
 

 

 University of Groningen

Elucidating the mechanisms of anastomotic leakage
van Praagh, Jasper

DOI:
10.33612/diss.119066366

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Praagh, J. (2020). Elucidating the mechanisms of anastomotic leakage: a new point of view. [Thesis
fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.
https://doi.org/10.33612/diss.119066366

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.33612/diss.119066366
https://research.rug.nl/en/publications/ca39b485-b412-463d-9002-b0fe1a4f4e0d
https://doi.org/10.33612/diss.119066366


CHAPTER 8
SUMMARY, GENERAL DISCUSSION 

AND CONCLUSION

Jasper_Proefschrift.indd   147Jasper_Proefschrift.indd   147 27/01/2020   14:28:1727/01/2020   14:28:17



148

Chapter 8

SUMMARY AND GENERAL DISCUSSION
Colorectal cancer has one of the highest incidences of all malignancies, with every 
year over a million new diagnosed patients. (1) Surgical resection of the tumour with 
the creation of an anastomosis is the standard treatment of care, often combined with 
neoadjuvant chemotherapy and/or radiation therapy. The most feared complication 
after this type of surgery is anastomotic leakage (AL).

Despite perfectionated surgical techniques and the reduction of known risk 
factors, the incidence of AL has barely decreased over the past decades. Part of the 
problem is that the mechanism(s) behind the development of the leakages are just 
partly elucidated. In order to establish adequate prevention of AL to occur, first these 
mechanisms should be further explored.

This thesis describes the quest to elucidate the mechanisms behind AL. It uses 
new techniques to elaborate on a long-ignored contributor to AL and its consequences: 
the intestinal microbiota. It describes how the bacterial composition at the time of 
surgery plays a role in the development of AL. This may be in combination with a less 
favourable status of the patient’s gene expression in wound healing related genes. 
Furthermore, this thesis shows that not only the bacterial composition, but also the 
virulence factors of bacteria and other microorganisms play a role in AL and the 
tumour recurrence that is associated with AL.

Chapter 2 and 3 describe the use of 16S rRNA gene sequencing (16S analysis) on 
samples obtained during colorectal surgery with the construction of an anastomosis. 
The first of these two chapters is a pilot study with non-C-seal samples, samples from 
patients that were randomized for standard care (an anastomosis without the use of 
the C-seal). The C-seal is a biodegradable intraluminal sheet designed for the protection 
of the colorectal anastomosis. This study showed that the samples we obtained during 
the C-seal trial were suitable for 16S analysis. Fifteen of the 16 samples had sufficient 
isolated DNA and subsequent analysis could be done. We used the V3–V4 region of 
the 16S rRNA gene to identify the bacteria present in the samples up to species level.

Although body mass index (BMI) was slightly higher in the group of patients with 
AL, this was not a significant or an independent factor for AL in this study group. 
Neither were other patients’ characteristics. In AL, the bacterial composition did 
not show a significant difference compared to the control group, but there was a 
significantly lower microbial diversity, mostly accounted for by the bacterial families 
Lachnospiraceae and Bacteroidaceae.

In the subsequent Chapter 3, the results of a larger cohort are shown, with 
the addition of samples from patients that received a C-seal. When we analysed the 
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complete cohort of Chapter 3 no differences in bacterial composition were found 
between AL and non-AL patients when the 118 samples were analysed together; 
only the Blautia genus was more abundant among AL patients. Although this was 
surprising, the lack of differences in the overall group could be attributed to the 
patients with a C-seal. The microbial composition of these samples did not differ 
significantly, however, in the C-seal trial, we previously found a trend to more AL in 
C-seal patients than in non-C-seal patients. (2) This suggests that the C-seal influences 
the microbial composition in the days after surgery. This may be due to the barrier it 
creates between the mucosa and the (fresh) luminal content, interrupting the supply 
of new resources. The subsequent reduced rate of bacterial metabolism leading to a 
reduced production of short chain fatty acids (SCFA) possibly reduces the rate of mucin 
synthesis by the human host, which in turn may negatively affect wound healing. 
(3) The C-seal may also create a new ecosystem that benefits the growth of potential 
opportunistic pathogens. Another ecological factor might be that shielding off the 
mucosa, and the subsequent lack of metabolism, makes the environment more aerobic. 
As the metabolism diminishes, oxygen diffusing from the blood into the lumen is 
utilized less rapidly, (4) making life hard for commensal oxygen sensitive species while 
facilitating growth for opportunistic facultative pathogens.

