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PREFACE 

All Disease Begins in the Gut – as famously said by the Father of Medicine, 

Hippocrates. Recently, this idea has grown roots and spread its ideology across the 

medical research field like a weed, and most non-communicable and/or chronic 

diseases are now being investigated for involvement of the intestinal bacteria, also 

popularly referred to as the gut microbiota. While this notion seems wild, and it surely 

did to me when I was first introduced to the subject, I realized after a few months at 

the Centre for Clinical Research that this may be the new ‘antioxidants’ of the 2000s 

– the cause of every disease with unknown or complicated etiology, and therefore, 

naturally, the solution to it. 

 

To me, neurology and psychiatry have always been the most fascinating medical 

subjects, due to their complicated nature. How can simple neurochemical fluctuations 

result in melancholia? How can emotional trauma undealt with lead to life-long 

suffering despite the constant, everchanging nature of the surrounding world? This 

fascination never left me after I finished my Master’s degree with a focus on 

schizophrenia, and it was therefore a no-brainer that I would jump at the opportunity 

to explore further what the mind had to offer. Although depression has historically 

been recognized for millennia, the origin of it is still unknown and thought to consist 

of complex interactions between several organic systems. Imagine my surprise when 

I found that even the intestinal bacteria may play a vital role in this disorder as well! 

I had to delve deeper into this subject and discover something that might add to the 

current knowledge in this scientific field. 

 

My research objective throughout the last four years have been to examine the gut 

microbiota and its involvement in depression. I will say now, in hindsight, that I 

succeeded in what I set out to do, although my perspective has changed radically 

during the study. In the beginning, I was enthusiastically convinced that the intestinal 

microbes certainly were involved in the development and severity of depression. 

During the study design, the recruitment of participants, the transplantation of fecal 

matter into rats, the data synthesis and the article writing, nuances kept appearing to 

give me a broader perspective. Occam’s Razor is not always the solution, and the gut 

microbiota is such an intricate system that it was foolish and naïve to think that it 

may provide me with a simple answer to a complex question: Is there a depressed 

gut? Read the thesis to see how I tried to answer that question. 

 

The clinical work was conducted at the Department of Psychiatry, Aalborg 

University Hospital, Aalborg, Denmark, and the animal research was conducted at 

Translational Neuropsychiatry Unit, Aarhus University, Aarhus, Denmark. All 

laboratory work was performed at the Centre for Clinical Research, North Denmark 

Regional Hospital, Hjørring, Denmark.  
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ENGLISH SUMMARY 

Background: In recent years, it has been suggested that the gut microbiota may be 

involved in major depressive disorder (MDD) by both animal and clinical studies. 

However, the studies conducted so far have only provided limited results depending 

heavily on which methods were used to determine the gut microbiota composition. 

Therefore, it is necessary with additional studies consisting both clinical experiments, 

as well as new animal models, to conclude if there is indeed an association between 

the gut microbiota and MDD 

 

Aims: The overall aim of the study was to analyze the possible association between 

gut microbiota and MDD. Furthermore, we wished to explore if the gut microbiota 

of patients with MDD could elicit a depressive-like behavior in an animal model. 

 

Methods: Initially, we performed a systematic literature search to evaluate the 

studies conducted on patients with MDD thus far. In the animal study, we 

transplanted fecal material from patients with MDD (FMT-MDD) or non-depressed 

individuals (FMT-Healthy) into rats thrice a week for three weeks. Additionally, we 

included two control groups. After the three weeks of FMT, we analyzed the 

depressive behavior of the animals. In the clinical study, we recruited young patients 

diagnosed with MDD with no prior antidepressant treatment, as well as non-

depressed individuals (nonMDD). Participants donated fecal samples at baseline, and 

at four and twelve weeks follow-up. Patients commenced antidepressant treatment 

after delivery of the baseline sample. The gut microbiota composition was evaluated 

by 16S rRNA gene sequencing in both the animal and the clinical study.    

 

Results: The literature study revealed that most previous studies observed 

significantly different gut microbiota in their patients with MDD compared to non-

depressed controls. However, there was a lack of consensus on which bacteria were 

significantly altered between the two groups. In the animal study, there was a 

difference in depressive behavior between the FMT-MDD and the FMT-Healthy rats, 

but not between the FMT-MDD rats, and control rats. There were several individual 

taxa, originating from the human donors, which were significantly different between 

the FMT-MDD and the FMT-Healthy rats. In the clinical study, we also found 

bacteria which were significantly different between the MDD and nonMDD groups. 

Moreover, some bacterial taxa changed in the MDD group during the twelve weeks 

follow-up.  

 

Conclusions: In all three studies, it was possible to separate the MDD and its control 

group based on individual bacteria. Nevertheless, it was not possible in the 

experimental studies to separate the two groups based on overall microbial diversity. 

Our findings therefore suggest that changes induced to the gut microbiota is visible 

in distinct taxa rather than in the overall gut microbiota diversity. 



DANSK RESUME 

Baggrund: I de seneste år er en sammenhæng mellem tarmens mikrobiota og 

depression (MDD) blevet foreslået igennem både dyrestudier og kliniske studier. Dog 

har studierne publiceret indtil videre kun givet begrænsede resultater, hvilket er dybt 

afhængigt af hvilke metoder de har brugt til at karakterisere sammensætningen af 

tarmbakterier. Derfor er det nødvendigt med yderligere studier i både et klinisk 

setting, og med nye dyremodeller, for at kunne konkludere om der vitterligt er en 

sammenhæng mellem tarmens mikrobiota og MDD.  

 

Formål: Det overordnede formål med studiet var at analysere den potentielle 

sammenhæng mellem tarmens mikrobiota og MDD. Yderligere ønskede vi at 

undersøge om tarmbakterier fra patienter med MDD kunne inducere en depressiv-

lignende adfærd i en dyremodel. 

 

Methods: Først lavede vi en systematisk litteratursøgning for at evaluere de studier 

der var udført på patienter med MDD indtil videre. I dyreforsøgene transplanterede 

vi fæces fra patienter med MDD (FMT-MDD) eller ikke-depressive individer (FMT-

Healthy) ind i rotter tre gange over tre uger. Derudover inkluderede vi også to 

kontrolgrupper af rotter. Efter tre ugers FMT analyserede vi dyrenes adfærd. I det 

kliniske studie rekrutterede vi unge patienter med MDD uden tidligere antidepressiv 

behandling, samt ikke-depressive individer (nonMDD). Deltagerne donerede 

afføringsprøver ved baseline, samt ved fire og tolv ugers opfølgning. Patienterne 

opstartede deres antidepressive behandling efter indleveringen af baseline prøven. 

Tarmens mikrobiota sammensætning blev undersøgt via 16S rRNA gen sekventering 

i både dyrestudiet og det kliniske studie.        

 

Resultater: I litteraturstudiet fandt vi at næsten alle tidligere studier havde observeret 

bakterier der var signifikant forskellige mellem MDD og non-depressive individer. 

Dog var der ingen konsensus om hvilke specifikke bakterier der var de signifikant 

forskellige mellem de to grupper. I dyrestudiet fandt vi at der var en forskel i den 

depressive adfærd mellem FMT-MDD og FMT-Healthy rotterne, men ikke mellem 

FMT-MDD gruppen og de to kontrolgrupper. Der var flere bakterier der var 

signifikant forskellige mellem FMT-MDD og FMT-Healthy rotterne, som kunne 

genfindes fra de humane donorer. I det kliniske studie fandt vi også bakterier der var 

signifikant forskellige mellem MDD og nonMDD gruppen. Yderligere fandt vi at 

nogle af bakterierne ændrede sig under de tolv ugers opfølgning. 

 

Konklusioner: I alle tre studier var det muligt at separere MDD  og kontrol gruppen 

baseret på individuelle taxa. Dog var det ikke muligt i de eksperimentelle studier at 

separere de to grupper baseret på den overordnede mikrobiel diversitet. Vores fund 

indikerer derfor at ændringerne i den overordnede bakterielle sammensætning 

primært kan ses i individuelle bakterier, end på den generelle diversitet.  
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CHAPTER 1. BACKGROUND 

1 

CHAPTER 1. BACKGROUND 

1.1 GUT MICROBIOTA  
Microbiota  is a term covering the entirety of all microorganism living within a habitat, 

such as bacteria, viruses, and eukaryotes (1). Usually, the term ‘gut microbiota’ is 

used interchangeably applying to all living microorganisms in the gastrointestinal  

tract (2), but commonly, the term is used to refer to the collective bacterial population 

in the gut (3). 

 

1.1.1 COMPOSITION 
Overall, it is estimated that there is roughly one bacterial cell per human cell in an 

adult male body. Correspondingly, with a total of 200 grams of bacteria in the human 

body, this makes up only 0.3% of the total human body weight (4). Nonetheless, the 

number of bacteria of the human gut microbiota depends on the specific segments of 

the gastrointestinal tract. The upper gastrointestinal tract, consisting of the oral cavity, 

the stomach and the small intestine, has an estimated 103-104 bacteria per gram of 

intestinal content (5). In the lower gastrointestinal tract, as transit time slows down, 

the number of bacteria rises exponentially to 1010-1011 bacteria per gram of intestinal 

content (5).  

 

Most studies investigate the human gut microbiota by collecting fecal samples (6). 

Early studies of the individual humans found that there was a high diversity of bacteria 

in the human gut microbiota analyzed from fecal samples (7). Several large consortia 

has attempted to generalize the healthy human gut microbiota using next generation 

sequencing techniques. The Human Microbiome Consortium (8) and the MetaHit 

Consortium (9) were the some of the first large-scale American and European studies, 

sampling and analyzing the gut microbiota of 242 and 124 adult humans, respectively. 

Since then, several large-scale population studies have performed next generation 

sequencing of the gut microbiota. Recently, a study sampled 11,850 adults and found 

that the majority of bacteria belonging to the human gut belong to the phyla 

Firmicutes, Actinobacteria, Bacteroidetes, Tenericutes and Proteobacteria, with a 

small fraction belonging to other phyla (10) (see Figure 1 for the relative abundance 

of bacterial taxa). With higher resolution through next generation sequencing, it 

became obvious that several of the human gut bacteria still remain unclassified and 

uncultured (10).  

 

The exact composition of the human gut microbiota remains difficult to define, as it 

is highly personalized and individually adapted to its host genotype (11). Therefore, 

there is a high degree of inter-individual variation (8). Some studies suggested that 

the gut microbiota can be divided into ‘enterotypes’ defined by their relative ratio of 

specific genera, namely Bacteroides (type I), Prevotella (type II) or Ruminococcus 

(type III) (12). These enterotypes consist of distinctive clusters of bacteria dependent 

on which nutrients they rely on as their primary energy source. Initially, next 

generation sequencing analyses struggled to define a ‘core set’ of species-level 
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bacteria present in all humans (13, 14). More recently though, population-level 

analyses of pooled datasets from national and global studies have found bacteria 

putatively present in all study subjects (15, 16). Twin studies have confirmed an 

interplay between host genetics and gut microbiota composition (17, 18), which has 

likewise been examined in mother-infant cohorts during the development of the 

human gut microbiota. As a core microbiota has been identified amongst humans, and 

that it has been shown to be affected by genetic dispositions, the gut microbiota may 

also be associated with several diseases. 

 

 

1.1.2 DEVELOPMENT 

It is well-known that the human gut microbiota is obtained primarily by vertical 

transfer from the mother (19), but it is continuously disputed if the colonization begins 

in utero or at birth (20). Some argue that in utero transmission of maternal gut 

microbiota is confirmed by detection of bacteria in the placenta (21), fetal membranes 

(22), umbilical cord blood (23) or amniotic fluid, while others confer these results to 

extra-maternal contaminants (24). However, birth is a main impact of the development 

and structure of the gut microbiota. Mode of delivery, gestational age at delivery and 

nutritional type were found to impact the development of the gut microbiota up until 

Figure 1 – Relative abundance of bacterial taxa in the human gut at taxonomic 
levels phylum, class, order, family and genus. Adapted from (10)  
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24 weeks of age in a study (25). In vaginally-delivered children, the infant is colonized 

by bacteria enriched in the maternal vagina, such as the genera Prevotella, 

Lactobacillus and Sneathia (26). Conversely, children born by cesarean section are 

dominated by bacteria predominantly inhabiting the skin of the mother, such as the 

genera Streptococcus and Propionibacterium (25, 27). In vaginally-delivered children 

fed with breastmilk, the neonatal gut microbiota is characterized by low diversity. 

Colonization by facultative anaerobes such as Streptococcus, and Lactobacillus drives 

the transformation of the gut lumen towards anaerobic conditions (19).  

 

As the infant ages, the gut microbiota diversifies to include several obligate anaerobes 

such as the genera Bifidobacterium and Clostridium, which colonize the gut within 

the first weeks of life (28, 29). The majority of these taxa derive their energy from 

human milk oligosaccharides (30). When solid foods are introduced into the diet, a 

further shift is driven in the gut microbiota diversification, giving rise to increases in 

genera such as Bacteroides (31, 32). At one year of age, the gut microbiota of the 

infant resembled that of their mother, although with increased complexity and 

diversity than during the first weeks of life (33). The gut microbiota stabilizes into a 

complete, fully developed entity at approx. three years of age (34) and is henceforth 

temporally stable during adulthood (35), unless disturbed by external factors. Even 

though there is still a dispute on whether the colonization in the infant begins in utero 

or at birth, it is nevertheless clear that the structure remains stable in the adult. 

Therefore, structural differences between groups of people may be clinically relevant 

for studies of diseases with complex etiologies.  

 

1.1.3 INFLUENCE OF INTRINSIC AND EXTERNAL FACTORS  
Several intrinsic and external factors can influence the growth, and expansion of the 

gut microbial composition, as illustrated in Figure 2. The local environment, such as 

pH, oxygen concentration, transition time, and water content affects the gut 

microbiota composition. The large density and diversity of the colonic 

microorganisms is partially explained by constant and active mixing through colonic 

muscle contractions, which limits complete bacterial expulsion upon defecation (36, 

37). As roughly half of the bacterial biomass is lost daily through defecation (38), 

colonic bacterial replication and growth is necessary to replenish the lost mass.  
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Fluctuations in local pH, 

which happens segmentally 

throughout the 

gastrointestinal tract, can 

affect the growth rate of 

specific bacterial taxa, and 

this is regulated by 

secretions of bicarbonate by 

the intestinal epithelium 

(36). For example, the lower 

the local pH, the higher the 

competitive advantage for 

taxa belonging to the 

Firmicutes phylum, as these 

bacteria tolerate slightly 

acidic environments better 

(39). The local pH is also 

influenced by luminal water 

content, which in turn is 

regulated by transit time and 

colonic motility (40), affecting the gut microbiota composition (41). Bacterial 

richness is inversely correlated with increased fecal water content, and species 

belonging to the Bacteroidetes phylum have the competitive advantage at higher pH, 

which often follows higher water content (15, 41). Transverse oxygen gradients from 

the colonic lumen to the apical epithelial surface also impacts the gut microbiota 

composition, and aerotolerant bacteria are primarily associated with the mucosal 

surface, while obligate anaerobes are enriched in the bowel lumen (42). 

 

While local biochemical variations can affect the competitive advantage of different 

bacterial taxa, external environmental factors also impact the overall composition and 

function of the gut microbiota. Diet is widely known to transform the intestinal 

microbes depending on the primary source of nutrients (43). Diets rich in refined 

sugars and animal-derived fats and proteins, often termed the western diet, has been 

linked with loss of bacterial diversity (44). This is furthermore recognized in studies 

assessing the gut microbiota of different geographical locations by comparisons 

between rural populations and developed countries such as the United States (34, 45, 

46). Dietary restrictions and preferences are the primary driving factors of significant 

differences in bacterial composition rather than geographical location (47). This is 

observable in the western diet for example, as there is a loss of Bacteroidetes, 

compared to a diet richer in fibers and vegetables (48), and dietary restrictions also 

correlate with enterotypes (49).  

 

Just as nutrient intake afflicts the microbial composition, types and duration of 

medical treatments also influences the bacterial population (15). Virtually all 

Figure 2 - Environmental effects on gut microbiota 
composition. Left: biochemical. Middle: dietary. 
Right: xenobiotic.  
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xenobiotics has an impact on individual bacterial taxa, as was illustrated in an in vitro 

study of 40 gut isolates incubated with 1,079 different compounds. The majority of 

the drugs are given as oral administration, and have human cell molecular targets, yet 

still impose an anti-bacterial effect on gut microbes (50). The medical treatment with 

the highest impact on gut microbiota is without question antibiotics given to combat 

infectious diseases. Both narrow- and broad-spectrum antibiotics can have sustained 

community-wide effects on the gut microbiota composition such as permanent or 

prolonged loss of distinct taxa (51-53). Some effects were conserved amongst all 

patients, such as loss of bacterial diversity, while others were highly individualized, 

such as the recovery of individual taxa. Other such effects are increased susceptibility 

to pathogenic growth due to loss of colonization resistance by the gut microbiota (54), 

as well as diarrhea imposed by increased gut motility due to serotonin depletion (55). 

Additionally, ingestion of xenobiotics stimulate temporal expression of genes 

involved in drug resistance and  drug metabolism in the gut microbiota (56). The effect 

of xenobiotics on the gut microbiota may affect the structural properties, which could 

be either beneficial in a disease perspective, or detrimental to health-beneficial 

bacteria.  

