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ABSTRACT 

Irritable bowel syndrome (IBS) is characterized by chronic abdominal pain/

discomfort along with altered bowel habits, which accounts for a large proportion of 

gastrointestinal (GI) disorders worldwide. While psychiatric distress like depression is 

one of the most frequent comorbidities in IBS patients, which not only influences the 

quality of life, it also leads to a substantial economic burden and inefficient treatment 

in IBS patients. Inflammation, altered activities of the HPA axis, aberrant central 

neuroplasticity and neurotransmission have been highly regarded as pathogenic 

factors of the depression. Whereas, in recent years, dysfunctions in the gut microbial 

community has been increasingly discovered to provoke depression disorder. 

Considering that gut dysbiosis plays causal role in IBS progression, dysfunction of the 

gut microbiota has been speculated for contributing to the depressive symptoms in 

IBS (IBS-DP) patients. However, whether and how gut dysbiosis affecting IBS-DP 

patients remain unclear. We hypothesized that gut microbiota changes contribute to 

the development of IBS-DP and the change of gut microbiota-driven metabolites 

induces the structural and/or functional changes of the central nervous system (CNS), 

thus resulting in the development of IBS-DP.  

In this thesis, IBS patients with and without depression and animal models of IBS 

have been systematically studied, to investigate whether gut dysbiosis mediates 

depressive disorder in IBS. Firstly, we conducted a cross-sectional study involving 

the distribution of depressive disorder in the IBS population of Hong Kong. 

According to this survey, we found that there is 36.6% (135/369) of IBS patients 
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showed symptoms of depression. The severity of depressive symptoms was positively 

associated with the harshness of visceral pain and bloating signatures in IBS patients. 

Secondly, in comparison to the non-depression of IBS (IBS-ND) group, faecal 

metagenomic results unveiled the disrupted gut microbiota in IBS-DP patients, mainly 

with the deficiency of several beneficial bacterial groups, including Akkermansia, 

Bifidobacterium and Eubacterium, whereas the gut microbiota profile between IBS-

ND patients and healthy controls (HCs) showed no significant changes. Compared 

with HCs, enzyme-linked immunosorbent Assay (ELISA) results showed higher 

levels of serum IL-1β,  IL-6, and TNF-a in IBS-DP patients, indicating a low-grade 

peripheral inflammation in IBS-DP patients. Moreover, the abundance of 

Akkermansia muciniphila (A. muciniphila), was negatively correlated with Hamilton 

Rating Scale for Depression (HAMD) score and Zung Self-Rating Depression Scale 

(SDS) score, IL-1β, TGF-β, and TNF-a in IBS-DP patients. These findings indicate 

that gut dysbiosis, especially deficiency in A. muciniphila, is related to the depressive 

symptoms and inflammation in IBS-DP patients. Thirdly, in a neonatal maternal 

separation (NMS) rat model, behavioural tests such as colorectal distention (CRD) 

test, open field test (OFT), forced swimming test (FST), and sucrose preference test 

(SPT) results showed visceral hypersensitivity and depression symptoms in rats. 

These results indicate that the model can successfully mimic the visceral hyperalgeisa 

and the depression-like behaviour of IBS-DP. Immunohistochemical analysis showed 

an altered morphology and decreased the quantity of astrocytes in the hippocampus of 

NMS rats when compared with that of controls. More importantly, the mRNA 

expressions of genes related to Astroglial glutamate transmission including glutamate 

transporters (GLTs), glutamate receptors, and also glutamate-related exchangers, as 
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well as astrocyte biomarker glial fibrillary acidic protein (GFAP), which are mediated 

with chronic inflammation and/or stress, were decreased in NMS rats when compared 

with the control group. These results indicate that impaired astroglial glutamate 

neurotransmission in NMS rats. Furthermore, pseudo-GF rats with faecal microbiota 

transplantation (FMT) of NMS microbiota were also conducted, and results showed 

that the association of A. muciniphila deficiency, depressive-like behaviours and 

impaired astroglial glutamate neurotransmission were repeated in the rat recipients. 

These results indicate a causal relationship between NMS microbiota and depressive 

phenotype, involving dysfunction of the astrocyte- glutamate pathway. Fourthly, to 

further verify the role of A. muciniphila in NMS microbiota-induced depressive 

phenotype and impaired astrocytic glutamate pathway, we orally administered live 

and heat-killed A. muciniphila bacteria in NMS adult rats. A. muciniphila (108 CFU in 

1mL PBS) was administered once-daily for four consecutive weeks. Besides, 

rifaximin and fluoxetine were also separately treated in NMS rats as control groups. 

Rifaximin is a broad-spectrum GI-specific antibiotic that is commonly used for IBS 

treatment, and fluoxetine, a selective serotonin re-uptake inhibitor, is one of the most 

frequently prescribed anti-depressants. The results showed that A. muciniphila 

efficiently improved depressive-like behaviours, attenuated the impaired astrocytic 

glutamate neurotransmission, as well as restored the normal morphology and number 

of astrocytes in the hippocampus of NMS rats. While rifaximin-treated rats only 

exhibited amelioration of visceral pain, and fluoxetine group mainly performed 

antidepressant effect, without any significant change in astrocytic glutamate 

neurotransmission impairment. These results demonstrate that A. muciniphila 

improves depressive symptoms in IBS phenotype and ameliorate astroglial-
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glutamatergic pathway dysfunction. Whether and how A. muciniphila modulates 

astroglial glutamate transmission, therefore leading to the improvement of depressive 

symptom in IBS, remains to be further investigated. 

Taken together, the works of this thesis, combining both clinical and animal studies 

reveal that gut dysbiosis, particularly deficiency of A. muciniphila, contributes to the 

development of IBS-DP via regulating the astroglial glutamatergic pathway. This 

study gives a different direction to microbial-guided therapy for the IBS-DP patients 

in the future. 
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CHAPTER 1: INTRODUCTION 

Epidemiology of IBS and its comorbidity depression 

Irritable bowel syndrome (IBS), one of the most prevalent functional gastrointestinal 

disorders (FGIDs), is phenotypically characterized by chronic abdominal pain or 

discomfort such as cramps and bloating, and irregular defecation habits including 

changes in stool frequency and appearance [1]. There are four subtypes of IBS, based 

on the bowel habits which include, diarrhea predominant (IBS-D), constipation 

predominant (IBS-C), alternating constipation and diarrhea, i.e., mixed subtype (IBS-

M) and unclassified subtype (IBS-U) [2]. IBS affects a pooled prevalence of 11% 

worldwide, ranging from 1.1% to 35.5% of prevalence rate based on population 

studies from different countries, and an average incidence of 6.6% in Hong Kong 

residents [3-6]. Among them, IBS-C and IBS-M are more common in the western 

population [7], while IBS-D subtype is highly distributed in Asian population [8]. 

These differences might be due to the significant socio-cultural differences and varied 

ethnic backgrounds. 

IBS patients frequently suffer from psychiatric distresses like depressive symptoms, 

anxious expressions, panic behaviours, neurosis signs and somatization disorders 

[9-11]. Various studies have demonstrated that depression and anxiety disorders stand 

out to be highly prevalent in patients who seek medical intervention and also 

exacerbate the bowel symptoms [12-15]. Among them, a cross-sectional study 

performed in Isfahan University reported the prevalence with over 42% of depression 
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comorbidity in males and 48% in females of IBS [15], though with the limitation of 

bias in participants chosen. In the last five years, a series of systematic reviews 

demonstrated that IBS patients possess a higher risk of depression suffering when 

compared to the healthy participants [16-20], with an estimated 28.8% proportion of 

IBS-associated depression (IBS-DP) [20]. 

IBS patients who seek for physician visits, hospitalization, diagnostic examinations 

and unsatisfactory treatment are reported to suffer heavy family expenditures and low 

quality of life  (QoL) [21], among which patients with IBS-DP have an accumulative 

influence on reducing QoL [22]. They are also susceptible to work/school 

absenteeism and decreased productivity and activity due to gastrointestinal symptoms 

and its severe co-morbid conditions like major depression. Direct medical costs and 

indirect expenses on IBS lead to a considerable economic burden to the public health-

care system, like an estimate annual total expenditure of CNY123.83 billion 

(USD1.99 billion) in China [23] and €82 million in Europe by Rome II criteria [24]. 

One study also indicated that co-morbidities such as depression symptoms increased 

the direct healthcare costs [25], despite no exact data was shown in the study.  

Pathogenesis of IBS 

Although IBS is a well-known FGID, which considerably threatens the quality of life, 

the pathophysiology of IBS remains unclear. The potential pathogenesis of IBS is 

multifactorial as its clinical features. Both intrinsic factors including altered brain-gut 
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interaction, microbiome imbalance, immune dysfunction, genetic variations, and 

psychiatric morbidity, and environmental factors containing life stress, enteric 

infection, and antibiotics abuse could contribute to the progress of IBS symptoms 

[26]. These factors, however, also play important roles in the widespread presence of 

IBS symptoms in other inflammatory circumstances like inflammatory bowel disease 

and celiac disease and lead to serious acute gastroenteritis [27-29]. 

Altered brain-gut interaction 

A bi-directional brain and gut network (BAG) consists of the enteric nervous system 

(ENS), the gut wall, and the central nervous system (CNS), which interacts with the 

gut and the CNS via the neural, neuroimmune and endocrine pathways [30]. In 

healthy individuals, signals from the nervous system can impact gut motility, visceral 

perception, gastrointestinal (GI) permeability, and secretion mode of the GI tract, 

which in turn can influence brain behaviours and functions [31]. Hence, BGA plays 

vital roles in food management of intaking, digesting and absorbing, and intestinal 

sensitivity and motility. Meanwhile, gut end changes like its metabolites can also 

transmit information from the luminal environment to CNS via the vague nerve [32]. 

Either impaired structure or abnormal function in the axis can induce varied responses 

of perception and reflection in CNS and also bring about GI disorders such as IBS 

that frequently co-occurrence with continuing psychological symptoms like 

depression and anxiety disorders [33, 34].  

�3



Disrupted structure and function in the CNS 

IBS patients have been identified with altered brain structure regarding the higher or 

lower density and volume of gray matter (GM) as well as cortical thickness (CT). 

Davis et al. using functional magnetic resonance imaging (fMRI) found that IBS 

patients reduced the CT in the bilateral insula and the right anterior cingulate cortex 

(ACC) when compared with healthy controls [35]. Later Blankstein et al. also 

reported that IBS patients exhibited a prominent cortical thinning in the anterior 

midcingulate cortex (aMCC) and an enhanced GM in hypothalamus, while the 

reduced CT  of the insula only showed in patients with short-term IBS, not in long-

term IBS [36]. Moreover, another structural MRI study found that female IBS patients 

decreased the volume of GM in the bilateral hippocampus, insula, amygdala, superior 

and middle frontal gyrus, and left cingulate, brainstem, gyrus rectus and putamen 

[37]. Of note, this cortical limbic system is associated with pain modulation and 

interception processing, which directly link to the pathology of visceral pain in IBS. 

Neuron-related impairment including reduced neural cell dimension, programmed and 

un-programmed cell death, apoptosis, and necrosis of glia such as astrocytes and 

microglia, and neurotransmission dysfunction involved with decreased dendritic 

spines, lower synaptic density, and increased excitotoxicity of glutamate signaling 

were presumably contributed to the abnormal brain structure in IBS patients [30]. 

Impaired ANS and HPA axis  

�4



The stress-related systems, consisting of the autonomic nervous system (ANS) and 

the hypothalamus-pituitary-adrenal (HPA) axis, have been well-known related to 

psychological disorders like depression and anxiety [38], and the stress-associated 

bowel syndromes, particularly in post-infectious IBS (PI-IBS) [39]. Patients with IBS 

frequently show ANS dysfunction, characterized by imbalance in parasympathetic 

and sympathetic systems like vagal dysfunction, and abnormal visceral reflexes, 

which may, in turn, cause the higher severity of GI perception and extra-bowel signs 

such as mood disorders [40, 41].  

Numerous animal studies demonstrated that over-released corticotrophin-releasing 

factor (CRF) and urocortins (UCNs) exacerbated the depressive-like 

neurobehavioural and IBS-like phenotypes including irritated gut motility, intestinal 

over-secretion, and GI hypersensitivity [42-47], regardless of them by exogenous 

generated or response to stress-induced. UCNs belongs to neuropeptide family that 

can regulate the activity of CRF receptors. A functional MRI study in rodents 

confirmed that amygdala injected with corticosterone (CORT) could undoubtedly 

stimulate brain signals concerning the colorectal distention (CRD) in contrast to 

cholesterol-treated rats [48]. Meanwhile, heightened expression of CRF and CRF 

receptor-1 were exhibited in the brain, typically in the thalamus of the rats which were 

manipulated with neonatal maternal separation (NMS), a classic early life stress 

animal model [49]. Furthermore, transgenic mice with CRF1 receptor deficiency or 

intervention with CRF1 antagonists, particularly in central administrated, had 
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anxiolytic/antidepressant efficacy and ameliorated stress-induced and CRF-related GI 

disorders such as IBS [50-52]. 

Several clinical studies reported that IBS patients intensified HPA axis reaction 

compared to the healthy participants [53, 54]. Enhanced colonic motility and severer 

intestinal pain were observed in IBS patients following with CRF administered by 

vein [55], whereas intravenous administration of α-helical CRF, a non-selective CRF 

receptor antagonist, attenuated the gut dysfunction and improved the mood distress 

[56]. Notably, female patients with IBS had been reported that the basal and 

sigmoidoscopy-induced plasma cortisol levels were increased, while the basal level of 

plasma ACTH were decreased, in comparison to healthy subjects [53]. The results 

again demonstrate the dysfunction of the HPA axis, at least partially, contribute to the 

pathology of IBS, though the mechanisms of how the HPA axis modulates IBS 

symptoms still need to be illustrated. Moreover, many preclinical results have been 

demonstrated that the amygdala with expose of CRF-related stressors can mimic 

emotional behaviours like anxiety/ depression-like features and IBS-like phenotypes, 

e.g., abnormal tract motility and intestinal pain [57-59]. 

The hippocampus is also suspected to be involved in IBS features and closely related 

to the emotional expression [60-63]. The level of noradrenaline in the hippocampus 

was increased in the rats which are manipulated for CRD-induced bowel pain [64]. 

Additionally, IBS patients performed hypo-functional glutamatergic 
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neurotransmission in the hippocampus and the decreased concentration of 

hippocampal glutamate-glutamine in IBS was negatively correlated with emotional-

stress markers [63]. The results indicate that the impairment of hippocampal 

glutamatergic neurotransmission might be induced by the dysregulation of the HPA 

axis or could be justified with a compensatory mechanism to adjust to the increased 

level of glucocorticoid [30]. 

Gut dysbiosis 

The gut microbiota system in healthy adults is distinguished by its diversity and 

stability [65], that is, a concentration of 0.91-0.92×1011 bacterial cells per gram of dry/

wet stools being accommodated in the colon, and roughly 200 microbial strains being 

harbored in the host intestine, with around 100 species being accumulated in the 

faecal microbial community [66]. However, numerous researches illustrate that the 

reduced diversity and increased instability of the gut microbiota and its aberrant 

metabolic activity are linked to most IBS patients in contrast to the healthy 

participants [67-70]. 

Altered colonic microbiota  

IBS patients have been widely recognized with decreased bacterial richness and lack 

of stability in gut flora [71-74], which frequently found an elevated density of 

Firmicutes taxa, especially in Ruminococcaceae and Clostridium spp., while a 

diminished concentration of Bacteroides taxa, primarily in Bifidobacterium and 
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Faecalibacterium spp. [69, 72, 75]. Studies also found that the bacterial flora of 

Clostridium perfringens, Bacillus cereus, Staphylococcus aureus, Shigella, and 

Campylobacter species were possible contributors of PI-IBS which is characterized 

with recurrence of IBS symptoms in patients who are recovered from acute 

gastroenteritis like infectious colitis [76-79]. These flora, furthermore, highly 

exacerbate the hazard of developing PI-IBS [80-82], which strongly supports the 

concept of imbalanced gut microbiota as an effective attacker in the IBS process. 

Besides, IBS patients have been commonly associated with small intestinal bacterial 

overgrowth (SIBO) [83, 84], which identified with increased level of breath hydrogen 

excretion after lactulose or glucose intake tests [85]. The increased breath hydrogen in 

IBS patients, furthermore, has been related to the reduced frequency of migrating 

motor complex (MMC) in the small intestine, which would benefit bacterial growth 

[86]. However, whether SIBO is the consequence of FGIDs or a potential orchestrator 

in IBS development remains controversy and the underlying mechanisms are 

deficiently illustrated. One recent study demonstrated that SIBO adopted duodenal 

aspirate culture might reflect the capacity of small intestinal microbiome dealing with 

dietary carbohydrate and fiber, which suggest a diet-based therapy to FGIDs like IBS 

[84]. Additionally, germ-free (GF) mice displayed increasing bowel transit, higher gut 

permeability, psychological behaviour and immune dysfunction after transplanting 

faecal microbiota (FMT) from IBS-D, but not from the healthy donors [87], which 

implies that intestinal flora affect IBS symptoms and comorbid disorders. Meanwhile, 

in a double-blinded RCT, Johnsen PH et al. found the significant amelioration of 

bowel symptoms in IBS patients with FMT intervention when compared to those with 

placebo treatment [88]. Whereas, another RCT demonstrated that FMT had no 
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effective treatment in relieving symptoms of IBS compared to the placebo, despite 

long-term enhanced in intestinal microbial diversity after FMT [89]. Recently, in a 

meta-analysis of IBS patients treated with FMT, Xu D et al. reported that FMT merely 

favored the total IBS symptoms in comparison with the placebo [90]. These results 

indicate that the effect of FMT in IBS subgroups is needed to be clarified in future 

cohort study, and larger sample size and multi-centers of RCT are warranted to 

evaluate the role of FMT in IBS. 

Impaired microbial metabolism 

In the anaerobic gut microbial system, bacterial degradation of dietary compounds via 

fermentation can produce ATP and end-products like short-chain fatty acids (SCFAs). 

The SCFAs, mainly including acetate, propionate, and butyrate, regulates the 

homeostasis of immune-inflammation systems, the integrity of the gut barrier, and 

appropriated GI motility [91]. However, aberrant microbial metabolites were 

demonstrated in patients with IBS. For instance, recently, a systematic meta-analysis 

showed that the amount of faecal propionate and butyrate were decreased in IBS-C 

patients, while the proportion of faecal butyrate level was elevated in IBS-D patients 

with respective to healthy individuals [92]. Moreover, IBS-C patients were observed 

with higher yield of breath methane following lactulose intake, while methane 

decelerates gut motility including intestinal transit and bowel contraction [93]. 

Methanobrevibacter smithii, the predominant Archaea in the human gut, which 

mainly ferments organic components and generates methane as a metabolic byproduct 
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[94], has been consistently found to be highly rich in faecal samples of IBS-C patients 

who have methane excretion of >3 ppm [93]. IBS patients also have been reported a 

positive correlation between methane production and constipation. Thus, 

methanogenic bacteria, typically Methanobrevibacter smithii, and their metabolites, 

probably contribute to the pathogenesis of constipation in IBS. Moreover, GF rats 

colonized FMT of IBS-D induced liver inflammation, which presumably be the 

consequence of aberrant density of Faecalibacterium and Bifidobacterium from the 

donor’s microbiome that subsequently influences the linoleic acid metabolism of the 

host rats [95]. 

In a nutshell, imbalanced intestinal flora community may contribute to the etiology of 

IBS manifestations and also bacteria-based therapy comes to bright prospective 

treatment of IBS symptoms. 

Increased activation of immunoinflammatory response 

Low-degree inflammation of the intestinal barrier and aberrant immunological 

activity of both innate and adaptive immune system have been proposed in subgroup 

of IBS patients, causing peripheral nerve dysfunction in the gastrointestinal lumen 

[96].  

