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Abstract 

Julia Rode (2021): Gut microbiota, its modifications and the gut-brain axis 

The human intestinal microbiota has a major impact on host physiology 
and might play an important role in several diseases. Therapeutic inter-
ventions aimed at modifying the gut microbiota might exert their effects 
locally as well as systemically, for example via the gut-brain axis, a bi-
directional communication system. 

The overall aim of this thesis was to investigate potential modes of ac-
tion via which modifications of the gut microbiota might influence health 
and disease. Paper I shows that faecal microbiota transfer could improve 
gastrointestinal symptoms in a subset of patients with collagenous colitis 
– a chronic low-grade inflammation of the large intestine. Papers II – IV
describe the effects of an oral probiotic intervention on different aspects
of the gut-brain axis in young, healthy adults. Paper II shows that brain
activity and functional connectivity during negative emotional stimuli
were altered after probiotic intervention without major effects on the gut
microbiota composition itself. Paper III shows that brain response pat-
terns to an acute stressor were altered, whereas cortisol stress response,
autonomic nervous system function and cognitive performance were
not affected by the probiotic intervention. Paper IV describes the effect of
the probiotic intervention on mental health in daily life. Amongst others,
altered resting state brain function, slight improvements in depression
symptoms and sleep quality were observed. Furthermore, serum levels of
serotonin were slightly altered, indicating a potential mechanism of how
probiotics might affect brain function. Paper V is an in vitro study that
aimed to further elucidate a potential mechanism behind the microbiota-
gut-brain axis. The short-chain fatty acid butyrate, an important micro-
bial metabolite, rescued the disturbed uptake of the serotonin precursor
tryptophan into fibroblasts mimicking cells of the nervous system.

This thesis provides insights into whether and how gut microbiota modifi-
cations could improve health by affecting the gut-brain axis. Uncovering the 
underlying mechanisms might facilitate the development of personalised 
medicine. 

Keywords: gut microbiota, gut-brain axis, faecal microbiota transfer, pro-
biotics, butyrate, functional magnetic resonance imaging, mental health, 
collagenous colitis. 
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Tarmmikrobiota, dess modifieringar och tarm-hjärnaxeln – 
svensk sammanfattning

Den mänskliga tarmmikrobiotan har en stor inverkan på fysiologin och 
kan spela en viktig roll inom flertal sjukdomar. Terapeutiska intervention-
er som syftar till att modifiera tarmmikrobiotan kan ge effekter både lo-
kalt och systemiskt, exempelvis via den s.k. tarm-hjärnaxeln. Denna axel 
föreslås som ett bidirektionellt kommunikationssystem genom vilket tar-
men och dess mikrobiota kan påverka hjärnan och vice versa. 

Denna avhandling beskriver resultatet av tre studier med övergripande 
syfte att undersöka potentiella verkningssätt via vilka modifikationer av 
tarmmikrobiotan kan påverka hälsa och sjukdom. Artikel I visar att avfö-
ringstransplantation förbättrade gastrointestinala symtom hos en subpo-
pulation av patienter med kollagen kolit - en kronisk låggradig inflammat-
ion i tjocktarmen. Artiklar II - IV beskriver effekterna av en oral probio-
tisk intervention på olika aspekter av tarm-hjärnaxeln hos unga, friska 
vuxna. Artikel II visar att hjärnaktivitet och funktionell konnektivitet un-
der negativa känslomässiga stimuli förändrades efter probiotisk intervent-
ion utan större effekter på tarmmikrobiotas sammansättningen. Artikel III 
visar att hjärnresponsmönster mot en akut stressfaktor förändrades, me-
dan kortisolstressrespons, autonom nervsystemfunktion och kognitiv pre-
standa inte påverkades av det probiotiska ingreppet. Artikel IV beskriver 
effekten av den probiotiska interventionen på mental hälsa i det dagliga 
livet. Bland annat observerades förändrad funktionell konnektivitet under 
vilotillstånd, små förbättringar av depressionssymptom och sömnkvalitet. 
Även serumnivåer av serotonin förändrades något, vilket tyder på en po-
tentiell mekanism för hur probiotika kan påverka funktioner i hjärnan. 
Artikel V är en in vitro-studie som syftar till att utröna potentiella mekan-
ismer bakom mikrobiota-tarm-hjärnaxeln ytterligare. Smörsyra, en kort-
kedjig fettsyra och en viktig mikrobiell metabolit, visade sig kunna åter-
ställa upptag av aminosyran tryptofan, en prekursor till serotonin, i hud-
celler som används som modell för nerver. 

Denna avhandling bidrar med ny kunskap om och hur modifikationer 
av tarmmikrobiotan kan påverka (pato)fysiologi, samt att öka förståelsen 
av underliggande mekanismer som ett steg mot mer individanpassad medi-
cinsk behandling. 

Nyckelord: tarmmikrobiota, tarm-hjärnaxel, avföringstransplantation, 
probiotika, smörsyra, funktionell magnetisk resonansavbildning, psykisk 
hälsa, kollagen kolit. 
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INTRODUCTION 
This chapter addresses various aspects of the gut microbiota, its modifica-
tions and the gut-brain axis, amongst others. 

Gut microbiota 
A vast amount of microbes colonises our intestines 1. This so-called gut mi-
crobiota is in close interaction with the human host and has an important 
influence on our health. The gut microbiota interacts with our immune sys-
tem in a beneficial way and forms a barrier against pathogens. It can also 
affect the host via the production of a variety of microbial products, such 
as short-chain fatty acids or certain vitamins. Even though, we usually live 
in a peaceful symbiosis with our gut microbiota there is rising evidence that 
our gut microbiota is involved in various diseases 1-3. However, it is often 
unknown if changes of the gut microbiota are cause and/or consequence of 
these diseases. Furthermore, no ‘healthy’ gut microbiota has been defined 
yet and even a healthy microbiota is substantially affected by diet or other 
lifestyle factors 4-6. Characteristics of a healthy gut microbiota could relate 
to its composition, its temporal stability or advantageous functional prop-
erties 7. Even between healthy subjects there are pronounced variations re-
garding the composition of the intestinal microbiota. However, the gut mi-
crobiota composition of healthy individuals seems to change only little over 
time 2, 8. In contrast, the gut microbiota of patients with different gastroin-
testinal diseases seems to fluctuate over time and is often characterised by a 
dysbiosis 2. Furthermore, the effect of the gut microbiota on different hosts 
might differ. This could be due to different functions of the gut microbiota 
or to different genetic predispositions of the hosts.  

The gut microbiota in health and disease 
Disturbances in the gut microbial community have been associated with in-
testinal and systemic (non-gastrointestinal) diseases. Examples of conditions 
linked to an intestinal dysbiosis are irritable bowel syndrome (IBS), inflam-
matory bowel diseases (IBD), obesity, metabolic syndrome, type 1 diabetes, 
atherosclerosis, autism, allergies and asthma 7.  

Gastrointestinal conditions 
Common causes for chronic gastrointestinal symptoms are functional gas-
trointestinal disorders or chronic inflammations of the gut. A common func-
tional gastrointestinal disorder without known organic origin is IBS. 
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Examples of diseases with a chronic inflammation of the gut include IBD, 
such as Crohn’s disease and ulcerative colitis (UC), as well as microscopic 
colitis (MC). Even though MC is not classified as an IBD, these disorders 
have some disease characteristics in common. 

Microscopic colitis 
MC, comprised of the subtypes collagenous colitis (CC) and lymphocytic 
colitis (LC), is a chronic inflammation of the bowel which mostly causes 
chronic or recurrent watery, non-bloody diarrhoea, abdominal pain, faecal 
incontinence, weight loss, fatigue and a decreased quality of life 9-11. The 
majority of MC patients are middle-aged and elderly women with predis-
position for autoimmune disorders 12, 13. Both subtypes of MC are clinically 
undistinguishable and generally appear morphologically normal or close to 
normal, even though endoscopic abnormalities can exist 14. Therefore, his-
topathological examinations of colonic biopsies are the gold standard for 
diagnosis 10, 15. CC as well as LC are characterised by epithelial damage and 
immune cell infiltration of lymphocytes, eosinophils and neutrophils into 
the lamina propria 9, 10. Distinguishing factors are a thickened subepithelial 
collagen layer for CC (>10 µm) and an increased number of intraepithelial 
lymphocytes (IELs) for LC 16, 17. In some cases, histopathological findings 
might hint towards MC, but the criteria are not clearly met. Such cases are 
denoted as incomplete MC 18. The cause of MC is poorly understood, but 
there is consensus that a mucosal immune response to luminal factors plays 
a major role 9, 19. A potential luminal factor is the gut microbiota which has 
been shown to differ in MC patients from the one of healthy individuals 3, 

20, 21. For example, the abundance of beneficial butyrate-producing bacteria 
(bacteria that produce butyrate as the fermentation product mainly of indi-
gestible fibres) has been found to be decreased 3. Furthermore, the patho-
physiology of MC possible includes genetic factors, impaired intestinal bar-
rier function and bile acid malabsorption, amongst others 9. 

Modifications of the gut microbiota 
Modifications of the gut microbiota can occur naturally or could be intro-
duced actively with the aim to re-establish a healthy microbiota after 
dysbiosis. Such modifications can be achieved by for example faecal micro-
biota transfer (FMT), probiotics, prebiotics or antibiotics, each of which are 
used as therapeutic treatments or sometimes as study tools 22-24. The gut 
microbiota and its modifications not only have a local effect on the gut, but 
can even have systemic effects.  
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Faecal microbiota transfer 
FMT is a therapeutic strategy which aims at replacing the disturbed gut 
microbiota of a patient with the one of a healthy donor 23. Whereas modi-
fications of the gut microbiota by pro- or prebiotics are often relatively sub-
tle and not long-lasting, FMT is suggested to modify the gut microbiota 
more profoundly 25, 26. For this reason, FMT is also a valuable research tool 
to investigate effects of the microbiota on the host. Up to date, FMT is still 
in its infancy. Hence, there are large variations in the choice of donor ma-
terial (e.g. related donors, multi-donors versus single donors), the prepara-
tion of faecal material (e.g. fresh versus frozen, anaerobic versus aerobic 
conditions) and delivery route (e.g. via capsules, nasoduodenal tube, colon-
oscopy or enemas) 27. Regulations on whether FMT should be considered a 
drug or a tissue transplant differ by country 28. Generally, FMT is a rela-
tively safe treatment option for some diseases 29, 30, however, especially long-
term side effects are poorly understood. Synthetic FMT preparations and 
the establishment of stool banks provide first measures towards a better 
standardisation 31, 32. 

Probiotics 
Probiotics are defined as selected living microorganisms which, when ad-
ministered in adequate amounts, confer a health benefit to the host 33. There 
are several potential modes of action of probiotics. Probiotics might act via 
a stabilisation of the bacterial community or by altering microbiome func-
tions, and can have metabolic or immunomodulatory effects 34. The effects 
of probiotics are often species-, strain- and host-specific. Thus, the choice 
of the probiotic product or the combination of different strains is an im-
portant factor to consider in order to achieve the desired beneficial effects. 
Currently, Lactobacilli and Bifidobacteria are the most investigated probi-
otics 35. Nevertheless, also other probiotics have been studied successfully. 
Additionally, so-called next-generation probiotics which include commen-
sal bacteria, amongst others, are on the rise 36. 

Prebiotics 
Prebiotics are substances that cannot be digested by the host but can be 
metabolised by the intestinal microbiota. They can thus affect the host in-
directly by modulating the commensal microbiota and their metabolic ac-
tivity 37. As prebiotics have the ability to modulate probiotics in the same 
way, pre- and probiotics are sometimes combined in order to achieve syn-
ergistic effects 38. 
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Antibiotics 
Specific antibiotics can be used to intentionally target the gut microbiota. 
Accordingly, for diseases with a clearly disturbed gut microbiota such as 
Clostridioides difficile infection antibiotics are the first-line treatment 39. 
Also, oral antibiotic use for non-gastrointestinal indications is often accom-
panied by negative effects on the gut microbiota. This goes so far that a 
dysbiosis might develop due to (extensive) oral antibiotics intake 40 which 
in turn can lead to development of certain diseases. For example, the use of 
antibiotics is associated with the development of IBS 41. 

Other means 
Also, non-antibiotic drugs which are intended to treat diseases other than 
gut microbiota dysbiosis can affect the gut microbiota unintentionally. Ex-
amples for such drugs are proton-pump inhibitors, metformin and non-ste-
roidal anti-inflammatory drugs 36. 

Other substances that can modulate the gut microbiota are nanomateri-
als/-particles, bacteriophages, anti-microbial peptides, vaccines, immuno-
globulins and functional foods, amongst others 36. 

Gut-brain axis 
One of the systems thought to be influenced by the gut microbiota and its 
modifications is the gut-brain axis, which is a bidirectional communication 
system by which the gut with its microbiota can affect the brain and vice 
versa 42, 43. From a mechanistical point of view, the gut-brain axis includes 
endocrine, immune and neural pathways 42. The gut microbiota is an im-
portant part of this axis and has the ability to modulate brain function, for 
instance via the production of short-chain fatty acids, such as acetate, pro-
pionate and butyrate or by affecting systemic levels of the serotonin precur-
sor amino acid tryptophan 42, 44. An important short-chain fatty acid is bu-
tyrate. Butyrate has been shown to positively affect intestinal and neurolog-
ical functions and is considered a key mediator in the microbiota-gut-brain 
interaction 42, 45.  