 

1.1.4 FUNCTIONS OF THE GUT MICROBIOTA  
While the gut microbial 

structure constitutes a high 

diversity of bacteria, there is 

a high degree of functional 

redundancy amongst 

members of the gut 

microbiota, with 

conservation of several 

microbial genes across 

genetically diverse species 

(57). Recently though, the 

functional redundancy of the 

intestinal microbes has been 

explained by some 

researchers as a resilience 

method in response to 

external perturbations (58). 

Despite the functional 

redundancy, the gut 

microbiota has a wide 

variety of mutualistic 

functions, such as priming and regulating the immune system, protection from foreign 

pathogenic invaders, and production of host-beneficial vitamins and metabolites (see 

Figure 3).  

 

Figure 3 – Functions of the gut microbiota. 
Development of the immune system (left), protection 
against foreign pathogens (middle) and production of 
host-dependent nutrients and vitamins (right).  
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Just as the gut microbiota changes composition and diversity during the first years of 

human life, the intestinal commensals themselves coordinate the development of a 

fully functioning immune system. This is not only a complete necessity to fully 

combat pathogenic infections later in life, but is equally as important in the maturation 

of tolerance to self-, commensal- or environmentally-associated antigens (59). If the 

immune system is not primed to tolerate the gut microbiota, this would result in an 

overt, chronic inflammatory state along the entirety of the gastrointestinal tract due to 

the constant microbe-host interactions. Lymphoid tissue along the gastrointestinal 

tract develop during the first years of life as a result of commensal interaction with 

epithelial cell receptors (60). The innate immune response is refined by priming by 

several molecular-associated molecular patterns. For example, bactericidal c-type 

lectins are expressed by Paneth cells in response to gram-positive bacterial 

peptidoglycans (61), while specialized secreted immunoglobulin A compartmentalize 

intestinal bacteria to the gut lumen by agglutination (62, 63). The adaptive immune 

response is also dependent on bacterial-host interactions for maturation. Prolonged 

exposure to bacterial components, such as the gram-negative cell wall molecule 

lipopolysaccharide (LPS), is registered in the neonatal gastrointestinal tract by Toll-

like receptors. This leads to impairment of inflammatory mediators (64) and a 

subsequent hypo-responsiveness to receptor activation in adulthood (65). Likewise, 

the gram-negative capsule component polysaccharide A assists in the maturation and 

regulation of a proper TH1/TH2 immunological balance (66). Even after complete 

immune function maturation, several species of the gut microbiota confer continuous 

regulatory effects, such as the anti-inflammatory properties of Faecalibacterium 

prausnitzii (67). 

 

Colonization resistance of foreign pathobionts in the gastrointestinal system by the 

gut microbiota are facilitated by several mechanisms (68). The first ‘defense’ 

mechanism by the gut microbiota is limiting nutritional components, such as the 

ability to utilize specific sugars, thereby gaining the competitive advantage against 

genetically similar species lacking this ability (69). This has furthermore been 

examined in animal models, wherein restriction of iron availability by E. coli limited 

pathogenic infection by Salmonella typhimurium (70). Another mechanism is 

limitation of host-derived signaling molecules necessary to induce virulence genes 

(71). This ability to hinder opportunistic infections can therefore be transiently lost 

during antibiotics exposure (54). Alterations in microbial functionality have not yet 

fully been explored for other xenobiotics (72). Host-produced antimicrobial 

components can be metabolized by the gut microbiota to further enhance their 

properties or target them against specialized bacterial strains. Species belonging to 

Clostridium can for example convert primary bile salts into deoxycholic acid, which 

is highly bactericidal against taxa such as Staphylococcus aureus (73, 74). Taxa of the 

gut microbiota can also produce antimicrobial peptides such as bacteriocins with 

species-specific bactericidal effects (75). One such bacteriocin is the Lactobacullis-

derived lantibiotic nisin which targets lipid particles in the bacterial cell wall (76). 

 



CHAPTER 1. BACKGROUND 

7 

In the gastrointestinal tract, bacterial inhabitants are evolutionarily adapted to survive 

under harsh living conditions (77). Just as the intestinal bacteria are affected by several 

parameters in the local milieu, they also regulate the local biochemical balance. The 

majority of bacteria of the gut microbiota produce energy through fermentation, and 

their acidic end-products are secreted into the gut lumen, lowering the local pH (36). 

These short chain-fatty acids (SCFAs), namely acetate, propionate and byturate, are 

metabolized from undigestible carbohydrates by several species in the gut (78) and 

are known for different functions. Firstly, SCFAs serve as the primary energy source 

of colonic enterocytes (79). Secondly, they are also involved in microbial cross-

feeding (80), promoting the growth non-SCFA producers such as some species of 

Bifidobacterium (81), further expanding the diversity of the gut microbiota. Moreover, 

SCFA signaling  in enterocytes promotes mucin production (82), improves intestinal 

barrier function by stimulating intercellular tight junction protein (TJP) expression 

(83), and regulate several inflammatory responses (84). Bacterial signaling 

additionally occurs between intestinal taxa and foreign bacteria, where SCFAs 

downregulate virulence factors (85). Other than SCFAs, the gut microbiota 

additionally mutually benefit the host by biosynthesis of essential amino acids (86) 

and vitamins (87, 88), which cannot be produced de novo by the host. Structural 

differences in gut microbiota composition leading to alterations in the functional 

capacity may be involved in disease development, severity and response to treatment.  

 

1.1.5 DYSBIOSIS 
Normally, gut microbiota in homeostasis with its human host is termed as eubiotic, or 

in eubiosis. Recently, the term ‘dysbiosis’ has been used to characterize disruptions 

in the gut microbiota composition. But consensus on the use of the term, and its 

distinct definition, has not yet been established in the research community, which is 

illustrated in the paper by Hooks et al., as seen in Figure 4. Here, they found that 

dysbiosis is loosely interpreted as corresponding to changes, overall or specific in the 

gut microbiota structure, or more diffusely as an imbalance (89). Historically, 

dysbiosis was first used in the context of microbiology by the microecologist Helmut 

Haenel, whom described ‘dysbiotic state of the gut’ diverting from that of a normal, 

eubiotic state (90). The practice of using probiotics, bacterial strains with beneficial 

properties, stem from the belief that the effectiveness of such a treatment is the 

amelioration of the underlying dysbiosis (66). Additionally, other prominent 

researchers have argued how a shift in relative abundance of core bacterial taxa could 

result in a skewed development of TH17 and Treg cells, which regulate immune 

responses, resulting in manifestations of disease (91, 92). Dysbiosis is also broadly 

defined as expansion of pathogens at the expense of beneficial taxa, as well as reduced 

bacterial diversity (93). This is however still being debated, as several researchers 

argue that it is impossible to discern between the chicken and the egg – whether 

dysbiosis should be considered the cause of the effect (94). Nevertheless, dysbiosis is 

largely used as a term for significantly different gut microbiota in one population 

cohort compared to another, and this thesis will employ the term in such a context.  
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Transient dysbiosis can be defined based on time and external influential factors. It is 

widely recognized to arise in patients receiving antibiotic treatment, defined as 

depletion of bacterial strains, extensive loss of diversity, and in some cases only partial 

recovery (51-53). Furthermore, antibiotics use may have long-term consequences, as 

epidemiological studies have found increased risk of developing immunological, 

psychiatric, or metabolic disorders later in life if the gut microbiota was disrupted 

during childhood (95-98). Another external influence on gut microbiota dysbiosis is 

diet. In animal studies, supplementing animals with a high-fat diet corresponding to 

the beforementioned western diet resulted in structural variations in 57 % of the gut 

microbiota, which was associated with the development of metabolic syndrome (99). 

The western diet is not only correlated to lower intestinal bacteria diversity in humans, 

but is also associated with different diseases, such as inflammatory bowel disorders 

(100, 101). Dietary preferences and restrictions may therefore exacerbate dysbiotic 

states (102), which has also been associated with the development or aggravation of 

chronic diseases (102, 103). 

 

In general, the gut microbiota composition appears to play a major role for our well-

being as investigated by several clinical studies. Intriguingly, the gut microbiota is 

altered in several psychiatric disorders, such as depression (104-121), schizophrenia 

(122), autism (123), attention deficit-hyperactivity disorder (124, 125) and  bipolar 

disorder (126, 127). A significantly different gut microbiota composition has likewise 

been observed in autoimmune diseases such as inflammatory bowel disorders (128-

130) and rheumatoid arthritis (131), endocrine disorders such as obesity and metabolic 

syndrome (17, 132-134) and type 1 and type 2 diabetes, (135-138), cardiovascular 

diseases (139) and neurological disorders such as Parkinson’s disease (140, 141) and 

multiple sclerosis (142).  

 

 

Figure 4 – Definitions of dysbiosis. Adapted from (88) 
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1.2 DEPRESSION 

1.2.1 PREVALENCE, SYMPTOMS AND BURDEN 
Depression is a mood disorder 

diagnosed according to criteria 

defined by the Diagnostic and 

Statistical Manual of Mental 

Disorders (143) or the 

International Classification of 

Diseases (144). There are 

slight variations in their 

definitions of core symptoms, 

but they include depressed 

mood, loss of energy and/or 

anhedonia during a minimum 

period of two weeks in 

combination with several of 

the symptoms described in Box 1. Generally, major depressive disorder (MDD) is 

characterized by a combination of affective, cognitive and vegetative symptoms (145, 

146). There is a high degree of inter-variability in symptom profiles amongst patients 

with MDD, which was exemplified in a study of the “Sequenced Treatment 

Alternatives to Relieve Depression” participants (147). Here, it was found that the 

combination of the nine different symptoms defining MDD according to the 

Diagnostic and Statistical Manual of Mental Disorders could create 1,030 unique 

symptom profiles out of the 3,703 included patients (147). There are several risk 

factors for developing depression, such as female sex, as women are almost twice as 

likely as men to be diagnosed with MDD (148). Other risk factors include poor socio-

economic status (149), a family history of MDD (150), perceived social isolation 

(151), smoking (152) and low physical activity (153), as well as obesity (154) and 

poor dietary choices (155). MDD can be a singular episode, recurrent, or chronic (156, 

157) and relapse has been found to be the rule rather than the exception (158). 

 

The global prevalence of depression varies between countries, with lifetime rates from 

1.5 per 100 adults in Taiwan to 19.0 per 100 adults in Beirut (159). In the Danish 

population, the most recent publication estimated that 3.2 % of the adult population 

was diagnosed with MDD with an incidence rate of 270 per 100,000 capita between 

2011-2015 (160), and surveys estimated a similar prevalence (161). In Europe, direct 

and indirect costs of MDD also vary widely, possibly due to differences in study 

design (162), while the Danish annual direct cost was calculated to €1.2 billion (160). 

Not only is MDD one of the leading economic burdens in medical expenses, but it is 

also a primary cause of disability and low quality of life (163, 164). The Global 

Burden of Disease Study from 2010 found that MDD was the cause of 2.5% of global 

disability-adjusted life years, which is the sum of years lost to premature mortality, 

and years lived with disability (165). Cross-national assessments have also reported 

high comorbidity rates between chronic physical disorders and MDD, which was 

Box 1 – An overview of symptoms in depression 
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furthermore associated with significantly lower health scores (166). Nevertheless, 

while the global economic and life quality burden of MDD is high, intervention is 

cost-effective in averting disability-adjusted life years (167). 

 

1.2.2 PATHOPHYSIOLOGY 
MDD is believed to be caused by environmental stressors in combination with genetic 

susceptibility (168). Although no evidence-based, definitive combination of genetic 

predispositions have been proposed, several risk variants have been identified for 

MDD (169), some of which are sex-specific (170). These reside in loci involved with 

neuronal development, gene expression regulation in the brain, synaptic function and 

transmembrane adhesion (169). Environmental factors include emotional traumas, 

although separation from genetic influence is difficult (171). Gene-environmental 

interactions have been consistently reported, with one of the more investigated 

associations in the literature being polymorphisms in the 5-HTT gene in combination 

with stressful life events and subsequent diagnosis with MDD (172). A high degree 

of patient variations in disease presentation nonetheless confound generalizability, 

which furthermore emphasize the difficulty in building a reliable model of 

pathophysiology for MDD. This is emphasized by a study examining single 

nucleotide polymorphisms, where no gene X environment interactions were found to 

reach statistical significance (173). Functionally though, many neurobiological 

hypotheses are evidence-supported, albeit they cannot sufficiently and independently 

of each other explain the individual disease presentation. 

 

     Neurotransmitter alterations 

It has been suggested that the heterogeneity of MDD may arise from neural circuit 

dysfunctions in response to external stimuli (174), which can derive from altered 

neurotransmitter signaling and availability. A relation between specific 

neurotransmitter dysfunctions and specific symptoms has also been proposed: 

Obsession, compulsion and anxiety due to serotonin deficiency; energy loss, low 

alertness, inattention, cognitive dysfunction and difficulty concentrating due to lack 

of norepinephrine; and reduced motivation, pleasure and reward seeking due to 

depleted dopamine (175).  

 

Historically, the monoamine hypothesis of MDD arose in the 60s when the excitatory 

neurotransmitters catecholamines, and the indolamine serotonin were proposed as 

deficient in MDD brain signaling (176, 177). This is supported by increased serotonin 

transporters in the prefrontal cortex in MDD (178), and reduced binding potential of 

serotonin receptors (179). This suggests limited serotonin availability and thereby 

reduced neural activation. One of the catecholamines, norepinephrine, binds to the 

α2A-adrenoceptors. These were found to have altered density and binding potential  

(180), while the norepinephrine transporter was decreased (181) in autopsy studies of 

MDD. This suggests that depletion of norepinephrine leads to depressive symptoms. 

One of the core symptoms of MDD, anhedonia, is believed to be linked to dysfunction 

in the reward system, which is primarily facilitated by dopamine signaling (182). 
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Patients with MDD have reduced striatal response to reward (183), and lower striatal 

dopamine transporter binding (184), possibly by downregulation due to depletion of 

dopamine (185). Combined, lack of neurotransmitter signaling by serotonin, 

norepinephrine and dopamine are well-known components of MDD pathology.  

 

Newer hypotheses introduce other neurotransmitters as manifestations of MDD 

features. Neurogenesis in the hippocampus is partly mediated by γ-aminobutyric acid 

(GABA)-mediated proliferation and maturation (186, 187). As reduced neurogenesis 

is implicated in the etiology of MDD, this suggests loss of GABA-mediated signaling 

(188). Reductions in GABAergic neurons in prefrontal (189) and occipital cortices 

suggests a change in ratio of excitatory (serotonin/norepinephrine/dopamine) and 

inhibitory (GABA) neurotransmitter levels (190). The excitatory neurotransmitter, 

glutamate, has likewise been proposed to be involved in MDD signaling (191), as 

glutamatergic synapses are involved in emotional cognitive processing (192). 

Abnormal glutamate transmission has been associated with maladaptive changes in 

MRI scans of neuroplasticity (193), and there is aberrant glial reuptake and 

metabolism of glutamate in several brain regions involved in MDD (194-196). 

Overall, several neurotransmitter systems are implicated to be deficit in MDD. 

 

     Neuroplasticity reductions 

Neuroimaging studies have provided great insight in anatomical and functional 

deficits in neural systems in MDD. Loss of overall cerebral volume in the prefrontal 

cortex has been reported in both post-mortem studies (197) and in the prefrontal 

cortex, hippocampus and caudate nucleus in neuroimaging studies (193). More 

specifically, white matter microstructural changes have been observed (198-200), as 

has reduced grey matter volumes in the hippocampus, amygdala and prefrontal cortex 

(201-203). These are cortical areas responsible for executive functions and emotional 

processing (204, 205). Brain-derived neurotrophic factor (BDNF) is a neuronal 

growth factor that has been found depleted in postmortem analyses of the cerebral 

cortex of patients with MDD (206). On the other hand, reductions in hippocampal 

volume is not associated with MDD severity (207), and plasma concentrations of 

BDNF does not correlate with MDD symptoms (208).  

 

     Neuroendocrine hyperactivity 

Hypercortisolism has been observed in MDD (209, 210), and is believed to be caused 

by adrenal hypertrophy (211) due to hypersensitivity to adrenocorticotrophic 

hormonal stimulation (212, 213). Elevated hypothalamus-pituitary-adrenal gland axis 

stimulation and subsequent secretion of cortisol is considered a hallmark of both stress 

and MDD (214). The hypothalamus responsible for secretion of corticotropin-

releasing hormone is subject to GABAergic inhibitory control by the hippocampus 

(215). Prolonged stress, and thereby release of cortisol, is suggested to result in loss 

of hippocampal GABAergic interneurons (216). This could explain hippocampal 

volume reductions in MDD (203), and link hippocampal neuropathology and 

neurotransmitter deficiency to hyperactivity in the hypothalamus-pituitary-adrenal 
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gland. Additionally, cortisol signaling is immunosuppressive (217), but prolonged 

endogenous glucocorticoid production have been found to promote pro-inflammatory 

responses (218).  