Activated innate immune system 
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Innate immune system consisting of mast cells (MCs), monocytes, natural killer (NK) 

cells, neutrophils, eosinophils, basophils, and their mediators like secreted cytokines 

and toll-like receptors is highly considered as a contributor to the development of IBS 

[97]. Results of intestinal biopsy have shown that the numbers of MCs in the mucosa 

of both small and large bowels are considerably accumulated in IBS or PI-IBS, 

releasing multiple inflammatory granules containing proteins such as histamine, 

tryptase and chymase [98, 99]. While these inflammatory production can mediate 

enteric nerve activity and bowel motility [100]. Notwithstanding that most studies 

showed the increasing MC numbers and density in the intestine of IBS patients, nil 

results or reduced proportion of MC in different sections of the gut were also referred 

in IBS subgroups [101-103]. Generally, monocytes which leave away from the 

bloodstream move to the mucosal tissue and become matured macrophages, and the 

latter consecutively generates both anti- and pro-inflammatory cytokines once with 

identification of intrusive pathogenic microorganisms [104]. PI-IBS patients further 

found a decreased level of resident mucosal macrophages while an increased level of 

activated mucosal macrophages [105]. 

Also, elevated plasma levels of pro-inflammatory cytokines, e.g., IL6 and IL8 that 

fundamentally generated by macrophages and monocytes, have been reported in IBS 

patients, at least one subgroup [106]. The genotyping data have demonstrated that a 

high producer TNF-a and a low producer of anti-inflammatory cytokine IL-10 

genotype were more prominent in IBS patients when comparing to healthy individuals 

[107]. IBS patients not only produce higher proportions of the pro-inflammatory 
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cytokines such as IL-1β, IL-6, and TNF-a in the peripheral blood mononuclear cells 

(PBMCs) than healthy controls, but also showed a close correlation between 

psychiatric comorbidity and TNF-a yield in the cultured PBMCs upon stimulation 

with lipopolysaccharide (LPS) [108]. Choghakhori R et al., recently confirmed that 

serum level of TNF-a and IL-17 were associated with bowel symptoms and its 

severity in IBS patients [109].  

Activated adaptive immune system 

An activated adaptive immune reaction, manifested via the increased numbers of T 

cells and B cells in different segments of the gut mucosa and cytokines production 

from T cells, is underlying the interpretation of IBS etiology [96, 110, 111]. enhanced 

proportion of CD4+ T cells was widely found in the gut mucosa of patients with IBS 

or PI-IBS [105, 112], typically the activated T cells expressing IL-2 receptor (CD25), 

though normal level of T-cell was also reported [113], which indicates that mucosal T 

cells of IBS patients exhibit a weakened proliferation in response to polyclonal 

stimuli. Furthermore, patients who endure the extremely distressing symptoms of IBS, 

especially the bowel defecation habit, express lower frequencies of CD25+ TREG  cells 

in blood, while a normal level in common IBS patients [110]. This discovery suggests 

that TREG cells might participate in the presentation of IBS symptoms.  
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Additionally, IBS patients have an augmented frequency of IgG+ B cells in their 

blood, and also have been revealed increased levels of antibodies explicit in bacterial 

elements, especially in the patients with PI-IBS [114]. Even more, consumption of 

IgG-mediated food has also been connected with IBS manifestations [115, 116], but 

without correlation between the high serum level of IgG antibodies with symptom 

severity. These findings suggest B-cell activity and abnormal antibody levels being 

involved in the pathogenesis of IBS.  

Genetic features 

Although a large amount of studies reported that genetic variables are involved in 

arbitrating the etiology and susceptibility of the IBS process, the direct evidence of 

genetic attribution is still vague [117]. 

Based on the hypothesis-driven candidate gene approaches, serotonergic genes 

variation mainly including serotonin reuptake transporter gene SLC6A4 mutation 

[118-120], typically on the homozygous genotype of short (S) allele, and serotonin 

type 3 receptors (5-HT3R) of the subunit gene HTR3A , HTR3B, HTR3C, and HTR3E 

were pointed to associated with IBS symptom and its psychiatric comorbidity such as 

depression and anxiety disorders [117, 121-123]. Noteworthily, a very recent study 

demonstrated that a group of well-known presumed depressive genes like SLC6A4, 

SLC6A3, and HTR2A did not correlate with depression phenotypes, which analyzed 

the genetic variations via imputation method to calculate the variable number tandem 
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repeat (VNTR) instead of single nucleotide polymorphisms (SNPs) [124]. 

Nevertheless, other genetic variations such as voltage-gated sodium channel NaV1.5 

gene SCN5A has also been shown in IBS patients, which related to the intestinal 

motility and bowel pain threshold [125]; tight junction genes including claudin 1, 2, 

occludin and zonula occludens 1 (zo1) have been associated with IBS-D subtypes 

[126], while cell division cycle 42 (CDC42) has been related to IBS-C symptoms 

[127], and tight junction protection cadherin 1 (CDH1) has been involved with post-

infectious IBS (PI-IBS) and Crohn’s disease [128]. Furthermore, the mutation of 

inflammatory genes like tumor necrosis factor ligand superfamily member 15 

(TNFSF15), TNF-a, interleukins 10, 8, 6, 4 (IL-10, IL-8, IL-6, IL-4), and IL-1R were 

also found with susceptible to IBS, at least one subgroup [129, 130]. Taken together, 

genetic variations may affect IBS development via various aspects such as immune-

inflammatory system and serotonergic signaling. 

However, to date, limited gene researches on IBS have been conducted according to 

the genome-wide association (GWA) approach. One population-based study using 

GWA method found that two genes KDELR2 (KDEL endoplasmic reticulum protein 

retention receptor 2) and GRID2IP (glutamate receptor, ionotropic, delta 2 (Grid2) 

interacting protein) were highly related to the development of IBS [131]. Holliday 

EG, et al. also declared gene protocadherin-15 (PCDH15) on chromosome 10 were 

associated with IBS patients [132]. 
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Psychosocial distress 

Sexual and/or physical abuse and other psychosocial factors like stressful early life 

may make prone to IBS development, exacerbate the overall symptoms, and weaken 

the effectiveness of treatment. IBS patients who suffered a history of abuse reported 

heavier pain feeling and displayed stronger signal voxel in specific brain areas that 

relate to the sensation afferent processing during rectal distention test [133]. Likewise, 

psychological disorders including depression, anxiety, somatization, fear, and panic 

are considerably prevalent in IBS patients [30], though the underlying mechanisms of 

psychosocial factors influence on GI disorders remains unclear. 

In preclinical study, an early life stress model of neonatal maternal separation (NMS), 

which is characterization of the newborns being separated from their dams during the 

postnatal second day to  the fourteenth day, induces IBS-like phenotypes such as 

colorectal hypersensitivity and altered bowel habits [134-136], along with changes in 

emotional behaviours, typically manifesting depressive behaviour [137, 138]. Based 

on the stress model, impaired HPA axis identifying with over-secreted CRF and 

enhanced level of its receptors [139], dysfunction of serotonergic system with 

increased 5-HT level [140], reduced benzodiazepine receptor and type A receptor of 

γ-aminobutyric acid (GABA) signaling [141], and altered noradrenergic system with 

increased norepinephrine level and decreased its β- receptors [142]were found in 

various animal studies. These findings imply that stressors like early life advents 

affect IBS manifestations and its comorbidities through altered HPA axis and 

dysfunction of neurotransmission. 
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Current understanding of IBS-associated depression 

Although many clinical studies have demonstrated that a high prevalence of IBS 

patients coexist with depression symptoms, accounting up to 50% [143], limited 

mechanism studies have been found to specifically illustrate the pathology of 

depression comorbidity in IBS patients.  

Increasing evidence have been found to show that gut microbiota associated with 

IBS-DP patients, despite its limited causal relationship was verified. Liu Y et al. 

found that IBS-D patients had similar faecal microbiota profiles with depression 

patients, which characterized with less flora diversity comparing to those of healthy 

controls, and with almost similar high proportions of Bacteroides and Prevotella 

signatures (85% vs. 80%). Whereas, IBS patients comorbid with depression showed 

less frequency of carrying a high level of Bacteroides and Prevotella [144]. The 

shared faecal microbiota features in IBS and depression might suggest potential 

microbial contribution to these disorders. Recently, an observational study declared 

that depressive symptoms and anxious distress were alleviated with 4 weeks of FMT 

treatment in FGID patients including IBS, despite without controls and limited sample 

size [145]. These results demonstrate that potential microbiota might favor depression 

symptoms and IBS phenotypes. 
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Modulation of brain-gut-microbiome axis  

The microbiome-gut-brain (BGM) axis consists of the CNS, the neuroendocrine and 

neuroimmune systems, the sympathetic and parasympathetic nerves of the ANS, the 

ENS, and the intestinal microbial community [146, 147]. In past decades, the concept 

of bidirectional BGM axis is widely proposed to be involved in the mood disorders of 

IBS, acting as a potential candidate of novel treatments in a number of disorders 

ranging from depression, anxiety to IBS, obesity, diabetes, and CNS diseases like 

stroke, Parkinson’s disease and multiple sclerosis [148, 149]. Although most studies 

found that gut microbiota composition associated with different diseases, limited 

causal evidence for the correlations have been illustrated, not to mention that the 

mechanisms of its potential therapeutic for various diseases. Briefly, neural, 

endocrine, immune and metabolic pathways are mainly involved in the bi-directional 

communications between gut microbiota and the CNS [32, 150, 151]. 

As mentioned before, rodents with NMS manipulation, a classic early life stress 

model, have been commonly utilized to investigate IBS-like phenotypes and mental 

disorders, primarily in depression behaviour [49, 134, 152]. Altered faecal microbiota 

and increased plasma corticosterone were shown in the maternally separated rats, and 

a low-grade immune-inflammation was stimulated in the NMS rats, which the TNF-a, 

and IFN-r was increased in the whole blood with LPS intervention [134]. These 

results indicate that the impaired HPA axis and dysfunction of the immune-

inflammatory system through BGM interaction presumably contribute to IBS and 

depression. Similarly, NMS mice exhibited alteration of colonic microbial profile and 
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elevated serum corticosterone level, despite no obvious gut inflammation [153]. And 

depressive symptoms were ameliorated in different animal models after orally 

administered probiotics Lactobacillus strain and/or Bifidobacterium strain [153]. 

These rodent results disclose that the stress-induced imbalance of gut microbial 

community could affect GI dysfunction and psychological behaviours via BGM 

interaction mediated by the HPA pathway and immune-inflammatory response. 

Furthermore, O’Mahony L et al. found that IBS patients obviously relieved bowel 

pain, intestinal distention and abnormal colonic transit time, and improved the quality 

of life including the emotional control after receiving the probiotic Bifidobacterium 

infantis when compared with those in placebo group [154]; in addition, the elevated 

pro-inflammatory indicator of IL-10/IL-12 ratio (T helper cell 2 response) was 

normalized in this probiotic-treated participants. Moreover, another randomized and 

double-blind RCT demonstrated that the probiotic Bacillus coagulans MTCC 5856 

favored depressive and bowel symptoms of IBS patients with major depression, and 

reduced the serum level of inflammatory biomarker myeloperoxidase when compared 

with the controls [155]. Likewise, MI Pinto-Sanchez et al. conducted a double-blind 

RCT study of IBS patients with depression and/or anxiety comorbidity being treated 

for 6 weeks of the probiotic strain Bifidobacterium longum NCC3001, and they found 

that the probiotic improved the depression symptoms based on the Hospital 

Depression scale and decreased signal activity in the amygdala and frontal-limbic 

areas where characterized with negative emotional stimuli via fMRI scanning [156]. 
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These clinical results suggest that gut microbiota mediated BGM axis is involved in 

contributing to IBS-DP.  

Gut microbiota modulates brain function and behaviour 

Hitherto, there is no clear understanding of the pathogenic role of gut dysbiosis in the 

development of IBS-DP. Several experimental approaches, including probiotic/ 

antibiotic intervention, FMT manipulation, gut organ culture, and GF models, have 

been commonly adopted to study the regulative role of gut microbiota on gut-brain 

interactions [149, 157]. Several microbiome-related modulations have been studied, 

including the emotional behaviour [158, 159], the cognition behaviour [160], the 

ingestive behaviour [161], and the sensory responses [158, 162]. Further, the potential 

linkage between gut microbiota and the development of some CNS-related diseases 

such as multiple sclerosis [163, 164], Alzheimer’s disease [165], Parkinson’s disease 

[166, 167], brain stroke [168, 169], and traumatic brain injury [170]. 

Gut microbiota influences psychological behaviours 

Germ-free (GF) mice receiving with FMT from IBS-D patients displayed GI disorders 

including increased bowel motility and altered gut permeability, psychiatric 

symptoms such as anxiety-like behaviours, and impaired innate immune system [87], 

which revealed that gut microbiota might cause the bowel symptoms and 

neurobehavioral expression of IBS, dysfunction of immune system probably being 

involved via BGM axis in IBS progress. Moreover, GF mice receiving FMT from 
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depression patients exhibited depressive-like behaviours, but not in those from 

healthy donors [171]. Notably, anxiety-like behaviours were reduced in GF mice that 

absence of gut microbiota [172], and aggravated anxious behaviours were displayed 

in mice with bacterial infection [173]. Besides, a recent GF rodents study showed that 

Escherichia coli-derived LPS could ameliorate depression-like behaviours in GF 

model [174]; of note, GF mice increased gene expression of several glucocorticoid 

receptors in the hippocampus, while the LPS intervention differentially modulate 

these glucocorticoid receptors pathway to some extent [174]. These findings suggest 

that intestinal flora could regulate depressive-like behaviours in rodents. 

Gut microbiota affects the regulation of neurotransmission in the CNS 

Previously, the evidence showed that gut microbiota changes do affect the regulation 

of neurotransmission in the CNS. Bravo JA et al. demonstrated that probiotic 

Lactobacillus rhamnosus (JB-1) can improve the depressive- and anxiety-related 

behaviours, through regulating the GABA receptors including GABAAα2 and 

GABAB1b in the hippocampus, cortical regions (cingulate and prelimbic), amygdala, 

and locus coeruleus, in comparing with that of control mice [158]; in addition, 

depressive- and anxiety-related behaviours were improved in the stress-induced mice 

model after feeding the JB-1 bacteria [158]. These results indicate that gut microbial 

community probably regulate central GABA neurotransmission in the development of 

depression. 
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Gut microbiota regulates central glial homeostasis 

The evidence supports the linkage between the gut microbiota and central glial 

homeostasis. Daniel et al. observed intestinal flora could affect the proportion and 

phenotypes of microglia in the CNS, such as diminished microglia quantity and 

impaired innate immune activity [175]. The results also showed that eradication of gut 

microbiota by utilizing SPF mice with oral administration of broad-spectrum 

antibiotics resulted in microglial immaturity and deformity; and a full complex 

microbiota transplantation could rehabilitate microglia insufficiency and dysfunction. 

These results suggest that the intestinal microbial community can module microglia 

homeostasis including proportion, maturation, differentiation, and function [175]. It is 

noteworthy that microglia plays important roles in brain function such as 

psychological and neurological diseases, as defective neuron-microglia signaling 

affects functional brain connectivity and social communication, which was also 

shown in deficient Cx3cr1 mice [176].  

Gut microbiota regulates neural plasticity 

Recent study showed that germ-free condition can result in a marked, concerted 

upregulation of genes linked to myelination and myelin plasticity, with 

hypermyelinated axons within the prefrontal cortex, a key region implicated in a 

range of neuropsychiatric disorders including depression. Interestingly, 

colonization with a conventional microbiota can reverse these changes in myelin 

and activity-related gene expression [177]. Besides, Ogbonnaya et al. discovered 

that an increased proportion of adult hippocampal neurogenesis and neural plasticity 
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in GF mice, whereas this alteration could not been overacted by post-weaning 

microbial colonization [178]. Moreover, as fatty acids have been considered as an 

orchestrator of casting the gut microbiota metabolism, several animal studies found 

that aged mice with supplementation of omega-3 polyunsaturated acids facilitated 

hippocampal neurogenesis and influenced synaptic plasticity in aged rodents 

[179-181]. The synaptic plasticity-related genes, like nerve growth factor-inducible 

clone A (NGFI-A), and brain-derived neurotrophic factor (BDNF), were also reduced 

in the hippocampus and amygdala in GF mice, when compared with SPF mice [182]. 

In contrast to the plentiful animal studies on microbiota-brain connection, limited 

clinical microbiota researches focused on the CNS system. Taken together, animal 

studies demonstrate that gut microbiota contribute to maintenance of brain functions 

and the CNS behaviours through regulating neural plasticity, neurotransmission, glia 

function, neuro-inflammation and cortical-limbic interactions. 

Research gap and our hypothesis 

As depicted above, limited causal pieces of evidence have been confidently explicated 

on the role of gut microbiota and the development of IBS-DP patients. No clear 

understanding of whether and how the altered microbiome regulates depressive 

symptoms in IBS patients. We hypothesized that gut microbiota changes contribute to 

the development of IBS-DP, and the change of gut microbiota-driven metabolites 
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induces the structural and/or functional changes of CNS, thus resulting in the 

development of depression in IBS patients. 

Scope of the thesis 

As described in the part of current understanding of IBS-associated depression, 

several potential mechanisms including neural, endocrine, immune and metabolic 

pathways have been speculated in BGM interactions [32, 150, 151]. Specifically, 

serotonergic system [140, 183], vagal signaling [41, 184], HPA axis [53, 185], 

cytokines [97, 109], microbial molecules [91, 92] and glutamatergic transmission [63, 

186] have been highlighted to play important roles in IBS and depression via BGM 

axis. Also, increasing gut microbiome-related studies showed that the end-products of 

microbial fermentation or substances co-metabolized by host and gut microbiota often 

exhibit species specificity. Therefore, we suppose that the metabolism of the intestinal 

microbial community and its metabolic interlocution with host may favor in 

elucidating the microbiota-driven mechanisms of IBS-associated depression. 

Microbial metabolism has not yet been fully illustrated in the human community. 

Hence, we aimed to thoroughly analyze the metabolic function of IBS-associated 

depression, and investigate pathogenic species and its driven molecular mechanism 

underlying IBS-associated depression in this thesis. Accordingly, several investigative 

objectives are as followings: 1) what are the microbial enterotypes in IBS-DP 

patients; 2) which species are main contributors of IBS-DP; and 3) how these species 

induce depressive symptoms in IBS patients.  
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To address these objectives, we analyzed the enterotype of IBS-DP patients by the 

integration of metabolomic and metagenomic approaches. To further explore the 

precise microbiota-driven mechanism, a series of experiments with microbiota 

intervention were conducted in rodents to testify our hypothesis. The main findings 

are as follows. 

In Chapter 2, we conducted a cross-sectional study involving the distribution of 

depressive disorder in IBS population of Hong Kong. According to this survey, we 

found that, amongst all the IBS patients recruited, there are 36.6% (135/369) of IBS 

patients also showed symptoms of depression. Besides, the score of IBS phenotypes, 

including IBS-SSS score, pain score of IBS-SSS and distention score of IBS-SSS, 

were significantly higher in at least moderate- and severe- depression subgroup (IBS-

moD and IBS-seD), when compared with non-depression IBS. Further, the analysis 

between the relationship of IBS phenotypes and SDS score showed that the severer 

depression symptoms were correlated with the more harshness of visceral pain and 

bloating signatures in IBS patients. These results demonstrate that depression 

symptoms are closely linked with IBS, especially for visceral pain and bowel 

distention. 