Neuronal pathways involved in gut-brain signalling include the central 
nervous system (CNS) and the enteric nervous system (ENS) 42. The ENS, 
which is located in the gut and part of the autonomic nervous system (ANS), 
is functioning independently, but also interacts with the CNS 46. Whereas 
the CNS predominantly signals from the periphery to the brain, the ANS is 
the major neural bidirectional communication route between the gut and 
the brain. 
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There is evidence that the gut microbiota also has an effect on the levels 
of brain-derived neurotrophic factor (BDNF) which is important for neuro-
development and neurogenesis. For example, hippocampal BDNF levels 
have been shown to be decreased in mice treated with antibiotics whereas 
the levels were increased in colonised germ-free mice 47. Administration of 
Bifidobacterium longum and Lactobacillus helveticus, two probiotic spe-
cies, have been demonstrated to increase hippocampal BDNF concentra-
tions and serotonin concentrations in the hippocampus and frontal cortex 
in rats and mice as well as reduce anxiety-like and depressive-like behaviour 
48-50. BDNF and serotonin brain levels have been reported to be decreased
in stress in rats and mice 47-49, 51 and decreased serum or brain levels have
been linked to depression in humans 52-54, two conditions associated with
disturbed gut-brain axis signalling.

Serotonin is an important neurotransmitter on both sides of the gut-brain 
axis, the ENS and the CNS 55. 95% of the body’s serotonin are synthesised 
in the gut, while only a small fraction of serotonin is located in the brain 56. 
As serotonin cannot pass the blood-brain barrier, it has to be synthesised 
locally. Apart from psychiatric conditions, alterations of the serotonin sig-
nalling system are also associated with gastrointestinal diseases 55. 

Endocrine pathways further include the hypothalamic-pituitary-adrenal 
(HPA) axis, which is the major neuroendocrine system that controls reac-
tions to acute and chronic psychological stress 42, 57. Upon HPA axis activa-
tion, corticotropin-releasing hormone (CRH) is released from the hypothal-
amus 57. CRH stimulates the release of adrenocorticotropic hormone 
(ACTH) from the anterior pituitary gland. ACTH in turn stimulates the 
production of mainly cortisol and other glucocorticoids in the adrenal cor-
tex. The glucocorticoids suppress the HPA axis in a negative feedback loop. 
CRH causes mast cells located in the intestinal epithelium to degranulate 
upon its binding to cell-surface receptors 58, which then release histamine 
and tryptases. Hence, mast cell degranulation can damage the integrity of 
the intestinal barrier which might result in altered gut-brain signalling 59. 

The gut-brain axis in health and disease 
Gastrointestinal and psychological problems often affect each other recip-
rocally. Clinically, gastrointestinal disorders and diseases are frequently as-
sociated with psychological problems, whereas neuropsychiatric disorders 
such as autism or neurodegenerative diseases such as Parkinson’s disease 
are often accompanied by intestinal symptoms 60, 61. A typical disorder of 
the gut-brain axis is IBS. The definition of IBS as a ‘functional 
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gastrointestinal disorder’ has even been revised to a ‘disorder of gut-brain 
interaction’ in the last report of the Rome foundation (Rome IV) 62. 

The pathophysiology of IBS includes gut microbiota dysbiosis, visceral 
hypersensitivity, gastrointestinal dysmotility, impaired intestinal barrier 
function and mucosal as well as systemic low-grade inflammation 63. Phys-
iological and psychological stressors play an important role in the onset and 
progression of IBS by affecting gut function and its interaction with the 
brain 64. 

In addition, IBS patients often show psychiatric comorbidities such as 
anxiety and depression 65. Such psychiatric comorbidities are present even 
in IBD, even in those patients who are in remission 66. This hints towards 
an involvement of the gut-brain axis also in IBD. The prevalence of depres-
sion is similar in IBD and IBS, but IBS patients are reported to have more 
severe anxiety and depression symptoms 67, 68. Also, MC patients that fulfil 
the diagnostic criteria for IBS have a lower psychological well-being than 
those MC patients who do not 69. Approximately half of the histologically 
confirmed MC patients fulfil the diagnostic criteria for IBS (based on the 
old criteria Rome I and II) 12. Whereas IBS patients are a very heterogenous 
group, MC comprises a more homogenous entity with regards to its patho-
physiology such as low-grade inflammation and gut barrier disruption. 
Even though the underlying causes of IBS and MC differ, they have some 
similarities such as a symptomatic overlap and a female predominance 12, 13,

70. The diagnosis of MC is often missed initially and MC patients are diag-
nosed with IBS instead 12. Especially IBS patients with predominant diar-
rhoea might be diagnosed with MC more frequently 71.

Effect of gut microbiota modifications on gut and mental health 

Faecal microbiota transfer 
So far, studies looking at effects of FMT in humans mainly focus on gastro-
intestinal symptoms. FMT might exert these effects for example by affecting 
the mucosal immune system which is known to be altered in many of the 
investigated implications.   

FMT is a highly effective treatment for recurrent Clostridioides difficile 
infection 72, 73. FMT further seems to be a promising treatment option for 
UC 74. There are conflicting results regarding the effect of FMT on Crohn’s 
disease and IBS 74-78. A small number of clinical studies applied FMT for 
other gut-related or gut-brain axis-related diseases with varying success  79-84.
For example, FMT has been demonstrated to benefit one CC patient 85.
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Also, a number of patients which were treated with FMT for their Clostrid-
ioides difficile infection had comorbid IBDs and LC 86. The majority of these 
LC patients benefited from the FMT not only in terms of relieve of symp-
toms caused by the infection but also of their MC symptoms 86. 

Apart from gastrointestinal effects of FMT, also psychological effects 
have been reported such as improved anxiety and depression symptoms in 
IBS patients 87.  

Probiotics 
Mechanistically, probiotics can act via direct microbe-host interactions, e.g. 
at receptor-level in the small intestine, or via indirect mechanisms, e.g. me-
tabolite production, in the large intestine. 

In order to assess the ‘gut side’ of the bidirectional gut-brain axis, clinical 
trials often evaluate the gastrointestinal effects of probiotics. The gastroin-
testinal symptoms (e.g. pain, bloating and flatulence) of IBS patients have been 
demonstrated to improve significantly by probiotic supplementation 88-90. 

Several studies have indicated that probiotics can even have psychobiotic 
effects. For instance, probiotics showed effects on self-reported mood, sub-
clinical symptoms of depression and anxiety, stress-related (bio)markers 
(e.g. perceived stress, cortisol secretion, stress-induced psychological and 
physiological symptoms) as well as cognitive performance in healthy sub-
jects 91-96 and patients with major depression 97. Effects of probiotic intake 
were also reported on brain activity patterns during rest, acute stress and 
emotional tasks performed by healthy subjects and IBS patients 98-103. Inter-
estingly, antibiotic treatment with rifaximin resulted in similar effects on 
brain responses during stress in healthy subjects as probiotics 104. 
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AIM 
The overall objective of this thesis was to elucidate important aspects of the 
gut microbiota and its modifications in relation to gut-brain interactions. In 
addition, this thesis aimed at providing insights into potential modes of ac-
tion on how the gut microbiota can affect gastrointestinal, systemic and 
psycho(bio)logical aspects of health. 

In paper I we aimed to modify the gut microbiota of microscopic colitis 
(MC) patients by repeated faecal microbiota transfer (FMT) and determine
the effect of FMT on gastrointestinal symptoms as well as local and
systemic host responses.

In paper II we aimed to assess the impact of a probiotic intervention on 
brain response patterns to an emotional task as well as the composition of 
the gut microbiota in healthy subjects. 

In paper III we aimed to examine the effect of the same probiotic inter-
vention on brain response patterns and autonomic nervous system function 
applying acute psychological stress challenges in healthy subjects.  

In paper IV we aimed to characterise the effects of this probiotic mixture 
on the gut-brain axis in more detail, including resting state brain function. 

In paper V we aimed to reveal a putative mechanism by which the gut-
derived metabolite butyrate may affect the gut-brain axis, focusing on the 
transport of the serotonin precursor tryptophan in vitro. 
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METHODOLOGICAL CONSIDERATIONS 
This section gives an overview of the methods used in this thesis and de-
scribes their basic principles and rationales behind their use. Detailed de-
scriptions of the specific experimental procedures can be found in papers I-V. 

Study designs 

Faecal microbiota transfer study in microscopic colitis patients (paper I) 
In this open-label proof-of-concept intervention study, the effect of repeated 
faecal microbiota transfer (FMT) in ten collagenous colitis (CC) patients 
was evaluated. Patients were randomised to receive FMT from two different 
healthy donors. The primary endpoint of this study was to investigate in 
how many patients with microscopic colitis (MC) exchanging the faecal mi-
crobiota with that of healthy donors with a high abundance of butyrate-
producing bacteria resulted in remission six weeks after the first FMT. 
Remission in MC was defined as an average of less than three stools per day 
and a mean of less than one watery stool per day (reported by daily dia-
ries). Secondary endpoints of this study were to investigate the patients’ 
general health and to investigate mechanisms of action behind the FMT.  

At baseline, blood samples and colonic mucosal biopsies were obtained 
from the descending colon (left flexure). In addition, faecal samples and 
rectal swabs were collected and patients completed several self-rated ques-
tionnaires. The first FMT was administered into the caecum via whole co-
lonoscopy after bowel cleansing. The second and third FMT were adminis-
tered by enemas in intervals of two weeks. Additional biopsies from the 
descending colon (left flexure) and blood samples were collected six weeks 
after the first FMT. Faecal samples were collected and questionnaires were 
completed at different time points during the study. The patients were fol-
lowed up at six weeks, eight weeks, twelve weeks and six months after re-
ceiving the first FMT. 

Biopsies sampled at baseline and at the six-week follow-up were used to 
study lymphocyte infiltration, subepithelial collagen layer and immune cell 
composition. Faecal samples were used to analyse inflammatory markers. 
Additionally, faecal samples, mucosal biopsies and rectal swabs were col-
lected for analysis of the microbiota composition (not part of this thesis). 
Blood samples were used to monitor patients’ health and to assess systemic 
effects of the FMT. Dietary habits were assessed at baseline.  
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For diagnostic purposes, additional biopsies were collected at more prox-
imal parts of the colon during the colonoscopy for administration of the 
first FMT. 

The study design is presented in Figure 1. 

Figure 1. Study design of the faecal microbiota transfer in microscopic colitis study 

(paper I) - Ten collagenous colitis patients received repeated FMTs from healthy 

donors. 
FMT – Faecal microbiota transfer; BL – Baseline; d – days; w – weeks; m – months; Qs – 

Questionnaires (incl. daily stool diary). *Mucosal biopsies were collected from the uncleansed 

distal colon for investigation of treatment effects. **Mucosal biopsies were collected from the 

cleansed proximal colon for diagnostic purposes. 

Probiotic intervention study in healthy subjects (papers II-IV) 
The aim of this study was to determine if and how a probiotic intervention 
containing a total of three billion colony-forming units of Lactobacillus hel-
veticus R0052, Lactiplantibacillus plantarum (formerly known as Lactoba-
cillus plantarum) R1012 and Bifidobacterium longum R0175 (commer-
cially available as Puraflor by Pfizer in Italy) affected functional brain re-
sponses in healthy subjects during an emotional task and an arithmetic 
stress task, as well as during rest. In order to reveal potential mechanisms 
of action, microbe-gut-brain interactions were carefully characterised. 

In this study, n=22 healthy subjects received the probiotic formulation or 
a placebo with a similar appearance and taste in a randomised, double-
blinded, placebo-controlled, crossover fashion for four weeks separated by 
a four-week washout period. Functional magnetic resonance imaging 
(fMRI) during the Emotional Attention Task (EAT) and the arithmetic 
stress task, called Montreal Imaging Stress Task (MIST), as well as during 
rest, was performed after each of the intervention periods, i.e. at week four 
and week twelve. Blood samples, faecal samples and saliva samples were 
collected as well as psychological tests and measurements of autonomic 
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nervous system (ANS) function were performed before and after each of the 
intervention periods. Questionnaire data was collected on a daily or weekly 
basis throughout the study. At baseline, subjects reported their dietary hab-
its using a three-day food diary. 

fMRI data was analysed for task-related and resting state brain response 
patterns (activity and functional connectivity). Blood samples were used to 
analyse neuroendocrine markers of the gut-brain axis, such as brain-derived 
neurotrophic factor (BDNF) and serotonin, and to analyse markers of sys-
temic and gastrointestinal inflammation. Faecal samples were analysed for 
microbiota composition. Saliva samples were used to assess morning corti-
sol profiles as well as the cortisol response to different stimuli during the 
fMRI examination days. Questionnaire data included several measures of 
mental health.  

The study design is presented in Figure 2. 

Figure 2. Study design of the probiotic intervention study (papers II-IV) – 22 

healthy subjects received a probiotic intervention and a placebo for four weeks in a 

crossover fashion. 
BL – Baseline; w – weeks; ANS – Autonomic nervous system; fMRI – Functional magnetic 

resonance imaging; Qs – Questionnaires. 

