bacteriocins), and
interacting with the host. They hereby form a social network
of interactions that protects the symbiotic relationship.

The Human Factor

As the presence of the microorganisms in the gastrointesti-
nal lumen is a natural phenomenon, it is important for the
host to keep the microbiome to the lumen. Various defense

mechanisms have been established for this containment. The
intestinal epithelial cells and the tight junctions between
them compose the most important physical intestinal barrier
limiting interaction between Iuminal contents and the hu-
man body.?* The tight junctions are a mechanical link
between epithelial cells that are able to move with the
peristaltic movements of the gastrointestinal tract. These
junctions maintain epithelium polarity, allowing transport
for nutrients, secretion of enzymes, and antimicrobial pep-
tides into the lumen.?* It also regulates the passage of ions,
water, and various macromolecules from the lumen to the
internal system. A dysfunction of these tight junctions, often
induced by enteric pathogens, increases intestinal perme-
ability and allows for microbial and other potential harmful
components to enter the systemic circulation.?®

The intestinal epithelial cells also provide the secretion of
mucus. This mucus forms a layer on top of the cells, creating a
barrier to minimize contact between the epithelial cell
surface and the microorganisms. This is essential to limit
tissue inflammation and microbial translocation.?®?” This
layer of mucus contains immunoglobulins, antimicrobial
peptides, and immune cells to keep the microorganisms
from invading the mucus toward the epithelial cells.?82°
However, it also contains nutrients, excreted by the gastro-
intestinal tract, providing food for various microorganisms
regulating thereby the normal composition of the micro-
biome.3? Furthermore, bacteria produce among others lac-
tate and SCFAs, which provide an additional intestinal barrier
function, for example, by reducing the pH, making it inhab-
itable for some bacteria,>! or act on the host causing it to
lower the oxygen concentrations in the lumen, making the
environment less favorable for certain pathogens.>? These
SCFAs also promote the differentiation of T-cells, providing
the immune system with a large pool of immune cells that
protect against pathogens.33'34 The SCFAs, such as propio-
nate, acetate, and butyrate, are produced by the digestion of
dietary fibers by bacteria, a process that is impossible for
intestinal cells.>® This digestion of dietary fibers is a good
example of a beneficial social interaction with bacteria,
because butyrate is the primary energy source for colonic
cells.?® A lack of butyrate can cause colitis (e.g., deviation
colitis in the rectum).3”38

The Microbiome Factor

The interaction between the microorganisms to regulate their
social network indirectly via the host is not the only way of
communication. They also have direct contact by “quorum
sensing,” which is the ability to detect and respond to cell
population density by producing signals that activate gene
expression in their co-inhabitants, for example, to induce
growth.3? This signaling system helps maintain the balance
of the present bacteria, preventing pathogens to thrive and
become an actual threat for the gastrointestinal cells. To
compete with each other, bacteria may use bacteriocins (bac-
terially derived antimicrobial proteins), which kill or inhibit
other bacteria when secreted.*° In addition, the microbiome
interacts with the host immune system by triggering pattern
recognition receptors at the mucosa.*" This causes epithelial
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Fig. 1 Description of symbiosis and dysbiosis. In symbiosis bacterial quorum sensing and interactions with host immune cells maintains a dense
and diverse microbiome and the epithelial barrier integrity. In dysbiosis, microbial community breakdown results in decreased antimicrobial

peptides and disruption of the epithelial barrier.

cells to secrete antimicrobial peptides (Reglll), immunoglobu-
lins, interleukins, and T-cell responses to the gastrointestinal
lumen, helping the microbiome to keep its balance.*? Recent
research shows that there is evidence that the bacteria also use
their quorum sensing to interact with the epithelial cells and
the human cells mimic quorum sensing signals to communi-
cate back.® This crosstalk is essential for humans because it
triggers the mucosal immune system and maintains the
epithelial barrier integrity, for example, by increasing epithe-
lial cell tight junction resistance.*>** This defense is impor-
tant, not only against the pathogens that inhabit the
gastrointestinal tract, which are continuously trying to reach
the mucosal cells, but also for the daily contact with an
abundance of microorganisms from the outside world by our
oral intake. This introduction of microorganisms also shapes
part of our microbiome and the diversity of our diet determines
the diversity of our microbiome (and its function).'®*° But as
long as this social network is beneficial for the bacteria within
the microbiome and for the host, it functions (~Fig. 1).