In Chapter 3, we profiled metagenomes in stools and metabolomes in serum and 

stools of IBS patients with and without depression. in comparison to the non-
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depression of IBS group, faecal metagenomic results unveiled the disrupted gut 

microbiota in IBS-DP patients, mainly showed deficiency of several beneficial 

bacterial genera, including Akkermansia, Bifidobacterium and Eubacterium, whereas 

the gut microbiota profile between non-depression IBS patients and healthy controls 

showed no significant changes. Serum metabolomic results showed an altered 

metabolisms of neuroactive amines, such as increased levels of tryptamine and 

histamine, which related the inflammation of depression, and increased 

polyunsaturated long-chain fatty acids which impact depression pathophysiology. 

Also, enzyme-linked immunosorbent Assay (ELISA) results showed higher levels of 

serum IL-1β,  IL-6, and TNF-a, when compared with healthy controls indicating a 

low-grade peripheral inflammation in IBS-DP patients. Moreover, the three dominant 

bacteria species were associated with these serum amino acid metabolites and lipid 

metabolites, particularly, Akkermansia was negatively correlated with Hamilton 

Rating Scale for Depression (HAMD) score and Zung Self-Rating Depression Scale 

(SDS) score, IL-1β, TGF-β, and TNF-a in IBS-DP patients. These findings indicate 

that gut dysbiosis, especially deficiency in A. muciniphila, is related to the depressive 

symptoms and inflammation in IBS-DP patients. 

In Chapter 4, we conducted the mechanistic study about gut microbiota and the 

development of IBS-DP in NMS-induced IBS rodent model. Firstly, behavioural tests 

such as colorectal distention (CRD) test, open field test (OFT), forced swimming test 

(FST), and sucrose preference test (SPT) results showed visceral hypersensitivity and 

depression symptoms in NMS rats. Faecal metagenomic study data also showed that 
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in NMS rats, there was a significant reduce of A. muciniphila in the faecal microbial 

community of NMS rats. To explore the possible role of gut bacteria in IBS-DP, we 

investigated the central neuroinflammation of NMS rats. Immunohistochemical 

analysis showed an altered morphology and decreased quantity of astrocytes in the 

hippocampus of NMS rats when compared with controls. More importantly, the 

mRNA expressions of genes related to Astroglial glutamate transmission including 

glutamate transporters (GLTs) such as GLT-1, glutamate–aspartate transporter 

(GLAST), vesicular glutamate transporter 1 (VGLUT1), and glutamate receptors such 

as N-methyl-D-aspartate receptor 1 (NMDAR1), metabotropic glutamate receptor 1 

(mGluR1), mGluR2, mGluR3, and also glutamate-related exchangers such as 

cystine-glutamate exchanger (xCT), as well as astrocyte biomarker glial fibrillary 

acidic protein (GFAP), which is mediated with chronic inflammation and/or stress 

[187-189], were decreased in NMS rats when compared with control group. These 

results indicate that impaired astroglial glutamate neurotransmission in NMS rats. 

While A. muciniphila was showed with close linkage to these biomarkers of astroglial 

glutamate transmission. Furthermore, pseudo-GF rats with faecal microbiota 

transplantation of NMS microbiota were also manipulated. The association of A. 

muciniphila deficiency, depressive-like behaviours, and impaired astroglial glutamate 

neurotransmission were repeated in the rat recipients. These results indicate the causal 

relationship between NMS microbiota and depressive phenotype, which is involved in 

abnormal astrocyte- glutamate pathway. 
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In Chapter 5, we further verify the role of A. muciniphila in NMS microbiota-

induced depressive phenotype and abnormal astrocytic glutamate pathway, we orally 

administered live and heat-killed A. muciniphila bacterial cells in NMS adult rats. A. 

muciniphila (108 CFU in 1mL PBS) was administered once-daily for four consecutive 

weeks. Besides, rifaximin and fluoxetine were also separately treated in NMS rats as 

control groups. Rifaximin is a broad-spectrum GI-specific antibiotic that is commonly 

used for IBS treatment [190], and fluoxetine, a selective serotonin reuptake inhibitor, 

is one of the most frequently prescribed anti-depressants [191]. The results showed 

that A. muciniphila efficiently improved depressive-like behaviours, attenuated the 

impaired astrocytic glutamate neurotransmission, as well as restored the normal 

morphology and number of astrocytes in NMS rats. While rifaximin-treated rats only 

exhibited amelioration of visceral pain, and fluoxetine group mainly performed 

antidepressant effect, without any significant change in astrocytic glutamate 

neurotransmission impairment. These results demonstrate that A. muciniphila 

improves depressive symptoms in IBS phenotype and, ameliorated the astroglial-

glutamatergic pathway dysfunction.  

Although in our study we have shown a significant correlation between IBS and 

depression, there are still some limitations in this work. Firstly, the central astroglial 

glutamate neurotransmission mechanism is difficult to be investigated in human 

studies. Secondly, the faecal microbiota of IBS-DP patients has not been transplanted 

in animal models. Thirdly, the cellular mechanism of A. muciniphila related- 
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metabolites contributing to the astroglial glutamate pathway in depression  still  needs 

to be further investigated.

Based on these results, we conclude that A. muciniphila has a negative correlation 

with IBS-DP patients. A. muciniphila plays an important role in the development of 

depressive phenotype in IBS via modulating astroglial glutamate pathway. This study 

gives a novel direction to the microbial- guided therapy for depressive IBS patients in 

the future.  

�28



CHAPTER 2: DISTRIBUTION OF DEPRESSION 

DISORDER IN IBS POPULATION FROM A CROSS-

SECTIONAL STUDY IN HONG KONG 

Background 

As mentioned in Chapter 1, depression comorbidity is very common in IBS patients. 

However, the prevalence rate of IBS-DP are not consistent, varying from 6.1% to 

87.4% based on the population studies from different countries [20, 192]. And these 

epidemiological studies on IBS-DP were mainly conducted in western countries, 

while there is minor research focusing on the prevalence of depression distress in 

patients with IBS from China. Though, a cross-sectional study recently performed in 

Wuhan province of China declared that the prevalence of IBS in college freshmen 

was 4.0%, and with odd ratio 5.55 of depression risk in IBS [193], the prevalence of 

IBS-DP and its potential factors remains unclear. So far, there is no such evidence in 

Hong Kong population, considering that significant socio-cultural differences and 

distinct lifestyles exists in Hong Kong.  

Hence, we performed a cross-sectional study on the distribution of depressive 

disorder in the IBS population of Hong Kong. Our results revealed that the HAMD 

score and SAS score are positive correlation to the IBS-SSS score, which indicated 

that depression symptom is closely linked with IBS, especially to visceral pain and 
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distention. Moreover, lifestyles and eating habits are associated with depressive 

symptoms of IBS patients. 

Methods 

Patient recruitment and questionnaires 

The whole procedures of recruiting participants were conducted in two clinics, Hong 

Kong Baptist University Mr. & Mrs. Chan Hon Yin Chinese Medicine Specialty 

Clinic & Good Clinical Practice Centre, and Haven of Hope – Hong Kong Baptist 

University Chinese Medicine Specialty Clinic, Hong Kong, China. As our previous 

study [194], the enrollment of subjects was mainly through advertisements, press 

releases in local newspaper and television broadcast. ROME IV criteria were used for 

the diagnosis of IBS in this study [195]. Individuals were recruited when they met the 

inclusion criteria but not the exclusion criteria. The included criteria: (1) reached the 

diagnosis of IBS; (2) between 18 and 65 years old; (3) the score of the IBS Symptom 

Severity Scale (IBS-SSS) ≥75 at the baseline time-point and during the next two-

week of run-in period [196]; (4) Normal colonic assessment based on colonoscopy or 

barium enema tests in last five years; and (5) Written informed consent. Besides, the 

exclusion criteria are as followings: (1) in the pregnant schedule or during the 

breastfeeding period; (2) co-morbid with inflammatory bowel diseases (IBD), 

carbohydrate intolerance, endocrine diseases, allergic to food additives and other 

serious diseases; or (3) with suicidal thoughts or aggressive action/ attempt.  
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The questionnaires of IBS Symptom Severity Scale (IBS-SSS) (Figure 2.1) and 

Bristol Stool Scale (Figure 2.2) were requested to be fulfilled by the recruited 

participants for assessing the severity of IBS symptoms and stool consistency 

according to the previous procedure [197]. Furthermore, all the included IBS patients 

were required to fill out the self-questionnaires of Zung Self-Rating Depression Scale 

(SDS) (Figure 2.3) and Zung Self-Rating Anxiety Scale (SAS) (Figure 2.4) for 

evaluation of the psychological symptoms [198, 199]. Those who met the score of 

SDS≥53 would further be confirmed for their depression symptoms by accomplishing 

the questionnaire of 17-item Hamilton Rating Scale for Depression (HAMD) (Figure 

2.5) with the help of whom with specific trained [200, 201]. The level of depression 

symptoms severity were assessed on the HAMD score as follows: >19, severe; 14–18, 

moderate; 8–13, mild; and < 7, remission of depression [202]. Also, other 

questionnaires related to eating habits and lifestyles were also carried out in the 

included patients of this study.  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Figure 2.1 Irritable Bowel Syndrome Symptom Severity Scale (IBS-SSS)
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Figure 2.2 Evaluation of stool consistency by Bristol Stool Scale
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Figure 2.3 Self evaluation of depression symptoms by SDS questionnaire
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Figure 2.4 Self evaluation of anxiety symptoms by SAS questionnaire
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Figure 2.5 Depression symptoms evaluated by HAMD (17- items)



Moreover, age and gender-matched healthy volunteers were also recruited as a control 

group. Those who met with (1) unqualified with IBS diagnosis; (2) without medical 

history of chronic diseases such as GI diseases, cardiovascular diseases, 

neurodegenerative diseases, endocrine and metabolic disorders; (3) without surgical 

history related to the digestive system and brain; and (4) without using long-term 

treatment such as antihypertensive drugs, lipid-lowering drugs, anticoagulants, etc.  

were enrolled in this study. The research protocol was approved by the Ethics 

Committee on the Use of Human Subjects for Teaching and Research (Approval no. 

HASC/16-17/0027), Hong Kong Baptist University. 

Bio-sample collections and biochemical measurements 

The included subjects were instructed to provide biospecimens of fasting blood, mid-

stage urine, and faecal samples. Briefly, the subjects were not allowed to drink any 

alcohol in 48 hours and vigorous physical activities in 24 hours before their sample 

collection. Clear instructions were given to the participants, the faecal samples and 

urine samples were collected by the participants themselves accordingly to the 

instructions, and the blood sample was taken by the technicians. The collected 

samples were delivered, stored following the necessary procedure. The routine blood, 

urine, and stool tests were conducted in Chan & Hou (CH) Medical Laboratories Ltd, 

Hong Kong, China. Besides, serum was extracted from the blood samples for further 

experiments. All the collected samples were transferred to our lab by using dry-ice 

boxes and immediately stored at -80 °C freezer. For our study, biosamples from 369 

patients and 91 healthy subjects were collected.  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Statistical analysis 

Statistical analyses were performed with GraphPad Prism 7 (GraphPad software lnc., 

CA, USA). The comparisons of clinical characteristics among IBS-DP, HC group, and 

non-depressive IBS (IBS-ND) group were conducted by one-way ANOVA analyses. 

Spearman’s correlation method was conducted to analyze the relationship between 

depression disorders and IBS phenotypes. Statistical significance is defined as #, 

p<0.05; ##, p<0.01; ###, p<0.005; *, p<0.05; **, p<0.01; ***, p<0.005. 

Results 

Clinical characteristics of IBS in Hong Kong population 

A total of 600 potential subjects were initially screened from July 2016 to Jan 2017. 

Amongst them, 460 IBS patients were identified with the inclusion and exclusion 

criteria. Among these IBS patients, 369 patients were finally included in this study, 

and 91 subjects were excluded because of declining to provide bio-samples, lacking 

the necessary questionnaire information such as SDS, SAS, and HAMD evaluation, 

and significant abnormality in the results of biochemical tests which would affect the 

valid IBS diagnosis. Besides, 91 healthy volunteers were enrolled as the control group 

(HC). Also, faecal DNA extracts from 17 depressive IBS (IBS-DP) patients, 23 non-

depression IBS (IBS-ND) patients and seven controls could not be sequenced due to 

the poor qualities of faecal DNA extracts. The flowchart was as shown in Figure 2.1. 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Figure 2.6  Flow chat of participant recruitment and samples collection of the study



The basic characteristics of the included subjects were summarized in Table 2.1. 

Compared with the HC group, the mean age of the non-depression IBS (IBS-ND) 

subgroup was significantly older, while no difference in the total IBS-DP group and 

the whole IBS population including IBS-ND, mild-depressive IBS (IBS-miD), 

moderate-depressive IBS (IBS-moD) and severe-depressive IBS (IBS-seD) groups. 

There was no difference between IBS patients and controls in terms of body mass 

index (BMI). Comparing to HC group, abnormal stool frequency and consistency of 

defecation habits were significantly shown in the whole IBS group particularly in the 

IBS-moD and IBS-seD subgroups. HAMD, SDS and SAS scores of depression and 

anxiety signatures in the total IBS-DP group were significantly higher than in the 

HCs. Most of the circulating biochemical indices were similar between IBS and HC 

subjects. However, serum triglyceride (TG) levels were significantly increased in 

IBS-ND subgroup when compared with HC, despite both markers of patients were 

within normal reference ranges (0.45-1.7 mmol/L) [203]. The biochemical results 

suggest a possibility of metabolic disturbance in IBS-ND patients. 

Features of IBS-DP patients 

Comparing to IBS-ND group, the scores of IBS-SSS, IBS-SSS pain and IBS-SSS 

distention were significantly higher in IBS-DP patients, particularly in IBS-moD and 

IBS-seD groups (at least p<0.05, respectively, Figure 2.2). Bristol score of stool 

consistency showed significantly higher in IBS-seD subgroup as compared to the 

IBS-ND group (p<0.05, Table 2.1). These results demonstrate that depression 

symptoms are closely linked with IBS phenotypes. HAMD, SDS, and SAS scores 
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were undoubtedly significant higher in the total IBS-DP group than the IBS-ND group 

(Table 2.1), which indicates that anxiety behaviour is associated with depression 

symptoms. Compared with the IBS-ND group, the mean reported age of IBS-miD 

subgroup was significantly younger, yet no difference in the total IBS-DP group 

(Table 2.1). The IBS-ND and the total IBS-DP groups did not show a significant 

change in BMI. There was no difference between IBS-ND and the total IBS-DP 

groups regarding the circulating biochemical indicators except serum alkaline 

phosphatase (ALP), which showed significantly lower in IBS-seD subgroup (p<0.05, 

Table 2.1), despite the value within normal reference ranges (38-126U/L) [204]. This 

result suggests a potential metabolic disturbance in IBS-seD patients. 

Prevalence of depression in the IBS population of Hong Kong 

Among 369 IBS patients, there are 36.6% (135/369) IBS-DP, with 97 in IBS-D, 11 in 

IBS-C, 22 in IBS-M, and 5 in IBS-U subtypes, which respectively accounting for 

71.9%, 8.1%, 16.3% and 3.7% of proportion in each subtype of IBS. IBS-DP in IBS-

D subtype is much more prevalent than the other three IBS subtypes in this IBS study. 

Besides, the severity level of depression symptom calculation showed that there were 

94 of mild (IBS-miD), 26 of moderate (IBS-moD) and 15 of severe (IBS-seD) among 

IBS-DP, accounting for 69.6%, 19.3% and 11.1%, respectively, which demonstrated 

that mild depression took up a considerable proportion in IBS. Female patients 

accounted for a considerable proportion (62.2%) of complaining about depression, 

typically with over 65% of females in IBS-miD (Table 2.1).  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Table 2.1 Characteristics and clinical features of the included individuals

HC (n=91)
IBS-ND 

(n=234)

IBS-miD 

(n=94)

IBS-moD 

(n=26)

IBS-seD 

(n=15)

Sex (F/M) 69/23 126/108 55/39 19/7 10/5

Age (yr) 39.84±0.14 43.45±0.05# 40.64±0.13* 44.96±0.38 44.00±0.73

BMI (kg/

m2)
21.41±0.03 22.11±0.02 21.77±0.04 22.17±0.16 22.56±0.01

IBS-D — 187 (50.68%) 68 (18.43%) 18 (4.88%) 11 (2.98%)

IBS-C — 20 (5.42%) 6 (1.63%) 4 (1.08%) 1 (0.27%)

IBS-M — 15 (4.07%) 16 (4.34%) 3 (0.81%) 3 (0.81%)

IBS-U — 12 (3.25%) 4 (1.08%) 1 (0.27%) 0

IBS-SSS 

score
— 264.83±0.30 270.06±0.76

328.00±0.75

***

300.83±0.18

***

IBS-SSS 

pain
— 53.63±0.10 58.55±0.23 62.00±0.06* 67.67±0.90*

IBS-SSS 

distension
— 37.65±0.12 54.49±0.30*

59.08±0.88*

*
50.00±0.06*

Stool 

frequency
1.48±0.08 2.27±0.01# 2.40±0.01# 2.32±0.04# 2.33±0.00#

Stool 

consistency
3.77±0.04 4.39±0.01 4.77±0.03 5.26±0.13#

5.53±0.01##

*

SAS score 39.2±0.07 47.67±0.04
58.39±0.09#

##***

62.50±0.32#

#**

66.00±0.02#

##***

SDS score 42.29±0.08 47.14±0.04
62.01±0.06#

##***

66.49±0.32#

#**

65.17±0.12#

#**

HAMD 

score
— 5.46±0.01

9.59±0.02**

*

15.85±0.06*

**

22.80±0.00*

**

Fasting 

glucose 

(mmol/L)

4.58±0.01 4.84±0.00 4.78±0.01 4.87±0.02 4.59±0.00
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Urea 

(mmol/L)
4.51±0.01 4.73±0.00 4.77±0.01 4.26±0.03 4.67±0.00

Creatinine 

(umol/L)
63.55±0.13 67.79±0.06 66.29±0.16 64.31±0.49 63.67±0.03

ALP (U/L) 63.67±0.17 65.98±0.07 68.35±0.17 68.96±0.51 57.79±0.03*

ALT (U/L) 18.1±0.14 20.24±0.08 18.59±0.14 18.68±0.36 17.79±0.22

AST (U/L)
24.42±0.0

6
26.35±0.06 24.40±0.07 25.12±0.25 23.87±0.02

TC (mmol/

L)
4.88±0.01 5.10±0.00 5.00±0.01 4.85±0.03 4.73±0.00

TG (mmol/

L)
0.96±0.01 1.44±0.07# 1.29±0.01 1.26±0.03 1.29±0.00

Data in the table are expressed as mean ± SEM or n (%). The comparison of each items 

between IBS patients and healthy controls was calculated by nonparametric test, 

significant difference is defined as #, p< 0.05; ##, p< 0.01; ###, p< 0.005; the significant 

change between depression and non-depression of IBS patients is defined as *, p< 0.05; 

**, p< 0.01; ***, p< 0.005. 

HC (n=91)
IBS-ND 

(n=234)

IBS-miD 

(n=94)

IBS-moD 

(n=26)

IBS-seD 

(n=15)
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B

Figure 2.7 Depression symptom closely linked with IBS phenotypes. Compared with the 
IBS-ND group, (A) higher score of IBS-SSS in IBS-DP subgroups; (B) higher score of pain 
evaluation on IBS-DP subgroups; (C) higher score of distention evaluation on IBS-DP 
subgroups. Significant difference is defined as *, p<0.05; **, p<0.01; ***, p<0.005. 
Abbreviations: IBS-ND, non-depression of IBS; IBS-miD, IBS with mild depression; IBS-
moD, IBS with moderate depression; IBS-seD, IBS with severe depression.  