When we analysed the subgroup of non-C-seal patients (standard care), the 
microbiota of AL versus non-AL was different. The results were similar to the results in 
Chapter 2 and showed that a low diversity, with a bacterial composition consisting of 
mainly (>60%) Lachnospiraceae and Bacteroidaceae, was correlated with the development 
of AL. Interestingly, these bacterial families are not particularly known to contain 
pathogenic bacteria. In fact, many butyrate- producing genera are found within the 
Lachnospiraceae family. Butyrate is a SCFA, known to be the main source of nutrients 
for colonocytes. (5) Intraluminal injection of SCFAs improved colonic healing, resulted 
in significantly stronger colonic anastomoses in rats and decreased AL rate. (6,7) 
Furthermore, butyrate has been shown to regulate the assembly of tight junctions 
and to correlate with reduced gut permeability. (8) It also decreases intestinal 
inflammation by reducing oxidative stress in the colonic mucosa. (9)

However, both the abundantly present genera Blautia (from the Lachnospiraceae 
family) and Bacteroides (from the Bacteroidaceae family) are known to comprise species 
that degrade mucin and produce acetate and propionate or propionate and propanol, 
but neither of them produces butyrate. (10,11) These bacteria are also associated with 
the development of inflammatory bowel diseases. (12-14) It could be that these bacteria 
degrade the mucin-rich mucus-layer around the anastomosis, while a functional 
mucus-layer is needed for anastomotic healing. (15) Without a mucus-layer the 
mucus barrier is lost and the inner mucus layer and subsequent colon is vulnerable 
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for bacterial penetration. (16) This can cause inflammation and subsequent impaired 
healing of the anastomosis. (17,18) In addition, a Bacteroides dominated microbiome is 
favoured by protein and animal fat, which can be correlated to the meat consumption 
as in a western diet. (19,20)

 It can also be hypothesized that the lack of bacterial diversity in the AL group 
the microbiome is less stable than a well-diversified microbiome. The peri-operative 
aspects in colorectal surgery may cause a larger shift in the bacterial population in 
a poorly diversified microbiome, offering the opportunity for pathogenic bacteria to 
thrive. It has been shown that possible pathogenic bacteria like Enterobacteriaceae, 
Enterococcus, Staphylococcus and Pseudomonas are significantly increased after colorectal 
surgery. (21,22) The administration of prophylactic intravenous antibiotics, starvation 
and bowel preparation in colorectal surgery all contribute to the increase in amount 
of such bacteria.

Because the technique (16S analysis) used in Chapter 2 and 3 is not yet commonly 
used in clinical practice, other methods to evaluate the microbial diversity could be 
considered for the prevention of AL. For example, it has been shown that the stool 
consistency correlates the bacterial richness and diversity (looser consistency means 
less richness and diversity). (23) This simple observation could be very promising for 
the risk assessment of AL, but might give a false assumption of the actual diversity of 
microorganisms at the anastomotic site as faecal samples show a different bacterial 
composition compared to the composition on and in the mucus layer. (24,25) Therefore 
our samples, which include the mucus layer give a better representation of the actual 
situation of the microbial composition at the site of the anastomosis than when we 
would have used faecal samples.