 

     Neuroimmune deficits 

Inflammatory processes in MDD are interpreted as a dysfunctional response to 

psychosocial stressors devoid of actual pathogenic infection, also known as the 

‘pathogen host defense’ (219). Chronic stress leads to prolonged secretion of cortisol 

resulting in downregulation of glucocorticoid receptors on white blood cells. This 

makes them less responsive to anti-inflammatory signals and leads to upregulation of 

pro-inflammatory processes (220). There may be sex-specific responses to increases 

in pro-inflammatory signals, as women demonstrate increased depressed mood in 

response to LPS exposure (221), highlighting the observed increased risk of MDD in 

women (222). The concentration of pro-inflammatory cytokines such as interleukin-

6 (IL-6) and tumor necrosis factor-α (TNF-α) are elevated in the plasma of patients 

with MDD according to meta-analyses (223, 224). Furthermore, the concentration of 

the cytokines IL-1β and TNF-α hasB been associated with MDD severity in treatment-

naïve patients (225). Increased pro-inflammatory cytokines in plasma has been shown 

to alter metabolism of serotonin and dopamine, as well as stimulate cortisol secretion 

(226), effectively coupling neuroendocrine and neuroimmune alterations in MDD. In 

addition, overproduction of pro-inflammatory cytokines inhibits BDNF production 

(227), furthermore linking neuroplasticity deficits with neuroimmune changes in 

MDD. 

 

1.2.3 COMMON TREATMENT OPTIONS 

At present time, there is no cure for MDD, and treatment is therefore primarily applied 

to provide symptom relief and lower the risk of recurrent episodes. Response to 

treatment is therefore defined as noticeable improvement in symptoms (often 50% 

reductions in symptoms), while remission is the near absence of symptoms (228). In 

this study, patients initially received a first course of pharmacological treatment, 

where approx.. 30% of patients reach remission, while approx.. 50% responded to the 

treatment (229), which is below a satisfactory level. Additionally, there is a high 

degree of spontaneous remission in untreated patients with MDD (230), but 

recurrence of depressive episodes is common (231). Pharmacological treatment is 

often combined with cognitive therapy (232), which can also be effective on its own 

(233). Nevertheless, literally hundreds of randomized clinical trials have proven the 

efficacy of antidepressants over placebo (234). Despite this, a moderate placebo-effect 

is commonly observed in patients with MDD, which can account for upwards of 67% 

of the treatment response (235). However, treatment-response has proven to be 

complex. For example, there is a temporal discrepancy between the molecular effect 

on monoamine availability (immediate) and the subsequent therapeutic effect (days, 

weeks) (236, 237), while genetic polymorphisms can predict treatment response and 

side effects (238). 
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The main function of many antidepressants used today is through monoamine 

signaling due to the discovery that drugs which increase extracellular availability of 

serotonin and norepinephrine have antidepressant effects (176, 177). In order to 

increase the availability of monoamines, antidepressants either limit monoamine 

breakdown in the synaptic cleft (239) or block their reuptake into the presynaptic 

neuron (240), hereby prolonging their neuroactive potential. The most widely used 

antidepressants are the selective serotonin reuptake inhibitors (SSRIs) and the 

selective serotonin/norepinephrine reuptake inhibitors (SNRIs) , as they have the most 

potent efficacy with the least side effects (241). See Box 2 for a non-exhaustive 

overview of antidepressant classes, their trade names and mechanisms of action, 

which are used in Denmark.  

 

 

In addition to alterations in neurotransmitter signaling, antidepressants affect several 

brain areas (242) by stimulating neuronal proliferation (243) possibly mediated by 

BDNF production (244) or brain region-specific metabolic changes (242). This not 

only improves immediate neural circuit connectivity (245), but also induces secondary 

long-term transcriptional and translational changes that modulate cellular plasticity 

(246). Surprisingly, antidepressants have been found to contain antibacterial 

properties (247), which could influence the human gut microbiota. Given the high 

degree of heterogenic disease presentation and manifestation amongst patients with 

MDD, and the highly individual gut microbiota composition, an association between 

gut microbiota variations and MDD etiology and/or pathology has been postulated. 

 

Box 2 – An overview of antidepressant pharmaceutic treatment options. 
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1.3 ASSOCIATION BETWEEN GUT MICROBIOTA AND 

DEPRESSION 
There are several indications that the gut microbiota is important for governing human 

well-being. As mentioned previously, alterations in gut microbiota composition has 

been observed in several somatic (17, 128-138, 140-142) and psychiatric diseases 

(104-127) compared to the non-diseased population. In patients with MDD, 

gastrointestinal disturbances are reported with higher frequency than in the general 

population (248-250), which highlights an important association between 

gastrointestinal inhabitants and MDD. How, and why, alterations of the gut 

microbiota may be involved in MDD have been explored in several preclinical and 

clinical studies. 

  

1.3.1 PRECLINICAL ASSESSMENT AND INVESTIGATIONS 
Animal studies have explored how gut microbiota alterations and behavior are 

associated. This can be performed either through a “bottom-up” or a “top-down” 

approach. The “bottom-up” approach is the manipulation of the gut microbiota, 

leading to behavioral changes. The “top-down” approach is the provocation of 

depressive-like behavior in an animal with subsequent gut microbiota alterations.  

 

Many animal models of depression have been explored for gut microbiota variations 

in such a “top-down” approach. The Flinders Sensitive Line (FSL) rat model of 

depression is a selectively bred, genetic rat model of depression originally derived 

from the Sprague-Dawley rat. The FSL displays depressive-like features when 

compared to its control counterpart, the Flinders Resistant Line (FRL) rat 

(corresponding to the original Sprague-Dawley rat) (251-253). In spite of being 

maintained in completely identical environments, the gut microbiota of the FSL rat is 

significantly different from the FRL rat. The FSL rat has a lower bacterial richness 

and bacterial taxa negatively associated with depressive-like behavior (254). In 

environmentally-induced depression, such as the chronic unpredictable mild stress 

(CUMS) model, significant changes in gut microbiota composition were found (255, 

256). Additionally, these changes were associated with alterations in cerebral 

serotonin (257) and the cerebral serotonin transporter (256). Gut microbiota 

alterations have likewise been observed in other environmental “top-down” models, 

such as the olfactory bulbectomy model (258), the maternal separation model (259) 

and the social defeat stress model (260, 261). 

 

In the “bottom-up” approach of associating the microbial community with a 

behavioral output, one of the first studies compared the completely germ-free (GF) 

mouse with the standard specific-pathogen free mouse. Here, it was found that the 

axenic GF mice, bred and raised in a sterile environment, had an exaggerated 

corticosterone response to a stressful stimuli as well as decreased expression of BDNF 

in the hippocampus (262), mirroring observations reported in patients with MDD. On 

the other hand, the behavioral assessments of the GF mouse showed less depressive-

like behavior compared to the specific-pathogen free mouse (263), suggesting that 
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lack of bacteria is not the primary driving factor of developing MDD. Environmental 

animal models include the high-fat diet animal model, where microbial alterations and 

a depressive-like phenotype are found in combination with metabolic modulations in 

GABA signaling in the brain (264). The importance of the gut microbiota in MDD is 

especially highlighted in a study that showed that sustained antibiotic treatment 

induced depressive-like behaviors (265). Other interesting potential interactions of the 

gut microbiome and MDD has been demonstrated by fecal microbiota transplantation 

(FMT), which can also be interpreted as an environmental, or externally-induced, 

model of MDD. For example, transfer of fecal content from the FSL rat to the FRL 

rat transmitted the depressive-like phenotype to the FRL rat (254). A similar 

experiment performed FMT from CUMS-treated mice into recipient control mice, 

whom developed depressive-like behavior and neuroinflammation (266). The FMT 

models of depression have been replicated, using fecal content from patients with 

MDD into recipient animals. In two studies, the GF mouse was utilized (106, 267), 

while in two others, a GF rat (268) or an antibiotics-blasted rat (108) was used. All 

four studies established some degree of anxious and depressive-like behavior in the 

FMT-recipient animals, suggesting a causal link between a specific composition of 

the gut microbiota and the development of depressive features.  

 

1.3.2 THE LEAKY GUT THEORY 
Both direct and indirect mechanisms of actions can facilitate how an altered gut 

microbiota can affect clinical and biochemical features associated with MDD. One 

such indirect mechanism is the transfer of bacteria or metabolites from the intestinal 

lumen to the systemic circulation, which may affect susceptible organs in the host 

organism. Such a state is termed “leaky gut”, and has been widely discussed in the 

scientific community as an entity developed from a dysbiotic microbial structure 

(269). Under normal circumstances, bacteria are separated from direct interaction with 

the apical intestinal surface by two mucus layers (269), whereas a dysbiotic microbial 

community is believed to cause a breakdown of this separation, leading to local 

inflammatory changes (Figure 5).  
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From the apical to the basal domain of the enterocytes, several types of TJPs ensure 

that the intestinal barrier is tightly shut against translocation of intestinal bacteria or 

their components (270). Beneficial commensals have been found to upregulate the 

expression of these TJPs (271), suggesting that a dysbiotic gut microbiota and loss of 

TJP expression may lead to leaky gut. This term covers the association between loss 

of TJPs and increased permeability of the intestinal barrier (272, 273). Indeed, loss of 

TJPs has been reported in animal models of depression, both at gene (274, 275) and 

protein (276-279) expression levels, as well as in functional assessments using dye 

that normally cannot penetrate the intestinal barrier (280, 281). Results in animal 

studies have mirrored clinical assessments of patients with MDD, where a lower 

plasma level of TJPs has been observed (282). However, this relationship is complex, 

as this finding is not consistently reported in clinical studies. In fact, some studies 

have linked a dysbiotic intestinal community with elevated plasma tight junction 

proteins and increased LPS (283). One suggested mechanism is loss of fecal SCFAs, 

which has been confirmed lower in patients with MDD (284). SCFAs upregulate the 

expression of tight junction proteins (83), whereby a loss of this stimuli can result in 

a more permeable barrier. TJP expression and endocytosis is not only regulated 

independently by intestinal commensals, but also by components of the inflammatory 

response (285). 

Figure 5 – Display of the healthy intestinal barrier compared to leaky gut. Left: 
Eubiotic state with intact intestinal barrier. Right: Increased dysbiotic features leading 
to breakdown of intestinal integrity and increased paracellular and transcellular 
transfer of bacteria and metabolites.  
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1.3.3 SYSTEMIC INFLAMMATION 
An increased permeability in the intestinal barrier can lead to elevated transfer of pro-

inflammatory mediators to extra-intestinal circulation and organs. Biologically active 

substances, such as LPS, can initiate a cascade of events leading to systemic 

inflammation. They are first recognized by innate immune cells via pattern 

recognition receptors, such as the Toll-like receptors (286), which then activate the 

inflammasome (287). The inflammasome is a large, self-assembling protein complex 

that initiates production of pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-

α, all major components of the innate immune system. The inflammasome has long 

been linked to MDD (219), and the gut microbiota has been researched in several 

preclinical and clinical studies to affect the inflammasome as exemplified below.  

 

Preclinical studies support the vital role of the inflammasome in MDD, such as studies 

linking peripheral administration of LPS to the development of depressive-like 

behaviors in mice (288). In support of these results, mice with knockout of 

inflammasome-associated genes demonstrated decreased depressive-like behavior 

(289). Pro-inflammatory cytokines have also been found elevated in animal stress 

models of MDD, including the CUMS model (290-292). Additionally, FMT from 

patients with MDD into recipient rats increased rat plasma levels of C-reactive protein 

(108), IL-1, IL-6 and TNF-α, and decreased anti-inflammatory cytokines IL-4 and IL-

10 (268).   

 

Expression of the Toll-like receptor-4, which recognizes LPS, has been found 

increased in patients with MDD prior to cognitive therapy (293). Likewise, 

stimulation of peripheral blood mononuclear cells derived from patients with MDD 

with LPS resulted in altered cytokine responses compared to cell responses from 

healthy controls (294). Patients with MDD show elevated immune responses, such as 

increased IgM and IgA antibodies against enteric pathogens such as Hafnia alvei and 

Pseudomonas aeruginosa (295). Furthermore, patients with MDD have depleted fecal 

SCFA (284), which can result in loss of the anti-inflammatory properties provided by 

SCFAs (296, 297), exacerbating the underlying inflammatory pathways. 

 

1.3.4 GUT-BRAIN AXIS  
An altered gut microbiota with dysbiotic characteristics can lead to increased 

intestinal permeability and decreased function of the enteric barrier. The result is low-

grade systemic inflammation that plausibly affects the brain and leads to 

neuroinflammatory disorders, such as MDD. These are the core components of the 

newer hypotheses of MDD and is based on the gut-brain axis, a bidirectional 

communication channel between the central nervous system and the intestinal system, 

and along with it the gut microbiota (298). It is believed that not only does the brain 

influence the enteric milieu, but also that the microbiota communicates with the brain 

through different mechanisms (see Figure 6).  
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Direct neuronal stimulation of the enteric nervous system by enteric commensals have 

been found to induce behavioral changes in animal studies. Here, specific 

Lactobacillus strains induced depressive-like behavior in mice, an effect which was 

lost after vagotomy (299). The vagus nerve, which innervates the digestive wall, can 

also be activated by SCFAs and produce afferent nerve responses (300). Several 

Figure 6 – Signaling mechanisms in the microbiota-gut-brain axis. (A) Direct 
neuronal signaling. (B) Production of neurotransmitters. (C) Activation and 
maturation of the immune system. (D) Endocrine signaling through metabolites. (E) 
Hormonal stimulation.  
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enteric bacteria can produce neurotransmitters such as catecholamines, serotonin,  

dopamine, and GABA locally in the gastrointestinal tract (301), and inoculation of 

animals with some of these strains can lead to an increase in these neurotransmitters 

in the brain (299, 302). 

 

Systemic low-grade inflammation has also been found to affect the brain. In animal 

models of MDD, an apparent disruption of TJP expression in the blood-brain barrier 

of rats (279) lead to neuroinflammation (303, 304). Such neuroinflammation has 

likewise been observed in patients with MDD (305, 306). Stimulation of the nervous 

system can also occur through bacterial metabolites, such as SCFAs, which have been 

found to evoke extracellular action potentials in sympathetic nervous fibers in vitro 

(307). Additionally, the gram-positive cell wall component peptidoglycan can also 

penetrate the blood-brain barrier and interestingly, knockout of the rat peptidoglycan 

receptor resulted in increased sociability (308). The LPS-induced depressive-like 

phenotype has been coupled with elevated pro-inflammatory cytokines in the brain 

(309), and Toll-like receptor-4-mediated signaling is involved in depressive-like 

behaviors (310). Endocrine signaling can occur through several pathways; increased 

cortisol generated by CUMS can induce leaky gut by downregulating TJP expression 

(274), leading to the downstream effects involved in the depressive phenotype. 

Furthermore, gastrointestinal bacteria can stimulate release of gut hormones such as 

neuropeptide Y, peptide YY and cholecystokinin, which have been suggested to be 

involved in the development of neuropsychiatric disorders (311). 

 

1.3.5 ANTIDEPRESSANTS AND THE GUT MICROBIOTA 
It is well-established how antidepressants affect the cerebral neurocircuit and that they 

demonstrate anti-depressant relief superior to placebo. More recently it has been 

found that they have beneficial effects distinct from their main mechanism of action. 

Antidepressants have anti-inflammatory properties and may in fact, directly impose 

effects onto the gut microbiota. SSRIs have been found to promote an anti-

inflammatory response both in vitro (312), in preclinical assessments (313) and in 

patients with MDD (314). As an example, fluoxetine and sertraline were found to 

reduce LPS-induced TNF-α production by microglia in vitro (312). Additionally, a 

high variety of oral therapeutics, including antidepressants, have been found to present 

antibacterial properties (50). Many commonly used antidepressants, such as 

desipramine and citalopram have been tested against intestinal commensals and 

demonstrate both bacteriostatic and bactericidal effects against certain bacterial 

strains. For example, growth of Akkermansia muciniphila was completely inhibited 

with 75 µg/mL desipramine (247). Also, Ruminococcus flavefaciens was found to 

modulate the antidepressant effect of duloxetine (315). This suggests that not only is 

the gut microbiota involved in depression, but the effect of antidepressants may be 

regulated by the human gut microbiota. 
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CHAPTER 2. AIMS AND STUDY PARTS 
As given from the background, there appears to be an association between depression 

and the gut microbiota composition and function. Research on this area is still in its 

early stage. It is therefore very difficult to discern if there are any functional effects 

of the gut microbiota that may be involved in the development and severity of 

depression, as well as in the treatment response.   

 

The hypothesis of the thesis is that there exists a significantly different composition 

of gut microbiota in antidepressant treatment-naïve patients with MDD. To be able to 

determine if there are a significant altered microbial community in patients with 

MDD, we wanted initially to explore into previous studies of the gut microbiota 

research in a MDD context (STUDY I).  

Furthermore, we hypothesized that the microbial community from patients with MDD 

could induce a depressive-like behavior in rats upon fecal microbiota transplantation 

(STUDY II).  

We then aimed at investigating how antidepressant treatment may affect the gut 

microbiota in an antidepressant treatment-naïve cohort over time, as compared to a 

healthy control group (STUDY III).  

 

The main hypotheses for the project are therefore as follows, which have given rise to 

three articles based on their results; 

 

1) Overall, previous studies have been able to differentiate between patients 

with MDD and healthy individuals based on the gut microbiota composition. 

2) FMT from patients with MDD into recipient rats can elicit depressive-like 

behavior compared to FMT from the healthy control group. 

3) Antidepressant treatment-naïve patients with MDD have a significantly 

different gut microbiota composition compared to healthy individuals prior 

to initiation of treatment. Furthermore, their gut microbiota changes during 

the antidepressant therapy.  