Positive correlation between depression and anxiety disorders of IBS patients 

We further conducted a correlation analysis of depression and anxiety disorders. As 

shown in Figure 2.3, significantly positive correlations between SDS and SAS score 

were found in Spearman’s correlation (Pearson r=0.807, p<0.001 for SDS vs SAS 

score). This correlation result displays that IBS-DP patients are closely related to 

anxiety symptoms. 
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Figure 2.8 Anxiety symptoms positively correlated with depression of IBS patients  



Associations between the depressive symptoms and eating habits and lifestyles in 

IBS patients 

Based on the questionnaires of food habits and lifestyles, we further conducted 

correlation analyses of depressive symptoms and eating habits and lifestyles (Table 

2.2). However, the eating habits, including the consumption frequency of rice, 

noodles, miscellaneous grains, potatoes, beans, vegetables, fresh fruits, red meat, 

white meat, haslet, milk, eggs, vegetable oil, animal fat, alcoholic beverages, hard 

liquor, tea, and coffee, did not showed strong association with SDS score, though 

significant differences in the items of red meat, rice, and vegetables (p<0.05, 

respectively). Similarly, the lifestyles, including sleep quality, smoking duration, 

exercise, working activity, education acquired, income, and marital status, showed no 

strong correlation with SDS score, despite significant differences in the items of sleep 

quality and smoking duration (p<0.05, respectively).  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Table 2.2 Associations between the depressive symptoms and eating habits and 

lifestyles in IBS patients 
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Food intake 
frequency

Pearson r 
value

P value (two-
tailed)

Food intake 
frequency

Pearson r 
value

P value 
(two-tailed)

rice -0.171 0.016* haslet 0.035 0.624

noodles -0.005 0.944 milk -0.034 0.639

miscellaneo
us grains -0.034 0.637 eggs -0.061 0.391

Potato -0.014 0.851 vegetable 
oil

0.014 0.851

beans -0.033 0.643 animal fat 0.062 0.392

vegetables -0.144 0.044*
alcoholic 
beverages -0.071 0.321

fresh fruits -0.017 0.808 hard liquor 0.071 0.327

red meat -0.161 0.024* tea -0.018 0.797

white meat -0.090 0.206 coffee 0.018 0.800

Lifestyles exercise 0.037 0.611

sleep 
quality -0.249 0.001***

marital 
status 0.012 0.889

smoking 
years 0.198 0.006**

woking 
activity -0.02722 0.766

income -0.067 0.369
education 
level 0.004 0.958

Note: *, p< 0.05; **, p< 0.01; ***, p< 0.005. 



Discussion 

As far as we know, this is the largest sample size of epidemiologically investigating 

the depression distribution in IBS patients in China. From the results of the current 

study, the prevalence of depression in IBS patients was 36.6%, which was higher than 

the pooled prevalence from the latest systematic review [20]. The result is in parallel 

with the study by Kabra N et al. [14], wherein they had reported 37.1% of depression 

in patients with IBS. While it seemed lower than another study that declared with 

42% of depression comorbidity in male IBS and 48% in female IBS [15]. However, 

the participant recruitment mainly contributed to the discrepancy. According to that 

study, only staff of a university were recruited in that study, whereas the whole 

population-based Hong Kong residents were considered in our trial. Among the 

comorbidity of depression, female was accounted for 62.2% in the current research. 

Women are not only more susceptible to depression disorder [205], but also easily 

suffering from IBS symptoms [206], which more than 57% of IBS patients being 

female was also found in our study. Biological gender differences, social and culture 

influence, education background, economic status, and other potential factors may 

contribute to this distinguish phenomenon. Among different IBS subtypes, depression 

distress showed higher prevalence in IBS-D with 71.9% proportion. This result is 

consistent with the systematic review which concluded that IBS-D and IBS-C patients 

had higher levels of depression in contrast to the healthy individuals [16], despite 

another recent meta-analysis declared that patients with IBS-M showed higher risk of 

depressive symptom [19]. 
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Moreover, the mean age of the IBS-ND subgroup was significantly older when 

compared with the healthy subjects in our study. Also, compared with the IBS-ND 

group, the mean reported age of IBS-miD subgroup was significantly younger. For 

these results, we need to caution that the reported age of participants was only the age 

at the recruitment date instead of IBS onset time. 

Furthermore, SAS score was positively correlated with depressive symptoms in the 

study, which indicates that IBS patients who suffer from depression distress also 

increase anxious feeling. This result was undoubtedly consistent with other studies of 

psychological disorders in IBS [15-17, 207].

Although the correlation results showed that food habits and lifestyles had no strong 

association to depressive symptoms in IBS patients. However, there were significant 

differences in the consumption of rice, vegetable, and red meat, as well as in sleep 

quality and smoking duration of our study, which suggests that these foods, good 

sleep quality and non-smoking may be in favor of depressive amelioration. Also the 

‘traditional’ dietary patterns and consumption of vegetables were highly suggested for 

preventing depressive distress by Opie, R. S. et al. [208]. Since depression patients 

have been commonly reported with insomnia [209], improving the sleep quality 

seems necessary to relieve their depressive distress. Moreover, many studies have 

been reported that smoking was positively correlated with mental disorders and the 

smoking duration parallelly influenced the severity of the disorders [210, 211]. By 

stopping to smoke could alleviate the depressive symptoms in IBS patients. 
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Conclusion 

This cross-sectional study found that IBS patients have a high proportion with 36.6% 

of comorbidity depression prevalence in Hong Kong. Depression symptoms are 

closely linked with IBS phenotype, especially concerning visceral pain and bowel 

distention.  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CHAPTER 3: ABNORMAL GUT MICROBIOME 

ASSOCIATED WITH NEURO-INFLAMMATION IN IBS-

ASSOCIATED DEPRESSION PATIENTS 

Background 

Evidence has accumulated there is a correlation between gut dysbiosis with mood 

disorders, such as major depressive disorder, anxiety distress, and bipolar disorder 

[212]. Clinical epidemiological studies showed there are differences between bipolar 

disorder with healthy controls. Evans et al. found that reduced abundance of 

Faecalibacterium and Ruminococcaceae in bipolar disorder patients compared with 

healthy controls, and the Faecalibacterium abundance was negatively correlated with 

self-reported symptoms [213]. Several studies have also shown differences in the 

composition of the gut microbiota in patients with depression compared with healthy 

individuals [214-216]. E Aizawa et al. reported that there was no difference in 

Bifidobacterium and Lactobacillus counts between patients with bipolar disorder and 

healthy controls [217], while the less abundance of Bifidobacterium in the depression 

patients with orthostatic intolerance was shown in a recent study [218]. As 

populations of human study are very heterogeneous, multiple factors may affect the 

composition of the gut flora. Besides, patients with major depressive disorder (MDD) 

were characterized with distinct microbial communities of altered abundance in 

Firmicutes, Actinobacteria, and Bacteroidetes in faecal samples [171]. Even more, 

GF mice with FMT from depression patients displayed alternation of gut flora genes 
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and host’s metabolism including carbohydrate- and amino acid-related pathways 

[171]. 

Whereas, the mechanisms of how the gut dysbiosis regulate brain disorder are still 

unclear. As the phenomenology and the functional impairment of depression 

comorbidity are different from the pure psychiatric major depression [219], which 

presumably affects the treatment plans and etiology, the mechanisms of depression in 

IBS are urgently to be illuminated because of its high prevalence and adverse 

consequences. Liu Y et al. discovered that IBS-D patients shared faecal microbiota 

profiles with pure major depression patients, while a distinct microbial community in 

IBS patients with depression comorbidity [144]. This finding suggests that differing 

gut microbial profile probably contributes to the depressive symptoms of IBS. 

Additionally, supplementation of probiotic Bacillus coagulans MTCC 5856 was 

reported to relieve depression distress and ameliorate global GI discomfort in IBS 

patients with MDD in one double-blind RCT study, along with reducing the serum 

inflammatory biomarker when compared with the placebo group [155]. It suggests 

that gut microbiota is involved in the pathological of IBS-DP patients. 

Furthermore, the role of cytokines in MDD patients has been extensively investigated 

[220-223]. Depression patients have been found activated glial and macrophage-like 

cells in the CNS and these cells produced pro-inflammatory cytokines such as 

interleukin-1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α) and anti-

inflammatory cytokines like IL-4 in the brain [220, 222]�as well as elevated 

inflammatory molecules in the peripheral blood [223]. Moreover, the stimulated 
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inflammatory pathways in the brain further affect neurotransmitter metabolism, for 

instance, the altered glutamate release/reuptake, and neuroendocrine function such as 

oxidative stress, causing excitotoxicity and deficiency of glial elements [221], which 

in turn exerts the development of depression symptoms. Additionally, one RCT result 

showed that TNF antagonist infliximab could ameliorate depressive symptoms in 

patients who had a high level of inflammatory biomarkers at baseline [224]. Also, 

several laboratory studies found that activated effector T cells could counteract the 

depressive- and anxiety-like behavioural phenotypes in stressed mice [225, 226]. The 

result is proposed to be mediated with IL-4 which is secreted by these T cells in 

meningeal space. IL-4 then carries anti-inflammatory responses while also stimulates 

astrocytes to produce BDNF, and promotes microglia shifting from the M1 phenotype 

of pro-inflammation to the M2 phenotype of neuroprotection [227]. 

However, the mechanisms of how the gut dysbiosis regulate the IBS-DP are still 

unclear. Therefore, to comprehensively understand the profile of intestinal 

microbiome in IBS-DP, we performed the clinical study to analyze faecal 

metagenomes and metabolomes in IBS patients with and without depression. 

Compared with the non-depression group, gut microbial profile was functionally 

characterized by disturbed metabolism of neurotransmitter-related metabolites, and 

low-grade peripheral inflammation in IBS-DP patients. 
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Methods 

Microbial DNA isolation and metagenomic sequencing  

Around 250 mg of frozen faecal samples were used for microbial DNA extraction. 

The abstracting process of total DNA collection was based on the commercial stool 

DNA Isolation Kit (Qiagen, Valencia, CA). The quality of all DNA samples was 

successively evaluated on the Illumina Hiseq 4000 platform. After disposing of the 

adaptor and low-quality reads, and eliminating the host DNA genome according to the 

platform of SOAPalign v2.21 [228], 2498.38 Gb of high-quality pair-end reads for 

423 faecal samples (329 IBS patients and 84 HC subjects, respectively) was obtained 

in the end, with an average of 6.21 Gb for each sample in IBS group and 5.42 Gb for 

each sample in HC group. 

Analysis of sequences from faecal microbiomes 

Contigs assembly was used for estimating open reading frames (ORFs) through the 

assembly software SOAPdenovo (v2.0455) and the MetaGeneMark programme 

(v3.26) [229]. The acquired ORFs were utilized for constructing a non-redundant 

gene directory via the CD-hit (v4.6.4) [230]. Then the Shannon index was applied for 

evaluating the gut microbial diversity based on the gene differences in intra-group and 

inter-group [231].  

All the detected genes, for taxonomic allocation, were blasted by the approach of 

BLAST (v 2.2.26) with the default arguments, according to the microbial genomes 

from NCBI (4,258 of total microbial genomes included). The criteria with 65%, 85% 
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and 95% of identity respectively in phylum, genus, and species levels were adopted 

for taxonomic classification [232, 233]. The microbial gene abundance was applied 

for calculating the bacterial abundance in different levels. Furthermore, the protein 

level of screening was predicted by the differences of data from the National Center 

for Biotechnology Information BLASTP and the KEGG gene database (v79), and 

each protein was assorted with the KEGG group by the highest scoring annotated hits. 

Metabolites extraction 

Metabolites were extracted from serum and faecal samples as described previously 

[234, 235]. Briefly, feces (100 mg) were completely homogenized with five-fold 

volume of ice-cold distilled water. After high-speed centrifugation (13,000 rpm for 15 

min at 4 °C), water extraction was transferred to a new 2-mL tube, and the pellet 

sample was remained in the original tube. Then, cold methanol with five-fold volume 

(500 µL) was added into the original tube and fully mixed with the pellet sample. 

After completely homogenization and centrifugation of the mixture, the obtained 

methanol supernatant was then added to the former water extraction and completely 

mixed them. The faecal supernatant was acquired after the same centrifugation. 50 µL 

of serum was thoroughly mixed with four volumes of cold methanol. After a strong 

vortex with three minutes and high-speed centrifugation as above, the supernatant was 

obtained for serum metabolites and the layer of protein precipitation was discarded. 

The faecal and serum supernatants were then individually used for further LC/MS 

analysis. Meanwhile, quality control (QC) samples that pooling all faecal or serum 

samples were separately prepared as the above procedures. P-chlorophenyl alanine (5 

µg/mL) was added into each sample for internal standard.  
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Analytical conditions for the untargeted metabolic profiling 

The 2 µL of the resulting supernatant was injected into a liquid chromatography 

system (UPLC, Agilent 1290 Infinity, USA) and separated by gradient elution with 

0.35 mL/min of flow rate using ACQUITY UPLC BEH C18 column (1.7 µm, 2.1 × 

50 mm, Waters Corporation, Milford, MA). The gradient program consisted of phase 

A (0.1% formic acid in water) and phase B (0.1% formic acid in acetonitrile), which 

started from 2 to 5% B in 1 min, then raised to 100% B in next 11 min and maintained 

at 100% B for 3 min, finally turned back to 2% B in 2 min. A quadruple time-of-flight 

mass spectrometer (Q-TOF/MS, Agilent 6543, USA) coupled with electrospray 

ionization (ESI) was performed for acquisition of metabolic fragments in both 

positive and negative ionic modes. The instrument operated in full scan mode from 

100 to 1,000 m/z and the capillary voltage was set at 3,000 V. 

Quantification of neuroactive amides 

Chemicals and reagents 

A total of 17 neuroactive metabolites including tryptophan, tryptamine, N-

acetylserotonin (NAS), 5-hydroxy indole acetic acid (5-HIAA), melatonin, 

kynurenine, kynurenic acid (KYNA), serotonin, 3-indole acetic acid (3-IAA), 3-

hydroxyanthranilic acid (3-HAA), tyrosine, succinic acid (SUCC), dopamine, 

glutamate, glutamine, histamine, aminobutyric acid (GABA) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). An isotopic glutamine-2,3,3,4,4-d5 as internal 

standard was obtained from CDN Isotopes (Pointe-Claire, Quebec, Canada). HPLC 

grade organic reagents for mass spectrometric analysis were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). All neuroactive standards were separately dissolved in 

water with ultrasound preparation as a stock solution with a concentration of 5 mg/ml. 

A mixed stock solution was obtained after mixing the individual standard stock 

solution. Diluting stock solutions in water, the working solution were prepared at a 

series concentration of 0.1, 0.5, 1, 5, 10, 50, 100, 500, 1000, 5000, 10000, 50000 ng/

ml for individual metabolites. The standard curves and regression coefficients were 

gained based on internal standard adjustment. The signals of each BA metabolites 

were found in individual measured ranges. 

Analytical condition 

The analytical conditions were referred to a published study [236]. Briefly, a liquid 

chromatography (Agilent UHPLC 1290, USA) coupled with a triple-quadrupole mass 

spectrometer (Agilent QQQ-MS 6438, USA) was applied. Sample injection and flow 

rate were set at 2 µL and 0.4 ml/min for each sample, respectively. Of neuroactive 

metabolites, glutamate, glutamine, histamine, GABA were separated using an 

ACQUITY BEH Amide column (1.7 µm, 100mm × 2.1 mm) with a linear gradient of 

100mM ammonium formate in 95% water and 5% acetonitrile (mobile phase A) and 

30mM ammonium formate in 15% water and 85% acetonitrile (mobile phase B). The 

gradient program was: 100% to 80% B for the first 6 min, 80% to 50% B for 3 min, 

held at 50% B for 3 min, 50% to 100% B for 3 min. The column temperature was 

maintained at 30 ̊C. Moreover, melatonin, NAS, kynurenine, KYNA, tryptophan, 5-

HIAA, tyrosine, serotonin, 3-IAA, tryptamine, 3-HAA, dopamine and SUCC were 

separated using an ACQUITY BEH C18 column (1.7 µm, 100mm × 2.1 mm) with a 

linear gradient of 0.1% formic acid (FA) in water (mobile phase A) and 0.1% FA in 
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acetonitrile (mobile phase B). The gradient program was: 2% to 30% B for the first 4 

min, 30% to 100% B for 2 min, held at 100% B for 2 min, 100% to 2% B for 2 min. 

The column temperature was maintained at 40 ̊ C. The capillary voltage of mass 

spectrometer for both acquisitions was 3.5 kV in the positive mode. The acquisition 

data was analyzed using Agilent MassHunter Workstation Software for peak 

integration, calibration equations and quantification of individual metabolites. 

Metabolic identification 

With the tool of R-script with xcms package (R version 3.4.2), the methods of 

alignment, deconvolution, and normalization were applied for processing the raw data 

to identify the metabolic fragments. Then the yielded data matrix was further 

conducted with multivariate statistical analysis, which depended on the instrument of 

SIMCA-P (Version 11.0, Umetrics, Umea, Sweden). Metabolic differences were 

determined on the basis of one point higher in the threshold of variable importance in 

the projection (VIP) from the tenfold cross-validated  model of partial least squares-

discriminant analysis (PLS-DA ), along with the corrected false discovery rate (FRD) 

(adjust p< 0.05) [237]. At last, the metabolites were identified by comparison of the 

generated ionic segments from the specific MS/MS pattern with known information 

of the metabolic fragments via the open-access databases, such as HMDB (http://

www.hmdb.ca), METLIN (http://metlin.scripps.edu/) and LipidMaps (http://

www.lipidmaps.org/), along with standard chemicals.  
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ELISA assay 

Inflammatory biomarkers, including IL-1β (LS-F5625-1, LifeSpan BioScience, Inc.), 

IL-4 (KAC1211, CUSABIO TECHNOLOGY LLC), IL-6 (EK-033-31, Phoenix 

Pharmaceuticals, Inc.), TGF-β1 (CSB-E04725h, CUSABIO TECHNOLOGY LLC) 

and TNF-a (BMS223-4, Thermo Fisher Scientific), and neuropeptides, containing 

BDNF (EK-033-22, Phoenix Pharmaceuticals, Inc.), NGF (LS-F9557-1, LIFESPAN 

BIOSCIENCES), oxytocin (EK-051-01,Phoenix Pharmaceuticals, Inc.) and CRF 

(EK-019-06, Phoenix Pharmaceuticals, Inc.), were detected by using ELISA kits. 

Briefly, the procedures of ELISA assay were followed by the different kits’ proposal. 

Of those inflammatory markers, IL-1β, and TNF-a are very common pro-

inflammatory chemokines [238], and IL-4 is a kind of anti-inflammatory cytokines 

[239], while IL-6 and TGF-β1 has pro- and anti-inflammatory properties depending 

on the inflammation status [240]. 

Statistical analysis  

Sequencing data were analyzed in R software (v3.4.10). Statistical differences in the 

relative abundances of genes, taxonomies and KOs in IBS patients and controls were 

compared with the nonparametric univariate method (two-tailed Wilcoxon rank-sum 

test). The comparison of faecal and serum metabolites between IBS patients and 

healthy subjects, as well as between depressive IBS subgroups and non-depression 

IBS group, were conducted by one-way ANOVA. The relationship between the 

abundances of microbial species and identified metabolites in feces and serum, along 

with serum inflammatory markers and neuroactive peptides, was adopted the 

Spearman’s correlation method [241]. At last, the software of GraphPad Prism 7 
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(GraphPad software lnc., CA, USA) was performed to conduct these statistical 

analyses. Statistical significance is defined as #, p<0.05; ##, p<0.01; ###, p<0.005; *, 

p<0.05; **, p<0.01; ***, p<0.005. 

Results 

Gut dysbiosis associated with depressive severity in IBS patients 

Faecal metagenomes were deeply sequenced in the qualified samples of 329 IBS 

patients, consisting of 118 IBS-DP and 211 IBS-ND, and 84 healthy participants. 