In vitro study (paper V) 
In this in vitro study we aimed to better understand how the gut-derived 
metabolite butyrate could potentially affect neuroendocrine signalling as 
one major pathway of the gut-brain axis. 

Human dermal adult fibroblasts were exposed to butyrate in different 
concentrations and for different incubation times with and without pre-in-
cubation with hydrogen peroxide (H2O2) as an inducer of oxidative stress. 
Thereafter, the transport capacities of the serotonin precursor tryptophan 
were assessed as well as the gene expression of the main tryptophan trans-
porters, large amino acid transporter 1 (LAT1) and large amino acid trans-
porter 2 (LAT2), analysed.  
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Ethical considerations 
All studies were conducted according to the principles of the Declaration of 
Helsinki and its revisions and were approved by the Ethical Review Board 
before their start. All applications including completions have been ac-
cepted. Studies have been conducted according to the respective study pro-
tocols and ethical applications. No deviations from the protocols have been 
done. All data collected during the studies was handled coded to protect the 
personal integrity and identity of study participants. 

For the FMT in MC study (paper I), ethical approval was obtained from 
the Ethical Review Board in Uppsala, Sweden (registration number 
2017/072, Swedish title: Fekal mikrobiota transplantation – En ny metod 
att behandla patienter med mikroskopisk kolit). Written informed consent 
was obtained from all study participants before the start of the study. The 
study was registered at ClinicalTrials.gov (NCT03275467) on September 7, 
2017. Study visits were conducted between April 2018 and October 2019 
at Örebro University Hospital. All patients have been recruited from the 
hospital. 

For the probiotic intervention study (papers II-IV), ethical approval was 
obtained from the Ethical Review Board in Uppsala, Sweden (registration 
number 2017/398 A and B, Swedish title: Effekten av probiotika på inter-
aktionen mellan hjärna och tarm samt hjärnaktivitet under stress hos friska 
personer). Written informed consent was obtained from all study partici-
pants before the start of the study. The study was registered at ClinicalTri-
als.gov (NCT03615651) on August 6, 2018. All study visits were conducted 
in 2018 at Örebro University Hospital. Participants were recruited by ad-
vertisement at Örebro University. 

Paper V was an in vitro study using a commercially available cell line and 
therefore did not require ethical approval. 
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Overview of the samples and outcome parameters of the different 
studies 

Table 1. This table presents how the studies included in this thesis relate to the different 
parts of the gut-brain axis. 

Paper I Papers II-IV Paper V 

Microscopic colitis (MC) pa-
tients (n=10) 

Healthy subjects (n=22) Human dermal fibroblasts 
(in vitro) 

Gut 
Faecal microbiota transfer 
(FMT) 

Oral probiotic intake Microbial metabolite bu-
tyrate 

Gut microbiota composition 
(not included in this thesis) 

Gut microbiota composi-
tion 

Dietary intake Dietary intake 

Gastrointestinal symptoms: 
- Stool frequency and

consistency (daily
diaries)

- Gastrointestinal
symptoms (GSRS)

Markers of gastrointestinal 
health: 

- Faecal calprotectin
- Collagen layer
- LPL and IEL counts

and phenotype
Systemic effects/ mechanisms 
Clinical blood markers: 

- hsCRP
- Haemoglobin,

erythrocyte count,
leukocyte count,
platelet count,
erythrocyte mean
corpuscular haemo-
globin

- Markers of liver
and renal function

Blood markers: 
- hsCRP
- I-FABP
- BDNF
- Serotonin

Salivary cortisol 

Tryptophan transport 
(transporter function and 
gene expression) 
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Brain 
Psychological symptoms: 

- Anxiety and depres-
sion (HADS)

- Quality of life (EQ-
5D-5L)

- Disease-specific
concerns/ well-be-
ing (SHS)

Psychological symptoms: 
- Anxiety and de-

pression
(HADS, STAI)

- Perceived stress
and workload
(PSS, DOW)

- Perceived health
(DOW)

- Quality of life
(EQ-5D-5L)

- Sleep patterns
(KSD)

Brain response patterns: 
- Task-related

(EAT and
MIST)

- Resting state

Use of a fibroblast cell line 
as a model for cells of the 
nervous system (fibroblasts 
express the same amino 
acid transporters as brain 
endothelial cells) ANS function at rest and 

during stress 

Cognitive performance 
during stress (Stroop 
task) 

ANS – Autonomic nervous system; BDNF – Brain-derived neurotrophic factor; DOW – Diary 
of Workload; EAT – Emotional Attention Task; EQ-5D-5L – Euro-Quality of Life 
version 5D 5L; FMT – Faecal microbiota transfer; GSRS – Gastrointestinal Symptom 
Rating Scale; HADS – Hospital Anxiety and Depression Scale; hsCRP – High sensitivity C-
reactive protein; IEL – Intraepithelial lymphocyte; I-FABP – Intestinal fatty acid 
binding protein; KSD – Karolinska Sleep Diary; LPL – Lamina propria lymphocyte; 
MC – Microscopic colitis; MIST – Montreal Imaging Stress Task; PSS – Perceived Stress 
Scale; SHS – Short Health Scale; STAI – State and Trait Anxiety Inventory.
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Adverse event assessment (papers I-IV) 
The nature of both intervention studies differed from each other leading to 
differences in the necessity of adverse event reporting.  

Paper I presents the first study of FMT for MC in multiple patients. FMT 
is a rather new therapeutic option which is included in the treatment plan 
of Clostridioides difficile infection and is otherwise only used as part of ex-
perimental clinical studies. As MC patients are often of older age and likely 
to suffer from comorbid disease, adverse event monitoring was especially 
important in this study. The patients were asked to report their body tem-
perature and any adverse event daily for seven days after each FMT. They 
were additionally asked by the investigators at each study visit throughout 
the study if they had observed changes in their health. 

In papers II-IV young, healthy subjects received a commercially available 
probiotic intervention. Thus, adverse event reporting was necessary, but did 
not have the same importance as in the FMT study. Nevertheless, partici-
pants were instructed to carefully report any potential adverse event and/or 
change in general health. 

Study populations 
All study participants have been included based on predefined inclusion and 
exclusion criteria. The exclusion criteria were chosen in order to exclude 
persons with intervention-specific contraindications, with conditions in-
compatible with the planned measurements, with conditions/drug intake 
that would have reduced the study’s analysability and reproducibility and/ 
or with conditions/ drug intake that would have increased the risks of the 
study. 

In all studies, subjects were asked to keep their diet, lifestyle and medica-
tion stable during the study and to notify the study team in case of changes. 
Also, in the FMT in MC study (paper I) subjects (CC patients and healthy 
donors) were asked at each study visit if changes had occurred. 

Microscopic colitis patients (paper I) 
In this study, ten MC patients of the subtype CC have been included at the 
Department of Gastroenterology at Örebro University Hospital. It was de-
cided to study only one subtype in order to get a more homogenous study 
population as this was the first FMT study in multiple MC patients. The 
subtype CC was chosen as a case report had shown a positive outcome for 
one CC patient previously 85. Inclusion criteria were a previous CC 
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diagnosis and a clinically active disease (assessed by interview at screening) 
defined by more than three stools per day whereof at least one watery stool. 
Additionally, patients had to be within 18 and 70 years of age and sign the 
informed consent. Another inclusion criterium was the patients’ willingness 
to stop their budesonide treatment or that the patients were not on 
budesonide treatment before study start. This was required as budesonide 
was known to have effects on the immune system and the gut microbiota 20. 
Later on, it turned out to be a problem that symptom development was not 
predictable after termination of the budesonide treatment. However, also 
the symptoms of budesonide-free patients might have varied due to the fluc-
tuating character of the disease. Exclusion criteria are listed in Table 2. 

The CC diagnosis of nine out of the ten initially included patients was 
histologically confirmed based on proximal colonic mucosal biopsies sam-
pled during the colonoscopy for administration of the first FMT. However, 
the previous CC diagnosis of one out of the ten included patients could not 
be confirmed at this stage. Thus, the results of this patient have been ex-
cluded from analysis. 

Table 2. Exclusion criteria for CC patients in the FMT in MC study (paper I) 
Previous complicated gastrointestinal surgery 
Malignant disease except for non-melanoma skin cancer 
Dementia 
Severe depression 
Major psychiatric disorder or other incapacity for adequate co-
operation 
Clostridioides difficile infection or other current gastroenteritis 
Pregnancy or breastfeeding 
Severe endometriosis 
Antimicrobial treatment four weeks prior to first screening visit 
Antimicrobial prophylaxis 
Regular consumption of probiotics four weeks prior to first 
screening visit 
Recently diagnosed lactose intolerance (less than six months 
prior to first screening visit) 
Recently diagnosed coeliac disease (less than six months prior to 
first screening visit) 
Regular intake of non-steroidal anti-inflammatory drugs 
Abuse of alcohol or drugs 
Any clinically significant disease/condition which in the investi-
gator’s opinion could interfere with the results of the trial 
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Healthy donors (paper I) 
The MC patients have been treated with FMTs from two different healthy 
donors. The patients were randomised to receive material from one of the 
donors, i.e. five patients received material from one donor and four patients 
(plus the patient whose diagnosis could not be confirmed histologically) 
from the other donor. Both were young, female donors with a high propor-
tion of butyrate-producing bacteria, as there is evidence that the beneficial 
butyrate-producing bacteria are of low abundance in MC patients 3. These 
donors were selected from a pool of screened potential donors. Inclusion 
criteria were 18 to 65 years of age and a signed informed consent. Exclusion 
criteria were mostly chosen in order to provide a safe treatment for the pa-
tients and are listed in Table 3. Additionally, the donors’ stool and blood 
samples were regularly tested throughout the study and they were asked at 
every donation if their health status had changed. In order to decrease var-
iability in donor stool material, the CC patients received FMT transplants 
prepared from the same donation at all three repeated FMTs. If the material 
from one donation was not enough for the enemas, faecal material from 
two different donations of the same donor was mixed. 

Table 3. Exclusion criteria for healthy donors in the FMT in MC study (paper I) 
Current communicable disease 
Known organic gastrointestinal disease 
Recent (gastrointestinal) infection (within the last six months) 
First degree relative with inflammatory bowel disease (IBD) 
First degree relative with cardiovascular thrombosis before 50 
years of age 
History of or present gastrointestinal malignancy or polyposis 
History of major gastrointestinal surgery 
Eosinophilic disorders of the gastrointestinal tract 
Human immunodeficiency viruses (HIV), hepatitis A, B, C or 
known exposure within the recent twelve months 
Malignant disease and/or intake of systemic anti-neoplastic 
agents 
Psychiatric diseases or other incapacity for adequate cooperation 
Chronic neurological/neurodegenerative diseases (e.g. Parkin-
son’s disease, multiple sclerosis) 
Metabolic syndrome 
Obesity (Body mass index>30) 
Autoimmune disease and/or patients receiving immunosuppres-
sive medications 
Major relevant allergies 
Chronic pain syndrome 
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Chronic fatigue syndrome 
Females who are pregnant or breastfeeding 
Other chronic use of drugs that may affect the microbiome, e.g. 
proton-pump inhibitors  
Antimicrobial treatment or prophylaxis within the last three 
months 
Abuse of alcohol or drugs 
Tattoo or body piercing within the last six months 
Participation in high-risk sexual behaviours 
Travelling in countries with low hygiene or high infection risk 
for endemic diarrhoea within the last six months 
Positive stool testing for Clostridioides difficile, ova and para-
sites (e.g. Cyclospora, Isospora, Cryptosporidium), enteric path-
ogens (e.g. enterohaemorrhagic Escherichia coli, Salmonella, 
Shigella, Yersinia, Campylobacter, Giardia antigen, Amoebas) 
Positive stool testing for multi-resistant bacteria (e.g. extended-
spectrum beta-lactamase (ESBL) producing organisms, 
vancomycin-resistant enterococci (VRE) or methicillin-resistant 
Staphylococcus aureus (MRSA)) 
Calprotectin>50 µg/g of faeces 
Positive blood testing for HIV, hepatitis A, B, C, syphilis, human 
T-lymphotropic virus (HTLV), cytomegalovirus (CMV) and Ep-
stein Barr virus (EBV)
Known clinically significant abnormal laboratory values 
Any clinically significant disease/condition which in the investi-
gator’s opinion could interfere with the results of the trial 

Healthy subjects (papers II-IV) 
In this study, 22 self-reported healthy subjects (aged 18-65 years) were 
recruited by public advertisement at Örebro University and Örebro Uni-
versity Hospital and included if none of the exclusion criteria listed in 
Table 4 were met. 