Dysbiosis, When a Social Network Becomes
a Fight Club

When the microbial composition gets severely altered, known
as dysbiosis, the network can become fragile and its influence
on the host’s physiology can change. As said, there are multiple
factors that influence the microbiota. Examples are age;
lifestyle factors like diet, smoking, drugs, activity level, and
stress; and environmental factors such as geographic location,
hygiene, and exposure to animals and other humans.*®

A dysbiosis of the microbiome is associated with various
diseases, such as the prevalence of obesity,% type 2 diabetes, '°
IBD,” and even neurological disorders such as Alzheimer’s
disease and Parkinson’s disease.'>™'” Interestingly, these pa-
thologies have shown to have a reduced diversity of the gut
microbial composition.*’~4° This dysbiosis of the microbial
composition is often induced by the above-mentioned envi-
ronmental factors. This leads to the loss of the symbiotic

network and creates the circumstances for bacteria to outcom-
pete others and to thrive: it becomes a fight club.

The Relevance for Surgeons
Related to surgery, preoperative fasting, the use of perioper-
ative antibiotics, mechanical bowel preparation, and the
surgery itself have been shown to disrupt the existing micro-
biome, thereby possibly influencing the postoperative out-
comes.*® The use of antibiotics has been associated with
changes to the composition of the gut microbiome.”® Anti-
biotics aim to kill or stop pathogenic bacterial species that
may cause infectious problems for the host. However, the
current generation of antibiotics are broad spectrum and
have a bacteriostatic or bacteriocidic effect on “normal”
microbiota as well.’’ A short course of commonly used
(broad-spectrum) antibiotics, such as ciprofloxacin, causes
a significant decrease in species richness (the number of
species disregarding the diversity within a defined region)
and microbial diversity (the number of different species
within a define region).>>>> While some individuals
changed back to their preantibiotic microbial composition,
these changes were persistent in some individuals, as some
of their microbiota did not reinstate the pretreatment popu-
lation levels.’>>3 These effects are persistent up to years
after antibiotic treatment.>3>°

The use of prophylactic antibiotics is the standard care
and should be given within 2 hours before surgery. If admin-
istered before or after this time window, the wound infection
rate is higher.>’ Many surgeons continue the antibiotic
prophylactic regime for one or more days, despite no evi-
dence that this yields any benefit.”® The long-term effects of
this continuation of antibiotics is not studied well but might
have a large impact on the microbiome and antimicrobial
resistant patterns of the patients’ gut microbiota.

Mechanical bowel preparation influences the microbiome
as well, but not as long lasting as the antibiotic treatment.
The duration of the effect of bowel preparation on the
composition and diversity differs between studies
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performed on fecal samples, but are mostly a few days up to a
month, after which the composition and diversity is re-
stored.>®"%2 Similar changes in composition and diversity
of mucosal-adherent microbiota are seen in colonoscopic
biopsies.®? These effects on the microbiome may have con-
sequences for (surgical) procedures. They are, for example,
associated with postoperative delirium,®* but, when com-
bined with oral antibiotics, they are associated with a
reduction in surgical site infections, ileus, and anastomotic
leaks after colorectal surgery.®®

Another influencer of the microbiome network is (gas-
trointestinal) surgery, which can profoundly alter the micro-
biome. There are multiple studies performed on how the
microbiome changes after gastrointestinal surgery, but there
is a lack of consistency in results due to, among others, the
absence of standardized methods.®® In addition to an altered
microbiome, gastrointestinal surgery damages the epithelial
cell wall integrity, giving microorganisms the opportunity to
reach the intestinal cells.®’ This extends the inflammatory
response, influencing wound healing processes, but also
gives opportunistic pathogens a chance to adhere to, invade,
or attack these cells. Pathogens are able to do that by
expression virulence factors, which are characteristics to
help the bacteria survive but reduce host health. Such factors
are species and even strain specific, including structural
features like flagella that facilitate attachment to host
cells®®®° and toxins and enzymes that degrade host tis-
sue.’%’! An example is the expression of the genes Ace
(adhesin) and GelE (gelatinase E) by Enterococcus faecalis,
which, respectively, make the bacteria adhere to host tissue
and degrade the collagen.”?”3 E. faecalis has been shown to
adhere to the anastomosis after colorectal surgery and is
associated with subsequent anastomotic leakage.”> Addi-
tionally, research by our group has shown that a low micro-
bial diversity is strongly associated with the development of
anastomotic leakage after colorectal surgery.”*’> The tro-
phic network of species in intestinal microbiota with a low
diversity may be more easily disturbed by the mentioned
factors than in microbiota with a high diversity.