Compared with HCs, microbial genes and α-diversity measured by the Shannon index 

in IBS-ND and IBS-DP groups both showed no significant difference. Also, 

depressive IBS subgroups, i.e., IBS-miD, IBS-moD and IBS-seD, all had no 

significant difference with IBS-ND patients (Figure 3.1).   

Furthermore, the taxonomic profile of faecal microbes was analyzed at phylum, genus 

and species levels. The identified taxonomies with no less than 0.1% of relative 

abundance at different levels were shown in Table 3.1-3.3. At the phylum level, four 

phyla with over 1% of relative abundances (including Actinobacteria, Bacteroidetes, 

Firmicutes, and Proteobacteria) dominated the faecal microbial communities of 

recruited subjects. Compared with the HC group, the significantly lower abundance of 

Proteobacteria was shown in IBS-miD (p<0.05, Figure 3.2), while no difference in 

other depressive IBS subgroups and IBS-ND patients. Meanwhile, the dominant 

bacteria showed no significant difference between IBS-ND and IBS-DP subgroups at 

the phylum level. Of note, the relative proportion of Verrucomicrobia was 
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significantly decreased in all IBS-DP subgroups in comparing to HC participants, as 

well as compared with IBS-ND group (p<0.05, respectively, Table 3.1). 
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Figure 3.1 No significant change in the faecal microbial diversities of the included 
participants. (A) Total gene counts in the five sub-groups. (B) Microbial α-diversity 
based on the Shannon index in the five sub-groups. Significant difference is defined 
as #, p< 0.05 when compared with the HC group; *, p< 0.05 when compared with the 
IBS-ND group. Abbreviation: HC, healthy control; IBS-ND, non-depression of IBS; 
IBS-miD, IBS with mild depression; IBS-moD, IBS with moderate depression; IBS-
seD, IBS with severe depression.  
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Figure 3.2 Altered faecal microbial composition of IBS-DP subjects at phylum level. 
Significant difference is defined as #, p< 0.05 when compared with the HC group; *, 
p< 0.05 when compared with the IBS-ND group. 



Table 3.1 Relative abundances of dominant phyla in the participants 

phylum (%) HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

Actinobacteria 1.07 1.47 1.29 0.52 0.39

Bacteroidetes 49.87 47.98 48.96 55.26 53.50

Firmicutes 10.61 10.84 12.44 12.39 12.52

Fusobacteria 0.11 0.35 0.20 0.25 0.26

Proteobacteria 1.94 3.14 2.90# 3.07 2.16

Verrucomicrobia 0.16 0.21 0.07#* 0.03#* 0.01#*

Data are expressed as average abundances (%) of individual taxa. Significant 
difference in abundances of taxa between patients and HCs is expressed as #, 
p<0.05; the significant difference between the IBS-DP group and the IBS-ND group 
is defined as *, p<0.05. Abbreviations: HC, healthy control; IBS-ND, non-
depression of IBS; IBS-miD, IBS with mild depression; IBS-moD, IBS with 
moderate depression; IBS-seD, IBS with severe depression.  
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At genus levels, several bacterial alterations were found in depression subgroups as 

shown in Table 3.2. Comparing to HC group, the relative abundance of dominant 

Prevotella was significantly reduced in IBS-miD group (p<0.05); lower abundance of 

Akkermansia and Bifidobacterium was observed in IBS-moD group (p<0.05); and the 

proportion of Bifidobacterium, Odoribacter, Parasutterella and Akkermansia were 

decreased in IBS-seD group (p<0.05, respectively). Besides, the IBS-ND group 

showed no significant difference with HC participants at the genus level. When 

compared with IBS-ND group, the abundance of Prevotella was significantly 

decreased in IBS-miD group (p<0.05); reduced abundance of Eubacterium, 

Bifidobacterium and Akkermansia was shown in IBS-moD group (p<0.05, 

respectively, Figure 3.3); and the proportion of Eubacterium, Bifidobacterium, 

Escherichia Odoribacter, Parasutterella, Fusobacterium and Akkermansia were 

decreased in IBS-seD group (p<0.05, respectively, Figure 3.3).   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Table 3.2 Relative abundances of dominant genera in the participants 

Genus (%) HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

Bacteroides 40.64 40.37 42.35 43.20 43.07

Alistipes 3.67 3.50 3.61 2.28 1.74

Prevotella 2.86 1.67 0.98#* 2.22 1.54

Faecalibacterium 2.30 2.05 2.22 1.39 3.03

Blautia 1.42 1.36 1.60 2.74 0.91

Eubacterium 1.29 1.61 1.39 0.94* 0.83*

Bifidobacterium 0.98 1.17 0.88 0.31#* 0.24#*

Ruminococcus 0.86 1.09 1.46 1.09 1.70

Clostridium 0.85 0.85 1.00 1.90 0.70

Parabacteroides 0.83 0.82 0.74 0.60 0.87

Roseburia 0.82 0.77 0.80 0.96 1.54

Escherichia 0.73 1.38 1.37 1.35 0.36*

Bilophila 0.37 0.49 0.52 0..46 0.32

Klebsiella 0.33 0.53 0.46 0.42 0.40

Odoribacter 0.32 0.30 0.22 0.37 0.11#*

Parasutterella 0.30 0.42 0.29 0.30 0.03#*

Megasphaera 0.27 0.15 0.37 0.42 0.42

Dorea 0.21 0.27 0.30 0.22 0.12

Coprococcus 0.20 0.21 0.22 0.16 0.25

Akkermansia 0.16 0.21 0.07 <0.001#* <0.001#*

Collinsella 0.15 0.14 0.19 0.11 0.06
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Fusobacterium 0.12 0.28 0.20 0.28 0.06*

Data are expressed as average abundances (%) of individual taxa. Significant 
difference in abundances of taxa between patients and HCs is expressed as #, 
p<0.05; the significant difference between the IBS-DP group and the IBS-ND group 
is defined as *, p<0.05. Abbreviations: HC, healthy control; IBS-ND, non-
depression of IBS; IBS-miD, IBS with mild depression; IBS-moD, IBS with 
moderate depression; IBS-seD, IBS with severe depression.  

Genus (%) HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
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Figure 3.3 Reduced relative abundance of beneficial bacteria in IBS-DP patients. 
Significant difference is defined as *, p< 0.05 when compared with the HC group.  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As referred to the species level, compared with IBS-ND group, the relative abundance 

of Akkermansia muciniphila (A. muciniphila) were decreased in the whole IBS-DP 

group, especially with significant differences in the moderate- and severe-depression 

subgroups (p<0.05, respectively, Figure 3.4); significant changes of dominant species 

(Bacteroides fragilis, Bacteroides ovatus, Bacteroides stercoris, Bacteroides 

thetaiotaomicron, Bacteroides uniformis) were shown in IBS-seD group (p<0.05, 

respectively); Other species including Bifidobacterium adolescentis, butyrate-

producing bacterium, Dorea formicigenerans, Fusobacterium varium, Parasutterella 

excrementihominis, Ruminococcus bromii and unclassified Alistipes sp. HGB5 also 

showed significant changes in IBS-seD group (p<0.05, respectively, Table 3.3); 

Besides, Bifidobacterium adolescentis, Eubacterium eligens, and [Ruminococcus] 

gnavus also showed significant changes in IBS-moD group (p<0.05, respectively, 

Table 3.3). Of note, these bacteria changes were almost parallel between IBS-DP 

subgroups and HC group.  

Briefly, in the faecal metagenomic results, the relative abundances of several bacterial 

genera including Eubacterium, Bifidobacterium and Akkermansia were significantly 

reduced in IBS-DP patients. These above mentioned genera, to some extent, have 

been reported to have beneficial effects on several pathophysiological conditions such 

as metabolic disorders [242-244]. 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Figure 3.4 A. muciniphila associated with IBS-DP patients. Significant difference is 
defined as #, p<0.05 when compared with the HC group; *, p<0.05 when compared 
with the IBS-ND group. 



Table 3.3 Relative abundances of dominant species in the participants 

Species (%) HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

Akkermansia 

muciniphila
0.177 0.156 0.055 0.002#* 0.002#*

Alistipes 

putredinis
2.239 2.110 2.196 1.645 1.296

Alistipes shahii 0.655 0.638 0.660 0.252 0.147

Bacteroides 

caccae
0.824 0.874 0.873 1.300 0.689

Bacteroides 

clarus
0.213 0.247 0.269 0.896 0.206

Bacteroides 

coprocola
0.838 0.822 0.813 0.676 0.924

Bacteroides 

coprophilus
0.279 0.162 0.176 0.084 0.044

Bacteroides 

dorei
4.774 4.197 4.731 5.462 3.714

Bacteroides 

dorei/vulgatus
6.783 5.072 5.837 6.705 5.664

Bacteroides 

eggerthii
1.233 0.977 0.383 0.440 0.050#*

Bacteroides 

finegoldii
0.337 0.377 0.317 0.354 0.115

Bacteroides 

fragilis
2.085 2.000 3.107 2.942 7.66#*

Species (%)
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Bacteroides 

intestinalis
0.437 0.487 0.527 0.172 0.459

Bacteroides 

ovatus
3.752 3.404 3.945 3.671 6.45#*

Bacteroides 

plebeius
2.044 1.045 0.871 0.247 0.681#

Bacteroides 

stercoris
1.977 2.261 2.926 2.039 0.36#*

Bacteroides 

thetaiotaomicro

n

1.849 2.445 2.085 2.073 7.12#*

Bacteroides 

uniformis
6.112 5.961 5.453 5.576 0.93#*

Bacteroides 

xylanisolvens
2.013 2.220 2.022 2.744 1.402

Bifidobacteriu

m adolescentis
0.435 0.418 0.256 0.04#* 0.05#*

Bifidobacteriu

m catenulatum-

Bifidobacteriu

m 

pseudocatenulat

um complex

0.197 0.217 0.215 0.103 0.062

HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
Species (%)
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Bifidobacteriu

m longum
0.198 0.424 0.285 0.141 0.111

Bilophila 

wadsworthia
0.416 0.480 0.503 0.437 0.318

butyrate-

producing 

bacterium

0.246 0.297 0.364 1.305 0.07#*

Clostridium 

bolteae
0.133 0.096 0.141 0.220 0.228

Coprococcus 

comes
0.158 0.116 0.130 0.102 0.064

Dorea 

formicigeneran

s

0.139 0.096 0.103 0.066 0.05#*

Dorea 

longicatena
0.142 0.099 0.110 0.060# 0.04#*

Escherichia coli 0.730 1.374 1.363 1.345 0.358

Eubacterium 

eligens
0.211 0.117 0.110 0.01#* 0.056#

Eubacterium 

rectale
0.610 0.932 0.765 0.596 0.239

Eubacterium 

ventriosum
0.201 0.219 0.202 0.09#* 0.297

HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
Species (%)
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Faecalibacteriu

m prausnitzii
1.683 1.471 1.530 0.922 2.362

Fusobacterium 

varium
0.055 0.139 0.105 0.190 0.010*

Klebsiella 

variicola/

pneumoniae

0.321 0.453 0.432 0.344 0.377

Odoribacter 

splanchnicus
0.336 0.289 0.206 0.358 0.078

Parabacteroides 

distasonis
1.577 1.610 1.683 1.750 1.550

Parabacteroides 

merdae
0.558 0.532 0.480 0.326 0.671

Parasutterella 

excrementihom

inis

0.243 0.208 0.185 0.176 0.010#*

Prevotella copri 2.385 1.293 0.711 3.510* 3.037

Roseburia 

hominis
0.168 0.132 0.131 0.165 0.194

Roseburia 

intestinalis
0.202 0.182 0.197 0.150 0.204

Roseburia 

inulinivorans
0.276 0.310 0.319 0.491 0.888

HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
Species (%)

�73



Ruminococcus 

bromii
0.273 0.395 0.725 0.373 1.280*

[Ruminococcus

] gnavus
0.521 0.387 0.571 1.84#* 0.192

[Ruminococcus

] obeum
0.133 0.141 0.142 0.098 0.116

[Ruminococcus

] torques
0.412 0.542 0.605 0.456 0.364

unclassified 

Alistipes sp. 

HGB5

0.237 0.206 0.241 0.232 0.050#*

unclassified 

Capnocytophag

a sp. oral taxon 

329

0.194 0.125 0.078 0.128 0.087

unclassified 

Ruminococcus 

sp. 

5_1_39BFAA

0.361 0.369 0.383 0.394 0.221

HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
Species (%)
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unclassified 

Ruminococcus 

sp. SR1/5

0.251 0.117 0.128 0.151 0.031#

Data are expressed as average abundances (%) of individual taxa. Significant 
difference in abundances of taxa between patients and HCs is expressed as #, 
p<0.05; the significant difference between the IBS-DP group and the IBS-ND group 
is defined as *, p<0.05. Abbreviations: HC, healthy control; IBS-ND, non-
depression of IBS; IBS-miD, IBS with mild depression; IBS-moD, IBS with 
moderate depression; IBS-seD, IBS with severe depression.  

HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
Species (%)
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Serum and faecal bacteria-related metabolites associated with IBS-DP 

To further clarify the metabolism of IBS-DP patients, metabolic profiles of serum and 

feces were determined in the recruited subjects, based on an untargeted- 

metabolomics method with liquid chromatography-quadrupole time-of-flight mass 

spectrometry (UPLC/Q-TOF/MS). In total, 159 metabolites were identified from 

serum metabolomes of subjects through the comparison of fragmental ions against 

databases of mass spectrometry. PLS-DA results demonstrated distinct serum 

metabolic signatures between the depression group and the non-depression group 

(Figure 3.5). Significant metabolic differences observed between depression and non-

depression groups were screened out as shown in Table 3.4 (p<0.05, at least in one 

subgroup).  

Serum metabolite set enrichment analysis of metabolic features revealed associations 

with amino acid-related metabolites (such as tryptamine, histamine, dopamine, NAS, 

and arginine), bile acid biosynthesis (chenodeoxycholate), sterol metabolites (5b-

cholestane-3a,7a,12a,25-terol, tetrahydro deoxycorticosterone, deoxyribose, and 

dihydrotestosterone glucuronide), purine biosynthesis (5-monophosphate), and 

arachidonic acid metabolites (arachidonoyl glycerol and arachidic acid) were related 

to IBS-DP patients. Particularly, metabolites of tryptamine, histamine, dopamine, a-

tocotrienol, hydroxyoctanoyl-CoA, dehydrodestossterone glucuronide, arachidonoyl 

glycerol, and arachidicate were positively associated with depressive severity, while 

metabolites of chenodeoxycholate, succinate, 5b-cholestane-3a,7a,12a,25-terol, 

tetrahydro deoxycorticosterone, N-palmitoylsphingosine, phenylethylamine, arginine, 
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dimethyltryptamine, and carboxynorspermidine were negatively associated with 

depressive severity in IBS patients (Figure 3.5). 

Based on faecal metabolic enrichment analysis, 328 metabolites were identified 

through the comparison of fragmental ions against databases of mass spectrometry. 

Significantly metabolic differences between the IBS-ND and IBS-DP groups were 

screened out and shown in Table 3.5 (p<0.05, at least in one subgroup). These results 

suggest the disturbed metabolism of amino acids and lipids is characterized in IBS-DP 

patients.  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Figure 3.5 Altered metabolomic profiles in serum of IBS-DP patients. (A) Changed 
serum metabolomes in IBS-DP patients according to the two dimensional PLS-DA 
score plots; (B) Significant alterations of serum metabolites based on the variable 
importance in projection (VIP) scores resulted from MetaboAnalyst (v4.0). Serum 
metabolites were significantly changed among IBS subgroups, particularly, 
metabolites of tryptamine, histamine, dopamine, a-tocotrienol, hydroxyoctanoyl-CoA, 
dehydrodestossterone glucuronide, arachidonoyl glycerol, and arachidicate positively 
associated with depressive severity, while metabolites of chenodeoxycholate, 
succinate, 5b-cholestane-3a,7a,12a,25-terol, tetrahydro-deoxycorticosterone, N-
palmitoylsphingosine, phenylethylamine, arginine, dimethyltryptamine, and 
carboxynorspermidine negatively associated with depressive severity in IBS patients. 
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Table 3.4 Serum metabolic signatures in the participants 

Metabolites in serum
HC 

(n=84)

IBS-ND 

(n=211)

IBS-

miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

1-Phenylethylamine 10.592 6.182 5.901 4.995 5.077

Phosphonoacetaldehyde 0.095 0.159 0.159 0.167 0.137

Oxaloacetate 2.011 0.471 0.435 0.360 0.281
Uric acid 4.365 3.520 3.554 2.916 3.098
L-Arginine 0.264 0.159 0.153 0.133 0.132

Carboxynorspermidine 0.174 0.112 0.107 0.096 0.092

Dimethyltryptamine 0.183 0.109 0.106 0.094 0.091

Deoxyribose 5-

monophosphate
0.271 0.253 0.227 0.165 0.192

Thiamine 0.570 0.434 0.464 0.275 0.290
Stearamide 0.128 0.315 0.336 0.362 0.404
Arachidic acid 0.060 0.245 0.267 0.290 0.336
Tetrahydrodeoxycorticost

erone
0.532 0.314 0.301 0.248 0.240

11,12-DiHETrE 0.157 0.186 0.189 0.200 0.214

Tetrahydrocorticosterone 0.221 0.236 0.261 0.240 0.243

Tetrahydrocortisol 0.512 0.291 0.268 0.253 0.287

Androsterone sulfate 3.404 4.480 4.623 4.836 5.311

Melatonin glucuronide 1.064 0.899 0.994 1.005 0.954

5b-Cholestane-3a,7a,12a,

25-tetrol
0.182 0.144 0.119 0.124 0.095

GCDCA/GUDCA/GDCA 1.394 1.426 1.028 0.952 0.658

6-Dehydrotestosterone 

glucuronide
0.470 0.636 0.680 0.785 0.768

Glycocholic Acid 0.516 0.611 0.493 0.211 0.168
UDP-L-arabinose 0.105 0.183 0.195 0.203 0.233
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N-Palmitoylsphingosine 0.637 0.324 0.266 0.357 0.209

Glycerol triundecanoate 2.637 2.064 2.427 1.807 2.118

Glucosylceramide 

(d18:1/16:0)
0.114 0.072 0.077 0.077 0.074

(S)-Hydroxyoctanoyl-

CoA
0.023 0.119 0.131 0.140 0.152

Metabolites in serum
HC 

(n=84)

IBS-ND 

(n=211)

IBS-

miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
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Table 3.5 Faecal metabolic signatures in the participants 

Metabolites in faecal Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

3-Hydroxy-

Octadecanoic acid
PUFAs 437.932 392.197 307.416 375.929 282.977

Hippuric acid/p-

Acetaminobenzoic 

acid

phenylalan

ine 

metabolis

m

68.494 20.385 10.773 82.172 1.548

PGF2a ethanolamide
fatty acid 

amides
38.476 18.417 27.482 27.425 5.167

Nonanedioic acid PUFAs 22.736 15.794 14.693 13.597 8.748

7b-Hydroxy-3-

oxo-5b-cholan-24-

oate

bile acids 9.574 6.190 5.237 3.733 3.047

GlcCer(d14:1/24:1)
glyceropho

spholipid
134.151 123.333 138.798 50.301 53.637

9-HODE PUFAs 9.998 7.262 4.766 7.471 5.636

L-Urobilin
bilirubin 

reduction
60.340 97.386 111.253 21.806 135.240

Androsterone sulfate steroids 17.362 13.270 12.780 6.654 11.768

Cortisone steroids 38.594 31.210 32.226 24.914 4.732

Metabolites in faecal
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5a-Cholesta-8,24-

dien-3-one/ 

Cholesta-4,6-dien-3-

one

bile acids 11.558 8.736 6.485 4.149 1.432

Cholic Acid Methyl 

Ester
bile acids 133.458 130.644 125.999 78.641 87.682

6-trans-Leukotriene 

B4
PUFAs 10.095 7.556 5.885 5.451 3.499

L-3-Phenyllactic 

acid

phenylalan

ine 

metabolis

m

67.811 48.386 56.184 72.626 94.173

Lithocholic acid bile acids 77.162 74.351 74.924 41.031 44.730

L-Tyrosine
amino 

acids
6.426 4.019 3.340 6.390 3.383

Dihydropteroic acid vitamins 4.940 3.384 2.999 3.357 1.175

Chenodeoxycholic 

Acid/

Ursodeoxycholic 

acid/Deoxycholic 

acid

bile acids 645.597 665.510 673.550 496.607 620.930

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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SM(d18:2/20:1)
glyceropho

spholipid
36.043 32.997 37.570 13.479 14.084

7-Oxo-11-

dodecenoic acid
BCFAs 4.551 3.096 1.948 1.069 1.285

Gluconic acid 7.748 10.190 9.667 8.805 4.275

Linoleic acid PUFAs 6.458 5.442 3.686 4.391 4.611

Nutriacholic acid/ 

12-Ketodeoxycholic 

acid

bile acids 41.372 40.712 35.655 26.917 26.672

3-Hydroxy-

hexadecanoic acid
BCFAs 16.469 16.741 11.100 6.914 3.128

 3-(3-

Hydroxyphenyl)-3-

hydroxypropanoic 

acid

action of 

Clostrida 

sp.