JULIA RODE Gut microbiota, its modifications and the gut-brain axis 39 

Table 4. Exclusion criteria for healthy subjects in the probiotic intervention study 
(papers II-IV) 

Concurrent or recent (< twelve weeks) treatment with drugs af-
fecting intestinal function or mood, e.g. antidepressants or anti-
biotics 
Concurrent or recent (< four weeks) use of nutritional supple-
ments or herb products affecting intestinal function or mood 
(e.g. aloe vera, St. John's Wort, fibres, prebiotics and probiotics) 
Diagnosis of major psychiatric or somatic disease 
Abuse of alcohol or drugs 
Recent (< four weeks) intake of proton-pump inhibitors (e.g. 
omeprazol) 
Asthma 
Cardiovascular diseases 
Epilepsy 
Renal failure 
Cerebral bleeding or history of cerebral bleeding 
Allergy to latex 
Pregnancy (assessed by urine test) or breastfeeding 
Claustrophobia 
Smoking or using tobacco including snuff 
Inability to maintain exercise routine and dietary pattern during 
the study 
Consumption of more than six cups of coffee/caffeine-containing 
beverages per day 
Professional athlete 
Any contraindication to a magnetic resonance imaging (e.g. med-
ical implant or device not compliant with magnetic resonance 
imaging) 
Recent (< three months) regular intake of systemic corticoster-
oids and anti-inflammatory medication (including non-steroidal 
anti-inflammatory drugs) 
Known allergy to milk or soy 
Any other reason the investigator felt the subject was not suitable 
for participation in the study 

Cell line 

Cell line (paper V) 
In the in vitro study, fibroblasts were used as a model for cells of the nervous 
system, since fibroblasts resemble the expression pattern of brain 
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endothelial cells regarding the main tryptophan transport proteins 105, 106, 
the main interest of this study. Fibroblasts are commonly used for the study 
of psychiatric disorders 107-109. 

We used a commercially available cell line, namely primary dermal fibro-
blasts of healthy adult humans (ATCC-PCS-201-012). They were cultured 
at 37°C and 5% CO2 with minimum essential medium including 10% foetal 
bovine serum, 1% penicillin, 1% streptomycin and 1% L-glutamine. Cell 
culture medium was exchanged every 3-4 days. Cells until the 18th passage 
were used. For experiments, butyrate or H2O2 were added to fresh medium 
with the same composition as the culture medium. 

Interventions 

Faecal microbiota transfer (paper I) 
MC patients were treated with repeated FMTs, a rather invasive experi-
mental treatment option. A previous case-report showed that repeated 
FMTs via the lower gastrointestinal route were beneficial for one CC patient 
85. As this was the first study of FMT in MC patients, evidence was limited 
and decisions were mostly based on reports of FMT in ulcerative colitis 
(UC) patients. The lower gastrointestinal route has been found to be more 
efficient for UC than the upper gastrointestinal route 110, 111. Time frames of 
repeated FMTs vary from intervals of a few days to weekly intervals or in-
tervals of several weeks 112-115 and none seems to be much superior to an-
other. Thus, this study of FMT in MC applied a compromise of those time 
frames for repeated FMTs by applying two-week intervals.

The first FMT was administered into the caecum via whole colonoscopy 
after bowel cleansing. The bowel cleansing was required for the colonos-
copy procedure, but also aimed at partly removing the patients’ own micro-
biota prior to FMT which could potentially increase efficacy of the FMT. 
During the colonoscopy, patients were consciously sedated using midazo-
lam and alfentanil. The second and third FMT were administered via ene-
mas. The enemas were chosen as they did not require bowel cleansing which 
would have removed the donor microbiota of the previous FMT(s). Possi-
bly, the FMT administered via colonoscopy was more likely to colonise 
along the entire length of the colon compared to the FMTs administered via 
enema. Nevertheless, enemas have been reported to spread also to proximal 
parts of the colon 116. In our study, the distribution of the FMT enemas 
throughout the colon was facilitated by the patients being in recumbent po-
sition after each FMT administration. Furthermore, the patients were asked 
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to slowly change their position from a left recumbent via a standard recum-
bent to a right recumbent position. The patients were also required to stay 
in the recumbent position to prevent loss of the newly introduced material. 
In addition, they were asked to take loperamide before and after each FMT. 

At each donation, fresh faecal material was processed under aerobic con-
ditions, but with the attempt to avoid extensive oxygen exposure, within a 
maximum of two hours. First, 30 g fresh faeces were covered with 0.9% 
sterile saline solution and carefully mixed with a spoon. Subsequently, the 
mixture was filtered through a sterilised sieve and mixed with 10% sterile 
glycerol (as protection during freezing) to a final volume of 150 mL. Finally, 
the prepared transplant was stored at -80°C until use (one prepared trans-
plant per colonoscopy, two per enema).    

Probiotic supplementation (papers II-IV) 
Healthy subjects received a probiotic intervention and a placebo for four 
weeks each. The probiotic product contained a combination of Bifidobac-
terium longum R0175, Lactobacillus helveticus R0052 and Lactiplanti-
bacillus plantarum R1012 with in total 3x109 colony-forming units at the 
end of shelf-life. The probiotic product is commercially available and has 
been chosen as the strains itself or in combination with others have shown 
promising results on mental health in human and animal studies 35, 94. Also, 
one preclinical study showed positive effects on the behaviour of mice upon 
administration of the exact combination of 'our' probiotic strains 117. The 
probiotic product contained additional active ingredients such as inulin, 
zinc, magnesium, potassium, glutathione and lactoferrin. The levels of those 
ingredients were within typical daily intake estimates and therefore ex-
pected not to contribute substantially to the intake of healthy subjects. De-
tails can be found in paper II. 

The placebo product was built on a fructose basis and formulated to have 
a similar taste and appearance as the probiotic product, but without the 
active ingredients. 

The subjects were instructed to consume one sachet daily mixed in a glass 
of water at room temperature together with breakfast. 

In vitro incubation with butyrate (paper V) 
To assess the effect of butyrate on tryptophan transporter capacity and gene 
expression, the fibroblasts were incubated with different concentrations of 
butyrate (100 µM, 500 µM, 1000 µM, 20 mM and 40 mM) for one or six 
hours. Cells were treated with butyrate when they covered about 95% of 
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the bottom of the well/ flask. Some cells were exposed to oxidative stress 
using H2O2 before butyrate treatment. 

Exposure to oxidative stress (paper V) 
An oxidative stress condition was used as a surrogate for aberrations as 
often present in affective disorders and suggested to also be present in gut-
brain axis disorders 118, 119. In order to investigate the effect of oxidative 
stress on tryptophan transport capacity and gene expression, and if butyrate 
might be able to treat likely negative effects, some cells were exposed to 10 
µM H2O2 for one hour only or before incubation with butyrate. 

Sample types and analysis 

Colonic mucosal biopsies (paper I) 
Colonic mucosal biopsies were collected from the uncleansed left flexure by 
flexible sigmoidoscopy before and six weeks after the first FMT at the same 
location. Additionally, mucosal colonic biopsies were sampled from the as-
cending colon and right flexure during the whole colonoscopy for admin-
istration of the first FMT, for diagnostic purposes. 

Histopathology (paper I) 
Biopsies from all three sampling occasions were fixated in paraformalde-
hyde, embedded in paraffin and analysed using histopathology at the De-
partment for Pathology, Örebro University Hospital. The results from the 
proximal biopsies sampled during the colonoscopy for FMT administration 
were used to confirm the CC diagnosis based on clinical routines (subepi-
thelial collagen layer >10 µm and lymphocyte infiltration) 120. The results 
from the distal biopsies (left flexure) sampled at baseline and six weeks after 
the first FMT were used to compare post- and pre-treatment. The investi-
gation of treatment effects was based on these distal biopsies as it was pos-
sible to collect them without bowel cleansing which would have affected the 
newly introduced microbiota. Nevertheless, MC manifests mostly in more 
proximal parts of the colon and the pattern of CC varies throughout the 
colon 120. Thus, it is uncertain if such distal biopsies are representative for 
the more proximal parts of the colon. 

Flow cytometry (paper I) 
The T cell phenotype of intraepithelial and lamina propria lymphocytes 
(IELs and LPLs) mechanically and enzymatically isolated from fresh distal 
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colonic mucosal biopsies was determined by flow cytometry before and af-
ter FMT. The aim of this analysis was to investigate the mucosal immune 
response of the host to the FMT. Both lymphocyte populations were stained 
for the surface molecules CD3, CD4, CD8, CD45RA and CD45RO. Addi-
tionally, in both populations viable cells were distinguished from non-viable 
cells. For IELs DAPI was used, for LPLs the fixable viability stain FVS450 
was used. For the LPLs, this allowed also the staining of the intracellular 
markers FOXP3 and Ki-67. 

As the number of cells isolated from the biopsies was limited, a compen-
sation protocol was run based on lymphocytes isolated from blood. Isotype 
controls were used to remove noise, such as signals from unspecific bind-
ings.  

Faecal samples (papers I and II) 
Subjects were asked to collect faecal samples in provided tubes with and 
without DNA/RNA ShieldTM at home on the day before their study visit, at 
several time points throughout the studies. Samples were placed into the 
home freezer immediately after collection and returned frozen using special 
cool transport containers to the research facility where they were stored at 
-80°C.

Faecal calprotectin (paper I) 
To assess gastrointestinal inflammation, faecal calprotectin levels were 
measured, although this is not a clinical routine marker for MC diagnosis 
or monitoring 15. Local and also systemic effects of FMT were assessed by 
markers of the immune response for two main reasons: to get insights into 
possible modes of action of FMT in MC and to carefully monitor the pa-
tients’ health. Although FMT treatment has been shown to be relatively 
safe, adverse events do occur 29, 30. 

Microbiota analysis (papers I and II) 
Faecal samples have been collected for microbiota analysis of the FMT do-
nors (paper I) before inclusion, the CC patients at several time points 
throughout the study (not included in this thesis) and the subjects of the 
probiotics intervention study (paper II) before and after each intervention 
period. 

Predominantly, gut microbiota research has been based on analysis of 
faecal samples as surrogate markers for the entire gut microbiota due to 
their easy sampling. Only a minority of studies uses mucosal samples to 
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investigate the gut microbiota, even though the composition of the faecal-
associated microbiota and the mucosal microbiota in the distal colon differs 
121-125. Therefore, in the FMT in MC study (paper I), we have also collected
distal colonic biopsies from an uncleansed bowel for microbiota analysis of
the patients before and after FMT (not included in this thesis). In the pro-
biotic intervention study (papers II-IV), no gastrointestinal samples were
collected, as collection of biopsies would have been an extra burden for the
subjects only for the analysis of microbiota composition. Additionally, the
study was not designed and powered to detect subtle microbiota changes as
they could be expected from a probiotic intervention. For these reasons,
analysis of mucosa-associated microbiota was omitted.

qPCR for analysis of butyrate-producing bacteria in faecal samples 
(paper I) 
For the selection of FMT donors, the abundance of butyrate-producing bac-
teria in the faecal samples of potential candidates was assessed. These bac-
teria were detected by the butyryl-CoA CoA transferase gene using quanti-
tative real-time polymerase chain reaction (qPCR). The transferase gene en-
codes for the last step of the butyrate production by gut bacteria. The two 
healthy candidates with the highest abundance of butyrate-producing bac-
teria in their faeces and that were eligible (based on inclusion and exclusion 
criteria) were selected as donors. 

Next generation sequencing for analysis of microbial composition of 
faecal samples (paper II) 
In order to investigate if the intervention altered gut microbiota composi-
tion, faecal samples, collected at various time points throughout the study, 
were analysed by next generation sequencing (NGS) of the 16S rRNA gene. 

All samples for NGS analysis have been stored in DNA/RNA ShieldTM 
at -80°C until analysis. Microbial DNA was mechanically extracted and an-
alysed using NGS as described by Hugerth et al. 126 with some modifications 
(see paper II for details) at the Centre for Translational Microbiome Re-
search (Karolinska Institutet, Stockholm, Sweden). This method bases the 
identification of the gut microbes on the nucleotide sequence of the 16S 
rRNA gene. By NGS, we were able to analyse the overall microbial compo-
sition of the samples, but not to identify specific target bacteria. For that 
purpose, e.g. qPCR could be performed. 
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Blood sampling (papers I and IV) 
To investigate the systemic effects and modes of action of the interventions, 
blood was collected before and after repeated FMTs and probiotic interven-
tion, respectively. 

Fasting blood samples were collected in the morning by experienced staff. 
The samples of the MC patients were collected after sigmoidoscopy.  

In both studies, high sensitivity C-reactive protein (hsCRP) was measured 
at the Department of Laboratory Medicine, Örebro University Hospital, in 
order to assess systemic inflammation. For the FMT in MC study (paper I), 
also haemoglobin, erythrocyte count, leukocyte count, platelet count, eryth-
rocyte mean corpuscular haemoglobin and markers of liver and renal func-
tion (albumin, alanine transaminase, aspartate transaminase, creatine, cre-
atine kinase and estimated glomerular filtration rate) were analysed accord-
ing to hospital routines. In the probiotic intervention study (paper IV), the 
intestinal fatty acid binding protein (I-FABP) concentration in plasma was 
measured in order to assess gastrointestinal damage. Furthermore, seroto-
nin (at the Clinical Chemistry Laboratory at Sahlgrenska University Hospi-
tal, Gothenburg, Sweden) and brain-derived neurotrophic factor (BDNF) 
concentrations in serum were determined using enzyme-linked immuno-
sorbent assays (ELISAs).  

Saliva sampling (papers II-IV) 
Saliva samples were collected in order to assess cortisol secretion as a 
marker of daily stress and of the response to acute stress. Therefore, the 
cortisol awakening response (paper IV) was assessed based on repetitive sa-
liva samples, sampled on three consecutive days by the participants at home 
before and after each intervention period. Also, saliva was collected at nine 
time points during the fMRI examination days and separately analysed for 
the fMRI paradigms (papers II and III).  