 

It is expected that this project will contribute to not only clarify the previously 

mentioned hypotheses, but also provide insight and knowledge to build additional 

future studies. It is paramount to further explore how the gut microbiota affects MDD, 

and if it is possible to manipulate the gut microbiota in the treatment of MDD. 
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CHAPTER 3. METHODS 
A short overview of the experimental setup of each study is presented below, followed 

by the rationale and a critical evaluation of the chosen methods for each study. The 

methods are also explained in detail in the included articles.  

 

3.1 STUDY I – DESIGN OVERVIEW AND OUTCOMES 
We wanted to perform a systematic review to determine if there were significant 

differences in gut microbiota between patients with MDD and healthy individuals. 

The databases PubMed, Embase (Ovid) and PsycINFO (Ovid) were searched using 

the search strategy described in Appendix B up until November 13th, 2020. The 

inclusion criteria for the studies were as follows: Clinical studies including patients 

with MDD diagnosed according to ICD or DSM criteria; gut microbiota 

characterization using both non-targeted and targeted approaches; inclusion of a non-

depressed control group. The exclusion criteria for the studies were as follows: 

Inclusion of patients with known comorbidities, such as type 2 diabetes; evaluation of 

the effect of intervention with pre-, pro-, syn- or antibiotics on patients with MDD 

with no baseline measurement of the gut microbiota composition.  

 

Primary outcome measures: 

α- and β-diversity between patients with MDD and healthy individuals 

Significantly different taxa between patients with MDD and healthy individuals 

 

Secondary outcome measures: 

Demographic and clinical data 

Methods of gut microbiota characterization 

 

3.2 STUDY I – CRITICAL EVALUATION OF METHODS 
To generate an overview of the literature, we sought to answer the question whether 

there were differences in gut microbiota composition between patients with MDD and 

healthy individuals. We decided to perform a systematic reviews to answer this 

question, in an attempt to summarize the most current literature of the best evidence-

based research in a systematic and unbiased way (316). Evidence-based medicine is 

the use and application of the current knowledge within a field in decision-making 

about the care of patients (317). Here, it is necessary to follow five steps (318) to 

conduct a thorough systematic review:  

 

1. Framing questions for a review; In our case, “is the gut microbiota of patients 

with MDD significantly different from healthy individuals” was the question 

asked prior to the literature search. 

 

2. Identifying relevant work; we included PubMed, Embase and psycINFO in 

our search, but naturally, we are limited to the articles published through 

these databases. Since the majority of articles published include primarily 
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positive findings, it cannot be excluded that publication biases affected our 

results (319). We included English-only articles, but this has been shown to 

impose a bias effect (320). 

 

3. Assessing the quality of studies; The inclusion criteria in our methods were 

designed to allow for several methods of gut microbiota characterization to 

be employed. We did not employ any checklists to examine the quality of 

the studies, which may have led to inclusion of studies with poor reporting 

quality. On the other hand, quality assessment using scales such as the 

Newcastle-Ottawa Scale are often used for analysis of the quality of studies 

entering into meta-analyses (321), which was not performed here. 

Additionally, there have been observed discrepancy between authors and 

reviewers in quality assessment (322), whereby we would risk excluding 

articles that did not provide sufficient details in their articles.    

 

4. Summarizing the evidence; During the critical evaluation of the different 

article designs, it became clear that it was not possible to conduct a meta-

analysis on the included studies. The rationale behind this is covered under 

the “Gut Microbiota Characterization” chapter in the Methods section. 

Instead, the results were summarized in a series of tables to provide a general 

overview of the current knowledge. 

 

5. Interpreting the findings; The heterogeneity between studies was assessed 

by comparing demographic and clinical data and methods used to determine 

the gut microbiota composition. This was then applied to the interpretation 

of discrepancy arising between studies.  

 

The “Preferred Reporting Items for Systematic Reviews and Meta-Analyses” 

guidelines (323) contains a checklist that covers these five steps towards conducting 

a thorough systematic review, and this was used in the design of the study, and the 

formulation of the results section. 
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3.3 STUDY II – DESIGN OVERVIEW AND OUTCOMES 
This study aimed at exploring how FMT from patients with MDD or healthy 

individuals into rats would affect their behavioral phenotype. The study was reported 

according to the “Animal Research: Reporting of In Vivo Experiments” guidelines 

(324). Here, we collected fecal samples from five treatment-naïve patients with MDD 

and five healthy individuals. These were pooled into fecal solutions representing gut 

microbiota in MDD versus in healthy individuals. We used two different rat models, 

the FSL and FRL rats. The schematic overview on the groups and treatments, as well 

as the timeline of the treatments, is displayed in Figure 7.  

Figure 7 – Treatment and timeline overview of FSL and FRL rats. All procedures 
were performed by oral gavage. (A) FSL and FRL rats were given FMT from patients 
with MDD. One group of FRL rats additionally received daily treatment with 
sertraline, a SSRI. (B) FSL and FRL rats were given FMT from healthy individuals. 
(C) FSL and FRL rats received auto-transplantation with fecal  matter collected from 
each individual cage. (D) FSL and FRL rats received water every time each other 
group received FMT (E) Timeline of treatments, behavioral analyses and 
euthanization. OFT: Open field test. FST: Forced swim test. 
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Behavioral tests included the open field test for locomotor activity, the rotarod test for 

motor coordination and time-to-exhaustion and the forced swim test for depressive-

like behavior. Fecal samples were collected prior to treatments and subsequently after 

euthanization for gut microbiota characterization. Additionally, tissue samples were 

collected from the rat caecum to measure the expression of TJPs to determine the 

effect of the treatments on their gene expression. 

 

Primary outcome measures: 

Depressive-like behavior 

α- and β-diversity between groups and before and after FMT 

Significantly different taxa between groups and before and after FMT 

 

Secondary outcome measures: 

Locomotor and rotarod activity 

Gene expression of TJPs in cecal tissue 

 

3.4 STUDY II – CRITICAL EVALUATION OF METHODS 

3.4.1 ANIMAL MODELS 
Choosing the best suited animal model is imperative for the reliability of the obtained 

results. To assess how suitable an animal model is, it is often evaluated according to 

three main criteria, namely face-, construct- and predictive validity: 

 

• Face validity; the model mirrors depressive aspects specific to MDD with 

features observed clinically. 

• Construct validity; the model behavior conceptually reflects the disease 

cause of MDD.  

• Predictive validity; the model correctly identifies diverse pharmacological 

antidepressant treatments and with effects in the model correlating with 

clinical potency (325).  

 

The two Flinders lines were originally inbred from the Sprague-Dawley rat strain into 

either a phenotype sensitive towards the anticholinesterase diisopropyl 

fluorophosphate (FSL; Flinders Sensitive Line), or as the control rat remaining 

resistant towards chronic treatment (FRL; Flinders Resistant Line) (326, 327). Thus, 

the original FRL rat resembled Sprague-Dawley rats. Other lines of research have 

demonstrated that patients with MDD display sensitivity towards cholinergic agonists 

(328, 329), and those lines of research later converged and the FSL rat was proposed 

as an animal model of MDD. Compared to its control, the FSL rat model of depression 

fulfils the three abovementioned criteria to varying degrees. 

 

The FSL rat robustly displays depressive-like behavior in the forced swim test, 

reduced appetite and weight gain during their growth period, increased rapid eye 

movement sleep, and psychomotor retardation compared to the FRL rat (251, 252, 
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330). However, they do not express all the typical behavioral traits associated with 

MDD in other animal models of depression, such as cognitive dysfunction or inherent 

anhedonia (253). Thus, the FSL rat model can be interpreted as containing moderate 

face validity (251, 252). In the context of Study II, this model was chosen to be able 

to combine the “top-down” and “bottom-up” approaches, by using a genetic animal 

model and expose it to external ‘environmental’ factors (the human gut microbiota) 

to explore how the FSL and FRL rats responded behaviorally.  

 

Due to the complicated etiology of MDD, and the highly individual symptoms patients 

present with (147), it can be difficult to tangent full constructive validity in an animal 

model of depression. On the other hand, the FSL rat displays altered cerebral 

neurotransmitters (331, 332), neurotransmitter receptor expression (333) and plasma 

cytokines (334), all biochemical characteristics recognized to be altered in MDD. 

Interestingly, the FSL rat appears to have a significantly different composition of gut 

microbiota compared to the FRL rat (254), supporting the notion that they mirror 

biochemical, behavioral and microbiological aspects of MDD. Therefore, the FSL rat 

can be considered to contain particularly good construct validity for the current study.  

 

In predictive validity, the FSL rat mirrors patients with MDD, as it is primarily chronic 

treatment rather than acute that has antidepressant effects (253, 335, 336). The 

tricyclic antidepressants, such as imipramine, and SSRIs, such as sertraline and 

citalopram have nevertheless been found to induce little effect on the FRL rat (335, 

337). SSRIs have been found to contain antibacterial properties (247). Therefore, this 

class of antidepressants was chosen to treat FRL rats receiving FMT from patients 

with MDD. This was to examine if induced behavioral changes from the FMT could 

be countered by antidepressants based on their antibacterial properties rather than its 

inherent antidepressant characteristics. FRL rats were given daily antidepressant 

treatment for three consecutive weeks during the same time they were administered 

FMT. Pharmaceutical treatment was given at a minimum of two hours after FMT to 

enhance bacterial transfer from the stomach to the cecum. Sertraline hydrochloride 

was given by oral gavage at a dose of 16.7 mg/kg/day to mimic a clinically relevant 

administration and dose (338).  

 

Rats were between 6-8 weeks of age, corresponding to the age of the human 

adolescents. As the gut microbiota varies during the human life time (33-35), so does 

the gut microbiota of common laboratory rats with a considerable change from three 

weeks of age to twelve weeks of age (339). Therefore, it was important to match the 

animals in development and behavior closely to that of the human donors (340). 

 

3.4.2 FECAL MICROBIOTA TRANSPLANTATION 
The hypothesis of Study II involves two conceptual counterparts: 1) the induction of 

depressive-like behavior in the FRL rat by transplanting fecal matter from patients 

with MDD and 2) the reversal of depressive-like behavior in the FSL rat by 

introducing gut microbiota from healthy individuals.  
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Several routes of administration have been explored in clinical studies of FMT, such 

as the upper route by nasoenteric or nasogastric infusion, or the lower route, such as 

enemas or colonoscopy (341). FMT performed with fecal specimens from either rat 

(342) or human donors (343) has previously been observed to colonize the recipient 

animal with long-term stability. Therefore, due to the less invasive nature, and the 

success of previous publications using oral gavage as the route of administration (106, 

108, 267, 268), this method was chosen. 

  

Fecal specimens were collected from five sex- and age-matched individuals, either 

antidepressant treatment-naïve patients with MDD, or from healthy individuals and 

pooled. Chosen dose for FMT was based on clinical guidelines to treat recurrent C. 

difficile infections (The European Consensus Conference on FMT), which 

recommend a minimum of 30g fecal matter deposited into the colon for optimal 

curative effect (344). Assuming the average patient weighs ~75kg, the FMT would 

have to supply 0.4g of fecal matter/kg bodyweight. Our fecal matter for FMT had a 

concentration of 0.16g per mL solution, and we assume the rats on average weigh 

350g. Therefore 0.9mL solution was given to each rat to achieve ~0.4g fecal matter/kg 

rat bodyweight. The water control group likewise received 0.9mL demineralized 

water. 

 

3.4.3 BEHAVIOR  
All animal experiments and handling were performed by the same experimenter to 

ensure that handling was performed identically to all animals, and that scoring of 

behavioral outputs likewise was identically performed. Three different behavioral 

tests were employed to determine the effect of the treatments on the FSL and FRL 

rats. All animals underwent three tests on the same day in the order: 1) open field test, 

2) rotarod test, 3) training-session forced swim test. The following day, the test-

session forced swim test was performed, to limit carry-over effects from the open field 

test and rotarod tests to the forced swim test. Rats were moved from the open field 

test to the rotarod test immediately. After the rotarod test, animals were resting for a 

minimum of 15 minutes prior to the training-session forced swim test.  

 

The open field test is a simple assay where an animal is introduced to an open arena 

and its activity recorded over a defined period. The test is largely used to assess gross 

locomotor activity. As rats cannot communicate directly with us, we are restricted to 

assessing behavioral outcomes that are based on the motoric behavior of the animals 

in an assay. In such cases, the open field test is indispensable as a control; by 

conducting the open field test prior to the forced swim test it can be revealed whether 

treatments induce a change in general activity level and reveal false-positive/negative 

findings in the forced swim test. The primary measurements in the open field test are 

the locomotor activity, namely the distance travelled over time, as well as anxiety-like 

behavior (345, 346). Here, only locomotor activity was measured in Study II by 

placing the rat in the center of a square and measuring its activity for 10 minutes.  
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The rotarod test additionally assess motor performance, but in this assay the activity 

is forced by a rotating cylinder. The rotarod is elevated slightly, and it is the natural 

behavior of rodents to try to avoid falling off the cylinder. Thus, this test evaluates 

endurance (time-to-exhaustion), as well as the motor coordination required for the rat 

to grip, balance and stay on the moving rotarod. It has been suggested that the forced 

swim test may be an adaptive response to exertion to preserve energy, rather than a 

display of depressive-like behavior. The rotarod test was included to evaluate whether 

treatments have imposed a difference in the rat’s energy levels or time-to-exhaustion, 

which could also come across as false-negative/positives in the forced swim test. 

 

The forced swim test is used to evaluate behavioral despair upon exposure to a 

stressful, inescapable situation. The test was originally developed by Porsolt and the 

animal is immersed in a water tank from which escape is impossible (347). Initially 

the rat will actively try to escape, but over time it will start to maintain an immobile 

posture and float, which is interpreted as a sign of behavioral despair. The initial 

escape-oriented behavior (active coping) has been suggested a parameter antonymous 

to the immobile posture (passive coping). The test was validated as antidepressant 

treatment decreases behavioral despair (time spent being immobile), whereas 

anxiolytics have no effect (347, 348). While its initial use was for antidepressant 

properties, it can also be used to determine inert depressive-like behavior in a rodent 

(349, 350). Three types of behavior were determined; struggling, swimming and 

immobility. Struggling included active coping such as attempting to climb the 

cylinder wall and diving to explore escape options. Immobility was scored as passive 

coping when the animal displayed passive behavior with only slight movements of 

front and hindlegs to remain afloat. Total time spent being immobile was used as 

outcome for depressive-like behavior and total time spent struggling as anti-

depressive-like behavior. A training-session was included 24 hours prior to the 

behavioral test-session, as previous studies have found that inclusion of a training-

session reduce latency to adoption of the immobility behavior (351).  

 

3.4.4 MARKERS OF ALTERED INTESTINAL PERMEABILITY 
As mentioned in the introduction, altered intestinal permeability is a common finding 

in MDD and animal models of depression (258). Especially intestinal TJP expression 

has been reported to differ between animal models of depression and their respective 

controls (274-279). It was therefore imperative that we also explored whether FMT 

from MDD or healthy individuals into rats would introduce any changes in rat 

intestinal TJP expression. Cecal tissue was collected from the rats after the 

experiment, RNA isolated for qRT-PCR and expression of following genes 

investigated; ocln, cldn3 and gapdh. Cecal tissue was collected, as this organ 

resembles the human colon in microbial density and fermentation (352). We chose to 

examine occludin (ocln), as it is a transcellular protein, whereby less expression could 

be interpreted as leading to increased paracellular permeability (353). Claudin-3 

(cldn3) is highly expressed throughout the murine gut and has been found to mediate 

barrier functions (354). These two targets were investigated as proxies for changes in 

the intestinal barrier permeability. 
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3.5 STUDY III – DESIGN OVERVIEW AND OUTCOMES 
In this study, we wanted to examine the gut microbiota in antidepressant treatment-

naïve patients with MDD compared to healthy individuals and assess how the gut 

microbiota changed over time during antidepressant treatment. Reporting of the 

results was performed according to “Strengthening the Reporting of Observational 

Studies in Epidemiology” guidelines. Young adults aged 18-24, both ages included, 

were diagnosed with MDD according to ICD-10 criteria by an experienced 

psychiatrist and were antidepressant treatment-naïve, including both pharmacological 

and cognitive therapy, at inclusion. Exclusion criteria were known comorbidities with 

neurological disorders, gastrointestinal disorders, endocrine, or metabolic diseases, 

pro- or antibiotic intake three months prior to inclusion, specific dietary habits such 

as vegetarianism, or pregnancy. Healthy controls aged 18-30 were recruited in the 

same time period and had to meet the same exclusion criteria. In addition, they could 

not previously have been diagnosed with, or received treatment for, MDD. The 

timeline of the study is presented in Figure 8.  

 

The severity of MDD was evaluated using the self-reported Major Depressive 

Inventory (MDI) (355). Furthermore, participants were asked about their eating and 

toilet habits, and gastrointestinal distress. Fecal samples were collected from each 

participant. Bacterial DNA was purified using the QIAamp PowerFecal kit (Qiagen). 

Gut microbiota was then characterized by gene sequencing of the hypervariable V4 

region of the 16S rRNA gene using the primers 515FB and 806RB primers (356, 357) 

on the Illumina MiSeq platform. Here, sequences were used to build amplicon 

sequence variants (ASVs) which were aligned with MAFFT (358) and assigned 

taxonomy through the SILVA database (359) with results analyzed in RStudio IDE.  