5.994 9.690 5.379 10.148 8.757

Sebacic acid PUFAs 9.582 8.652 7.467 3.962 3.658

Dodecanedioic acid PUFAs 31.433 31.895 25.594 12.743 14.958

α-Tocotrienol vitamins 2.060 1.414 1.595 1.435 1.015

Oleic Acid PUFAs 3.526 2.912 2.014 2.933 2.166

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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Norchenodeoxycholi

c acid/ 2-

Arachidonylglycerol

bile acids 12.907 14.566 16.960 22.260 4.829

Undecanedioic acid PUFAs 2.675 2.039 1.903 1.391 1.058

1α-hydroxy-25-

methoxyvitamin D3 
vitamins 3.630 2.902 2.913 3.219 1.780

Ascorbic acid vitamins 29.184 29.484 23.446 26.813 26.284

L-Urobilinogen
bilirubin 

reduction
32.345 38.314 45.321 14.231 21.756

Arachidonoyl 

Serinol

fatty acid 

amides
19.927 19.074 19.169 10.705 11.775

Benzenebutanoic 

acid
BCFAs 2.595 2.275 2.298 1.522 1.301

17beta-

Hydroxyestr-4-en-3-

one 

cyclopentanepropion

ate

19.803 21.775 26.236 11.761 10.188

7-ketocholesterol/ 

7a-Hydroxy-

cholestene-3-one

bile acids 2.922 2.408 2.033 1.517 1.794

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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18-Oxocortisol steroids 16.280 16.712 19.956 24.757 10.964

methylheptenone 2.454 2.122 1.810 1.492 1.473

Stearoylglycine
fatty acid 

amides
0.761 0.922 7.173 0.663 0.355

1-Palmitoyl 

Lysophosphatidic 

Acid/ 

LysoPA(0:0/16:0)

glyceropho

spholipid
5.114 7.457 5.626 3.430 2.971

9/ 15-HETE PUFAs 16.270 17.201 11.815 12.060 6.963

b-D-

Glucopyranuronic 

acid

sugars 1.016 1.410 1.295 1.553 3.177

L-Tryptophan
amino 

acids
5.412 4.877 4.573 3.736 4.337

Tetracosapentaenoic 

acid (24:5n-3)
PUFAs 18.750 17.603 19.416 11.096 17.198

17-phenyl trinor 

PGF2α isopropyl 

este

PUFAs 4.238 3.349 2.391 1.518 8.774

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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20a-

Hydroxydydrogester

one glucuronide

steroids 10.641 10.005 10.131 7.351 8.367

2-(2-

Methylpropyl)thiazol

e

2.782 3.776 3.646 1.686 8.525

N-Arachidonoyl 

glycine

fatty acid 

amides
2.126 2.788 2.902 3.974 0.968

GlcCer(d14:1/24:0)/ 

Glucosylceramide 

(d18:1/20:0)

glyceropho

spholipid
6.698 6.140 6.960 2.611 2.714

4,7,10,13,16,19-

Docosahexaynoic 

acid

PUFAs 2.777 2.586 2.019 1.790 2.127

11β-

hydroxyandrost-4-

ene-3,17-dione

steroids 7.275 6.733 6.977 4.420 5.998

Undecanoylcarnitine
fatty acid 

oxidation
3.752 3.412 3.640 2.385 2.539

15S-HETrE PUFAs 0.853 19.692 11.964 25.710 15.300

Sedoheptulose sugars 2.795 6.194 6.703 6.963 3.131

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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Leukotriene B4 

ethanolamide

fatty acid 

amides
3.064 3.406 3.916 5.217 1.268

5-

Dehydroavenasterol
4.482 5.873 4.364 2.804 14.349

Alpha-Tocotrienol vitamins 5.915 5.763 5.557 3.519 3.862

PC(18:1(9Z)/2:0)
glyceropho

spholipid
2.113 1.414 2.084 0.703 1.677

24-Nor-5β-

cholane-3α,7α,12α-

triol

2.207 2.607 2.554 3.693 0.904

Taurolithocholic acid 

3-sulfate
bile acids 1.001 0.840 0.808 0.400 0.405

Butyrylcarnitine
fatty acid 

oxidation
4.006 4.093 3.265 1.677 1.942

2,3-Dinor-6-keto-

prostaglandin F1a
PUFAs 5.671 6.102 4.053 4.515 2.719

Stearamide
fatty acid 

amides
2.815 2.569 2.510 3.898 1.206

Tetrahydroaldosteron

e-3-glucuronide
steroids 1.756 1.373 1.613 0.698 0.515

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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S-Methylmethionine

methionine 

metabolite

s 

1.991 2.506 1.656 2.672 2.323

5'-Deoxy-5-

fluorocytidine
indoles 2.510 2.847 2.100 1.585 1.575

L-Thyronine
amino 

acids
1.435 1.301 1.212 0.959 0.995

5β-Cholane-3α,7α,

24-triol
bile acids 2.906 2.805 2.814 1.605 1.750

Xanthine
nucleic 

acids 
9.675 9.822 9.162 7.284 9.673

3-

Hydroxydodecanoic 

acid

BCFAs 1.158 1.098 0.797 1.150 1.051

L-Dopa
dopamine 

derivates
1.432 1.700 1.559 1.227 0.912

5β-Cholane-3α,7α,

12α,24-tetrol
bile acids 17.943 18.551 18.632 14.033 17.172

Pyroglutamic acid

glutamic 

acid 

derivates

4.492 4.537 4.275 3.355 3.721

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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Gluconolactone 5.191 5.031 4.202 9.560 3.641

SM(d18:1/20:1)
glyceropho

spholipid
1.071 0.984 1.113 0.428 0.435

N-

methylphenylalanine

phenylalan

ine 

metabolis

m

51.425 50.530 48.019 54.888 32.386

n-acetyldopamine
dopamine 

derivates
1.595 1.492 1.545 1.203 0.831

3-

Hydroxydodecanedi

oic acid

BCFAs 5.970 5.678 5.675 6.908 3.369

Glutathione

cysteine 

metabolis

m

2.838 2.690 2.423 3.275 1.183

Glycerylphosphoryle

thanolamine

fatty acid 

amides
1.931 2.026 1.696 1.460 1.197

3-

hydroxytridecanoyl 

carnitine

fatty acid 

oxidation
9.918 10.494 7.842 5.881 14.649

Palmitic acid PUFAs 1.132 1.187 0.997 0.811 0.534

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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(3a,5b,7a,12a), 3,12-

dihydroxy-7-

(sulfooxy)-

Cholan-24-oic acid

steroids 19.505 17.856 19.972 23.211 29.123

Deoxyuridine
nucleic 

acids 
4.687 4.750 4.184 4.738 3.102

Deoxycytidine
nucleic 

acids 
1.219 1.386 1.271 0.953 1.215

Uridine
nucleic 

acids 
6.239 6.750 6.262 6.169 4.791

PI(P-18:0/17:2(9Z,

12Z))
0.676 0.788 0.630 0.501 0.576

Indole-3-carbinol/3-

Methyloxindole
indoles 1.520 1.587 1.285 0.991 0.855

Cytidine
nucleic 

acids 
1.459 1.656 1.418 1.046 1.038

2/3-Furoic acid
organic 

acids
0.945 1.041 0.876 0.874 0.966

N-Acetyl-L-

glutamate 5-

semialdehyde

Ornithine 

synthesis 

(urea 

cycle)

2.646 2.762 2.851 2.109 1.586

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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N-Acetylmuramic 

acid
1.480 1.491 1.378 1.068 1.813

8-keto palmitic acid/ 

3-Oxohexadecanoic 

acid

BCFAs 0.997 1.067 1.063 0.828 0.532

L-Cystathionine

methionine 

metabolis

m

1.722 1.784 1.639 1.770 1.307

Tyramine

tyrosine 

metabolis

m

2.004 2.093 1.966 1.476 2.091

L-Glutamate
amino 

acids
8.055 8.650 7.817 6.715 6.459

Categories
HC 

(n=84)

IBS-

ND 

(n=211

)

IBS-

miD 

(n=82)

IBS-

moD 

(n=23)

IBS-

seD 

(n=13)

Metabolites in faecal
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Serum neuroactive- related molecules associated with IBS-DP patients 

Neuroactive- related molecules including neuroactive amides, neuropeptides, and 

cytokines were subsequently analyzed in IBS-ND, and IBS-DP patients, as well as 

healthy controls (Table 3.6, 3.7).  

Based on LC-MS methods as mentioned above, 17 neuroactive amides were screened 

from serum metabolomes of subjects through comparison of fragmental ions against 

databases of mass spectrometry. Comparing to HCs, melatonin, NAS, tryptophan, 

tyrosine, 3-IAA, tryptamine, SUCC, kynurenine, KYNA, dopamine, glutamate, 

histamine, and GABA were significantly increased, while glutamine was decreased in 

the IBS-ND and IBS-DP groups (p<0.05, respectively, Table 3.6). Several neuro-

metabolites including tryptophan, tryptamine, 3-hydroxyanthranilic acid, and 

succinate were significantly reduced in IBS-moD subgroup when comparing to the 

IBS-ND group, respectively (p<0.05, respectively, Table 3.6). And 5-

Hydroxyindoleacetic acid (5-HIAA) was significantly decreased in IBS-miD 

subgroup (p<0.05). These results as shown in Table 3.6 indicate that changed 

neuroactive amides are related to IBS-DP patients. 

Neuropeptides, additionally, including neuropeptide Y (NPY), brain-derived 

neurotrophic factor (BDNF), oxytocin and corticotropin-releasing factor (CRF) were 

also detected in serum sample of the participants by ELISA methods. The results 

showed no significant difference between HCs and IBS-ND patients, and also IBS-DP 

patients with respect to these neuropeptides. Besides, the results also showed no 

significant difference between the IBS-ND and IBS-DP subgroups (Table 3.7), which 
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suggests that these neuropeptides might not be distinguishing contributors to 

depressive IBS. 

Meanwhile, cytokines including IL-1β, IL-4, IL-6, TGF-β, and TNF-a were also 

analyzed in serum samples by ELISA kits. Comparing to HCs, IBS-moD patients 

showed significantly increased of serum IL-6, IL-1β and TNF-a level (p<0.05, 

respectively, Figure 3.6); Serum level of TNF-a were also significantly enhanced in 

IBS-moD patients (p<0.05, Figure 3.6). Serum levels of IL-4 and TGF-β were not 

shown the difference between IBS patients and HCs, and also no significant change 

between IBS-ND and IBS-DP patients (Table 3.7). These results imply the low-grade 

peripheral inflammation of IBS-DP patients.  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Table 3.6 Altered neurotransmitters and their metabolites in the serum of patients 

serum HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

Melatonin 0.002 0.016# 0.028# 0.012# 0.018#
N-Acetylserotonin 

(NAS)
0.004 0.010# 0.012# 0.009# 0.008

Tryptophan 109.581 138.265# 138.162# 124.900#* 132.066

5-

Hydroxyindoleace

tic acid (5-HIAA)

0.027 0.031 0.028* 0.029 0.028

Tyrosine 38.819 55.759# 51.787# 49.764# 51.401#

Serotonin 3.092 3.226 3.510 3.100 3.402
3_Indole_acetic 

acid (3-IAA)
2.079 2.822# 3.090# 2.553# 2.828

Tryptamine 0.004 0.035# 0.034# 0.020#* 0.051

3-

hydroxyanthranili

c acid (3-HAA)

0.049 0.051 0.048 0.039#* 0.056

Succinate (SUCC) 2.471 11.797# 10.886# 7.056#* 14.409#

Kynurenine 0.373 1.101# 1.171# 1.353# 1.291#

Kynurenic acid 

(KYNA)
0.055 0.071# 0.071# 0.068 0.066

Dopamine 0.072 0.124# 0.137# 0.145# 0.160#

Glutamate 1.587 2.130# 2.291# 2.137# 2.280

Glutamine 140.157 127.765# 129.153# 125.079#
119.592

#
Histamine 0.086 0.403# 0.537# 0.525# 0.513#
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Aminobutyric acid 

(GABA)
0.051 0.060# 0.061# 0.054 0.062

GABA/GLU 0.035 0.034 0.031 0.029 0.034
KYA/KYN 0.157 0.126# 0.125# 0.117 0.089#
KYN/TRP 0.003# 0.008# 0.009# 0.010# 0.011#
Data are expressed as relative abundance. Significant difference between patients 
and HCs is expressed as #, p<0.05; the significant difference between the IBS-DP 
group and the IBS-ND group is defined as *, p<0.05. 

serum HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)
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Table 3.7 Altered neuropeptides and cytokines in the serum of patients  

Serum HC (n=84)
IBS-ND 

(n=211)

IBS-miD 

(n=82)

IBS-moD 

(n=23)

IBS-seD 

(n=13)

NPY (ng/ml)
0.324±0.00

3

0.267±0.00

4
0.259±0.003

0.251±0.00

3
0.255±0.005

BDNF (ng/

ml)
9.953±0.09

10.269±0.0

56

10.368±0.04

2

9.791±0.08

3

10.159±0.06

4

CRF (ng/ml)
2.004±0.01

8

1.848±0.03

0
1.837±0.019

1.770±0.01

8
1.865±0.014

Oxytocin (ng/

ml)

2.984±0.03

5

2.781±0.04

3
3.081±0.019

2.870±0.03

5
3.321±0.040

IL-1β (pg/ml)
117.509±2.

448

152.086±4.

881

163.538±5.1

15

179.531±7.

215*

132.082±2.1

05

IL-4 (pg/ml)
9.571±0.17

2

16.171±0.5

38

12.990±0.27

9

12.874±0.2

64

12.438±0.23

0

IL-6 (pg/ml)
6.003±0.01

6

6.687±0.01

4
6.589±0.011

7.201±0.04

2*
7.077±0.043

TGF-β (ng/

ml)

4.755±0.04

4

4.272±0.05

8
4.476±0.040

4.097±0.04

9
4.326±0.028

TNF-a (pg/

ml)

7.761±0.05

7

7.608±0.04

5
7.720±0.035

8.869±0.05

1* #

9.811±0.152

* #

Data are expressed as Mean±SEM. Significant difference between patients and HCs 
is expressed as *, p<0.05; the significant difference between the IBS-DP group and 
the IBS-ND group is defined as #, p<0.05. 
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Figure 3.6 Peripheral inflammation in IBS-DP patients. Compared with the HCs, (A) 
higher level of IL-6 in the IBS-moD subgroup; (B) higher level of IL-1β in the IBS-
moD subgroup; (C) higher level of TNF-a in the IBS-moD and IBS-seD subgroups. 
Significant difference is defined as *, p<0.05; **, p<0.01; ***, p<0.005.   
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Correlation of A. muciniphila with serum inflammatory molecules in IBS-DP 

patients 

Furthermore, we conducted an overall correlation analysis between gut microbiota 

and serum biomolecules, including neuroactive metabolites, neuropeptides, and 

cytokines, as shown in Figure 3.7. Akkermansia genera (A. muciniphila) and 

Fusobacterium genera (including Fusobacterium mortiferum, Fusobacterium varium 

and Fusobacterium ulcerans) were positively correlated with the increased dopamine, 

hydroxyoctanoyl-CoA, arachidic acid, tryptamine, histamine and DHT glucuronide 

(p<0.05, respectively); whereas negatively correlated with THDOC, 

phenylethylamine, arginine, dimethyltryptamine and carboxynorspermidine (p<0.05, 

respectively). Moreover, A. muciniphila was also significantly correlated to HAMD 

and SDS scores, IL-4, and TNF-a levels (p<0.05, respectively). Eubacterium biforme 

was positively correlated with dopamine, tryptamine, histamine, and TGF-1β (p<0.05, 

respectively); while negatively correlated with succinate (p<0.05). Besides, other 

Eubacterium species including Eubacterium saburreum, Eubacterium rectale, 

Eubacterium hallii, Eubacterium cylindroides, Eubacterium dolichum, Eubacterium 

saphenum and Eubacterium siraeum were significantly positively correlated with 

CDCA, IL-1β, BDNF and TGF-β, respectively (p<0.05, respectively). Moreover, 

Bifidobacterium genera including Bifidobacterium adolescentis, Bifidobacterium 

angulatum, Bifidobacterium breve, Bifidobacterium dentium, and Bifidobacterium 

longum were significantly negatively correlated with HAMD (p<0.05, respectively); 

while Bifidobacterium breve was positively correlated with THDOC, arginine, 

dimethyltryptamine, and carboxynorspermidine (p<0.05, respectively). Taken 

together, these results illustrate that Akkermansia, Fusobacterium, Eubacterium, and 
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Bifidobacterium species are closely related to serum metabolites of IBS-DP patients, 

especially the A. muciniphila is negatively correlated with pro-inflammatory cytokine 

TNF-a, and positively correlated with anti-inflammatory cytokine IL-4 in IBS-DP 

patients. 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Figure 3.7 Close associations between gut bacteria and serum metabolites in IBS-DP 
patients. Significant difference is defined as *, p<0.05. 
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Discussion 

In this study, the gut dysbiosis in IBS-DP patients was mainly characterized by 

decreased abundances of Akkermansia, Bifidobacterium and Eubacterium genera in 

faecal samples, which these genera have been reported to have beneficial effects on 

several beneficial effects on on several pathophysiological conditions such as 

metabolic disorders [242-244]. Aizawa et al. also discovered that Bifidobacterium 

was reduced in MDD patients, noteworthily that 48.3% of MDD patients being 

comorbid with IBS [216]. However, one recent systematic review concluded that no 

consensus of distinguished intestinal microbial features in depression and which 

bacterial taxa most associated with depression had reached [245]. This divergence 

may be due to the different study design, distinct sociodemographic characteristics 

and varied eating habits of the selected study subjects. Moreover, a dose-response 

relationship between the relative reduced abundance of Akkermansia and the severity 

of depression symptoms was shown in our study, which may infer that Akkermansia 

plays a role in depression progress, though one recent study also demonstrated that 

depression distress was negatively correlated with the abundance of Lachnospiraceae 

in IBS patients [246]. 