At the time of performing these studies, the method of 16S analysis was relatively 
new in the world of surgical research. The methods and statistics used in these studies 
were subsequently discussed by others after publication. Some of the points that were 
discussed could indeed be done in a different manner, but in Chapter 3B we argued 
that the 16S analysis is not a “one-fits-all” approach/method. There are multiple ways 
of preservation, isolation and analysis that can be used. However, the most important 
factor is that the chosen methods are well-considered and performed in an adequate 
and consistent way.

We elaborated more on the methodology in microbiome research in Chapter 
4, where we tried to explain the processes behind uncultured microbial research 
for the interested surgeon-scientist. This chapter shows that culture-independent 
microbial studies, such as 16S analysis and metagenomics, in surgery have fallen 
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behind compared to other specialties in medicine. In our opinion this is not due to the 
lack of possibilities or research subjects, but mostly due to a lack of knowledge. In order 
to provide general knowledge on this topic, we wrote a review on the methodology of 
culture-independent microbial research. In this chapter we show the considerations 
that have to be made and their pitfalls during the process of 16S analysis.

The 16S gene that is sequenced contains nine hypervariable regions (V1-V9) of 
which the V4 region is the most widely used, whether or not with additional primers 
for the V3, V5 and V6 region. The sequence reads should be aligned to one of the 
16S reference databases for taxonomic analysis. (26-31) The analysis provides a 
classification of the sequenced data on the different levels of taxonomic rank (see 
Table 1).

Table 1 – Example of the scientific classification of bacteria paralleled with the scientific classification 
of the domestic cat.

Domain/Kingdom Bacteria Animalia

Phylum Proteobacteria Chordata

Class Gammaproteobacteria Mammalia

Order Enterobacteriales Carnivora

Family Enterobacteriaceae Felidae (subfamily Felinae)

Genus Escherichia Felis

Species E. coli F. catus (domestic cat)

In order to compare the bacterial composition of the samples, diversity analyses 
are performed. Significant changes in diversity are associated with various diseases. 
(32-39) The diversity analyses of gut bacterial populations can be conducted within 
samples (α-diversity) and between samples (β-diversity). (40,41) Numerous methods 
have been developed in order to create the most accurate representation of the 
diversity in or between samples, but a golden standard has not been established. 
Therefore, the best representation of the diversity is dependent on the question of 
research. It should be noted that the taxonomic, diversity and statistical analysis 
can be incorrectly interpreted when the data is generated from other mammals than 
human samples. For example, 85% of the sequences of the mouse microbiome that 
represent genera have not been detected in humans. (42) Furthermore, the bacterial 
richness in the mouse intestine seems to be higher compared to that of a human. 
(42) In addition, every mouse strain has a different microbial composition, which 
is influenced by their environmental factors like housing, food composition, light, 
stress factors and pathogen infection. (43) Translation of these data to humans can 
be challenging.

8
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Although not perfect (yet), the development of next generation sequencing 
techniques such as 16S, metagenomic and (meta)transcriptomic analyses advances 
more and more. Such culture-independent analyses can show the presence of the 
microorganisms and differences in their composition in time. This gives new insights, 
because the compositional behaviour of microorganisms in their natural habitat 
differs profoundly from their behaviour in culture. In culture there is a difference 
in nutrients and resources present and there is neither an interaction between other 
bacteria nor with the host.

The more advanced (metagenomic and (meta)transcriptomic) analyses make it 
possible to examine all organisms (e.g. host and microorganisms) present in the sample 
and simultaneously analyse all the genes or gene expressions of those organisms. This 
provides not only insight into community biodiversity, but also in the function of the 
present organisms. Therefore, once metagenomic (and metatranscriptomic) analyses 
has become easier accessible and more cost-effective, it will improve patient care. 
However, until both 16S sequencing and metagenomics become more widespread, the 
cultivation of bacteria will remain the standard of care for patient derived pathogen 
identification and antibiotic resistance profiling.