The Future Potential of the Microbiome in
Surgery

As recent research on the microbiome and its influence on
(gastrointestinal) surgery has gained interest, the next step
would be to expand this research, subsequently integrate
microbiome analysis methods in daily practice and influence
the microbiome to change negative influences. Screening
methods could be developed to assess whether the patient is
fit for surgery. For example, a patient’s microbial composi-
tion might be analyzed to evaluate the frailty of the patient.”®
Or the microbial diversity might be determined to see
whether it is diverse enough to make an anastomosis that
is not likely to leak.”# In addition, it could be proposed to
screen patients for the presence of highly virulent species.”?
These views on the microbiome can hypothetically be used to
decide whether it is better to wait to operate on the patient
or prepare the patient for surgery.

The microbiome should also be considered more often
when patients are prepared for (surgical) procedures. Al-
though conventional therapy and prophylaxis have been
proven to be successful in preventing or overcoming bacterial
infections, they are mostly antibiotic, aimed to eliminate or
reduce pathogens from the gut. These therapies have been
implemented globally, but are also often used improperly
and cause many antimicrobial resistance microorganisms.
Therefore, the search to more sustainable methods to pre-
vent or overcome infections is needed taking the microbiome
into account.

An example might be the use of probiotics or prebiotics.
Probiotics, which are defined by the World Health Organiza-
tion as “live microorganisms, which when consumed in
adequate amounts, confer a health benefit on the host,”
have been suggested as beneficial for health for over a
century and have been marketed in various forms over the
last decennia.”’ Prebiotics are food ingredients that stimu-
late the growth or activity of selective bacterial genera in the
colon.”® A recent systematic review has suggested that the
combination of both pre- and probiotics, called synbiotics,
reduce postoperative infections after elective abdominal
surgery.”® There is, however, a lack of consistency in the
(bacterial) products used and the potency of these micro-
biome altering products depends among other on the meta-
bolic effects of specific strains used.®® The perfect formula
has not been established yet, but they have the potential to
reinforce the intestinal barrier, reduce inflammation, and
improve immune status.3°

Fecal microbiota transplantation (FMT) has also been
suggested as a solution for gastrointestinal-related prob-
lems. It can be highly effective against Clostridium difficile
infections of the intestine®! and has shown promise in IBD
and related diseases.®? FMT might restore the diversity of a
disturbed gut flora and may improve the intestinal epithelial
barrier.3 In addition, it has been shown to restore systemic
immunity responses in mice, protecting them from sepsis
induced by pathogens.2* However, with this treatment strat-
egy, there are also many uncertainties on the long-term
effects for the microbial composition and many studies
show (serious) adverse events.®> For example, one study
shows the transfer of drug-resistant pathogens by FMT
leading to bacteremia.?® Therefore, this method needs opti-
mization for further clinical implementation.

Another approach to change the microbiome is to make
lifestyle changes. There is much to gain in changing the
microbiome with exercise and diet. This should be mostly
considered in patients who live a western lifestyle with not
enough physical activity and too much (processed) food full of
fat and sugars and with a low amount fiber.8”88 Exercise leads
to an increased diversity of the gut microbiome.?° In addition,
exercise leads to an increase in SCFA production and butyrate-
producing bacteria.’® The intake of processed foods and ani-
mal-derived foods is associated with higher abundances of
known proinflammatory microbiota. In contrast, a diet with
plants and fish is positively associated with SCFA-producing
commensals and pathways of nutrient metabolism.?’ Relating
this to surgery, a study in mice showed that when chronically
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fed a high-fat and low-fiber diet, and subsequently fed a 2-day
course of low-fat and high-fiber diet, the microbial composi-
tion changed and reduced the incidence of anastomotic leak-
age compared with continuation of a high-fat diet.?? Although
translation to a human situation is difficult, there is evidence
that the change of the human gut microbial composition can be
reached within a considerable time. In a study with human
subjects, groups received after a 2-week western diet of either
6 weeks of whole grain diet or 6 weeks of refined grain diet. The
whole grain group showed an increase in gut microbial
diversity and SCFA-producing bacteria and a decrease in
proinflammatory bacterial families.>> The intake of fiber is
even seen to have a positive correlation within 1 day, showing
next-day abundant changes among 15% of gut microbiota
members.®* Dietary nutrients have been shown to have a
profound effect on both the microbial composition and its
function, mediating in the social network between our envi-
ronment and our genes.*3

Conclusion

Although it is not even visible to the surgical eye, the gut
microbiome is of great importance for the surgeon and its
patients. Unfortunately, microbiome research in surgery and
surgical complications is still scarce. With the high-through-
put techniques that have become readily available in many
centers, we hope that awareness will rise and more research
on this topic will be performed. This is important because the
effects of surgery on the microbiome are significant, but the
effects of the (changed) microbiome on the outcome of
surgery might be even more considerable for patients.
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