 

Figure 8 – Timeline overview of sample and questionnaire collection. After 
inclusion into the study, participants delivered fecal samples, as well as answered 
questions regarding their health. Patients then commenced their pharmacological 
and/or cognitive antidepressant treatment. Samples were then collected and the 
questions repeated at four and twelve weeks follow-up to the baseline measurement. 



CHAPTER 3. METHODS 

31 

Primary outcome measures: 

Compositional and bacterial differences between patients with MDD and healthy 

individuals in baseline samples 

Compositional and bacterial differences between baseline, four and twelve weeks 

follow-up in patients with MDD after commencement of pharmacological and/or 

cognitive antidepressant treatment 

 

Secondary outcome measures: 

Changes in MDI score in patients with MDD 

Gastrointestinal distress in patients with MDD 

 

3.6 STUDY III – CRITICAL EVALUATION OF METHODS 

3.6.1 RECRUITMENT OF PARTICIPANTS  

Adults aged 18 - 24 years were screened and diagnosed by an experienced psychiatrist 

for unipolar depression according to ICD-10 criteria. Healthy individuals aged 18 - 

30 years were included through social media posts and from the North Denmark 

Regional Hospital internal personnel page. The original goal was to include 50 

participants in each group. This narrow age group for the patient group was chosen, 

due to legal changes to pharmacological antidepressant treatment of patients aged 18 

– 24 in Denmark. See “Vejledning om behandling af voksne med antidepressive 

lægemidler”, stk, 4.6, VEJ nr. 9899 af 11/11/20214  

https://www.retsinformation.dk/eli/retsinfo/2014/9899 for specification. This age 

group would therefore have to be referred to the psychiatric departments, increasing 

the success rate of reaching 50 patients with MDD in the study. Additionally, as the 

gut microbiota have been found to be associated with many diseases (17, 104-138, 

140-142), a narrow age group limited the risk of patients and/or controls suffering 

from comorbid disorders.  

 

Patients had to be evaluated for clinical depression by an experienced psychiatrist, as 

previous studies have shown that general practitioners lack sensitivity in recognizing 

patients with MDD (360). Furthermore, as we wished to conduct a longitudinal study, 

and the antidepressant treatment therefore was a necessary factor in the assessment of 

the gut microbiota, it was paramount that patients were carefully monitored. Primary 

care physicians do not necessarily escalate antidepressant treatment or augment with 

supplementary drugs as needed (361), thereby risking a prolonged depressive episode. 

Patients risk discontinuation of medical treatment during the first three months (362), 

and adherence to medical treatment in patients is low in general in the primary care 

setting (363). It was necessary to ensure as much adherence as possible by recruiting 

primarily through the psychiatric departments. Danish national guidelines on 

treatment of patients with MDD in the hospital setting recommends supportive 

treatment with cognitive therapy no matter the severity of MDD. Therefore, it was 

speculated that patients would be more regularly monitored by the medical staff at the 

outpatient clinics, increasing the chance of medical adherence.  

 

https://www.retsinformation.dk/eli/retsinfo/2014/9899
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Finally, it was also a question of feasibility. The Danish psychiatric departments, 

given their nature and size, receives many more referrals for diagnosis of MDD than 

the individual general practitioner’s office. Therefore, the successful inclusion of 

upwards of 50 patients with MDD was more likely by limiting the inclusion sites to 

those where the most individuals would be screened. Furthermore, it can be speculated 

that patients referred to the psychiatric departments would be moderate-to-severely 

depressed, whereas the patients with mild MDD would remain in the primary care 

setting. 

 

 

3.6.2 – EVALUATION OF DEPRESSIVE AND 

GASTROINTESTINAL SYMPTOMS 
The severity of clinical depression can be evaluated using a variety of different scales, 

such as the clinician administered Hamilton Depression Rating Scale (364), or the 

Montgomery-Åsberg Depression Rating Scale (365). Another choice is self-reporting 

questionnaires, such as the Beck’s Depression Inventory (366). These offer a cost-

efficient way of examining depressive features and their development over time, as 

the participant can rate themselves multiple times without the assistance of a 

professional. For this reason, the MDI was chosen as the method of analyzing 

participant severity of MDD. The MDI consists of a 10-item questionnaire which has 

been observed to have high validity in evaluating depressive symptoms based on ICD 

criteria (355), which is clinically used for diagnosis in Denmark. The MDI separates 

depressive severity into four categories; severe depression (31-50), moderate 

depression (26-30), mild depression (21-25) and no depression (0-21). The MDI was 

chosen to evaluate the depressive symptoms to reduce the stress of participating in the 

study. If the Hamilton Depression Rating Scale or the Montgomery-Åsberg 

Depression Rating Scales had been used instead, it would have required additional 

time and effort on behalf of the patient. As lack of motivation is one of the core 

symptoms of MDD (145, 146), it was necessary to reduce the stress of participating 

in the study to a minimum, while still being able to determine the effect of the 

antidepressant treatment.  

 

Other than the MDI, participants were also required to answer questions regarding 

their health. They were asked these questions thrice; covering the two weeks prior to 

inclusion; covering the four weeks between the baseline sample and the four weeks 

follow-up; and covering the eight weeks between the four weeks follow-up and the 

twelve weeks follow-up. These questions primarily related to gastrointestinal 

symptoms, toilet habits, appetite, and dietary preferences. Additionally, a Bristol Stool 

Scale was used to evaluate the transit time of the fecal sample, as well as any 

gastrointestinal distress in the participant during the twelve weeks study period. 

Participants were instructed to answer the questions on the same day as the fecal 

sample was collected, to ensure that depressive severity reflected the gut microbiota 

composition. These questions were included into the study to determine if there were 

any dietary changes during the antidepressant treatment. Although the questions did 
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not include details about the exact diet of the participant, they could provide a basic 

overview of changes in appetite, caloric intake, or nutritional preferences. The 

answers were used to explore potential nutritional changes during the study. As diet 

highly impact the gut microbiota (43), potential changes could impose a bias of 

microbial differences being caused by dietary changes.  

 

3.6.3 ANTIDEPRESSANT TREATMENT 
After the delivery of the baseline fecal samples, patients were instructed to commence 

their antidepressant therapy. As this study was observational only, and not a clinical 

intervention study, patients initiated their antidepressant therapy according to the 

recommendations given by their respective psychiatrist. Patients were therefore not 

required to receive specific classes or types of antidepressant medication. In medicine, 

the patient care must be the first priority, and therefore the study did not limit 

participants to one type of antidepressant class or dose. This was primarily due to 

feasibility, as there was a high risk of discontinuation in the project, if it was necessary 

to change the medical regiment of the patient. As patients with MDD often require 

dose regulation, switching to another class of antidepressants or augmentation (229), 

the resulting increased dropout rate may have resulted in termination of the project. 

Therefore, the focus of the project was to evaluate the gut microbiota alterations 

during antidepressant therapy, rather than the antibacterial effect of antidepressant 

treatment on the gut microbiota. 

 

3.7 METHODS COMMON FOR THE ANIMAL AND CLINICAL 

STUDIES 

3.7.1 GUT MICROBIOTA CHARACTERIZATION 
The gut microbiota can be characterized by using several different methods. Figure 9 

display an overview of the advantages and disadvantages of the methods used in Study 

II and Study III, while we here will present rationales for why each specific method. 

 

We chose to use fecal samples in our study, as it is non-invasive, easy, and 

inexpensive. While this method of sampling can be repulsive for some, it would be 

ethically wrong to enforce an invasive procedure onto an already distressed patient 

with MDD. Nonetheless, fecal samples can only serve as a proxy of the gut 

microbiota, as early studies observed significant differences between gut microbiota 

sequenced from fecal samples compared to gut microbiota sequenced from mucosa 

samples (7). Bacterial organization depends on luminal or mucosal association. Closer 

to the mucosa, oxygen levels are higher, selectively providing better living conditions 

for facultative anaerobes and aerobes (42). Additionally, the loose mucus layer closely 

associated with the apical cell membrane is enriched in mucin-degrading bacteria 

(367). Fecal samples have been found to harbor distinct species, as well as a fraction 

of mucosa-associated taxa (7). This suggests that fecal samples represent a specific 

ecological niche, as well as accommodate subsets of mucosa-localized gut microbiota 

(6).  
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Current bacterial DNA extraction methods recognize the fact that bacterial species 

variations in fecal samples are vast, and that extraction should attempt to be sensitive 

towards genetically and structurally diverse species. QIAamp has previously been 

observed to be highly effective and very sensitive towards detection of several gram-

negative bacteria (368). The difference in cell wall structure between gram-negative 

and gram-positive bacteria does however often result in underrepresentation of gram-

positive taxa in fecal samples, as chemical lysis does not always penetrate both cell 

wall barriers. Nonetheless, this can be countered by including mechanical lysis in the 

DNA purification setup (369), which was performed in Study II and III. 

 

Attempts at characterizing the human gut microbiota have been made using targeted 

methods, such as qPCR (370) or fluorescence in situ hybridization (371), both of 

which are designed to target species-specific DNA or RNA strands. More semi-

targeted methods have since been developed such as culturomics. Briefly, culturomics 

was developed as method to identify unknown bacterial species in the gut microbiota 

by in vitro propagation characterization by for example mass spectrometry (372). 

Cultures can be optimized for those species that are present in low amounts and 

therefore harder to detect by qPCR and in situ hybridization. However, cultoromics 

restricts the growth of species to a narrow set of living conditions, so it gives a lot of 

information about species living within these specific, distinct conditions (372-374). 

These methods often have the advantage of providing absolute numbers of bacterial 

Figure 9 – Advantages and disadvantages of the chosen methods of gut 
microbiota characterization. 
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species, but are limited to the taxa they target, therefore not providing a nuanced 

picture of the complete gut microbiota composition.  

 

The development of non-targeted analyses by next generation sequencing platforms 

such as 16S rRNA gene sequencing has led to higher resolutions of taxa at lower 

taxonomic orders, providing a more complex picture of the gut microbiota  

composition (375). This method is not without its own limitations. This sequencing 

method targets the hypervariable regions of the 16S rRNA gene. Construction of 

operational taxonomic units (OTUs), which was performed in Study II, results in 

clustering at 97%, whereby many different bacterial species can risk being clustered 

under the same genus (376). Also, due to the 97% clustering for OTUs used in Study 

II, it is most often not possible to detect bacteria at species or subspecies level (377), 

an issue which was resolved by using amplicon sequence variants (ASVs) (378) in 

Study III. Additionally, the 16S rRNA gene sequencing methods can only provide 

relative abundance of taxa, as the abundance of OTUs/ASVs is being measured 

against the total sum of OTUs/ASVs, which can be highly individual. 

 

3.7.2 STATISTICAL AND BIOINFORMATICAL ANALYSES 
As the animal study was performed before the clinical study, we there used the 

resulting sequences to cluster OTUs at 97% sequence alignment. The 97% percentage 

alignment was chosen based on a study which found that most bacterial strains had an 

average nucleotide identity at approx. 97% (379). Data was processed using the 

USEARCH workflow (380), implemented in QIIME (381). The MiDAS reference 

database (382) was used for taxonomic assignment of clustered OTUs as 

recommended by our collaborator DNASense during their assistance on the 

bioinformatical processing. 

 

Afterwards, we found that the field had started to use ASVs instead, as these provide 

a much better resolution (378). ASVs were therefore built in the clinical study using 

the USEARCH workflow implemented in QIIME2 (383). Comparison of mock 

communities of amplicon data has revealed that the older version of QIIME had 

difficulty recognizing spurious OTUs, leading to inflated α-diversity measures (384), 

which is one of the reasons for switching both clustering method, and bioinformatic 

pipeline. In the clinical study, due to clustering in ASVs instead, and as many clinical 

studies use the SILVA database (108, 109, 117-119), we chose to use this database 

instead.  

 

For bacterial β-diversity indices, Bray-Curtis dissimilarity, as well as weighted and 

unweighted UniFrac, were used in the clinical study (385). Several metrices were 

included, as they interpret findings differently depending on the properties of the 

intestinal community. Quantitative measures, as all three measures were, consider not 

only the presence of a taxa, but also its relative abundance. The Bray-Curtis is a widely 

used index because it takes both similarity and dissimilarity between gut microbiota 

communities into account, where regular distance measures such as Euclidian distance 

inflate dissimilarity values (386). However, it does not consider the relatedness of the 
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different taxa, which is why weighted and unweighted UniFrac were included (385). 

The unweighted UniFrac measures the evolutionary uniqueness of two different taxa 

and incorporates relatedness into the statistics, while weighted UniFrac additionally 

accounts for the differences in relative abundance of singular taxa (387). The 

unweighted version is more sensitive towards abundant taxa, while the weighted 

version is more sensitive towards rare taxa.  

 

3.7.3 ETHICAL CONSIDERATIONS 
The ethical animal approval was provided by the European Union Council Directive 

(ID Number: 2016-15-0201-01105). In animal research, there are substantial ethical 

considerations that must be undertaken before initiating any project and applying for 

ethical approval (388). This study aimed at upholding the Three Rs; reduce the number 

of animals used in the experiment, refine, or limit the pain and distress to which the 

animals are exposed and replace the use of animals with non-animal alternatives when 

possible. Animals underwent oral gavage, which may feel uncomfortable, but is a very 

quick and painless procedure with high translational value. This was only performed 

the number of times deemed necessary to ensure proper colonization of the rat 

intestinal tract with the donor gut microbiota. Rats are natural swimmers, but even so 

the forced swim test is considered a very stressful assessment of behavior. 

Nevertheless, the forced swim test is valued as one of the most efficient methods in 

assessing depressive-like behavior and therefore its pros outweigh its cons in a 

benefit-harm analysis. Furthermore, animals are sacrificed shortly after the 

conduction of the behavioral tests. 

 

Use of human subjects was approved by the North Denmark Regional Ethical 

Committee (ID Number: N-20170056), registered at the Danish Data Protection 

agency and conducted in accordance with the Declaration of Helsinki. Written 

informed consent was given by all participants. There were very few other ethical 

considerations regarding the patients – the fecal sampling procedure may be unusual 

and slightly uncomfortable for the patient, but it is a very fast, efficient and non-

invasive method that the participants were guided through in their written instructions. 
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CHAPTER 4. RESULTS 
The following provides the hypothesis behind the studies, and a brief summary of the 

main results of the studies. A detailed presentation of all results and statistical data is 

provided within each individual manuscript. 

 

STUDY I  
Hypothesis: Overall, previous studies have been able to differentiate between patients 

with MDD and healthy individuals based on the gut microbiota composition. 

 

Our systematic review included seventeen studies with a total of 738 patients with 

MDD and 782 healthy controls. These studies were found to vary highly in 

demographic and clinical information, resulting in heterogenous study populations. 

For example, only six of the studies excluded patients with known inflammatory 

bowel disorders (105, 108, 110, 113, 114, 120). Additionally, they utilized 

considerably different methods to evaluate and characterize the gut microbiota in their 

respective cohorts. As an example, very few of the studies applied the same primer 

set in their sequencing of the hypervariable regions of the 16S rRNA gene. Despite 

the heterogeneity in study designs, sixteen out of seventeen studies reported that they 

observed significant differences in the individual taxa of patients with MDD 

compared to their respective controls (see Table 1).  

 

Overall, four out of seventeen studies found a reduction in α-diversity measures in 

patients with MDD using several diversity indices (108, 111, 113, 114). In β-diversity, 

the gut microbiota of patients with MDD were observed to cluster separately from the 

gut microbiota compositions of healthy individuals in different principal components 

analyses (104, 106, 109, 110, 112, 113, 115-117, 119, 120). In addition, sixteen out 

of seventeen studies found alterations in the relative abundance of specific taxa 

between patients with MDD and their respective control groups. In total, 5 phyla, 36 

families and 78 genera of bacteria to be significantly altered in patients with MDD 

(The exhaustive list of these bacterial variations can be found in Appendix C). At 

family level, Bifidobacteriaceae and Coriobacteriaceae were both consistently 

increased in relative abundance in patients with MDD in five (110-112, 116, 120) and 

four (106, 110, 111, 115) studies, respectively. The most consistent findings at genus 

level were an increase in relative abundance of Eggerthella in six studies (104, 110-

112, 115, 116) and Atopobium (110, 111, 116)  and Bifidobacteria (110-112, 116) in 

four study populations. On the other hand, Faecalibacterium was observed to be 

decreased in relative abundance in seven studies (105, 106, 110, 111, 115, 116, 119, 

120). In general, studies were able to differentiate between patients and controls based 

on gut microbiota composition using either diversity indices and/or individual taxa. 
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STUDY II  
Hypothesis: FMT from patients with MDD into recipient rats can elicit depressive-

like behavior compared to FMT from the healthy control group. 

 

Our study followed two separate conceptual lines of research: 

 

A) To examine whether gut microbiota from patients with MDD could introduce a 

depressive-like phenotype into healthy control rats, we performed several FMT into 

the FRL (Figure 10A + 10B). FRL rats received the following interventions: 

1) FMT from patients with MDD (FMT-MDD)  

2) FMT from healthy individuals (FMT-Healthy)  

3) FMT-MDD and simultaneous treatment with sertraline (FMT-MDD-Ser) 

4) FMT with their own gut microbiota collected fresh from the two cohoused 

animals (CON-Auto)  

5) demineralized water (CON-H2O)  

 

B) To examine whether gut microbiota from healthy controls would introduce an 

antidepressant-like phenotype into an animal model of depression, we performed 

FMT into the FSL (Figure 10C + 10D). FSL rats received the following interventions: 

1) FMT from patients with MDD (FMT-MDD) 

2) FMT from healthy individuals (FMT-Healthy)  

3) FMT with their own gut microbiota collected fresh from the two cohoused 

animals (CON-Auto)  

4) demineralized water (CON-H2O). 