In our opinion, the bacterial composition is not the only aspect that plays a role 
in the development of AL. Although the 16S analysis we used in Chapter 2 and 3 
does show a difference in the microbiota present, we hypothesized that the biological 
processes within the patient’s colon play a role in AL as well. Therefore, we analysed 
the same samples from Chapter 2 and 3 with another so-called Next Generation 
Sequencing technique that has come to rise: RNA-sequencing. We used this technique 
in Chapter 5 to identify the gene expression and biological pathways that might be 
involved in the development of AL. This study presents a transcriptome analysis of the 
doughnuts from the C-seal trial. It shows that despite normal macroscopic appearance 
during surgery, there are several differences in gene expression between patients who 
develop AL and patients who do not. The majority of the differentially expressed genes 
are downregulated at the moment of surgery in patients who in the end develop AL. 
The downregulated genes enrich for processes involved in immune response, angiogenesis, 
protein synthesis and collagen crosslinking. These processes can all be related to wound 
healing, in which roughly three phases are identified: inflammation, proliferation 
and remodelling.

During the inflammatory phase, there’s an influx of immune cells (e.g. neutrophils) 
in order to prevent infiltration of microorganisms and prevent subsequent infection. 
The downregulation of genes enriching for the (innate) immune response in an 
environment with an overabundance of microorganisms could cause an unfavourable 
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position for the healing colon after surgery and may be an important factor in the 
development of AL.

The angiogenic process, resulting in adequate supply of oxygen and nutrients, 
is one of the pillars of the proliferation phase of wound healing. (44) This phase of 
intestinal healing usually starts after three days after the creation of a wound. 
(44,45) The healing of colonic anastomoses is considered to be more dependent on 
angiogenesis (microvasculature) than on diffusion of oxygen through pre-existing 
macrovasculature. (46,47) Therefore, a downregulation of angiogenesis could 
contribute to the development of AL.

The remodelling phase of the wound healing process is mainly collagen 
restructuring. Therefore, the balance of collagen production is an essential part of 
the healing of the anastomosis. (47-49) The downregulation of collagen crosslinking 
could cause an inadequate collagen deposition and therefore contribute to AL.

The downregulation of the immune response and collagen crosslinking could also 
make the patient susceptible for certain microorganisms shown to be involved in AL, 
such as E. faecalis and P. aeruginosa. (49,50) For example, E. faecalis is known to adhere 
to wound sites by upregulating its aggregation substance gene (ace) in response to 
stress situations, like surgery on the host, mechanical bowel preparation or antibiotic 
treatment. Moreover, E. faecalis activates its gelatinase (GelE) gene which degrades 
collagen and cleaves the pro-form into the activated form of Matrix Metalloprotease 
9 (MMP9), an enzyme that degrades extracellular matrix.

Another example of a species that has the “leak phenotype”, thus the ability to 
degrade collagen by GelE and the ability to activate MMP9 is shown in Chapter 6. We 
found that a strain of Bacillus subtilis expressed these virulence factors. B. subtilis is a 
commensal mouth organism that is normally not considered to be a pathogen. This 
strain was cultured from an anastomotic leakage at the site of a gastrojejunostomy 
after gastrectomy and was tested by the protocol (or workflow) we presented in this 
chapter. We studied its ability to express a “leak phenotype” based on collagenase 
production, MMP9 activation and ability to cause a clinical leak in a mouse model 
(Figure 1). This protocol can be used to determine whether an isolated microorganism 
has a “leak phenotype” and whether it has the ability to cause anastomotic leakage. 
As mentioned, mice have a different microbiome and respond differently to bacteria 
than men, however the B. subtilis studied in this chapter is isolated from a human leak.

8
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Figure 1 – Workfl ow to determine the possible contribution of microorganisms in a clinical anastomotic 
leakage.