Moreover, higher serum concentrations of IL-1β, IL-6, and TNF-a in IBS-DP group, 

in comparison with healthy controls, were shown in the current study, which indicates 

a low-grade peripheral inflammation in IBS-DP patients. Our study result was in 

consistence with the available literature regarding the role of inflammation in 

depression [220, 222]. Besides, alterations of serum metabolites were shown in 
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depressive IBS patients, like metabolites of tryptamine, histamine, a-tocotrienol, 

hydroxyoctanoyl-CoA, dihydrotestosterone glucuronide and dopamine positively 

correlated with depressive severity, while metabolites of chenodeoxycholate, 5b-

cholestane-3a,7a,12a,25-terol, tetrahydro-deoxycorticosterone, arachidonic acid, 

arginine and carboxynorspermidine negatively correlated with depressive. These 

correlations suggest that the disturbed metabolisms of amino acids and lipids in IBS-

DP. Briefly, amino acids of tryptamine and histamine are associated with 

inflammation [247-249], which reconfirms that the peripheral inflammatory activity 

in IBS-DP patients. sterol metabolites such as dihydrotestosterone glucuronide, 5b-

cholestane-3a,7a,12a,25-terol, and tetrahydro-deoxycorticosterone were altered, 

which suggests that abnormal sterol metabolism may exhibit in IBS-DP. Arachidonic 

acid metabolism is also interrupted in IBS-DP patients. 

Moreover, faecal microbiota, typically Fusobacterium, Akkermansia, Eubacterium, 

and Bifidobacterium genera, were associated with these changed serum metabolites in 

IBS-DP patients, which indicates that impaired gut microbial community associated 

with depression symptoms, along with alterations of metabolites in IBS-DP patients.  

Conclusion 

Gut dysbiosis, especially the reduced relative abundance of A. muciniphila, was 

associated with the severity of depression. Decreased A. muciniphila might contribute 

to the severity of depressive symptoms in IBS patients, involving the activity of the 

peripheral inflammation.  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CHAPTER 4: GUT DYSBIOSIS INDUCES DEPRESSION-

L I K E B E H AV I O U R A N D C E N T R A L N E U R O -

INFLAMMATION IN NEONATAL MATERNAL 

SEPARATION MODEL 

Background 

As in Chapter 3, we discovered gut dysbiosis, particularly deficiency of A. 

muciniphila, associated with depressive symptoms in IBS patients. Decreased A. 

muciniphila was linked to the depressive severity, and correlated with peripheral pro-

inflammatory response, with increased serum IL-1β, IL-6 and TNF-a, and neuro-

active molecules, such as dopamine, tryptamine and histamine, in IBS-DP patients, 

which suggests the possible contribution of A. muciniphila deficiency in development 

of depressive symptom in IBS-DP patients. To determine a causal linkage between A. 

muciniphila deficiency and the development of depressive symptoms in IBS patients, 

a well-studied neonatal maternal separation (NMS)-induced IBS model was used in 

this study [136, 250, 251]. This model of NMS rodents have characteristic visceral 

hyperalgesia and bowel motility disorder, which mimics the IBS symptomatology 

[252-254]. Besides, psychological disorders, typically manifesting depressive-like 

behaviour, and interrupted neurodevelopment have been also presented in the rodents 

adults that induced by NMS [49, 134, 137, 138, 152, 254]. Further, NMS rats also 

display the changes of gut microbiota through-out the lifespan [255, 256], such as 

changed intestinal microbial features with enhanced proportion of Lachnospiraceae 

and decreased relative abundance of Mucispirillum has been found in mice underwent 
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NMS  manipulation [153]. Also, NMS rats in adults were more vulnerable to parasitic 

infection of Nippostrongylus brasiliensis and correlated to the gut dysfunction [257]. 

Not only focusing on murine study, disturbed indigenous microflora was also 

described in maternal deprived infant rhesus monkeys, which showed a decreased 

integrity of faecal bacteria, especially Lactobacilli, and the reduced diversity of 

microflora was correlated with the abnormal behaviours manifestation [258]. 

Collectively, NMS model mimics the clinical symptoms generally observed in IBS-

DP patients such as, GI dysfunction, emotional disorder, and gut dysbiosis. Hence this 

model was selected to investigate the mechanism of gut microbiota in depression-like 

behaviour development in IBS-DP patients. 

NMS rats demonstrate the depression-related pathogenesis, such as aberrant central 

neurotransmission [182], disrupted glial homeostasis [259], and altered neural 

plasticity [177]. Moreover, studies have demonstrated that neuroinflammation or 

stress exerted substantially effects on the homeostasis of glial cells mainly containing 

astrocytes, oligodendrocytes, and microglia [188]. The interrupted glial homeostasis, 

especially astrocytes which contribute to glutamate neurotransmission in the CNS 

[189], would further influence functional brain connectivity and social reaction [176]. 

Whether these disturbances of glial homeostasis are associated with or directly 

induced by the changes of gut microbiota needed to be further investigated. We 

hypothesized that gut dysbiosis might induce glial homeostasis disturbance, which 

results in depressive-like behaviour in NMS rats. 
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Results in the current study showed that NMS rats exhibited depressive-like 

behaviours and bowel symptoms. Faecal metagenomic study data also showed that in 

NMS rats, there was a significant reduce of A. muciniphila in the faecal microbial 

community of NMS rats. Moreover, A. muciniphila was associated with central 

neuroinflammation in NMS rats. Immunohistochemical analysis showed an altered 

morphology and decreased quantity of astrocytes in the hippocampus of NMS rats 

when compared with controls. More importantly, the mRNA expressions of genes 

related to Astroglial glutamate transmission including glutamate transporters (GLTs) 

such as GLT-1, glutamate–aspartate transporter (GLAST), vesicular glutamate 

transporter 1 (VGLUT1), and glutamate receptors such as N-methyl-D-aspartate 

receptor 1 (NMDAR1), metabotropic glutamate receptor 1 (mGluR1), mGluR2, 

mGluR3, and also glutamate-related exchangers such as cystine-glutamate exchanger 

(xCT), as well as astrocyte biomarker glial fibrillary acidic protein (GFAP), which is 

mediated with chronic inflammation and/or stress [187-189], were decreased in NMS 

rats when compared with the control group. These results indicate that impaired 

astroglial glutamatergic transmission, particularly dysfunction of the glutamate re-

uptake, in the hippocampus of NMS rats. While A. muciniphila was showed with 

close linkage to these biomarkers of astroglial glutamate pathway. Furthermore, 

pseudo-GF rats with faecal microbiota transplantation of NMS microbiota were also 

manipulated. The association of A. muciniphila deficiency, depressive-like 

behaviours, and impaired astroglial glutamate neurotransmission were repeated in the 

rat recipients. These results indicate the causal relationship between NMS microbiota 

and depressive phenotype, involving the dysfunction in the astrocyte- glutamate 

pathway.  
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Materials and methods 

Animals, NMS procedure, and grouping 

Ten-days pregnant female Sprague-Dawley (SD) rats were obtained from the 

Laboratory Animal Services Centre of The Chinese University of Hong Kong. All rats 

were kept in the animal house with a stable 12-h light/dark cycle (light from 08:00 am 

to 20:00 pm in the daytime) and under specific pathogen-free (SPF) condition, and 

given ad libitum access to food and water. Six pregnant rats were raised in six cages 

respectively, according to our previous research [260], Newborn pups were randomly 

being kept with dams were assorted to the non-handled (NH) controls, and those pups 

who had been separated from dams for 3 hours per day from the postnatal second day 

to fourteenth day (i.e., from PD2 to PD14) were labeled as the NMS group. All pups 

were weaned on PD22 and male pups with similar body weight in each group (n=10 

per group) were chosen for further study. At adulthood, from PD56 to PD63, these 

male rats were evaluated their visceral sensitivity through the abdominal withdrawal 

reflex (AWR) in response to CRD test and neurobehavioral performance via open 

field test (OFT), forced swimming test (FST) and sucrose preference test (SPT). 

Finally, bio-samples including brain, serum, feces and luminal contents of colon were 

collected after anesthesia with 10% of chloral hydrate. The animal experiments have 

been conducted with complied to the rules of Animals Ordinance, Department of 

Health, Hong Kong SAR, China. A workflow of the experiment was depicted in 

Figure 4.1. 
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Colonization of faecal bacteria in pseudo-germ-free rats.  

Pseudo-germ-free (Pseudo-GF) rats model (n=10 per group) was established as 

previously reported with minor modification [261]. Briefly, PD42 specific pathogen-

free (SPF) rats were oral gavaged with an antibiotic cocktail (ABX) solution, 

including amphotericin-B (0.5 mg/kg), metronidazole (50 mg/kg), vancomycin 

(25mg/kg) and neomycin (50 mg/kg), twice every day until PD52. Ampicillin (0.5 

mg/ml) was also supplemented ad libitum in drinking water during this ABX 

intervention. The accumulative volumes of daily and total water consumption were no 

difference among all cages. According to the previous protocol [262], donors’ feces 

from NH and NMS rats (n=16 per group) were pooled separately, and completely 

homogenized in pre-reduced phosphate-buffered saline (PBS) at 1mL per pellet. 

Faecal microbiota transplantation (FMT) with two milliliters of faecal suspension was 

administered to pseudo GF rats, FMT-NH and FMT-MS group (n=10 per group), 

daily for two weeks consecutively. After that, depression-like behaviours and IBS-like 

bowel symptoms were evaluated, and biospecimen were collected as previously 

mentioned. A procedure of the experiment was portrayed in Figure 4.1.  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Figure 4.1 The workflow of two animal studies. (A) The procedure of neonatal-
maternal separation (NMS) in rats; (B) The establishment of Pseudo-germ-free 
(Pseudo-GF) model in rats. 
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Abdominal withdrawal reflex (AWR) test 

The assessment of AWR in response to CRD test was utilized to evaluate abdominal 

pain in the rats [263]. A tube was inserted into a balloon and tight a knot properly at 

distal 3cm of the balloon. The prepared balloon was lubricated with glycerol and then 

inserted into the colorectum from the anus of the rat with ether anesthetization. The 

total length of the inserted balloon was accomplished when the knot reached the anus, 

and the tube of the balloon was connected with a sphygmomanometer via a T joint. 

CRD procedure was operated after the rats completely recovered, by increasing the 

pressure from 10 mmHg until a distinguishable contraction of the abdominal 

movement. After then, the balloon was quickly deflated and put back the rat into the 

cage when it was calmed. The threshold of visceral pain was defined as the pressure 

that induced an identifiable abdominal reflex in response to CRD. 

Depression-like behaviour tests 

To assess the psychological disorders in the NMS model, the neurobehavioral tests of 

OFT, FST, and SPT were conducted in rats [264]. For the OFT and FST, behaviours 

were recorded by a digital video camera mounted above the test apparatus. The 

procedures were briefly as follows. 

The OFT is a classical test of exploratory locomotor behaviour and emotionality [265, 

266]. Locomotor hyperactivity is thought to reflect environmental neophobia, or 

increased fear of novel environments. In larger open fields, animals that spend more 

time in the periphery of the field are said to be more anxious than those that freely 

explore the center of the field. The OFT consists of a square chamber (100 × 100 × 
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35cm), with walls made of opaque plastic; the square is then aliquoted into 25 

quadrilaterals�20 × 20cm). Behaviour is recorded for 5 min and the field is wiped 

clean with 70% dilute alcohol solution between trials. 

Learned helplessness was evaluated in the FST, as previously described [266, 267]. 

Twenty-four hours after a pretest session (15 min), the FST was conducted by placing 

rats in cylinders filled with water (23℃; depth 30 cm) for a period of 5 min. Test 

sessions were designed assessed using a camera connected to a video tracking system. 

Learned helplessness behaviour is defined as an increase in time of immobility in the 

forced swim. 

Anhedonia was assessed using the SPT as previously described [268]. Briefly, 

animals were allowed to habituate to the sucrose solution 3 days before SPT. To test 

sucrose preference, animals that had been water-deprived for 24 h were presented 

with two pre-weighed bottles containing 2% sucrose solution or tap water for a period 

of 24h. Sucrose preference was calculated according to the formula: sucrose 

preference = (sucrose intake/ (sucrose intake+water intake)) ︎*100, as previously 

described [268]. Anhedonia is defined as a reduction in sucrose preference relative to 

baseline levels. 

Neurotransmitter metabolites extraction from serum and hippocampus of rats 

Neurotransmitter metabolites extraction from serum was processed similarly 

according to the previous protocol for extracting human serum metabolites. For 
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extraction of the hippocampus, seven-fold of methanol will be added into tissue 

samples (about 30 mg). After adequate homogenization and high-speed centrifugation 

(13,000 rpm for 15 min at 4 °C), a 180-µL aliquot of supernatant was transferred to a 

new 1.5-mL tube. An isotopic glutamine-2,3,3,4,4-d5 as internal standard was added 

into the tube and mixed thoroughly. The metabolite extracts were obtained after 

vortex and centrifugation. Meanwhile, quality control (QC) samples pooling all 

samples were individually prepared using the same protocol. Additionally, the 

analytical conditions of the UPLC-TQ-MS equipment were formulated as the method 

of human neuroactive metabolites quantification.  

Quantitative PCR analysis of proteins related to neuroinflammation and 

glutamate transmission in hippocampus   

Markers related to neuroinflammation including glial biomarkers, interleukins (ILs) 

and glutamate metabolism were comprehensively observed in the hippocampus. The 

mRNA expressions of astrocyte biomarker GFAP, microglia biomarker IBA-1 and 

TSPO, ILs (IL-1β, 4, 6 and 10), TGF-β1, TNF-a, and the glutamatergic pathway 

(GLAST, GLT-1, vGLUT1, NMDAR1, NMDAR2A, NMDAR2B, mGluR1, mGluR2, 

mGluR3, mGluR5, xCT, NCX1, P2X7 and CX43) were detected by using RT-PCR 

analysis. The main functions and primer sequences of these biomarkers were 

summarized in Table 4.1.  

The procedure of total RNA extraction was conducted on ice as following. One 

milliliter of TRIZOL (CAS# 15596026, Life Technologies, Invitrogen, Carlsbad, CA, 

USA) was added into the hippocampal tissue with weighted 30mg. The mixture was 
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homogenized with TissueLyzer for five minutes. After high-speed centrifugation with 

13000rpm, 4℃,10minutes, the supernatant was transferred into a new 1.5-ml tube. 

Then 200ml of chloroform was added into the new tube with supernatant liquid. After 

completely mixing and centrifugation, the upper layer of the aqueous phase was 

transferred into a fresh 1.5-ml tube. Subsequently, the RNA was precipitated from the 

aqueous phase with a mixture of isopropyl alcohol (0.5ml). After 30 minutes of 

incubation in four degrees of temperature and centrifugation, the RNA pellet was 

obtained at the bottom of the tube. Then one milliliter of 75% ethanol was used to 

wash the RNA pellet three times. After discarding the last ethanol and drying the RNA 

pellet for half an hour in room temperature, total RNA was dissolved in DEPC-treated 

water and used for the next step of reverse transcription. The cDNA was finally 

obtained for PCR analyses. A 7900HT Fast Real-time PCR system (Applied 

Biosystems) with random hexamer primers were performed to assess the expression 

of target genes and the value of ∆∆-CT was used to calculate the relative mRNA 

expression.  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Table 4.1 Primer sequences for quantitative RT-PCR analysis of genes related to 

neuroinflammation in rats 

Gene Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s

GFAP 
glial fibrillary 

acidic protein
Astrocyte biomarker

F:CAGACTTTCTCC

AACCTCCAG 

R:CTCCTGCTTCGA

GTCCTTAATG

PMID: 

25814934

IBA-1/ 

AIF-1

ionized calcium-

binding adapter 

molecule 1; 

allograft 

inflammatory 

factor 1

Microglia biomarker

F:GCCTCATCGTCAT

CTCCCCA 

R:AGGAAGTGCTTG

TTGATCCCA

PMID: 

25814934

TSPO
translocator 

protein
Reative glia biomarker

F:TAGCTTTAAAGG

CCCCATGC 

R:CTGGGGCACACT

GTATTCG

PMID: 

29074640

IL-1β interleukin 1β 
Pro-inflammatory 

cytokine

F:TGAGGCTGACAG

ACCCCAAAAGAT 

R:GCTCCACGGGCA

AGACATAGGTAG

PMID: 

26431692

IL-4 interleukin 4 
Anti-inflammatory 

cytokine

F:GGTCTCAGCCCC

CACCTTGC 

R:CCGTGGTGTTCC

TTGTTGCCGT

PMID:

29740932

Gene

�113



IL-6 interleukin 6

Both a pro-inflammatory 

and anti-inflammatory 

cytokine based on the 

either in acute or chronic 

inflammation 

F:AGCCACTGCCTT

CCCTACTTCA 

R:GCCATTGCACAA

CTCTTTTCTCA

PMID: 

26431692 

IL-10 interleukin 10 
Anti-inflammatory 

cytokine

F:CAGAGCTCAGGA

AACTGCTG 

R:AGGCCTGGTCTT

CTTTCAGA

PMID: 

30899369

TGF-

β1

transforming 

growth factor 

beta 1

Plays a role under 

inflammatory conditions

F:AGAAGTCACCCG

CGTGCTAAT 

R:CACTGCTTCCCG

AATGTCTGA

PMID: 

26092731

TNF-α 
tumor necrosis 

factor alpha

Pro-inflammatory 

cytokine

F:TGGCGTGTTCATC

CGTTCTCTACC 

R:CCCGCAATCCAG

GCCACTACTT

PMID: 

26431692 

GLAS

T/

EAAT1

glial glutamate 

and aspartate 

transporter; 

excitatory 

amino-acid 

transporter 1

Glutamate transporter

F:ACGGTCACTGCT

GTCATTG 

R:TGTGACGAGACT

GGAGATGA

PMID: 

22645130

GLT-1/ 

EAAT2 

glial glutamate 

transporter-1;  

excitatory 

amino-acid 

transporter 2

Glutamate transporter

F:CCTCATGAGGAT

GCTGAAGA 

R:TCCAGGAAGGCA

TCCAGGCTG

PMID: 

22645130

Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s
Gene
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vGLU

T1

vesicular 

glutamate 

transporter 1 

Vesicular glutamate 

transporter (VGLUT); To 

maintain synaptic 

efficacy, recycling 

synaptic vesicles (SV) 

are refilled with 

glutamate

F:GGCAGTTTCCAG

GACCTCCACTC 

R:GCAAGAGGCAGT

TGAGAAGGAGAGA

G

PMID: 

16079394 

vGLU

T2

vesicular 

glutamate 

transporter 2

Vesicular glutamate 

transporter (VGLUT); To 

maintain synaptic 

efficacy, recycling 

synaptic vesicles (SV) 

are refilled with 

glutamate

F:GGGTATTTGGTCT

GTTTGGTGTCCTG 

R:CAGCACAGCAAG

GGTTATGGTCAC

PMID: 

16079394 

NMDA

R1/ 

GluN1/

NR1

N-methyl-D-

aspartate 

receptor 1

Ionotropic glutamate 

receptor (iGluR); Being 

ligand-gated ion channels 

that produce excitatory 

glutamate-evoked 

currents  

F:CTGCAACCCTCA

CTTTTGAG 

R:TGCAAAAGCCAG 

CTGCATCT

PMID: 

18419818

NMDA

R2A/ 

GluN2

A/ 

NR2A

N-methyl-D-

aspartate 

receptor 2A

Ionotropic glutamate 

receptor (iGluR); As 

above

F:AGCCATTGCTGTC

TTCGTTT 

R:ATCTTGCTGGTTG

TGCCTTT

PMID: 

27769245 

Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s
Gene
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NMDA

R2B/ 

GluN2

B/ 

NR2B

N-methyl-D-

aspartate 

receptor 2B

Ionotropic glutamate 

receptor (iGluR); As 

above

F:GCGATAATGGCG

GATAAGGA 

R:AGGTAGGTGGTG

ACGATGGAA

PMID: 

27769245 

mGluR

1

metabotropic 

glutamate 

receptor 1 

Group I of metabotropic 

glutamate receptor 

(mGluR) with Gq-

coupled; mGluRs are G 

protein- coupled 

receptors (GPCRs) that 

control cellular processes 

via G protein signaling 

cascades.  