Cortisol analysis (papers II-IV) 
Salivary cortisol concentrations were determined at DresdenLab Service 
GmbH (Dresden, Germany) by ELISAs. 

Tryptophan transport assays (paper V) 
Transport of tryptophan into the fibroblasts was determined using radioac-
tively labelled tryptophan. After incubation with their respective stressors 
(none or H2O2) and treatments (none or butyrate in different concentrations 
and for different incubation times), cells were washed and then incubated 
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with 3H-L-tryptophan for 5 min at 37°C. Thereafter cells were washed 
and lysed. Protein amount (using Bradford assays) and radioactivity of the 
cell lysate were measured. 

Gene expression analysis (paper V) 
Gene expression of the unique subunits of the major (SLC7A5 encodes for 
LAT1) and minor (SLC7A8 encodes for LAT2) tryptophan transporter and 
their shared subunit (SLC3A2 encodes for 4F2hc) (also shared with other 
amino acid transporters) was assessed. After incubation with their respec-
tive stressors and treatments, cells were washed and lysed. RNA was ex-
tracted from the cell lysate and inversely transcribed into cDNA. Expression 
of the target genes was then determined by quantitative real-time polymer-
ase chain reaction (qPCR) using the TaqMan system. The expression of 
glyceraldehyde 3-phospate dehydrogenase (GAPDH) was used as a refer-
ence due to its stable expression in fibroblasts under different conditions. 

Cell cytotoxicity assays (paper V) 
In order to assess which concentrations and incubation times of stressors 
and treatments could be used without harming the cells, which would have 
negatively affected the quality of the subsequent experiments, cell cytotoxi-
city assays were performed. The used assay is based on a colorimetric prin-
ciple, measuring the cytosolic enzyme lactate dehydrogenase in the culture 
medium upon damage of the cell membrane (Lactate dehydrogenase cell 
cytotoxicity assay).  

Autonomic nervous system function measurements (papers III and IV) 
The ANS is the main bidirectional neuronal communication route between 
the gut and the brain. Effects of probiotic intervention on ANS function 
were assessed during rest (paper IV) and during stress (paper III). Therefore, 
the subject’s heart rate was measured using electrocardiography with elec-
trodes placed on the subject’s chest. For analysis heart rate variability, sym-
pathetic and vagal activity were calculated.  

Stroop task (paper III) 
The Stroop task was used to introduce acute stress while ANS function was 
measured. The Stroop colour and word inference test is widely used to 
measure cognitive performance during stress 127. Subjects see pairs of match-
ing stimuli or conflicting stimuli with the name of a colour printed in the 
ink of another colour and are asked to name the colour of the ink. The 
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difference in response time when reading conflicting or matching stimuli is 
denoted as the Stroop effect. 

Functional magnetic resonance imaging (papers II-IV) 
Functional magnetic resonance imaging (fMRI) is a brain imaging method 
with high spatial resolution and good temporal resolution. It is a non-inva-
sive method and thus a valuable research tool. fMRI is based on the basic 
principle that active brain regions require more oxygen, which is trans-
ported there via the blood, than inactive ones. Oxygenated and deoxygen-
ated blood have different magnetic properties and can therefore be distin-
guished by application of a magnetic field. Using fMRI, it can be determined 
which brain regions respond to a specific task – called brain activity – or 
which networks of brain regions are active or inactive when a subject is at 
rest or performs a task – called functional connectivity. Functional connec-
tivity can thus be used to examine which brain regions are connected, in 
other words are active or inactive at the same time. 

Resting state fMRI (paper IV) 
Resting state fMRI determines brain function when a subject lays inside the 
fMRI scanner and is at rest 128. Eyes can be opened or closed, depending on 
the setting and the current convention. In our study, resting state brain func-
tion was assessed as a 5-minute eyes-closed scan at the beginning of the 
fMRI examination immediately after the anatomical scan.  

Although otherwise rather constant, resting state brain function has been 
reported to be affected by probiotic interventions 98, 100. 

Some researchers believe that the signature of resting state brain function 
may be predictive of evoked brain responses. 

fMRI emotional paradigm: Emotional Attention Task (paper II) 
The Emotional Attention Task (EAT) was carried out while the subject was 
placed in the fMRI scanner. The EAT was developed by Lieberman et al. 
and consists of an experimental condition of matching faces with emo-
tional expressions of fear or anger (ME) and a control condition of match-
ing shapes (ovals and circles) (MS) 129. This task aims to assess brain re-
sponse patterns to negative stimuli, related to affective, viscerosensory and 
somatosensory cortices 100. The EAT paradigm consists of four blocks with 
20 trials for 5 s each, in the order MS – ME – ME – MS. During each trial 
the subject is supposed to match the face/shape on top of the screen with 
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the corresponding one on the bottom of the screen. In our setup, answers 
were given by handheld response buttons. 

fMRI acute stress paradigm: Montreal Imaging Stress Task (paper III) 
The Montreal Imaging Stress Task (MIST) was carried out while the subject 
was placed in the fMRI scanner. The MIST is a combination of a variety of 
stressors, which include negative social evaluative feedback, cognitive chal-
lenge and processing of failure while good performance is expected, and was 
developed by Dedovic et al. 130, 131. It consists of a resting condition, where 
only visual stimuli are presented, a control condition, where the subjects 
can train to answer the arithmetic tasks and an experimental condition, 
where subjects are asked to give their best in answering the tasks, but which 
is designed to always be beyond the subjects’ arithmetic capacity. Subjects 
are told that the purpose of this paradigm is to assess their arithmetic per-
formance, although it is used to provoke stress. Therefore, negative feed-
back is given via the screen and verbally by the investigator. The MIST par-
adigm consists of six blocks in the order rest – control – experimental – rest 
– control – experimental. In our setup, the subjects were asked to answer
the arithmetic tasks by handheld response buttons.

fMRI data acquisition (papers II-IV) 
Brain function during task performance and at rest was measured using 
fMRI after both intervention periods. No measurements at baseline were 
performed to avoid bias due to potential learning effects.  

Blood-oxygen-level-dependent (BOLD) signals were acquired using a 3 
Tesla magnetic resonance scanner (GE healthcare) which was equipped with 
a receiver head coil. The functional scan sessions consisted of a defined 
number of 2.5 s long whole brain volume scans. For anatomical reference, 
structural images of the whole brain volume were acquired.  

Analysis of brain activity (papers II and III) 
Brain activity analysis was used to assess brain response patterns during 
performance of the EAT and MIST paradigms evoked by the interventions. 

Pre-processing of the fMRI data was performed using SPM12 (fMRI 
analysis software) default functions including normalisation using Montreal 
Neurological Institute space.  

Based on their involvement in the task and previous research 100, 130, 132-137, 
brain regions of interest were defined a priori. In order to investigate if brain 
function changed as a result of the interventions, fMRI data analysis was 
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performed using modelling of fMRI activities with regard to anatomical re-
gions and functional areas, so-called clusters. 

Analysis of functional connectivity (papers II-IV) 
Functional connectivity analysis was used to assess which networks of brain 
regions were affected by the probiotic intervention compared to the placebo. 
The analysis was performed in the software CONN 138, using default set-
tings. 

For resting state brain function, the connectivity between regions within 
known networks and the rest of the brain was analysed (paper IV). 

For task-related analysis (during EAT and MIST), the connectivity be-
tween the clusters derived from the activity analysis was analysed (papers II 
and III). 

Questionnaires (papers I-IV) 
In the FMT in MC study (paper I), the primary outcome parameter was 
based on a daily stool diary. Additionally, several questionnaires that are 
commonly used in research of MC have been used two times at baseline and 
at two, four, six, eight and twelve weeks as well as six months after the first 
FMT. These questionnaires are not validated for use in studies with MC, 
however for inflammatory bowel disease (IBD). 

In the probiotics intervention study (papers II-IV) several exploratory 
outcome parameters, mainly regarding mental health, have been assessed 
using weekly or daily questionnaires from baseline until four weeks after 
start of each intervention period. 

Daily stool diaries (paper I) 
Patients reported the number of watery and non-watery stools per day. They 
were asked to complete the diaries from approximately two weeks before 
their baseline visit until their twelve weeks visit and for two weeks at the six 
months follow up. The results of the daily diaries were averaged per week. 
The primary outcome was defined as the number of MC patients in remis-
sion six weeks after the first FMT. Remission was defined as an average of 
less than three stools per day, whereof less than one watery. Clinical re-
sponders were defined as patients with an active disease at baseline (more 
than three stools per day whereof at least one watery) and in remission after 
FMT. 
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Gastrointestinal Symptom Rating Scale (paper I) 
Gastrointestinal symptoms were assessed using the Gastrointestinal Symp-
tom Rating Scale (GSRS) 139. The GSRS consists of a total score and five 
subscores, namely regarding diarrhoea, constipation, abdominal pain, re-
flux and indigestion. A higher score represents worse symptoms. 

Short Health Scale (paper I) 
The Short Health Scale (SHS) assesses the four health dimensions symptom 
burden, social function, disease-related worries and general well-being in 
the context of inflammatory gastrointestinal diseases 140-142. A higher score 
represents worse symptoms. 

Quality of life by EQ-5D-5L (papers I and IV) 
Quality of life was assessed using the visual analogous scale (VAS) and/or 
index value of the Euro-Quality of life questionnaire version 5D-5L (EQ-
5D-5L) 143. Subjects were asked to rate their quality of life on a scale from 
‘0’ to ‘100’ with ‘100’ representing the best imaginable quality of life.  

Hospital Anxiety and Depression Scale (papers I and IV) 
Symptoms of anxiety and depression were assessed as subscores for each 
and a total score by the Hospital Anxiety and Depression Scale (HADS) 144. 
A higher score represents worse symptoms. The cut-off for clinical severity 
of the symptoms is defined as a (sub)score of ‘8’ or higher. 

State and Trait Anxiety Inventory for adults (paper IV) 
In the probiotic intervention study, additionally to HADS, anxiety symp-
toms were assessed using the State and Trait Anxiety Inventory for adults 
(STAI) 145. A higher score represents worse symptoms. 

Perceived Stress Scale (paper IV) 
Subjects were asked to rate their stress levels on the Perceived Stress Scale 
(PSS) 146. A higher score represents higher stress perception. 

Diary of Workload (paper IV) 
The Diary of Workload (DOW) was used to assess the daily workload of 
the subjects who participated in the probiotics intervention study 147. The 
maximum score represents the highest workload. Additionally, the DOW 
was used to assess the subjects’ perceived health on the day of rating. A 
higher score represents lower perceived health. 
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Karolinska Sleep Diary (paper IV) 
Sleep patterns were assessed by the Karolinska Sleep Diary (KSD) 148. The 
KSD consists of three subscales: Karolinska Sleepiness Scale (KSS), Sleep 
Quality Index (SQI) and Awakening Index (AI). For SQI and AI, a lower 
score represents reduced sleep quality, for KSS a higher score represents re-
duced sleep quality. 

Diet monitoring (papers I and II) 
In both clinical studies, the participants’ diet was monitored. 

In the FMT in MC study (paper I), patients were asked to complete a 
food frequency questionnaire at baseline, twelve weeks and six months after 
the first FMT. Additionally, patients were asked at each study visit, if they 
had made changes to their diet, lifestyle or medications. None of the patients 
reported major diet changes during the time of participation in the study. 

In the probiotic intervention study (papers II-IV), subjects were asked to 
complete a three-day food diary. The background diet is reported in pa-
per II. Additionally, subjects were asked to not make changes to their diet, 
lifestyle and medication during the time of the study without notifying the 
study team. None of the participants reported any changes. 

Subjective ratings of stress and expectations during fMRI (papers II 
and III) 
In order to assess how the study participants perceived and what they ex-
pected from the fMRI examinations, they were asked to complete a ques-
tionnaire after their second fMRI visit. Subjects were asked to rate their 
subjective stress perception related to the fMRI itself and to the EAT as well 
as to the MIST paradigm at both fMRI visits. They were also asked to rate 
the extent to which they had suspected that the MIST had a purpose differ-
ent from what they were told and the extent to which they had suspected 
that the MIST was meant to evoke stress. All ratings were done on VAS 
from ‘0’ to ‘100%’.  

Statistical analysis (papers I-V) 
For the analysis of the results included in the different papers of this thesis, 
several different statistical approaches were applied.  

In the FMT in MC study (paper I), generally, post-treatment data was 
compared to baseline. Whenever only one time point after treatment was 
compared with baseline, paired two-sample tests were performed. The 
paired t-test was used, when data was normally distributed, the Wilcoxon 
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matched-pairs signed rank test was used when data was not normally dis-
tributed. Normal distribution was tested for using the Shapiro-Wilk nor-
mality test. Whenever several time points after treatment were compared to 
baseline, repeated measures analysis was performed using the Friedman test 
with Dunn’s multiple comparison. 