The collagenolytic abilities of bacteria have been proven to degrade collagen in 
rat and mice, but are not tested in human models. (49,50) The effect on human collagen 
degradation could be questioned, because collagen is degraded at a different rate 
among mammals. (51) However, mice seem to have a good resemblance with human 
collagen and extracellular matrix (ECM) and thus mouse models can be considered 
representative for most ECM and collagen studies. (52,53) Moreover, B. subtilis (and 
other bacteria) has the ability to activate both human and mouse MMP9 and human 
and mouse MMP9 share orthology. (54) The activation of MMP2, which has similar 
collagen degrading effects to MMP9, by bacteria and its role in AL has not been studied 
yet.

The study described in Chapter 6 suggests a role for B. subtilis in the leakage 
observed. However, it remains to be determined to which extent colonization of a 
highly collagenolytic bacteria that can also activate MMP9 at the anastomotic site 
contributes to the clinical manifestation of leakage. It shows that in the current 
era of promiscuous antibiotic use, the intake of a high fat/low fi bre western type 
diet and the prevalence of obesity, the identifi cation of microbial organisms and the 
phenotype they express at sites of anastomotic leakage may be important to develop 
future approaches for intestinal antisepsis prior to gastrointestinal surgery. This is 
supported by a recent study where mice fed a western diet that undergo surgery (30% 
hepatectomy) become highly susceptible to lethal sepsis with the administration of 
antibiotics. (55)

Bacteria that have a “leak phenotype” might play a larger role in colon 
pathogenesis than just in anastomotic leakage. The microorganism Enterococcus faecalis, 
known to express a leak phenotype, (49) is also associated with colorectal cancer. (56-
60) In Chapter 7 we show that colonization of a collagenolytic strains of Enterococcus 
faecalis and Proteus mirabilis in co-incubation with shed cancer cells is associated with 
extra-intestinal tumour formation. These collagenolytic bacteria were signifi cantly 
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enriched in the colon of mice fed a high fat, western type diet. This is intriguing given 
the known role of collagenolytic bacteria in the pathogenesis of an anastomotic leak 
combined with the known fact that the incidence of colorectal cancer recurrence is 
associated with both anastomotic leakage and consumption of a high fat, western 
diet. (49,61,62)

Our attempt to reduce tumour formation by decontaminating mice prior 
to surgery from collagenolytic bacteria (E. faecalis and P. mirabilis) using multiple 
antibiotics failed. Although after decontamination, E. faecalis and P. mirabilis were not 
present in the colon, an emergence of highly collagenolytic Candida parapsilosis on 
culture plates was seen. Another attempt to reduce tumour formation was the oral 
administration of polyethylene glycol (PEG) solution, were phosphate is covalently 
linked to high-molecular-weight polyethylene glycol (Pi-PEG). It is known that in a 
phosphate-depleted environment, microbes express enhanced virulence and Pi-PEG 
has shown to be able to increase the local phosphate concentration and consequently 
decreases microbial virulence. (50,63-66) Pi-PEG indeed inhibited collagenase 
production from E. faecalis, P. mirabilis and C. parapsilosis. Moreover, a reduction in 
tumour formation was observed. While further confirmatory studies are still needed, 
we theorize that the efficacy of Pi-PEG to reduce tumour formation lies in its ability 
to preserve the integrity of the normal microbiota and suppressing commensals from 
expressing a virulent collagenolytic phenotype.

We think that our findings can be used to find targets for the development 
of therapeutic strategies prior to surgery for the colon at risk for developing AL. 
Furthermore, they can be used for risk assessment and finally, prevention aimed at 
modulation of the luminal environment or manipulation of the gut microbiota, might 
help to reduce the possible pathogenic effects of these inhabitants. An already existing 
example is the application of selective decontamination at the anastomotic site gives 
less AL (3.3% vs 7.6% in control group) by eradicating a significant proportion of the 
bacteria present. (67) However, eradicating bacteria has its down sides since they are 
also important in the healing of (intestinal) wounds. (68) A better solution might be 
to prevent bacteria to become virulent. A promising example is the use of Pi-PEG, 
which reduces the virulence of intraluminal bacteria without changing the microbial 
composition. (65) However, in this thesis we’ve shown that a low microbial diversity, 
possibly caused by a high fat/low fibre western diet, is linked to AL because this might 
give pathogenic bacteria to thrive. Therefore, we would prefer a prevention that is 
based on the dietary behaviour of the patient by providing natural sources of nutrients 
that improve microbial diversity and keep the bacteria from becoming virulent. How, 
when and for how long the dietary behaviour of the patient should be influenced has 