 

We used the forced swim test to assess depressive-like behavior, using both 

immobility time as the classical proxy for depressive-like behavior and struggling as 

assessment for engagement in active escape-oriented behavior interpreted as 

antidepressant-like behavior. The FSL rats clearly demonstrate higher overall 

immobility time in the forced swim test than FRL rats, (depressive-like behavior), 

which is the hallmark of this animal model (Figure 10A + 10C). 

 

For part A), the FMT-MDD group displayed a tendency towards higher immobility 

(p = 0.088) and significantly less struggling (p = 0.013) compared to the FMT-Healthy 

group (Figure 10A). However, while the FMT-MDD rats displayed depressive-like 

behavior compared to the FMT-Healthy rats, there was no difference in behavior 

compared to the neither the CON-Auto rats nor the CON-H2O rats (Figure 10B). The 

lack of a depressive-like phenotype in the FMT-MDD group compared to the two 

control groups suggests that the FMT-Healthy group presents an antidepressant 

phenotype, rather than an induced depressive phenotype in the FMT-MDD group. 

 

For part B), there was no difference in behavior in the FSL between treatment groups 

(Figure 10C + 10D). The remainder of the study therefore focused solely on the FRL 

rats.  
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After evaluation of the behavioral phenotypes, we determined how much of the donor 

material could be traced to the rat colonic system. 16S rRNA sequencing of fecal 

samples collected prior to the interventions and after interventions found that the 

human donor material accounted for 9.7 % ± 1.5 SD of the gut microbiota composition 

(Figure 2 in Paper II). Even so, it was possible to identify individual taxa from the 

human donors in the rat fecal samples after FMT.  

Figure 10 - Immobility and struggling times in the forced swim test. Total 
immobility time (sec) from each group based on recordings of the first 5 minutes in 
either FRL rats (A) or FSL rats (C). Total struggling time (sec) from each group based 
on recordings of the first 5 minutes in either FRL rats (B) or FSL rats (D). 
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An MA plot was built to illustrate the significant changes observed in bacterial taxa 

over time, and here we found that seventeen taxa were overrepresented in FMT-MDD 

compared to FMT-Healthy, while eight were underrepresented (Figure 11). Of these, 

five could be identified from the donor material. Three genera belonging to the 

Ruminococacceae family and the genus Lachnospira were elevated in relative 

abundance in FMT-MDD rats, while the genus Coprococcus was found depleted in 

relative abundance in the FMT-MDD rats.  

 

 

 

Figure 11 - Fold change in OTU expression comparing the OTUs observed in 
samples taken after FMT to OTUs observed in samples taken before FMT. OTU 
expression in rats receiving FMT from patients with MDD compared to rats receiving 
FMT from healthy individuals. 
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STUDY III 
Hypothesis: Antidepressant treatment-naïve patients with MDD have a significantly 

different gut microbiota composition compared to healthy individuals prior to 

initiation of treatment. Furthermore, their gut microbiota changes during therapeutic 

course.  

 

In total, 27 patients with MDD were recruited for the study. Of these, 21 delivered the 

baseline samples, 14 delivered the fecal sample at the four weeks follow-up and 12 

completed the study with all three samples. For healthy controls, 32 were recruited 

and 30 completed the study with all three samples. The patients commenced their 

antidepressant therapy after delivery of the baseline sample, but two only received 

cognitive treatment and no pharmaceutical antidepressant treatment. The remaining 

ten patients with MDD received a variety of antidepressant medication, such as 

sertraline, quetiapine, escitalopram, citalopram, mirtazapine, and duloxetine. Patients 

went from having a mean MDI score of 40,9 at inclusion, to 35,5 at the four weeks 

follow-up and 27 at the twelve weeks follow-up. The MDI score of patients decreased 

significantly from inclusion to completion of the study (p = 0.02). Of all twelve 

patients that completed the study, two patients went into remission, two patients 

responded to the medicine with a 50% reduction in MDI score and four went from 

having severe MDD to having mild MDD. Patients with MDD reported a higher 

frequency of gastrointestinal distress throughout the study, such as nausea, diarrhea, 

constipation and stomach pain, compared to the healthy individuals. For the 

comparative analyses of the gut microbiota, we included both the patients on 

pharmaceutical and cognitive treatments. 

 

We did not observe any differences in neither α- nor β-diversity indices explored 

between patients with MDD and healthy individuals at baseline. Additionally, we did 

not find any longitudinal differences in neither α- nor β-diversity indices in the gut 

microbiota of patients with MDD from the baseline to the twelve weeks follow-up. 

Nonetheless, we found significantly different taxa between patients with MDD and 

healthy individuals at baseline in the linear discriminant analysis – effect size (Figure 

12). Furthermore, we found that individual bacteria changed significantly over time 

in patients with MDD from the baseline to the twelve weeks follow-up. We observed 

that the genera Ruminococcus gnavus group, Ruminoccocus torques group and 

Intestinibacter were increased in relative abundance, while the genera Coprobacter, 

Bilophila, Desulfovibrio, and Lactobacillus were decreased in relative abundance in 

patients with MDD compared to healthy individuals. In patients with MDD, the family 

Ruminococcaceae and the genus Clostridium sensu stricto were found to decrease in 

relative abundance from baseline to the twelve weeks follow-up.  



CHAPTER 4. RESULTS 

43 

 
 

Figure 12 – Linear discriminant analysis – effect size of changes in individual 
bacterial taxa. Cladograms (A, C, E) display the internal relationship between 
bacteria significantly different. Barplots (B, D, F) display linear discriminant analysis 
scores of bacterial taxa in patients with MDD compared to healthy individuals 
(nonMDD) (A, B), bacterial taxa at baseline compared to twelve weeks follow-up in 
patients with MDD (C, D), and baseline compared to twelve weeks follow-up in 
healthy individuals (nonMDD) (E, F) 
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CHAPTER 5. DISCUSSION 
In this project, new insight into the scientific field of gut microbiota involvement in 

depression through the three studies was gained: 

 

• As demonstrated by our systematic review, the gut microbiota of patients 

with MDD can be separated from the gut microbiota of healthy individuals  

by either α- or β-diversity indices, or in individual taxa. 

 

• FMT from healthy individuals into recipient FRL rats was able to elicit an 

antidepressant behavior when compared to FMT from patients with MDD. 

FMT from patients with MDD into FRL rats did not produce a depressive-

like phenotype when compared to the CON-Auto or the CON-H2O FRL rats. 

Several bacterial taxa from the human donor material could be observed in 

the recipient rats. 

 

• The separation of gut microbiota between patients with MDD and healthy 

individuals based on α- or β-diversity indices could not be replicated in our 

patient cohort. However, we did find distinct bacterial taxa that were 

significantly different between patients with MDD and healthy individuals 

Additionally, individual taxa did significantly change after initiation of 

pharmacological and/or cognitive antidepressant treatment. 

 

The following sections will go through the three studies in detail, critically evaluating 

the results obtained here compared to previous publications, and furthermore attempt 

to highlight the clinical and translational value to provide future perspectives. For 

detailed discussions on each topic, we refer to Paper I, II and III.  

 

 

5.1. THE GUT MICROBIOTA IN PATIENTS WITH MDD IS 

SIGNIFICANTLY DIFFERENT IN TAXA AND 

DIVERSITY 
Several systematic reviews had been conducted prior to our addition to the scientific 

field (389-393). While these reviews were excellent, this field is rapidly expanding 

with many studies published a year, whereby an updated review is be necessary to 

establish a consensus on which bacterial species are of interest in patients with MDD. 

The more publications, the larger the combined sample size and the more confidence 

is gathered in which specific bacterial variations are predominant in patients with 

MDD. Furthermore, the previous reviews focused primarily on the potential 

depressive and/or antidepressant properties of the bacterial taxa altered in patients 

with MDD. We additionally attempted to be critical of which methods were applied 

to observe the taxa significantly different between patient and control cohorts. 
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Overall, the knowledge gained from Study I does imply that there are indeed an 

association between gut microbiota and MDD, as almost all included studies observed 

significant differences between their patients and control groups based on either α- or 

β-diversity. A loss of diversity, which was observed in four of the studies (108, 111, 

113, 114), is a consistent finding of many modern diseases, especially associated with 

the western diet and lifestyle consisting of high caloric intake and low physical 

activity (394). Likewise, the gut microbiota of patients with MDD clustered separately 

from healthy individuals in eleven of the included studies (104, 106, 109, 110, 112, 

113, 115-117, 119, 120), which has also been observed, primarily in non-

communicable diseases (395). Like us, previous systematic reviews have reported a 

lack of consensus between studies in diversity indices. Nevertheless, while there was 

little overlap between the individual studies in which specific taxa that were 

predominantly altered in patients with MDD, seventeen out of the eighteen studies 

could observe significant differences between the patient and control groups. 

Furthermore, the reduced relative abundance of the anti-inflammatory genus 

Faecalibacterium (396) observed in Study I was confirmed in the meta-analysis of 

Sanada et al. (391). This suggests that this particular genus, or functional properties it 

contains, may be specific for gut microbiota alterations in patients with MDD in 

general despite methodological variations in gut microbiota characterization and 

population differences.  

 

In recent systems biology publications, it is highlighted that the gut microbiota-host 

interactions is a complex system with many factors affecting the entire system (397). 

Instead of viewing the gut microbiota as a community consisting of separate taxa with 

specific effects on its host, it may be more clinically relevant to perceive it as a 

complex system, such as a holobiont consisting of all living entities in combination 

with the human host (398, 399). Therefore, we argue that the single bacteria alone 

does not affect the system as a whole, and thereby MDD. Rather it is the entire gut 

microbiota that is influenced, visible as alterations in single taxa, which may then 

exacerbate the depressive symptoms. Therefore, the individual bacteria observed to 

be significantly different in each of the included studies may rather represent species 

susceptible to the overall changes unique to MDD in that specific geographical and 

ethnic population.  

 

The included studies focused primarily on assessing the functional potential of the gut 

microbiota through genetic analyses, rather than analyzing the bacterial end-products 

through for example metabolomics (400). Newer studies have attempted to integrate 

both in network analyses to determine which bacteria are associated with which 

metabolic markers (401, 402). Here, they have been able to generate models that with 

high sensitivity and specificity can predict the diagnosis of MDD in their cohorts, 

suggesting that the structural and functional composition of the gut microbiota has 

implications for MDD diagnosis and treatment in the future.     
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5.1.1. LIMITATIONS AND STRENGTHS 
Meta-analyses provide the medical community with the best evidence-based summary 

of a great body of literature for optimization of patient care (403). We decided against 

performing a meta-analysis for several reasons.  

 

Firstly, the methods used in each individual study were widely different. Variations 

in the methods applied to characterize the gut microbiota can impose several biases, 

such as differentially affecting which bacterial taxa can be observed in the fecal 

samples (404). For example, it is generally accepted that the primer pairs targeting the 

hypervariable region of the 16S rRNA gene has higher specificity for some bacterial 

taxa over others, whereby some taxa can appear over- or underestimated in relative 

abundance (369, 405, 406). Secondly, we recognize the differences in patient and 

control populations. Most of the sudies were conducted primarily in Asia, with the 

remaining studies performed in Europe or the United States. Geographical and dietary 

preferences may therefore have masked bacterial variations specifically associated 

with MDD and not with ethnic groups (47, 406). Thirdly, the studies conducted thus 

far have had low sample sizes, possibly leading to insecure results, in which a meta-

analysis would have led to overestimation of the importance of individual bacteria 

(407).  

 

Combined, we therefore decided that systematically extracting the data and presenting 

it as a broad representation of the gut microbiota composition in patients with MDD 

would give the medical community the most representative overview. Systematic 

reviews are often viewed as providing the most recent literature summary, and are 

therefore also used clinically in combination with meta-analyses to provide the best 

evidence for future study designs and practice guidelines (408). While all studies in 

the review fit the in- and exclusion criteria, systematic reviews are subject to 

publication bias, where only studies with positive results are published (319). We 

cannot rule the case of negative, unpublished results out, but as several of the studies 

did not observe any differences between patients and controls in diversity measures, 

we argue that it is unlikely here.  

 

While there were many variations in the design of the included studies, many agreed 

upon specific bacterial variations in patients with MDD and healthy individuals. 

Therefore, we argue that the bacterial variations within patients with MDD are 

substantial enough in the microbial community, and in individual taxa, that it is 

observable through next generation sequencing assessments regardless of 

methodological variations. Therefore, our systematic review provides the most current 

knowledge in the field in an easily understood overview, which can inspire future 

studies in bacteria widely reported different in patients with MDD, such as 

Faecalibacterium. However, if systematic reviews and meta-analyses of gut 

microbiota in patients with MDD are to have an impact on future intervention studies, 

technical golden standards are necessary.  



CHARACTERIZATION OF GUT MICROBIOTA IN NEWLY DIAGNOSED PATIENTS WITH DEPRESSION 

48
 

5.2 FMT FROM HEALTHY DONORS INCREASED 

STRUGGLING IN FRL RECIPIENT RATS 
In our animal study, we found that FMT from patients with MDD or healthy 

individuals into FSL rats did not alter their depressive-like behavior. On the other 

hand, in the FRL rats, we observed a tendency towards lower immobility, and 

significantly more struggling in the FMT-Healthy group compared to the FMT-MDD 

in the forced swim test. Although, struggling is not the immediate proxy for 

depression-like behavior, it is a behavioral trait which suggests that the animal 

actively engages in escape-oriented behavior and therefore shows the opposite of 

behavioral despair.  

 

Several studies of FMT from patients with MDD into rats have been performed (106, 

108, 267, 268). All these studies showed depressive-like behavior in recipient animals 

of FMT from patients with MDD through either behavioral despair assessments like 

the forced swim test or the tail suspension test (106, 267, 268), or through evaluation 

of anhedonia in the sucrose preference test (108, 268). The inherent behavior of a rat 

or mouse depends on the strain used in the study (409, 410), which therefore naturally 

affects interventions with behavior as a primary outcome. Therefore, it is difficult to 

compare the behavioral effect of the FMT from patients with MDD between the 

studies, as these differ substantially in both animal species and strain. For example, 

the forced swim test has marked strain differences in both mice (411) and rats (412). 

The tail suspension test, where the rodent is suspended from the roof of a box in its 

tail only, mirrors the forced swim test in behavioral assessment. It cannot be applied 

to rats as they are too heavy to support their own weight (413). The depressive-like 

behaviors analyzed in mice with the tail suspension test can therefore be difficult to 

compare to the depressive-like behaviors observed in rats in the forced swim test. In 

the end, when we compare only the FMT-Healthy and FMT-MDD groups, we were 

able to replicate findings reported from previous studies that shows that depressive-

like behavior can be induced by FMT from patients with MDD compared to FMT 

from healthy individuals.  

 

When comparing the behavior of our FMT-MDD FRL rats to the CON-Auto or CON-

H2O FRL rats, there was no difference in behavior. This suggests that the FMT-

Healthy FRL rats received beneficial microbes, which may promote health and an 

antidepressant-like phenotype, rather than induced depressive-like behavior in the 

FMT-MDD FRL rats. Previously, only one study reported the inclusion of additional 

groups that did not receive FMT from human donors (268). Here, they were able to 

induce depressive-like behavior in their rats receiving FMT from patients with MDD 

compared to both FMT from healthy individuals, as well as the non-intervention 

control group. Our observed non-difference and their observed difference may have 

been due to model differences, as they utilized a GF Sprague-Dawley rat.  

 

We would argue that our model has higher translational value than the previous study 

performed, as they utilized a model that does not represent a normal, healthy animal. 
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As our hypothesis is that the gut microbiota is involved in MDD, the animal model 

should resemble the human counterpart as much as possible. Complete lack of gut 

microbiota is not a natural human state, and therefore we believe that our model has 

higher translational value as a model of FMT-induced MDD. 

  

None of the previous studies included animals who contained a natural, habiting 

microbiota. This may have resulted in induced behavioral differences between the 

altered animal, and its natural, microbiota-containing counterpart. This could have led 

to misinterpretation of behavioral analyses, especially when the lack of non-

humanized control groups cannot reveal the natural behavior of the animal. Previous 

studies have primarily used the GF animal model in either mice or rats (106, 267, 

268), or antibiotics-blasting of rats prior to FMT (108). There are a variety of 

behavioral differences between the GF mouse and its fully colonized control mouse, 

making it a less ideal model to use to assess the effects of FMT (414). Chronic 

antibiotics treatment been found to induce depressive-like behavior in mice (415), 

whereby separation between behavior induced by the FMT or by the antibiotic 

treatment is difficult. Furthermore, previous studies found that pre-treatment with 

antibiotics did not increase colonization efficiency in recipient animals (416), which 

was the rationale for choosing not to perform any colonic cleansing in Study II. 

Although our rats did contain a natural gut microbiota, and this may have limited the 

colonization effect, the FSL and FRL rats did not have behavioral differences induced 

prior to FMT, which may have been the case for the GF and antibiotics-treated 

animals. Therefore, our FMT model has higher translational value, although we did 

not confirm a depressive-like phenotype in the FMT-MDD group compared to the 

FMT-Healthy group. 