In the probiotic intervention study (papers II-IV), generally, probiotic ef-
fects were compared to placebo. Data was baseline-corrected (after inter-
vention – before intervention) before statistical analysis for all outcome pa-
rameters except fMRI data. Whenever a single post-intervention time point 
was compared between probiotics and placebo, paired two-sample tests 
were performed. The paired t-test was used when data was normally dis-
tributed, the Wilcoxon matched-pairs signed rank test was used when data 
was not normally distributed. Normal distribution was tested for using the 
Shapiro-Wilk normality test. Additionally, for some parameters one-sample 
tests were used to test for statistically significant difference of the baseline-
corrected values compared to ‘0’, per intervention. Those one-sample tests 
were t-tests for normally distributed data and Wilcoxon signed rank tests 
for not normally distributed data. Whenever results were assessed at several 
time points after start of the intervention (e.g. for questionnaire data), the 
general linear model was used for the investigation of intervention effects. 
Approximate normal distribution of the residuals was assessed by visual 
inspection. Posthoc tests were performed to determine at which time points 
differences between the interventions occurred. To correct for multiple com-
parisons, Bonferroni correction was used. For fMRI data, the general linear 
model was used for the analysis of paradigm effects on brain activity. Sub-
sequently, intervention effects were studied by an analysis of variance 
(ANOVA). Multiple comparison correction was performed by Bonferroni. 
Functional connectivity was assessed as correlations. Correction was ap-
plied using thresholds and False Discovery Rate.  

In the in vitro study (paper V), generally, effects of the different condi-
tions (H2O2 and butyrate), were compared to a control condition (untreated 
cells). Additionally, for some parameters, incubation with butyrate was 
compared to H2O2. All data was analysed using ANOVA. For the trans-
porter function data, posthoc Fisher’s least significant difference test was 
applied. For gene expression data, posthoc Dunnett’s multiple comparison 
was performed. 

Generally, the significance level was set to p<0.05 (except for fMRI ac-
tivity analysis p<0.1). 
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RESULTS AND DISCUSSION 
This section highlights the main findings of the papers included in this the-
sis. More detailed results and discussions can be found in the respective pa-
pers (papers I-V). 

Gastrointestinal, psychological and systemic effects of faecal 
microbiota transfer in collagenous colitis (paper I) 

Highlights 
Faecal microbiota transfer resulted in improved gastrointestinal symp-
toms in a yet undefined subset of collagenous colitis patients, possibly 
initiated by a stimulation of the colonic mucosal immune system. 

Results 
In this proof-of-concept intervention study we hypothesised that faecal mi-
crobiota transfer (FMT) has the ability to improve gastrointestinal symp-
toms of microscopic colitis (MC) patients, more specifically of the subgroup 
collagenous colitis (CC).  

The primary endpoint of this study was the number of patients who were 
in remission six weeks after the first FMT (two weeks after the last of the 
repeated FMTs). Remission in MC was defined as less than three stools per 
day whereof less than one watery and was reached by six out of nine pa-
tients at this timepoint. Two of these patients, who were in remission at six 
weeks, had an active disease at baseline. They were defined as responders. 
An additional patient with active disease at baseline, reached remission at 
eight weeks. Thus, only two patients were not in remission at any time point 
after repeated FMTs. Overall, when analysing the results from all nine pa-
tients, the repeated FMTs did not lead to a reduction of number of stools 
(total, watery, non-watery stools) nor an improvement of the consistency of 
stools at any time of the study. Nevertheless, a number of gastrointestinal 
symptoms (assessed by Gastrointestinal Symptom Rating Scale [GSRS]) 
were significantly improved by repeated FMTs at several time points 
throughout the study. Accordingly, patients rated significantly lower on to-
tal GSRS after FMT. Especially the two subscores with the highest baseline 



54 JULIA RODE Gut microbiota, its modifications and the gut-brain axis 

ratings, the diarrhoea and the indigestion subscores, showed significant im-
provement after FMT. 

Also, psychological health was partly improved by repeated FMTs. Pa-
tients reported significant less disease-related worries at different time 
points after FMT. However, anxiety and depression symptoms (assessed by 
Hospital Anxiety and Depression Scale [HADS]) were not significantly af-
fected by FMTs, although baseline-ratings of some patients were rather 
high. Quality of life improved significantly during the course of the study 
and this reached significance at six months after the first FMT. 

In order to investigate potential modes of action, local and systemic im-
mune responses were assessed. No statistically significant effect of FMT was 
observed on the gastrointestinal inflammation marker faecal calprotectin, 
nor on systemic markers, which included high sensitivity C-reactive protein 
(hsCRP) in plasma, amongst others. Collagen layer thickness was slightly 
increased six weeks after the first FMT. Lamina propria lymphocyte (LPL) 
count in colonic mucosal biopsies was significantly increased six weeks after 
the first FMT. Both was the case also in the responders. The number of 
intraepithelial lymphocytes (IELs) was not altered. T cell characteristics of 
neither the LPLs nor the IELs (assessed by flow cytometry) were signifi-
cantly affected by repeated FMTs. 

No serious adverse events were reported. However, some mild adverse 
events such as gastrointestinal discomfort occurred. Also, one patient expe-
rienced a flare-up during the study. One patient was lost-to-follow up after 
the six weeks visit for unknown reasons and two out of nine patients re-
sumed their initial budesonide treatment after the eight weeks visit as they 
were not content with the effect of their FMT treatment. 

Discussion 
This is the first study investigating the effect of FMT in multiple patients 
with MC. Indeed, we found that repeated FMTs were able to improve gas-
trointestinal symptoms in a yet undefined subset of CC patients. Three pa-
tients who had an active disease at baseline achieved remission upon re-
peated FMTs (at six or eight weeks after the first FMT). Accordingly, re-
sponse rates were around 60% if considering only the patients with active 
disease at baseline and around 30% if considering all nine examined pa-
tients. These are similar response rates as in a recent meta-analysis investi-
gating the effect of FMT in ulcerative colitis (UC) where 36% of the pati- 
ents with an active UC disease reached clinical remission 74.    
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Patients’ wellbeing improved in terms of less disease-related worries and 
an increased quality of life following repeated FMTs. Other psychological 
symptoms such as anxiety and depression did not differ significantly 
throughout the course of the study. The psychological component of MC is 
not as predominant as in irritable bowel syndrome (IBS), nevertheless psy-
chological comorbidities occur 69 and an improvement of those could be 
speculated to promote a positive disease progression.  

The FMTs did not cause any serious adverse events, neither were 
systemic effects observed. Thus, our study provides evidence that FMT 
can be safe in MC. Nevertheless, a flare-up which could be related to the 
original MC disease or to the FMT treatment was reported in our study. 
Also, two pa-tients resumed their budesonide treatment during the 
follow-up period as they were not satisfied with the effect of the FMT 
treatment. Both these patients had a clinical active disease at baseline and 
did not reach remission following FMT. FMT has previously been shown 
to be an overall feasible and relatively safe treatment for Clostridioides 
difficile infections, amongst others 29, 30, 72. However, also severe adverse 
events such as worsening of UC have been reported 112, 149. 

Systemic effects were not only assessed in order to monitor adverse events 
of the FMT treatment, but also to find its potential modes of action. In 
addition, local effects were assessed. Repeated FMTs resulted in a signifi-
cantly increased number of LPLs and a non-significant increase of collagen 
layer thickness, both also in the responders. The number of IELs was not 
affected by FMT, neither was the T cell phenotype of any of the lympho-
cytes. We hypothesised that these observations indicated a stimulation of 
the host mucosal immune system to the newly introduced microbiota. Sim-
ilarly, the previous case-report of FMT in one CC patient suggested im-
munomodulatory effects 85. Also, immune system activation has been re-
ported following FMT in IBS 150. 

We were not able to assess whether or not the effects of FMT were initi-
ated by a shift of the gut microbiota composition of the patients’ own to the 
ones of their respective donor, but existing faecal and mucosal samples will 
be analysed for this purpose in the future.  

Future studies involving larger patient groups should focus on deeper 
characterisation of patients benefitting from FMTs to better define the sub-
group of CC patients that responded to FMT as well as to determine if FMT 
could also be a treatment option for lymphocytic colitis (LC) patients. Un-
derstanding of the underlying mechanisms could help to identify and de-
velop personalised FMT treatments. 
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Limitations and strengths of this study 
As this was the first study investigating the effects of FMT in multiple MC 
patients, and thus the effect of FMT in this patient group was unknown, the 
study was designed as an open-label pilot study. However, now that we 
have shown a potential benefit of FMT in MC, future studies should adopt 
a randomised, double-blinded, placebo-controlled trial design. This is espe-
cially important as the placebo effect in FMT studies as well as in MC stud-
ies has been reported to be around 30% on average 74, 110, 111, 151, 152. How-
ever, studies including a placebo treated group should consider the choice 
of budesonide naïve patients as it might be unethical to ask the patients to 
stop their treatment as this termination can be quite strenuous. 

In this study, we have chosen to administer the first FMT into the caecum 
via whole colonoscopy after bowel cleansing and to administer the second 
and third repeated FMTs via enemas. Thus, all FMTs were administered via 
the lower gastrointestinal route. Investigation of the effect of FMTs admin-
istered via the upper gastrointestinal route could be considered and should 
be studied as well. Moreover, we have chosen to administer the repeated 
FMTs in intervals of two weeks. Also, here, different time frames could have 
been considered. Furthermore, factors such as donor compatibility, super-
donors and pooled donor material could only be addressed in a limited 
frame within this study, but are in general of great interest in the field of 
FMT 113, 114, 153, 154. 

Important to note is that the sample size in this study was rather small, 
with ten patients included initially. Inclusion was based on an interview 
about the frequency and consistency of the patients’ stool. All patients ful-
filled the criteria for an active disease based on this interview. However, 
when the patients were asked to complete daily diaries for some days at the 
baseline before FMT treatment, only five of those initially included ten pa-
tients fulfilled the objective measures of a clinically active disease. We are 
well aware that our inclusion of CC patients based on interviews only was 
not sufficient to solely include patients with an active disease and this should 
be kept in mind for future studies. Unfortunately, we did not assess daily 
stool diaries before inclusion. However, all analyses are based on stool dia-
ries. Discrepancy between recall and real-time reporting of gastrointestinal 
symptoms has been described previously 155, 156. Moreover, the fluctuating 
character of this disease could have enhanced the discrepancy between 
symptoms at inclusion and symptoms at baseline. Additionally, some of the 
patients stopped their budesonide treatment just shortly before study start 
and symptom development thereafter turned out to not be predictable. Of 



JULIA RODE Gut microbiota, its modifications and the gut-brain axis 57 

the five patients without an active disease at baseline, the previous CC di-
agnose of one patient could not be confirmed based on the colonic biopsies 
taken during the whole colonoscopy of the first FMT. MC patients that still 
have clinical symptoms but are histologically in remission have been re-
ported previously 157. However, it cannot be excluded that the symptoms of 
this patient with unconfirmed CC were caused by a different unknown dis-
ease and hence, this patient was excluded from the analyses. The four 
remaining patients with inactive disease at baseline were included as they 
still fulfilled the inclusion criteria. Stricter inclusion based on daily diaries 
and maybe a recent histopathological diagnosis should be recommended 
for future trials. 

The primary endpoint of this study was chosen to be based on clinical 
symptoms. It could be debated whether this is a good outcome parameter 
or if a more objective outcome parameter, e.g. based on histopathology or 
similar, should have been chosen. For such a parameter, a more proximal 
location for biopsies sampling, e.g. the ascending colon, could be chosen, as 
it might be more representative of the diagnosis of MC than the left flexure 
chosen in our study. However, the sampling would then require bowel 
cleansing, which was intentionally avoided in this study. Nevertheless, for 
the patients, a reduction of symptoms is the most important outcome, and 
this would probably also be aimed for in a pharmaceutical study.  

We followed the patients until six months after the first FMT. However, 
it would have been interesting to examine the patients even later in order to 
assess if the improvement of symptoms was sustained.  
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Psycho(bio)logical, systemic and gastrointestinal effects of a 
probiotic intervention in a healthy study population (papers II-IV) 

Highlights 
Probiotic intervention evoked changes in resting state and task-related 
brain function, accompanied by slight improvements of psychological 
symptoms and by slight changes in systemic serotonin levels. 

Results 
In this randomised, placebo-controlled, double-blinded, crossover interven-
tion study we hypothesised that a four-week intervention with a probiotic 
mixture containing specific strains from Bifidobacterium longum, Lactoba-
cillus helveticus and Lactiplantibacillus plantarum (formerly known as Lac-
tobacillus plantarum) had the ability to affect task-related and resting state 
brain function as well as mental health in healthy subjects.  

The primary outcome of this study was the brain response pattern to the 
Emotional Attention Task (EAT) following probiotic intervention com-
pared to placebo (paper II). The subjects’ engagement in the task was good. 
The response pattern of brain regions implicated in emotion, cognition and 
the processing of faces during the emotional task was differentially affected 
by the probiotic intervention compared to the placebo. Most of the results 
indicated towards a decreased brain activity and functional connectivity, 
suggesting that the probiotic intervention dampened emotional reactivity. 

One of the secondary outcomes of this study was the brain function dur-
ing a task with an acute stressor (the Montreal Imaging Stress Task [MIST]) 
(paper III). Performance data suggested that subjects engaged adequately in 
the task and that the difficulty of the task was just beyond the subjects’ 
cognitive abilities, as designed. Independent of the interventions, subjects 
rated the task as stressful, although no significant increase in salivary corti-
sol levels could be observed. The brain response pattern of brain regions 
implicated in emotion, stress, perception and cognition during the stress 
task was significantly affected by the probiotic intervention. Also, during 
this task, most results indicated towards a dampened stress reactivity, in 
terms of brain activity and functional connectivity, upon probiotics. 