8
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not yet been established. A study by Adriaansens et al. showed that a dietary change 
in 10-12 weeks-old mice from a high fat/low fibre western diet to a low fat/high fibre 
diet two days before surgery decreases the amount of collagenolytic bacteria present 
in the expelled stool and reduces AL (data not yet published). Translating two days of 
prehabilitation in mice to a human equivalent would account for almost one year of 
life; (69) although it’s unknown whether this accounts for the microbial composition 
as well. In addition, the human gut microbiome shows so called enterotypes which 
are distinct bacterial compositions. (70,71) The enterotypes are associated with 
geographical and environmental factors and are age-related, but are not related to 
the genetic traits of the host. (72,73) Although a small study showed that the microbial 
stool composition can be changed in one day, the enterotypes are mainly associated 
with long-term diet and are very hard to change. (19,74,75) Another study shows that 
a diet can change the microbial composition in faeces significantly in 10 days. (20) The 
effects of these short-term diets on the microbial composition and their virulence 
factors in the mucus and thus at the anastomotic site of the human intestine remains 
unknown.

CONCLUSION
The studies described in this thesis show a new point of view in elucidating the 
mechanisms behind anastomotic leakage with the investigation of the role of gut 
microbiota and the intestinal transcriptome. The studies give an indication of the 
multifactorial aspects involved in intestinal wound healing and thus anastomotic 
leakage.

Many risk factors for AL had been established thus far, but we show that the 
mechanisms of developing AL should be sought behind the known risk factors. Our 
studies show that the intestinal microbial composition was be predictive for the 
development of AL. When the microbial diversity is low at the time of surgery, it might 
be easily disturbed by peri-operative interventions. This may cause the colonised 
microbes to adjust to the new environmental context and become pathogenic. The 
current approach of intestinal antisepsis with antibiotics prior to gastrointestinal 
surgery does not consider the microbial phenotype expression as a target. For example, 
when competing organism are eliminated by broad spectrum antibiotics, bowel 
preparation or surgery, the remaining organisms can activate their virulence factors 
and thus shift to a different phenotype by the lack of resistance by other organisms. 
This could result in colonization of bacteria with a “leak phenotype”, causing an 
impaired healing of the anastomotic wound. Normally the human body is capable to 
resist these influences of pathogenic bacteria. However, in combination with an altered 
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gene expression status of the patient’s colon at the moment of surgery this might be 
detrimental for the healing of the anastomosis.

Therefore, a better understanding of the patient’s microbiome prior to surgery, 
the organisms that we eliminate with current antibiotic regimens and the organisms 
that subsequently colonize in the healing tissues, may be essential for understanding 
and, with that, future prevention of AL. We believe that our findings show that a one-
size-fits-all approach of peri-operative interventions is not ideal.

8
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GASTROINTESTINAL 
M I C R O B I O T A

The gut or gastrointest inal 
microbiota is comprised of the 
totality of microorganisms, 
bacteria, viruses, protozoa, 
and fungi, and their collective 
genetic material present in 
the gastrointestinal tract. It 
is considered an important 
partner of human cells, 
interacting with virtually all 
human cells. Gut microbiota 
dysbiosis, resulting from 
alterations of composition 
and function of the gut 
microbiota and disruption 
of gut barrier function is 
associated with many diseases.
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