 

In our study of FRL rats, it was possible to identify bacterial taxa in the recipient rats 

from the human donors, with increased relative abundance of three genera belonging 

to the Ruminococcaceae family and the genus Lachnospira, and decreased relative 

abundance of the genus Coprococcus in FMT-MDD compared to FMT-Healthy. In 

previous studies, it was assumed that the bacterial variations observed in recipient 

animals originated from the donor material due to their induced anxenic state prior to 

FMT. However, there was no consensus between our study and previous studies on 

which specific bacteria were altered in relative abundance. For example, we observed 

increased relative abundance of the family Ruminococcaceae in the FMT-MDD FRL 

rats. In the study by Zheng et al., they observed decreased relative abundance of the 

same family in rats receiving FMT from patients with MDD compared to FMT from 

healthy individuals (106). In spite of this, several of the bacteria observed increased 

or decreased in relative abundance in our FMT-MDD FRL rats has likewise been 

observed in clinical studies of patients with MDD. For example, the genus 

Coprococcus has been observed in three studies included in Study I (106, 113, 115), 

as well as the large population-based study by Valles-Colomer et al. (121). Here, they 

confirmed that Coprococcus was depleted in patients with MDD. They likewise 

confirmed an positive association between increased relative abundance of 
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Faecalibacterium and higher quality of life, strengthening the association of these two 

genera with MDD.  

 

The article of Valles-Colomer et al. was rightfully titled “The neuroactive potential of 

the human gut microbiota in quality of life and depression” (121), as their main focus 

was on the functionality of the gut microbiota in patients with MDD. They specifically 

focused on the SCFA-producing properties of both Coprococcus and 

Faecalibacterium, which was similarly our main argument for a potential biological 

function related to MDD in Paper II. Loss of bacterial taxa with this property may 

lead to less SCFAs, and thereby a lack of their neuroprotective properties (84, 417), 

furthermore suggesting that it is the functional capacity of the gut microbiota that is 

involved in the pathology of MDD. 

 

5.2.1 LIMITATIONS AND STRENGHTS 
The strength of the FSL rat is that it displays a robust and strong increased immobility 

in the forced swim test compared to the FRL, thereby reducing the number of animals 

necessary to observe a significant difference between groups. Although, application 

of only one measure of depressive-like behavior can limit the confidence in both the  

validity of the results and the translational value in the context of MDD. However, 

FSL rats do not display anhedonia compared to the FRL rat unless a stress paradigm 

is applied (252, 418). As our original hypothesis is not based on a stress paradigm, it 

would therefore not make sense to include an additional test of depressive-like 

behavior such as anhedonia in the investigation of the depressive-like effect of FMT 

from patients with MDD. It could therefore be discussed whether the limitation of the 

behavioral battery of assessments for the FSL and FRL rats weakens the clinical 

relevance of our study, as the reproducibility across FMT studies is otherwise high 

using other animal models. Thus, it is possible that the study here more readily 

demonstrated an anti-depressant potential of the FMT from healthy individuals than 

the depressive-like effect of FMT from patients with MDD. 

 

One of the strengths of the study is the choice not to eliminate the inhabiting gut 

microbiota of the rats. As discussed previously, antibiotics-blasting or GF models also 

contains biases regarding behavior, while in our study, there should be no induced 

behavioral alterations prior to FMT. Contrarily, the rats did harbor a living gut 

microbiota which would be in direct competition with the transplanted donor material.  

Nevertheless, it has previously been observed that the success of FMT highly depends 

on which species are naturally present in the host gut (419), whereby the exact bacteria 

from the human donors which survived the competition may have some evolutionary 

or competitive advantage. After all, it was possible to distinguish between the FMT-

MDD and FMT-Healthy groups based on individual taxa despite the limited donor 

material detected. This adds to our hypothesis that the functional capacity of the gut 

microbiota is what drives potential depressive- and/or antidepressant-like behaviors.  



CHAPTER 5. DISCUSSION 

51 

5.3 CLINICAL RELEVANCE OF GUT MICROBIOTA IN 

PATIENTS WITH MDD 
In our clinical Study III, we characterized the gut microbiota of patients with MDD 

prior to pharmacological and/or cognitive treatment and healthy individuals. The gut 

microbiota was then characterized again at four and twelve weeks follow-up after 

patients initiated treatment. Here, we found that there was no significant difference in 

neither α- nor β-diversity between patients with MDD and healthy individuals at 

baseline. On the other hand, individual taxa were significantly different between the 

two groups, with an increased relative abundance of the genera Ruminococcus and 

Intestinibacter and a decreased relative abundance of the genera Coprobacter, 

Bilophila, Desulfovibrio, and Lactobacillus in patients with MDD compared to 

healthy individuals.  

 

As was observed in Study I, the majority of previous studies of patients with MDD 

only sampled their population once, and most of the patients were in active 

pharmacological treatment at the time of sampling (420). Despite differences in study 

design, several studies agreed with our observations regarding the lack of significant 

differences in both α- and β-diversity between patient and control groups. 

Additionally, several of the bacteria observed to differentiate patients from healthy 

individuals here were confirmed in other studies. In our patients, Ruminococcus was 

observed to be elevated in relative abundance in patients with MDD compared to 

healthy individuals at baseline, which has likewise been observed in previous studies 

(112, 401). In Paper III, we argued that this specific genus may be involved in 

tryptophan metabolism, limiting the bioavailability of this metabolite for serotonin 

production. In the study by Yang et al. (401), they found altered microbiota-associated 

enzyme-related genes for both tryptophan and GABA metabolism, as well as 

alterations in their metabolites, in patients with MDD compared to healthy 

individuals. This, combined with our confirmation of a significant increase in relative 

abundance of Ruminococcus, furthermore strengthens the hypothesis that it is not the 

individual bacterial taxa that are involved in MDD, but rather functions associated 

with these taxa that are disturbed. Tryptophan biosynthesis and metabolism was 

additionally disturbed in patients with MDD in the study by Lai et al. (116), while 

Valles-Colomer found altered GABA synthesis (121). This strongly suggests that the 

gut microbiota is involved in the regulation of neurotransmitters (421), although how 

much reaches the brain from the gut (301), and how it affects psychiatric diseases such 

as MDD is still unknown.  

 

In our study, we also saw a loss of Lactobacillus, a genus commonly used in probiotic 

formulas due to its SCFA-producing characteristic (422). Species of Lactobacillus has 

also been observed depleted in previous studies of patients with MDD (111) and loss 

of this genus may result in lower production of SCFAs. Not only is these metabolites 

neuroprotective (84, 417), they also regulate the production of neurotransmitters 

(423). This ties together the results from Study II, where we observed depletion of 

Coprococcus in the FMT-MDD group of FRL rats compared to the FRL-Healthy FRL 
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rats. Furthermore, the genus Faecalibacterium reported depleted in relative 

abundance in patients with MDD in Study I also produces SCFAs (424). As these 

three genera are depleted in patients with MDD and produces SCFAs, this suggests 

that patients with MDD overall lack the bacteria-derived SCFAs and their regulation 

of neurotransmitter metabolism. 

 

Theoretically, it is possible to imply that the elevation or depletion in the abundance 

of individual bacteria may have a functional consequence for the pathology of MDD. 

This has been exemplified in animal studies, such as the famed study by Sudo et al. 

(262). Here, inoculation of Escherichia coli in a GF mouse resulted in immunological 

and neurochemical alterations associated with MDD, which could be reversed by 

introduction of a strain of Bifidobacterium (262). Infection with Toxoplasma gondii 

in rats altered their fear response, making them more easily preyed upon by cats (425). 

While these studies illustrate how singular bacterial taxa can affect parameters 

associated with MDD, they involved animals devoid of a natural gut microbiota 

Therefore, they do not represent a natural system where introduction of a pathogen 

would meet colonization resistance (68). For that reason, the singular bacteria 

observed to be significantly different between patients with MDD and healthy 

individuals in Study III may alternatively be a symptom of how the intestinal system 

is affected in MDD, instead of these taxa representing infectious pathogens 

responsible for depressive features. This additionally ties in with what was observed 

in Study I, namely that studies could not agree upon which individual taxa were 

observed different between the two groups. We would argue that these alterations in 

bacteria are genuine differences between the two groups, despite the small sample 

size, as inter-individual variations far exceed intra-individual variations (426).  

However, we believe that these singular bacterial differences between patients with 

MDD and healthy controls are a manifestation of functional deficits arising from the 

gut microbiota as a whole, rather than diagnostically relevant biomarkers of MDD.  

 

Patients were antidepressant treatment-naïve, both in pharmacological and cognitive 

therapy, prior to entry into the project and commenced antidepressant treatment after 

the delivery of baseline samples. Ultimately, patients received several types of 

antidepressants, primarily SSRIs; some received only one antidepressant; some 

switched to a different type; some had their initial treatment augmented with an 

additional drug; and some never received pharmaceutical treatment, but only 

cognitive therapy. Bacterial variations in patients with MDD due to the 

pharmacological antidepressant treatment can therefore only be speculated, as each 

class of antidepressants have specific antibacterial properties (247). During the twelve 

weeks, there were some alterations in bacterial taxa observed. In the twelve weeks 

follow-up, the family Ruminococcaceae was decreased in relative abundance 

compared to baseline. No previous study has included completely treatment-naïve 

patients, but some studies have attempted to evaluate gut microbiota changes during 

antidepressant treatment (427-429). One study in particular observed that increased 

relative abundance of the Ruminococcus gnavus group and decreased relative 
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abundance of Coprococcus was associated with treatment-resistance, and that 

remission correlated to the family Ruminoccaceae. The efficacy of treatment has 

likewise been associated with species of Ruminococcus in a preclinical study (315). 

This ties in well with the observations in our Study II and Study III, and can also 

explain why several of our patients did not achieve remission or responded well to 

medication. This suggests that these particular bacteria may be a proxy for treatment 

response.  

 

While some of our results correlate well with previous observations, bacterial 

variations may have arisen in patients with MDD due to other factors than the 

antibacterial effect of the pharmacological antidepressant treatment. One of the 

somatic symptoms in MDD is altered appetite, most often resulting in decreased 

appetite and weight loss during their depressive episode (430). Antidepressants also 

have side effects, such as appetite alterations and subsequent weight gain (431). In 

our study, patients with MDD did not report substantial changes in neither appetite, 

caloric intake, or dietary preferences, but they may have been subject to self-report 

bias (432), as patients with MDD have previously been found to consume an 

unhealthier diet (433). Participants were asked to recall up to eight weeks of appetite 

and caloric intake. Combined with social desirability and recall bias, this may have 

compromised the validity of the self-reporting dietary intake (434). It is possible that 

patients with MDD may have changed their dietary habits during their antidepressant 

therapy. As dietary interventions have been observed to reduce depressive symptoms 

(435), the effect of antidepressants on the gut microbiota cannot be separated by the 

effect of potential dietary changes. 

 

In the end, Study III did confirm bacterial alterations in patients with MDD as 

observed in previous publications. The clinical relevance is still difficult to determine. 

There are substantial disagreements between studies in which specific bacteria are 

associated with MDD, whereby it can be difficult to use these bacteria as biomarkers 

of depression. Likewise, it is therefore difficult to determine establish which bacteria 

are suitable targets for intervention. However, the more studies published, the more 

clear the pattern. It does appear as if the Ruminococcaceae family and the 

Coprococcus genus are involved in MDD and potentially can predict treatment 

response.  

 

5.3.1 LIMITATIONS AND STRENGHTS 
One of the major strengths of the clinical study is the design of the patient cohort. We 

limited the patient population greatly by choosing a stringent, homogenic group of 

young individuals. We excluded several comorbid disorders to reduce the impact of 

potential microbial ‘background noise’ generated by these diseases. We chose a 

narrow age group and had strict limitations on pharmacological treatments other than 

antidepressants and specific diets. These were all measures taken to ensure consistent 

patient and control populations and our study population is therefore one of the most 

homogenous group of patients with MDD whose gut microbiota has been 
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characterized when considering those included and screened in Study I. Here, most 

studies had very broad age groups (18 – 65 years) and in many cases did not exclude 

patients or controls with additional diseases.  

 

Although, in such a study design, we will not capture the entire spectrum of MDD 

phenotypes, and our study may therefore have moderate external validity. As we age, 

the gut microbiota composition shifts, and some bacterial species increase while 

others decrease in relative abundance (436). Chen et al. exemplified this in patients 

with MDD, as they observed age-specific gut microbiota variations compared to 

healthy age-matched individuals (115). As the age group in our study is very narrow, 

the gut microbiota composition observed in Study III may therefore be a definitive 

representation of a ‘depressed’ microbiota only representing this specific age group. 

On the other hand, the prevalence of MDD is not higher amongst the elderly (437), so 

the narrow age group in our study population may not have limited the 

representativeness of the gut microbiota. One additional pitfall here may be that there 

is a risk that the MDD is misdiagnosed in a patient that actually has bipolar disorder 

but has not yet presented manic episodes (438). We however anticipated this risk and 

performed retrospective follow-up through the Danish Electronic Patient Journal at a 

minimum of one year after the initial diagnosis of MDD and found no new diagnosis 

of bipolar disorder. 

 

One major limitation of selecting to conduct a study with such a narrow demographic 

also limits the possibility of recruiting large samples of participants within the 

timespan of our project. One of the biggest obstacles during the project was motivating 

participants to enter the study and ensuring retention in the project. The dropout rate 

before completion was 52% and the reasons reported were lack of productivity and 

motivation, which are recognized as symptoms of their underlying disorder (439, 

440).  
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CHAPTER 6. CONCLUSIONS 
Overall, the three studies combined have led to several important findings on the 

association between gut microbiota and MDD. We have broadened the knowledge of 

this field in new and exciting ways and laid the groundwork for additional work to 

explore how the gut microbiota as a whole, and the individual bacteria inhabiting our 

intestinal system, can be involved in the pathology of MDD. 

 

In the systematic review, we found that, despite of the high heterogenicity between 

studies in the study design and methodological approach to gut microbiota 

characterization, it was possible to distinguish between patients with MDD and 

healthy individuals. Most of the studies were able to do so based on the respective α- 

and/or β-diversity of the two groups. Furthermore, several of the studies agreed upon 

specific bacterial changes such as an increase in relative abundance of the genera 

Atopobium, Bifidobacterium and Eggerthella, and a decrease in relative abundance of 

the genus Faecalibacterium in patients with MDD compared to healthy individuals. 

 

In the animal study, we found in FRL rats that depressive-like behavior was higher in 

the FMT-MDD group compared to the FMT-Healthy group, but not to the CON-Auto 

or the CON-H2O group, indicating that the depressive phenotype of this animal model 

only functions in comparison between groups transplanted with human material. On 

the other hand, FSL rats receiving human donor material did not display behavior 

different from the CON-Auto or CON-H2O groups. In the FMT-MDD and FMT-

Healthy FRL rats, we additionally observed bacterial taxa from the human donor 

material. Here, we found that, in the FMT-MDD animals, there was an increase in 

relative abundance in three genera belonging to the Ruminococcaceae family, and the 

genus Lachnospira, and a decrease in relative abundance in the genus Coprococcus 

compared to the FMT-Healthy animals. 

 

In the clinical study, it was not possible to separate the healthy individuals from the 

patients with MDD prior to commencement of antidepressant treatment. Interestingly 

though, there were individual taxa significantly different between the two groups. At 

baseline, patients with MDD had an increase relative abundance of the genera 

Intestinibacter, Ruminococcus gnavus group and Ruminococcus torques group, and a 

decreased relative abundance of the genera Bilophila, Coprobacter, Desulfovibrio and 

Lactobacillus compared to healthy individuals. After twelve weeks of 

pharmacological and/or cognitive antidepressant treatment, patients with MDD had a 

decreased relative abundance of the family Ruminococcaceae and the genus 

Clostridium sensu stricto as compared to before antidepressant treatment. 

 

In general, we aimed at establishing an association between the gut microbiota and 

MDD, and from the three studies conducted in this thesis, we can conclude that this 

correlation has been confirmed. The family Ruminoccaceae may be involved in 

response to pharmacological antidepressant treatment.  
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CHAPTER 7. PERSPECTIVES 
During the analyses conducted in this thesis, it was clear that there are several ways 

to conduct such a study in the future, and several clinical settings in which the results 

can be applicable.  

 

First, and most importantly of all, it is highly necessary to streamline the methods 

used to characterize the gut microbiota. As was mentioned in both the Methods and 

Discussion sections, the many variations in DNA purification, sequencing platforms, 

16S rRNA hypervariable gene targets, as well as bioinformatical quality assessments 

and databases used to assign taxonomy, can influence the identity of the bacterial taxa 

observed in the samples. If we are to compare studies in the future and conduct meta-

analyses which may provide researchers with the necessary bacterial targets for 

intervention studies, it is an absolute must that we as a scientific community agree 

upon a golden standard. 

 

For preclinical studies, it is evident that there can be several pitfalls. The animal model 

used, and the pretreatment to eradicate or limit the inhabiting gut microbiota, can 

affect the inherent behavior of the animal. For example, as we observed in our study, 

successful colonization by donor material is possible without prior restriction of the 

intrinsic gut microbiota.  Furthermore, the choice of animal model and strain must be 

considered carefully as different animal strains and models can lead to different 

behavioral outputs, making robust conclusions across publications difficult to make. 