Another secondary outcome parameter was resting state brain function 
(paper IV). Brain function during rest – an unevoked situation, where 
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subjects lay in the magnetic resonance imaging scanner, doing nothing, with 
closed eyes (in this study) – is a rather robust measure and is speculated to 
be a predictor of task-related brain function. Probiotic intervention resulted 
in significantly altered resting state functional connectivity, such as changes 
in some of the main resting state brain networks. For example, connectivity 
of the default mode network with other parts of the brain was increased 
and connectivity of the salience network with other parts of the brain was 
decreased upon probiotic intervention. 

As brain function and behaviour are interconnected, also psychological 
symptoms were assessed. Probiotic intervention resulted in slight, albeit 
non-significant improvements of depression symptoms (assessed by HADS) 
and sleep quality (i.e. Awakening Index assessed by Karolinska Sleep Diary 
[KSD]) (paper IV). Subjective ratings of anxiety, perceived stress, perceived 
workload, perceived health and quality of life were not significantly affected 
by the probiotic intervention. 

Also, cognitive performance (assessed by the Stroop task) was not af-
fected by probiotic intervention compared to placebo (paper III).  

In order to assess some of the potentially underlying mechanisms of how 
the probiotic intervention could have led to the described changes in brain 
function, a number of additional exploratory outcome parameters was in-
vestigated. No differences between the interventions were observed, neither 
at rest nor under stress, in autonomic nervous system (ANS) function (as-
sessed by heart rate variability measures) and hypothalamic-pituitary-
adrenal (HPA) axis signalling (assessed based on salivary cortisol con-
centrations) – two of the predominant communication routes of the gut-
brain axis (papers II-IV). As a representation of parts of the neuroendocrine 
pathway of gut-brain signalling, serum concentrations of brain-derived neu-
rotrophic factor and serotonin were assessed. The serotonin concentration 
tended to be higher after probiotics intake compared to placebo (paper IV). 

Plasma concentrations of high sensitivity C-reactive protein (hsCRP) and 
intestinal fatty acid binding protein (I-FABP) did not differ significantly be-
tween the interventions, indicating that the probiotics did not affect sys-
temic or gastrointestinal inflammation (paper IV). 

These effects of the probiotic intervention could be observed despite very 
minor effects on the gut microbiota composition (paper II). 

Discussion 
This proof-of-concept and mode-of-action study is one of the few studies 
investigating effects of the same probiotic mixture on both resting state as 
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well as task-related brain function. Additionally, in contrast to previous 
studies which have often been limited to a few mental health measures only, 
we have assessed a whole spectrum of neurological, psychological and neu-
roendocrine outcomes. In our study, intake of a probiotic mixture contain-
ing Bifidobacterium longum R0175, Lactobacillus helveticus R0052 and 
Lactiplantibacillus plantarum R1012 for four weeks altered brain function, 
in terms of brain activity and functional connectivity, during rest and while 
performing an emotional task and a task with an acute multi-target stressor. 
These changes were accompanied by non-significant improvements of psy-
chological symptoms, e.g. depression, and of sleep quality. Also, the serum 
levels of the signalling molecule serotonin differed slightly between the 
placebo and the probiotic intervention, giving a first hint on how these 
changes might have been transmitted. 

Furthermore, we showed that these effects could be induced by a combi-
nation of probiotic strains which has not been previously studied regarding 
its benefit for mental health in humans. Animal studies (mice and rats) have 
shown psychobiotic properties of probiotic mixtures containing one or sev-
eral species of Bifidobacterium longum, Lactobacillus helveticus and Lacti-
plantibacillus plantarum. Only one mouse study assessed positive behav-
ioural effects of a combination of all three species, even applying the same 
strains as in our study 117. In humans, several of the studies investigating 
subclinical psychological symptoms of healthy and stressed adults used pro-
biotic mixtures containing one or several of those three species, among other 
probiotic bacteria, but never all three together. 

The observed mental health effects of the studied probiotics were subtle. 
It is important to note that the subjects included in the study showed in 
general a good mental health, with none of them rating above the cut-off 
for clinically relevant symptoms on any of the questionnaires assessed. Nev-
ertheless, subjects showed in general a rather poor sleep quality for a 
healthy, young study population. 

This study did not intend to improve psychiatric disorders. If so, inclu-
sion criteria would have been different. Hence, absence of significant im-
provement in scores or biomarkers related to affective disorders such as 
symptoms of depression and/or anxiety should not be interpreted as a fail-
ure. The observation of non-significant probiotic effects on such measures, 
even if they were subtle, were very important, as it showed that the mild 
probiotic intervention was sufficient to evoke effects even in a healthy pop-
ulation. Furthermore, the results suggest potential for possible beneficial 
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effects in subjects with health issues. In addition, the applied questionnaires 
and biomarkers facilitated the detailed characterisation of the participants. 

While we observed changes in some parameters, others were not affected 
by the probiotic intervention. Correspondingly, a four-week intervention of 
another multi-strain probiotic containing Lactobacillus, Lactococcus and 
Bifidobacterium species in healthy subjects affected several outcomes (rest-
ing state functional connectivity changes, brain activity during emotional 
decision making and memory tasks, scores of mood and wellbeing, cogni-
tion during an acute stress challenge, gut microbiota composition), but did 
not affect for example reaction time and brain response patterns during 
neurocognitive tasks 98, 99, 158. Thus, probiotic effects might be limited to a 
few parameters instead of an overall effect and it is not given that one would 
find effects on the parameters chosen to explore. 

Limitations and strengths of this study 
In this study we were able to observe subtle probiotic effects on brain func-
tion and mental health as well as to obtain some first insights into potential 
modes of action on how the probiotic intervention could have exerted its 
effects. One of the reasons why we only observed subtle effects might be 
that dietary intervention studies often show high intraindividual variations 
159. Such variations can be compensated for by large sample sizes and in-
creased homogeneity of the study population, amongst others. However, 
this study was performed with a rather small sample size of 22 healthy sub-
jects. The limited sample size also hampered subgroup analyses of for ex-
ample male and female subjects or responders and non-responders to acute 
stress. Both these characteristics are known to have effects on brain activity 
131, 160.

However, the crossover design of the study partly counterbalanced these 
limitations as each subject served as their own control. The crossover design 
also allowed us to avoid functional magnetic resonance imaging (fMRI) ex-
aminations before the intervention periods, which would have resulted in a 
total of four fMRI examinations. Repeated performance of the fMRI para-
digms, especially the MIST, could have led to undesired learning effects. 
Subjective ratings of the participants showed already now that they felt sig-
nificantly less stressed by the MIST at their second fMRI visit compared to 
the first. Subjective ratings also showed that the participants felt quite 
stressed by the first fMRI examination itself independent of the paradigms. 
Thus, a mock fMRI at baseline could be of advantage if the real examina-
tion could not be performed for any reason as in our study. 
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Another reason for the observation of only subtle effects could be that 
we studied a young, healthy study population. Larger, more robust findings 
could potentially have been observed if studying patients with a poor mental 
health and/or altered gut-brain axis signalling. Accordingly, probiotics were 
demonstrated to alter brain activity in irritable bowel syndrome (IBS) pa-
tients with comorbid depression 102. At the same time, studies in healthy 
subjects are important to lay the groundwork for future studies in patient 
cohorts. 

We have chosen to report nominal p-values whenever our results did not 
pass multiple comparison correction. fMRI is a research method with a huge 
multiple testing problem and it is controversially discussed how to deal with 
that issue 161. Thus, in this study a very conservative method for multiplicity 
correction – Bonferroni – was applied for fMRI activation analysis. Results 
have been reported before and after multiplicity correction, in order to still 
allow hypothesis generation – one of the major purposes of a proof-of-con-
cept study. Also, for this very reason, predefined areas have been reported 
alongside non-predefined areas. Similarly, first a more exploratory analysis 
approach was employed, followed by a more focused one. 

The study outcomes could have been affected by seasonal effects. All sub-
jects started their participation early in the year and ended before summer. 
The study findings show that time had a significant positive effect on de-
pression symptoms, quality of life and sleep quality – all associated with in 
Sweden highly prevalent (subsyndromal) seasonal affective disorders 162, 163. 
Yet, the crossover design of this study, should compensate also for such 
effects when comparing the treatment effects (but not when investigating 
time effects). None of the analyses revealed a significant treatment-time in-
teraction, which could have been interpreted as an intervention effect which 
is depended on the length of the intervention period. Thus, a possible sea-
sonal effect should not have created a substantial bias when it came to in-
terpretation of the results. 

Although four weeks might be too short to discover all effects, it is a very 
typical length of intervention for probiotic studies in humans. Apart from 
effects on brain activity and behaviour, also effects on gastrointestinal level 
have previously been reported after four-week intervention periods 98-100, 164, 

165. In our study, effects on e.g. gastrointestinal symptoms have not been
assessed. Additionally, we can only speculate where the observed effects
were initiated – whether via direct microbe-host interactions in the small
intestine or indirectly in the large intestine.
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A putative neuroendocrine mechanism of gut-brain axis 
signalling (paper V) 

Highlights 
Gut microbiota-derived butyrate was able to rescue disturbed transmem-
brane tryptophan transport in fibroblasts (which served as a nervous cell 
model), partly by alterations in the transporter gene expression. 

Results 
In this in vitro study we hypothesised that incubation of fibroblasts – mim-
icking cells of the nervous system, predominantly brain endothelial cells – 
with the microbial metabolite butyrate could alter uptake of the serotonin 
precursor amino acid tryptophan. The latter is often disturbed in conditions 
of oxidative stress as present in several gut-brain axis and neuroinflamma-
tory disorders, amongst others.  

Indeed, we observed that oxidative stress (induced by incubation with 10 
µM H2O2 for one hour) resulted in significantly decreased uptake of tryp-
tophan into the fibroblasts. Treatment of the stressed cells with micromolar 
concentrations of butyrate (500 and 1000 µM for one or six hours) was 
able to rescue this impaired tryptophan uptake. Treatment of non-stressed 
cells with micromolar concentrations of butyrate did not affect tryptophan 
uptake. Lower concentrations (100 µM) had no effect on any of the cells 
(stressed or non-stressed). Treatment with millimolar concentrations of bu-
tyrate (20 and 40 mM) resulted however in an increased tryptophan uptake 
in both stressed (20 and 40 mM for six hours) and non-stressed cells (20 
and 40 mM for one or six hours). 

In order to understand whether the increased transport capacity was 
caused by increased expression of the transporters, gene expression analysis 
of specific subunits of the two main tryptophan transporters – large amino 
acid transporters 1 and 2 (LAT1 and LAT2) – was performed. The oxidative 
stress-induced reduction of tryptophan uptake was not associated with 
changes in the gene expression profiles of these subunits. On the one hand, 
treatment of oxidatively stressed cells with micromolar concentrations of 
butyrate (100, 500 and 1000 µM for one or six hours) was able to increase 
the gene expression of the unique transporter subunits SLC7A5 (unique 
subunit of LAT1) and SLC7A8 (unique subunit of LAT2). On the other 
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hand, treatment of non-stressed cells with micromolar concentrations did 
not affect transporter gene expression. Moreover, treatment of non-stressed 
cells with millimolar concentrations of butyrate (20 and 40 mM for one or 
six hours) increased the expression of those genes, whereas the gene expres-
sion of oxidatively stressed cells was not affected by this treatment. Gene 
expression of the common subunit SLC3A2 (common subunit of LAT1, 
LAT2 and others) was neither affected by incubation with H2O2 nor by any 
of the butyrate concentrations or incubation times.  

The used concentrations and incubation times of H2O2 and butyrate did 
not lead to cell cytotoxicity. 

The results of paper V are summarised in Table 5. 

Table 5. Effect of oxidative stress and butyrate on tryptophan transport in fibro-
blasts – summary of the results (paper V) 

Incubation with Trypto-
phan up-
take into 
the fibro-
blasts 

Gene expression of 
H2O2 Butyrate SLC7A5 

(subunit of 
LAT1) 

SLC7A8 
(subunit of 
LAT2) 

SLC3A2 
(common 
subunit) 

+ - * - - - 
- µM, 1 hr - - - - 
- µM, 6 hrs - - - - 
+ µM, 1 hr ** * * - 
+ µM, 6 hrs ** - - - 
- mM, 1 hr - - * - 
- mM, 6 hrs ** * * - 
+ mM, 1 hr ** - - - 
+ mM, 6 hrs ** - - - 

H2O2 – Hydrogen peroxide; LAT – Large amino acid transporter; SLC – Solute carrier (genes 
encoding for the subunits of the transporters); µM – Incubation with micromolar concentra-
tions of butyrate; mM – Incubation with millimolar concentrations of butyrate;  – Decreased 
tryptophan uptake or transporter gene expression;  – Increased tryptophan uptake or trans-
porter gene expression. *Compared to untreated control cells. **Compared to H2O2 treated 
cells. 

Discussion 
In this in vitro study, we observed that oxidative stress decreased the tryp-
tophan transport capacities but did not affect gene expression of the main 
tryptophan transporters. The microbial metabolite butyrate was able to 
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rescue these oxidative stress-induced disturbances in tryptophan transport, 
as hypothesised. Additionally, butyrate increased the gene expression of 
these transporters in stressed and unstressed cells, even though oxidative 
stress by itself did not affect gene expression.  