Behavioral proxies for depression-like behavior vary within each animal model, so it 

is necessary to replicate studies to confirm whether findings are a biologically 

demonstrable phenomena or spurious false-positive findings. To promote 

translatability, future studies could therefore aim at developing humanized animal 

models that is suitable for behavioral analyses. Additionally, animal studies are 

indispensable in first line of research in exploring functional effects of the gut 

microbiota, which can be ethically impossible to conduct in humans. To be able to 

examine potential causal effects between the gut microbiota of patients with MDD 

and a depressive phenotype, future studies should also attempt to incorporate 

transcriptomics, proteomics and metabolomics in a network with genomic analyses to 

identify and explore potential medical targets. Therefore, future animal studies which 

aim at conducting FMT from human donors, especially in studies examining 

behavioral outputs. 

 

In the clinical study, the narrow design of the study led to the difficulty in recruiting 

subjects. However, we believe that this is the proper way to restrict the amount of 

background noise arising in the observed gut microbiota from comorbid disorders, 

medication and/or age. In future studies, it is necessary though to characterize several 

age groups, as gut microbiota also changes with ages, and this study therefore 

potentially only can be characteristic of the age group we explored. It was also not 

possible to separate the effect of antidepressants and the potential dietary changes 
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which often follows antidepressant treatment, whereby future studies should include 

more detailed descriptions of diet, or even limit participants to a specific diet. If 

possible, future studies should also restrict the pharmacological treatment to one type 

of antidepressant only, so as to be able to build correlation between bacterial variations 

and pharmacological treatment. Lastly, it is of high importance that the diagnosis of 

MDD is valid, and not based on self-reported symptoms of MDD, to be able to define 

if there is an association between gut microbiota alterations and MDD. 

 

Gut microbiota studies have explored during the last decade, and rightfully so – this 

is a field that has been underestimated in importance and influence. Based on the three 

studies, it is evident that there is an association between the gut microbiota and MDD. 

Therefore, characterization of the intestinal commensals should be developed further, 

should this method be an applicable model of MDD diagnosis in the future. This is 

evident from the obvious bacterial variations observed between the included studies 

in Study I, although we argue that these arise from ethnic, dietary and/or geographical 

variations. Therefore, for this market to have any future applicability, we must focus 

on determining if there exists population-specific gut microbiota, as was suggested in 

the study by Arumugam et al. (12).  

 

The relevancy of gut microbiota research in MDD extends to interventions and 

treatments. Several probiotic studies have aimed at modifying the gut microbiota 

composition of patients with MDD, specifically using strains of Lactobacillus due to 

their SCFA-producing function, producing low-to-moderate antidepressant effects 

(441-444). On the other hand, several of the included studies in Study I found 

increased relative abundance of Lactobacillus in their patient cohorts, whereby this 

bacterial species may not be appropriate for this disorder.  

 

A single case report found that an elderly woman with poor antidepressant treatment 

response received FMT from her six-year old, healthy grandchild, resulting in 

complete remission (445). This study provides an optimistic approach to how 

bacteriotherapy can be used in the future treatment of MDD, suggesting that the gut 

microbiota may be used for more than diagnostic and prognostic markers of MDD.  
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CHAPTER 9. APPENDICES 

Appendix A. – Artist attributions 

Figure 2 - Bacteria (artsholic), GI tract (freepik), pharmacy logo (vectorstock), fast 

food (21kompot), medicine (vectorstock). All vectors acquired from vectorstock.com 

Figure 3 - Multiple bacteria (artsholic), GI tract (freepik), immune cells (anastasia8), 

single bacteria (soponyono), foods (vectorstoc). All vectors acquired from 

vectorstock.com 

Figure 8 – Tube under “DNA purification” (Krolja), DNA (Awareness) 

Figures 1, 4, 5, 6, 7, 8, 9 – Mette Henriksen, designer at North Denmark Regional 

Hospital    

 

 

Appendix B. – Paper I, Supplementary 

Material 1 

The search was conducted on November 13th using three databases; PubMed, Embase 

and PsychINO. The search strategies are described below; 

 

Database: Pubmed search strings 

(((("mood disorders"[MeSH Terms] OR mood disorder[Text Word])) OR 

("depressive disorder"[MeSH Terms] OR "depression"[MeSH Terms] OR 

depression[Text Word]))) AND ((((("microbiota"[MeSH Terms] OR microbiota[Text 

Word])) OR ("fecal microbiota transplantation"[MeSH Terms] OR fecal microbiota 

transplantation[Text Word])) OR microbiome[Text Word]) OR "brain gut axis"[All 

Fields]). 

 

Database: Embase <1974 to 2020 Week 46> 

Search Strategy: 

-------------------------------------------------------------------------------- 

1     exp mood disorder/ (536354) 

2     mood disorder*.mp. (59009) 

3     depressi*.mp. (730993) 

4     1 or 2 or 3 (806592) 

5     exp microflora/ (130859) 

6     fecal microbiota transplantation/ (4621) 

7     brain gut axis.mp. (1200) 

8     microbiome.mp. (42028) 

9     microbiota.mp. (67148) 

10   5 or 6 or 7 or 8 or 9 (151670) 

11   4 and 10 (2479) 

12   remove duplicates from 11 (2453) 
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13   limit 12 to dc=18000101-20201113 (2287) 

 

Database: PsycINFO <1806 to November Week 3 2020> 

Search Strategy: 

-------------------------------------------------------------------------------- 

1     exp affective disorders/ (147813) 

2     mood disorder*.mp. (23418) 

3     depressi*.mp. (367524) 

4     1 or 2 or 3 (381677) 

5     microbiota.mp. (1074) 

6     microbiome.mp. (709) 

7     brain gut axis.mp. (130) 

8     5 or 6 or 7 (1479) 

9     4 and 8 (396) 
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Appendix C.  Paper I, Supplementary Material 

2 

 

 

 

 

 

 

 

 

 

 

Analyses Based on Next Generation Sequencing
Naseribafrouei 

et al. (42)

Zheng et al. 

(2016) (44)

Kelly et al. 

(46)

Lin et al. 

(47)

Relative abundance of phylum in MDD compared to HC A-MDD R-MDD Male Female

Actinobacteria ↓ ↑ ↑

Bacteroidetes ↓ ↑ ↑ ↓ ↓

Firmicutes ↑ ↓

Fusobacteria ↑

Proteobacteria ↑

Analyses Based on Next Generation Sequencing
Naseribafrouei 

et al. (42)

Zheng et al. 

(2016) (44)

Kelly et al. 

(46)

Lin et al. 

(47)

Relative abundance of family in MDD compared to HC A-MDD R-MDD Male Female

Actinobacteria - Actinomycineae ↑

Actinobacteria - Atobopiaceae

Actinobacteria - Bifidobacteriaceae ↑

Actinobacteria - Coriobacteriaceae ↑ ↑

Actinobacteria - Eggerthellaceae

Actinobacteria - Micrococcaceae

Bacteroidetes - Bacteroidaceae ↓ ↑ ↓

Bacteroidetes - Barnesiellaceae

Bacteroidetes - Cytophagaceae

Bacteroidetes - Flavobacteriaecea

Bacteroidetes - Porphyromonadaceae ↑ ↑

Bacteroidetes - Prevotellaceae ↓ ↓

Bacteroidetes - Sphingobacteriaceae

Bacteroidetes - Rikenellaceae ↑ ↑ ↓

Firmicutes - Acidaminococcaceae ↑ ↑ ↓

Firmicutes - Christensenellaceae

Firmicutes - Clostridiaceae

Firmicutes - Clostridiales XI incertae sedis ↑

Firmicutes - Enterococcaceae

Firmicutes - Erysipelotrichaceae ↓ ↑ ↑

Firmicutes - Eubacteriaceae ↑ ↑

Firmicutes - Heliobacteriaceae

Firmicutes - Lachnospiraceae ↓ ↓ ↓ ↑ and ↓ ↑ and ↓ ↑ and ↓

Firmicutes - Lactobacillaceae ↑

Firmicutes - Oscillospiraceae

Firmicutes - Peptococcaceae

Firmicutes - Peptostreptococcaceae

Firmicutes - Ruminococcaceae ↓ ↓ ↑ ↓ ↑ and ↓

Firmicutes - Streptococcaceae ↑

Firmicutes - Thermoanaerobacteriaceae ↑

Firmicutes - Veillonellaceae ↓ ↓ ↓

Fusobacteria - Fusobacteriaceae ↑

Patescibacteria - Saccharimonadaceae

Proteobacteria - Alicaligenaceae

Proteobacteria - Enterobacteriaceae ↑ ↑

Proteobacteria - Pasteurellaceae ↑

Proteobacteria - Sutterellaceae ↓

Jiang et al. (43)
Chen et al. (2018) 

(48)

Jiang et al. (43)
Chen et al. (2018) 

(48)
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Rong et 

al. (49)

Chung et 

al. (50)

Huang et 

al. (51)

Vinberg et 

al. (52)

Lai et 

al. (54)

Liu et al. 

(55)

Mason et 

al. (56)

Stevens 

et al. (57)

Zheng et al. 

(2020) (58)

Young MA ↑ ↓

↑ ↑ 4 1

↓ ↓ ↑ 3 5

↑ ↑ ↓ ↓ 3 3

1

↓ 1 1

Rong et 

al. (49)

Chung et 

al. (50)

Huang et 

al. (51)

Vinberg et 

al. (52)

Lai et 

al. (54)

Liu et al. 

(55)

Mason et 

al. (56)

Stevens 

et al. (57)

Zheng et al. 

(2020) (58)

Young MA ↑ ↓

↑ 2

↑ 1

↑ ↑ ↑ ↑ 5

↑ ↑ 4

↑ 1

↑ 1

↓ ↓ ↑ and ↓ 2 5

↓ 1

↓ 1

↓ 1

↑ 3

↓ ↓ 4

↓ 1

2 1

↓ ↑ 3 2

↓ ↑ ↓ 1 2

↓ ↓ 2

1

↑ ↑ 2

2 1

↑ 2

↑ 1

↑ ↓ ↑ ↑ and ↓ ↑ 7 7

↑ 2

↑ 1

↑ 1

↑ ↓ 1 1

↑ ↓ ↓ ↓ ↓ 3 8

↑ ↑ 3

1

↑ ↑ 2 3

1

↑ 1

↓ 1

↓ 2 1

↓ 1 1

↓ 2

Chen et al. 

(2020) (53)

Total 

observations

Chen et al. 

(2020) (53)

Total 

observations
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Analyses Based on Next Generation Sequencing
Naseribafrouei 

et al. (42)

Zheng et al. 

(2016) (44)

Kelly et al. 

(46)

Lin et al. 

(47)

Relative abundance of genus in MDD compared to HC? A-MDD R-MDD Male Female

Actinobacteria - Actinomycineae - Actinomyces ↑

Actinobacteria - Bifidobacteriaceae - Bifidobacterium ↑

Actinobacteria - Coriobacteriaceae - Atopobium ↑ ↑

Actinobacteria - Coriobacteriaceae - Adlercreutzia

Actinobacteria - Coriobacteriaceae - Coriobacterium

Actinobacteria - Coriobacteriaceae - Eggerthella ↑ ↑

Actinobacteria - Coriobacteriaceae - Gordonibacter ↓ ↑

Actinobacteria - Coriobacteriaceae - Olsenella ↑

Actinobacteria - Coriobacteriaceae - Slackia

Actinobacteria - Micrococcaceae - Rothia

Bacteroidetes - Bacteroidaceae - Bacteroides ↓ ↑ ↑

Bacteroidetes - Porphyromonadaceae - Barnesiella

Bacteroidetes - Porphyromonadaceae - Parabacteroides ↑ ↑

Bacteroidetes - Prevotellaceae - Paraprevotella ↑

Bacteroidetes - Prevotellaceae - Prevotella ↓ ↓ ↓ ↑

Bacteroidetes - Rikenellaceae -  Alistipes ↑ ↑ ↑ ↓

Clostridium sensu stricto

Clostridium XI ↑

Clostridium XVIII

Clostridium XIX ↑

Clostridium (unspecified)

Firmicutes - Acidaminococcaceae - Acidaminococca

Firmicutes - Acidaminococcaceae - Phascolarctobacterium ↑ ↑ ↓

Firmicutes - "Bacillales" - Gemella

Firmicutes - Clostridiaceae - Faecalibacterium ↓ ↓ ↓ ↑

Firmicutes - Clostridiaceae - Fusicantenibacter

Firmicutes - Clostridiaceae - Lachnoclostridium

Firmicutes - Enterococcaceae - Enterococcus

Firmicutes - Erypsipelotrichaceae - Bulleidia

Firmicutes - Erypsipelotrichaceae - Holdemania ↑

Firmicutes - Erypsipelotrichaceae - Turicibacteria ↑

Firmicutes - Erypsipelotrichaceae incertae sedis ↑

Firmicutes - Eubacteriaceae - Anaerovorax ↓

Firmicutes - Eubacteriaceae - Eubacterium ↑

Firmicutes - Heliobacteriaceae - Heliobacterium

Firmicutes - Lachnospiracea incertae sedis ↑ ↑ and ↓

Firmicutes - Lachnospiracea - Agathobacter

Firmicutes - Lachnospiraceae -  Anaerostipes ↑ ↑

Firmicutes - Lachnospiraceae - Blautia ↑ ↑ ↑

Firmicutes - Lachnospiraceae - Clostridium XIVa ↓

Firmicutes - Lachnospiraceae - Coprococcus ↓

Firmicutes - Lachnospiraceae - Dorea ↑

Firmicutes  -Lachnospiraceae - Howardella ↓

Firmicutes  -Lachnospiraceae - Lachnoclostridium

Firmicutes  -Lachnospiraceae - Lachnospira

Firmicutes - Lachnospiraceae - Roseburia ↑ ↑ ↓ ↑

Firmicutes - Lachnospiraceae - Sellimonas

Firmicutes - Lachnospiraceae - Tyzerella

Firmicutes - Lactobacillaceae - Lactobacillus

Firmicutes - Oscillospiraceae - Oscillibacter ↑ ↑ ↓

Firmicutes - Peptococcaceae - Desulfitobacterium

Firmicutes - Peptostreptococcaceae - Peptostreptococcus

Firmicutes - Peptoniphilaceae - Parvimonas ↑

Firmicutes - Ruminococcaceae - Anaerofilum ↑

Firmicutes - Ruminococcaceae - Clostridium IV ↑

Firmicutes - Ruminococcaceae - Flavonifracter

Firmicutes - Ruminococcaceae - Phocea

Firmicutes - Ruminococcaceae - Ruminiclostridium

Firmicutes - Ruminococcaceae - Ruminococcus ↓ ↓

Firmicutes - Ruminococcaceae - Subdoligranulum

Firmicutes - Streptococcaceae - Streptococcus ↑

Firmicutes - Thermoanaerobacteraceae - Gelria ↑

Firmicutes - Veillonellaceae - Dialister ↓ ↓ ↓

Firmicutes - Veillonellaceae - Megasphera

Firmicutes - Veillonellaceae - Megamonas ↑ ↓

Firmicutes - Veillonellaceae - Veilonella ↑

Fusobacteria - Fusobacteriaceae - Fusobacterium

Proteobacteria - Alcaligenaceae - Asccharobacter ↑

Proteobacteria - Desulfovibrionaceae - Desulfovibrio ↑

Proteobacteria - Enterobacteriaceae - Citrobacter

Proteobacteria - Enterobacteriaceae - Escherichia/Shigella ↓

Proteobacteria - Enterobacteriaceae - Klebsiella ↑

Proteobacteria - Pseudomonadaceae - Pseudomonas

Proteobacteria - Oxalobacteriaceae - Oxalobacter

Proteobacteria - Sutterellaceae - Parasutterella ↑

Proteobacteria - Sutterellaceae - Sutterella ↓

Spirochaetota - Sphaerochetaceae - Sphaerocheta

Synergistetes - Synergistaceae - Pyramidobacter ↓ ↓

Jiang et al. (43)
Chen et al. (2018) 

(48)
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Young MA

1

↑ ↑ ↑ 4

↑ ↑ 4

↑ 1

↑ 1

↑ ↑ ↑ ↑ 6

1 1

↑ ↑ 3

↑ 1

↑ 1

↑ ↓ ↓ ↓ ↑ 4 4

↓ 1

↑ ↑ 4

1

↑ and ↓ ↓ 2 4

3 1

↓ 1

↑ ↓ 2 1

↓ ↑ 1 1

1

↑ 1

↑ 1

↓ ↑ 3 1

↑ 1

↓ ↓ ↓ ↓ 1 7

↓ 1

↑ ↓ 1 1

↑ ↑ 2

↑ 1

↑ ↑ 3

1

1

↓ 2

↑ ↑ ↓ 3 1

↑ 1

2 1

↓ 1

↑ 3

↑ ↓ 4 1

1

↓ ↓ 3

↓ 1 1

1

↑ 1

↓ 1

↑ ↓ 4 2

↑ 1

↓ 1

↑ and ↓ ↑ 2 1

↑ ↓ ↑ ↑ and ↓ 5 3

↑ 1

↑ 1

↑ 2

1

1

↑ ↑ 2

↑ 1

↑ and ↓ 1 1

↑ ↓ ↓ 2 4

↓ 1

↑ and ↓ ↑ ↑ ↑ 5 1

1

3

↑ 1

↓ 1 2

↑ 2

↓ 1

1

↑ ↓ 2 1

↑ 1

↑ ↑ 2 1

↑ 2

↑ 1

↑ 1

1

↓ ↓ 3

↑ 1

2

Chen et al. 

(2020) (53)

Total 

observations
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