The fact that decreased transport capacities due to oxidative stress were 
not accompanied by changes in gene expression of the main tryptophan 
transporters, indicated that the abnormal tryptophan transport was not in-
duced on gene expression level. 

The minimal concentration of butyrate which was able to evoke an effect 
on the tryptophan transport – on the functional level and on the level of 
gene expression – was 500 µM. While micromolar concentrations rescued 
the tryptophan transport and increased the transporters’ gene expression of 
oxidatively stressed cells, they did not affect control cells. These concentra-
tions were higher than, but still close to estimated physiological in vivo con-
centrations 166, 167. However, it is important to note that it is difficult to 
assess concentrations at cell level in vivo (measurements of concentrations 
in blood can only offer an approximation), thus it is uncertain whether the 
applied concentrations are in physiological range. Nevertheless, it could be 
speculated that the lowest concentrations applied in our study were indeed 
close to the physiological concentrations, as micromolar concentrations of 
butyrate seemed to act as a treatment of an altered condition but did not 
affect the physiological state of the cells. Moreover, cell cytotoxicity assays 
showed that none of the used concentrations nor incubation times led to 
cell death. However, whether high concentrations could disturb cell func-
tion remains to be determined. 

The results of this study in a model system could indicate that oxidative 
stress, as often present in affective and gut-brain axis disorders, could neg-
atively affect the transport of the serotonin precursor tryptophan across the 
blood-brain barrier and thus disturb serotonergic activity in the brain. In 
our model system, gut-derived butyrate was able to counteract the abnor-
mal tryptophan transport, and thus it could be speculated that butyrate 
might have therapeutic potential for diseases with abnormal serotonergic 
signalling. The availability of butyrate could be increased via various ways 
such as by increasing butyrate-producing bacteria, oral intake of encapsu-
lated butyrate, or enemas, amongst others. Important to note that butyrate 
might also have local effects on the gut, e.g. by serving as energy source for 
epithelial cells or by potentially affecting the enteric nervous system 168, 169. 
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Limitations and strengths of this study 
The present study was performed in vitro and cannot be directly translated 
to the human setting. In addition, fibroblasts have been used as a surrogate 
which might limit interpretability of the results. Nevertheless, human der-
mal fibroblasts have been demonstrated to express the same amino acid 
transporters as brain endothelial cells 105, 106. However, the use of, for exam-
ple, reprogrammed induced pluripotent stem cells might have provided a 
better approximation, but would have demanded more resources. Nonethe-
less, this study provided insights into a putative mechanism underlying the 
communication between the gut with its microbiota and the brain. 

In this study we have assessed tryptophan transporter function and gene 
expression of the main proteins of the transporters, however, we did not 
assess the intermediate steps, such as protein expression or its transmem-
brane positioning. Such analyses might have led to a better understanding 
of where the effects were initiated. Therefore, a broader spectrum of analy-
sis should be considered for future studies. For example, butyrate has pre-
viously been reported to inhibit histone deacetylase, thus having potential 
to affect gene expression by making the DNA more accessible 170.   

It would have also been interesting to study a potential beneficial preven-
tive effect of butyrate treatment before oxidative stress occurs. This could 
have been investigated by experiments with butyrate pre-treatment of non-
stressed cells and subsequent exposure to oxidative stress. 

In this study, the therapeutic potential of butyrate was assessed by apply-
ing a stressor on cells derived from healthy subjects. Another way to inves-
tigate treatment effects could have been by using fibroblasts derived from a 
patient cohort, such as psychiatric patients or patients with disturbed gut-
brain signalling, such as IBS patients. The study of healthy states with dis-
turbances by a stressor, as done in our study, could be seen as a more stand-
ardised first step to understand underlying mechanisms. As a second step, 
the study of disease states could help towards translatability of the results 
before preclinical or clinical proof-of-concept studies might be initiated. 
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CONCLUSIONS 
This section summarises the main conclusions of the work included in this 
thesis. 

Paper I 
Faecal microbiota transfer (FMT) was able to improve the gastrointestinal 
symptoms of a yet undefined subset of collagenous colitis (CC) patients with 
some effects on psychological and general health. An initial effect on the 
local immune system might have contributed to these effects. 

Further analysis of the samples collected could give an insight in the pos-
sible characterisation of the CC patients that responded to the repeated 
FMTs, e.g. based on their microbiota, potentially identifying patients who 
are most likely to benefit from FMT and further developing personalised 
FMT treatments. 

Papers II-IV 
Probiotic intervention with Bifidobacterium longum, Lactobacillus helvet-
icus and Lactiplantibacillus plantarum was able to evoke subtle changes in 
task-related and resting state brain function in healthy subjects without sub-
stantially affecting gut microbiota composition itself. Also, general health, 
such as depression symptoms and sleep patterns have been slightly, albeit 
non-significantly, improved by the probiotic intervention. Effects on neuro-
endocrine signalling might have played a role.  

Further analysis of the potential underlying mechanisms could contribute 
to the field of personalised medicine for patients with a disturbed gut-brain 
axis signalling. 

Paper V 
The gut-derived microbial metabolite butyrate was able to rescue the 
transport of serotonin precursor tryptophan that was impaired by oxidative 
stress in a fibroblast cell line expressing similar transporters as brain endo-
thelial cells. 

Butyrate could have therapeutic potential in disorders of the microbiota-
gut-brain axis. 
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GENERAL DISCUSSION 
The five papers of this thesis addressed different aspects of the gut microbi-
ota, its modifications and the gut-brain axis.  

Two possible ways of modifying the gut microbiota have been applied. 
In paper I, the gut microbiota of a patient cohort was first removed as good 
as possible by bowel cleansing before a new microbiota from a healthy do-
nor was introduced. This procedure is known as faecal microbiota transfer 
(FMT) and a rather drastic way of modulating the gut microbiota. This 
method carries some risks for the FMT recipient, such as the transfer of 
certain diseases, which is why the donors in this study were carefully 
screened before participation. Although it seems to be a relatively safe treat-
ment option for some diseases such as Clostridioides difficile infections, it 
is still a fairly new method in modern medicine which requires more re-
search. Especially potentially negative long-term effects remain to be deter-
mined. In papers II-IV a milder form of microbiota modification was cho-
sen, namely oral probiotics intake. Not only the modification itself was po-
tentially safer, also a product which is already commercially available was 
administered. This facilitated the use even in a healthy study population. In 
a next step, the probiotic effects should be investigated in subjects with im-
paired health, such as patients with disturbed gut-brain axis signalling. 

The probiotics were able to evoke effects on brain function, without ma-
jor effects on the gut microbiota composition itself (papers II-IV). Whether 
and to what extend the repeated FMTs affected gut microbiota composition 
in MC patients remains to be determined (paper I). Nevertheless, as sug-
gested by previous studies, one could speculate that the effects of FMT on 
gut microbiota composition might have been stronger than the effects of 
probiotics, as FMT affects the entire gut microbial ecosystem 25, 26. How-
ever, similarly as for probiotic effects, the impact of FMT might be host-
specific as far from all patients adopt and retain the newly introduced mi-
crobiota 171. 

In future, it might be of interest to study the effects of combinations of 
different microbiota modifications. Probiotics are already sometimes ad-
ministered in combination with prebiotics. Also, for example, diet recom-
mendations, such as fibre-rich diets, might enhance the effects of probiotics 
and FMT. One could also try to enhance the effect of FMT by subsequent 
probiotic supplementation. A pilot study in patients with slow transit con-
stipation has shown an effect of a combination of antibiotic treatment with 
subsequent FMT followed by intake of prebiotics and probiotics together 
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or prebiotics alone, compared to pre-treatment 172, 173. To the best of my 
knowledge the effect of FMT with pro- and/or prebiotics has not been stud-
ied in a controlled fashion so far. Also, studies of probiotics intake itself as 
a treatment option for MC are rare. One study indicated that probiotics 
intake might reduce gastrointestinal symptoms in collagenous colitis (CC), 
however, the probiotic was not significantly superior to the placebo 174. 
Also, evidence of beneficial probiotic effects in inflammatory bowel disease 
(IBD) are inconclusive 175, 176. 

FMT might act via a stimulation of the immune system. We have seen 
increased lymphocyte infiltration and collagen layer thickness (paper I). Ac-
tivation of especially the mucosal immune system has been reported upon 
FMT also in other diseases, such as irritable bowel syndrome (IBS) 150. In 
the probiotic intervention study, no immune effects have been observed (pa-
pers II-IV), however there is evidence that probiotics supplementation might 
stimulate the immune system, such as in the context of vaccinations or res-
piratory tract infections 177-179. 

Apart from immunomodulatory effects, other mechanisms seemed to be 
involved (paper V). The probiotic mixture applied in papers II-IV resulted 
in serum serotonin concentrations that tended to be higher after the probi-
otic intervention compared to the placebo (paper IV). In a preclinical study, 
the same combination of probiotic strains has been found to alter trypto-
phan metabolism, however in this study only brain levels were investigated 
117. More specifically, hippocampal levels of indoleamine 2,3-dioxygenase 
(IDO1) were decreased after probiotic treatment in a mouse model of 
chronic mild stress. IDO1 is the first enzyme needed for the conversion of 
tryptophan to kynurenine (the alternative end product of the tryptophan 
metabolism apart from serotonin). A reduction of IDO1 activity allows 
more production of serotonin. Another mouse study with a similar model 
of chronic mild stress showed that intragastrically administered butyrate 
increased hippocampal serotonin concentrations 180. These changes were ac-
companied by positive effects on the behaviour of the mice in both studies 
117, 180. Although none of the probiotic bacteria included in our probiotic 
mixture was a so-called butyrate producer (microbes that produce butyrate 
by fermenting predominantly fibres), faecal concentrations of short-chain 
fatty acids (SCFAs) have been found to be increased after Lactiplantibacillus 
plantarum (same species but another strain) intake in triathletes 181. Inter-
estingly, different levels of faecal metabolites have been associated with rest-
ing state brain function in IBS patients and healthy subjects 182, 183. However, 
the analysis of faecal metabolites might not adequately display the
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metabolic activity of the microbiota. Many microbial metabolites, such as 
SCFAs, are rapidly absorbed and utilised in the colon. Thus, levels of faecal 
metabolites might, at least partly, reflect host physiology rather than micro-
bial activity. 
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FUTURE PERSPECTIVES
The clinical studies (papers I-IV) of this thesis had a proof-of-concept and 
mode-of-action character.  

Both studies have shown promising results of the respective interventions 
and provide important knowledge for future studies in larger study groups 
and/or patient groups, amongst others. For the faecal microbiota transfer 
(FMT) study (paper I), this also includes to investigate if FMT could be 
beneficial for patients with lymphocytic colitis (LC), the other subtype of 
microscopic colitis (MC). 

Both studies provided some first indications on possible modes of action, 
and so did the in vitro study in paper V. Nevertheless, most underlying 
mechanisms remain unknown. Future studies should, amongst others, inte-
grate background parameters. We have assessed a variety of such back-
ground parameters (paper I and mainly paper IV), but have not included 
them in an integrative approach yet.  

Likewise, additional biomarkers of the communication between the gut 
and the brain should be assessed. For instance, studies performing FMT 
could also assess brain function – further exploiting its potential as a valu-
able research tool. In addition, studies (both FMT and probiotic studies) 
could include a more detailed characterisation of the intestinal ecosystem, 
such as by an analysis of the metabolome or using metagenomic approaches. 
Ideally, samples alongside the entire gut-brain axis could be collected and 
analysed. Future studies could further apply bioinformatics/ biostatistics ap-
proaches to correlate all these results with each other – potentially leading 
to the discovery of biosignatures. 

In addition, not only the recipients of the respective interventions should 
be carefully characterised. Future studies should also carefully select and 
describe the intervention. In terms of probiotic interventions this means to 
account for species- and strain-specificity. In terms of FMT treatments this 
could mean a standardisation and regulation of the material by e.g. the in-
troduction of synthetic FMTs or stool banks. Once more is known about 
the composition of an optimal, ‘healthy’ gut microbiota, a detailed charac-
terisation of the transplanted material by analysis of the microbiome should 
be routinely performed. Ideally, even analyses of the metabolome together 
with a detailed characterisation of the donors could be performed, amongst 
others. 

A better understanding of the underlying mechanisms would hopefully 
also allow to understand why a subset of a patients may benefit more from 
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a treatment than another, facilitating the identification of the individually 
best treatment option with the lowest risks, i.e. precision medicine.  
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CONCLUDING REMARKS 
Altogether, the work of this thesis has contributed to the knowledge about 
the gut microbiota, its modifications and the gut-brain axis. Faecal micro-
biota transfer (FMT) and probiotic intervention affected the hosts’ gastro-
intestinal, psycho(bio)logical and/or systemic functions. The results of the 
papers included in this thesis indicated that immunomodulatory and neuro-
endocrine mechanisms might have been involved in these effects. Although 
many questions remain, these findings are deemed important in the process 
of identifying modes of action of gut microbiota modifications and their 
benefits on gut and mental health. This and future research in this field will 
hopefully facilitate the development of individualised treatment options. In 
addition, more detailed knowledge on the gut microbiota, its modifications 
and the gut-brain axis might not only be helpful for the treatment but also 
for the prevention of diseases. 
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