F:TCAGCAAAAGAG

GACAAGCCG 

R:GAAACATCAGAC

CACAGACCCAAC

PMID: 

12270642 

mGluR

2

metabotropic 

glutamate 

receptor 2 

Group II of metabotropic 

glutamate receptor 

(mGluR) with Gi/o- 

coupled; mGluRs are G 

protein- coupled 

receptors (GPCRs) that 

control cellular processes 

via G protein signaling 

cascades.  

F:CCTACAATGTGCT

CCTCATCGC 

R:CTGACCTAAAGG

GCTGGGAATC

PMID: 

12270642

mGLU

R3

metabotropic 

glutamate 

receptor 3 

Group II of metabotropic 

glutamate receptor 

(mGluR) with Gi/o- 

coupled.

F:ATGGTGTCCGTGT

GGCTTATC 

R:TGACTGTTTCCC

GCTTCTCTG

PMID: 

18419818

Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s
Gene
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mGLU

R5

metabotropic 

glutamate 

receptor 5 

Group I of metabotropic 

glutamate receptor 

(mGluR) with Gq-

coupled.

F: TGTCCACCACCA 

ACCAACTG 

R: GCCTCCACTCTC 

TGAATCCC

PMID: 

18419818

xCT/ 

Xc-

cystine-

glutamate 

exchanger 

To promote glutathione 

synthesis by catalyzing 

cystine uptake and 

glutamate release. 

F:CAGAGCAGCCCT

AAGGCACTTTCC 

R:CCGATGACGGTG

CCGATGATGATGG

PMID: 

21639880

NCX1
sodium-calcium 

exchanger 1

NCX expressed in 

astrocytes results in 

calcium- dependent 

release of glutamate, 

with modulation of 

extracellular glutamate 

concentrations. 

F:ACCACCAAGACT

ACAGTGCG 

R:TTGGAAGCTGGT

CTGTCTCC

PMID: 

24954474

P2X7
purine activated 

ion channel 7

Purinoceptors; activated 

by endogenous ATP 

released during synaptic 

transmission.

F:AATCATGGGCATT

GAGATCTACT 

R:CAAGCAGCTGCT

GGTCCACCAT

PMID: 

18177631

P2Y1
metabotropic 

purine receptor 
Purinoceptors

F:GCTCTGGCCGAC

TTTTTGTA 

R:AGCCATACCAGC

ACACTGAC

PMID: 

12060780 

CX43 connexin 43

A gap junction protein 

and direct transcriptional 

regulator of N-cadherin 

F:AGGAGTTCCACC

AACTTTGGC 

R:TGGAGTAGGCTT

GGACCTTGTC

PMID: 

26111928

Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s
Gene
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GAPD

H

glyceraldehyde-

3-phosphate 

dehydrogenase

Housekeeping gene as 

internal standard

F:TCCCTCAAGATTG

TCAGCAA 

R:AGATCCACAACG

GATACATT

PMID: 

22645130

Full name Functions
Forward/reverse 

sequences (5′–3′)

Reference

s
Gene
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Immunohistochemistry staining 

After given full anesthesia, the rat was cardiac perfused with 100ml of 0.9% sodium 

chloride and 100ml of 4% paraformaldehyde (PFA), successively. The whole-brain 

tissue was obtained and immersed in 4% PFA at 4℃ for 24-48 hours. After washing 

the fixed brain tissue with flow water for 30 minutes, 30% sucrose was used to 

incubate the tissue until the tissue was sunk into the bottom of the tube. Then the 

tissue was collected and embedded with OCT agent. The OCT-embedded tissue was 

quickly frozen in the cryostat chamber and prepared for sectioning. Tissue sections of 

20um thickness were cut by the cryostat machine and mounted onto the poly-L-lysine 

coated slides. After that, the slides with tissue sections were washed with PBS for 

three times and blocked with 3% BSA solution for 2 hours at room temperature. Then 

the primary antibody diluted with 3% BSA was incubated with the slides at 4℃ 

overnight. The diluted secondary antibody was then added in the tissue after washing 

the slides three times and incubated at room temperature for 2 hours. Simultaneously, 

aluminum foil was used to cover the whole container for light avoidance. After 

washing slides with PBS for three times, DAPI (GTX16206, GeneTex) was added on 

the slide tissues for five minutes. Washing three times again, coverslips were then 

mounted with the slides by mounting medium (Dako Fluorescence Mounting 

Medium, Code S3023, USA). At last, nail polish was used to seal the edges of the 

coverslips. Leica Microscope DMI6000 (LAS X 3.5.1.18803) was applied for 

processing the confocal images.  
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Statistical analysis 

The comparisons of behaviour tests, metabolites and neuroactive- related molecules 

between two groups were conducted by utilizing Student’s t-test. The relationship 

between the abundance of microbiota and metabolites in serum and hippocampus, as 

well as the neuroactive- related markers, was analyzed by Spearman’s correlation 

method. All statistical analyses were performed on GraphPad Prism 7, and 

significance is set as *, p<0.05; **, p<0.01; ***, p<0.005. 

Results 

NMS rats reproduced the depression-like behaviour 

Abdominal withdrawal reflex (AWR) tests showed that the abdominal pain threshold 

was significantly reduced in NMS rats comparing with that of NH controls (p<0.05, 

Figure 4.2), demonstrating visceral hypersensitivity in the NMS rats. Further, NMS 

rats exhibited depression-like behaviours in the neurobehavioral tests of OFT, FST, 

and SPT when comparing to the non-handled (NH) group, which were shown in 

Figure 4.2. Compared with the NH group, NMS rats showed reduced crossing 

distances and modifying frequency in OFT (p<0.05), which might indicate the 

locomotor activity and exploratory behaviour are decreased in the NMS model. 

Moreover, longer immobility duration was also significantly shown in NMS rats 

(p<0.05), which suggests the behavioural ‘despair’ of these rats during the FST. 

Besides, NMS rats significantly weakened the sucrose preference as compared to the 

NH group (p<0.05), with a manifestation of anhedonia. 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Figure 4.2 Depression-like behaviours and IBS-like bowel phenotype reproduced in 
NMS rats model. Compared with the NH group, NMS rats showed that (A) reduced 
modifying frequency in OFT; (B) decreased crossing distance in OFT; (C) reduced 
sucrose preference in SPT; (D) longer immobility duration in FST; (E) decreased pain 
threshold in response to CRD test. Values are expressed as mean ± SEM, n=10 per 
group, and significance is defined as *, p<0.05 when compared with the NH group. 
Abbreviations: OFT, open-field test, SPT, sucrose-preference test; FST, forced-
swimming test, CRD, colorectal distention. 
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Altered the peripheral and central neurotransmitters and their metabolites in 

NMS model 

At serum level, several neurotransmitters and its metabolites including tryptamine, N-

acetylserotonin (NAS), 5-Hydroxyindoleacetic acid (5-HIAA), tryptophan, 

3_Indole_acetic acid (3-IAA) and tyrosine were significantly changed in NMS rats, 

with the first three metabolites increasing while the last three decreasing (p<0.05, 

respectively, Table 4.2), when comparing to NH controls. Other metabolites including 

glutamate, glutamine, histamine, GABA, dopamine, serotonin, melatonin, kynurenine 

and KYNA showed no significant difference between NMS and NH groups. These 

results indicate the altered peripheral neurotransmitters and their metabolites linked to 

the phenotypes of NMS rats. 

In hippocampus, histamine, tryptamine and kynurenine were significantly increased, 

whereas dopamine and the ratio of glutamate and GABA were significantly decreased 

in NMS rats in contrast to NH group (p<0.05, respectively, Figure 4.3), which might 

demonstrate the changed central neurotransmitters and their metabolites associated to 

the phenotypes of NMS rats. While other metabolites including glutamate, GABA, 

glutamine, KYNA, tryptophan, 3-IAA, serotonin, melatonin, tyrosine, NAS and 5-

HIAA showed no significant difference in these two groups (Table 4.3). 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Table 4.2 Altered neurotransmitters and their metabolites in the serum of NMS model 

Serum concentration (nM) NH (n=10) NMS (n=10)

Glutamate 47.464±2.440 56.287±1.068

Glutamine 398.373±12.873 345.322±6.444

Histamine 9.186±0.220 11.760±0.368

Aminobutyric acid (GABA) 0.167±0.012 0.148±0.004

Dopamine 0.040±0.008 0.039±0.004

Serotonin 7.203±0.530 9.876±0.275

Melatonin 0.166±0.051 0.017±0.002

Tryptamine 0.025±0.003 0.051±0.003*

kynurenine 17.816±0.856 21.637±0.323

Kynurenic acid (KYNA) 6.805±1.462 3.751±0.191

Tryptophan 968.743±34.035 741.351±11.338*

N-Acetylserotonin (NAS) 0.087±0.006 0.212±0.009*
5-Hydroxyindoleacetic acid 

(5-HIAA)
0.219±0.013 0.348±0.013*

3_Indole_acetic acid (3-IAA) 1.607±0.095 1.079±0.024*

Tyrosine 995.049±36.118 773.293±8.717*

Glutamate/GABA 339.987±28.893 400.987±10.982

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the NMS group and NH controls is defined as *, p<0.05.
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Table 4.3 Altered neurotransmitters and their metabolites in the hippocampus of NMS 

model 

Hippocampal concentration (nM) NH (n=10) NMS (n=10)

Glutamate 2449.701±30.480 2215.556±42.579

Aminobutyric acid (GABA) 540.617±8.370 586.101±13.290

Glutamine 1225.360±12.044 1103.109±33.114
Histamine 0.669±0.022 1.997±0.217*
Dopamine 5.394±0.108 4.554±0.110*
Tryptamine 0.020±0.002 0.149±0.022*
kynurenine 0.610±0.022 1.029±0.045*
Kynurenic acid (KYNA) 0.059±0.003 4.287±1.039
Tryptophan 134.428±2.419 136.103±3.612

3_Indole_acetic acid (3-IAA) 0.059±0.004 0.114±0.009

Serotonin 0.100±0.005 0.093±0.008
Melatonin 0.029±0.003 0.343±0.092
Tyrosine 344.281±5.435 308.019±8.989
N-Acetylserotonin (NAS) 0.020±0.003 0.038±0.004
5-Hydroxyindoleacetic acid (5-

HIAA)
0.523±0.023 0.749±0.027

Glutamate/GABA 4.549±0.031 3.862±0.094*

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the NMS group and NH controls is defined as *, p<0.05.
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Figure 4.3 Altered neurotransmitters and their metabolites in the hippocampus of 
NMS rats. Values are expressed as mean ± SEM, n=10 per group, and significance is 
defined as *, p<0.05 when compared with the NH group. 
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Decreased abundance of A. muciniphila in the faecal of NMS rats 

As our published study [235], in the phylum level, the relative abundance of 

Verrucomicrobia were reduced in the colon of NMS rats, and the species of A. 

muciniphila were also decreased in NMS group when compared with NH group 

(p<0.05, respectively, Figure 4.4). Furthermore, based on the correlation analyses, A. 

muciniphila was associated with central impaired excitatory neurotransmitters in 

NMS rats. The results showed that A. muciniphila had positive associations with the 

concentration of dopamine and the ratio of glutamate and GABA (Pearson r= 0.706, 

p=0.003 for dopamine vs A. muciniphila abundance; Pearson r= 0.535, p=0.035 for 

the ratio of glutamate and GABA vs A. muciniphila abundance, Figure 4.4), and had 

negative associations with histamine, tryptamine, and kynurenine (Pearson r= -0.721, 

p=0.002 for histamine vs A. muciniphila abundance; Pearson r= -0.788, p<0.001 for 

tryptamine vs A. muciniphila abundance; Pearson r= -0.591, p=0.018 for kynurenine 

vs A. muciniphila abundance, Figure 4.4).  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Figure 4.4 Close associations between A. muciniphila and neurotransmitters and their 
metabolites in the hippocampus of NMS rats. (A) Decreased abundance of 
Verrucomicrobia in NMS rats; (B) Reduced abundance of A. muciniphila in NMS 
rats; (C) Close associations between A. muciniphila and neurotransmitters and their 
metabolites in the hippocampus of NMS rats. Values are expressed as mean ± SEM, 
n=10 per group, and significance is defined as *, p<0.05 when compared with the NH 
group. 

�127

A B

C



The structural atrophy and loss of astrocytes in the hippocampus of NMS rats 

Furthermore, the immunohistochemistry staining showed that the protein expression 

of GFAP was significantly decreased in the hippocampus of NMS rats when 

comparing to the NH group (Figure 4.5). Moreover, the GFAP- immunostained 

astrocytes in NMS rats showed the structural atrophy and decreased quantity (Figure 

4.5), which indicates the dysfunction of astrocyte in NMS rats. 

 

Figure 4.5 Decreased GFAP astrocytes in the hippocampus of NMS rats. 
Representative immunofluorescence results with anti-GFAP staining (green) in the 
hippocampus of the NH control and NMS group. 
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Altered expressions of genes related to central astroglial glutamatergic 

transmission in NMS rats 

Besides, central inflammatory molecules including glial markers and cytokines in the 

hippocampus were also detected at the mRNA level (Table 4.4). The qPCR results 

showed that the expressions of TSPO and TNF-a were significantly increased in the 

NMS rats when comparing to the controls, while the significant decrease of GFAP, 

IL-4, IL-6, and IL-10 at the mRNA level (p<0.05, respectively, Figure 4.6). Other 

genes including IBA-1, IL-1β, and TGF-1β showed no significant difference between 

NMS and NH group (Table 4.4). These results suggest the central glial related 

inflammation in NMS model. 

To further investigate central glutamatergic transmission in the NMS model, relative 

expressions of individual gene-transcript levels of glutamatergic receptors, 

transporters and related channels/ exchangers were evaluated. The mRNA levels of 

glutamate transporters (GLAST, GLT-1), vesicular glutamate transporters (VGLUT1, 

VGLUT2), NMDA receptor subunits (NMDAR1, NMDAR2A, NMDAR2B), 

metabotropic glutamate receptors (mGluR1, mGluR2, mGluR3, mGluR5), as well as 

glutamate-related channels/ exchangers including cystine-glutamate exchanger 

(xCT), sodium-calcium exchanger (NCX), purine activated ion channel (P2X7), 

metabotropic purine receptor (P2Y1) and connexin 43 (CX43) in the hippocampus 

were quantified by qPCR. In comparison to the NH group, expression of GLT-1, 

VGLUT1, NMDAR1, mGluR1, mGluR2, mGluR3 and xCT were significantly 

reduced in the NMS group (p<0.05, respectively, Figure 4.7). Other genes including 

GLAST, NMDAR2A, NMDAR2B, mGluR5, NCX1, P2X7 and CX43 showed no 
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significant difference between NMS and NH group (Table 4.4). These results 

demonstrate the impaired glutamatergic transmission, particularly dysfunction of the 

glutamate re-uptake, in the perisynaptic astrocyte process of NMS rats.  

�130



Table 4.4 Relative mRNA expressions of genes-related central neuroinflammation in 

NMS rats 

Hippocampus NH (n=10) NMS (n=10)
IBA-1 1.003±0.022 1.412±0.107**
TSPO 1.033±0.076 1.647±0.069
GFAP 1.023±0.068 0.584±0.009*
IL-1β 1.001±0.011 1.469±0.081
IL-4 1.027±0.068 0.298±0.053**
IL-6 1.015±0.054 0.476±0.030**
IL-10 1.041±0.093 0.589±0.031*
TGF-β1 1.005±0.031 0.985±0.062
TNF-a 1.002±0.018 1.319±0.058*
GLAST 1.023±0.067 1.322±0.068
GLT-1 1.010±0.041 0.678±0.035*
vGLUT1 1.009±0.041 0.632±0.039*
NMDAR1 1.044±0.087 0.659±0.027*
NMDAR2A 1.006±0.033 0.796±0.088
NMDAR2B 1.029±0.073 0.972±0.027
mGluR1 1.174±0.174 0.522±0.047
mGluR2 1.024±0.068 0.614±0.069*
mGLUR3 1.005±0.030 0.611±0.042*
mGLUR5 1.029±0.073 0.777±0.071
xCT 1.082±0.123 0.537±0.014*
NCX1 1.017±0.054 0.857±0.100
P2X7 1.034±0.078 0.897±0.046
CX43 1.048±0.093 0.658±0.038

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the NMS group and NH controls is defined as *, p<0.05; **, p<0.01.
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Figure 4.6 Glial-related inflammation in the hippocampus of NMS rats. Values are 
expressed as mean ± SEM, n=10 per group, and significance is defined as *, p<0.05 
when compared with the NH group. Abbreviations: IBA-1, ionized calcium-binding 
adapter molecule-1; TSPO, translocator protein; GFAP, glial fibrillary acidic protein; 
ILs, interleukins; TGF-β1, transforming growth factor beta 1; TNF-a, tumor necrosis 
factor alpha. 
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Figure 4.7 Dysfunctions of the glutamatergic neurotransmission in NMS rats. Values 
are expressed as mean ± SEM, n=10 per group, and significance is defined as *, 
p<0.05 when compared with the NH group. Abbreviations: GLAST, glutamate–
aspartate transporter; GLT-1, glutamate transporter-1; vGLUT-1, vesicular glutamate 
transporter-1; NMDARs, N-methyl-D-aspartate receptors; mGluRs, metabotropic 
glutamate receptors; xCT, cystine-glutamate exchanger; NCX1, sodium-calcium 
exchanger 1; P2X7, purine activated ion channel 7; CX43, connexin 43. 
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Pseudo-GF rat recipients of NMS faecal microbiota exhibited IBS-like bowel 

phenotype and depression-like behaviours 

Five days later after FMT, the tests of IBS-like bowel phenotype and depression-like 

behaviours were detected in all recipient rats. GF rats with NMS microbiota (FMT-

MS) showed lower pain threshold in response to CRD test (p<0.05, Figure 4.8), 

which suggests the gut hypersensitivity in FMT-MS rats. Besides, longer immobility 

duration of forced swimming test and reduced sucrose preference were also shown in 

the FMT-MS group when comparing to the FMT-NH group (p<0.05, respectively, 

Figure 4.8), despite no significant changes in OFT test. The results indicate the 

depressive behaviours in the FMT-MS rats. 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Figure 4.8 Pseudo-GF rat recipients of NMS faecal microbiota exhibited visceral 
hypersensitivity and depressive behaviours. Compared with the FMT-NH group, 
FMT-MS rats showed that (A) decreased pain threshold in response to CRD test; (B) 
reduced sucrose preference in SPT; (E) longer immobility duration in FST. Values are 
expressed as mean ± SEM, n=10 per group, and significance is defined as *, p<0.05 
when compared with the FMT-NH group. 
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Reduced relative abundance of A. muciniphila in recipient rats 

Besides, as our published study [235], we found that the relative abundance of A. 

muciniphila was reduced in FMT-MS group when compared with FMT-NH group 

(p<0.05, Figure 4.9). This finding was consistent with our clinical data and the result 

of NMS manipulation, which confirms that reduced abundance of A. muciniphila in 

the rat recipients with faecal microbiota transplantation from NMS. 

 

Figure 4.9 Reduced relative abundance of A. muciniphila in recipient rats. n=10 per 
group, and significance is defined as *, p<0.05 when compared with the FMT-NH 
group. 

�136



Impaired astroglial glutamatergic transmission in pseudo-GF rat colonized with 

NMS faecal microbiota 

Changed peripheral and central neurotransmitters metabolites in recipient rats 

Comparing to the FMT-NH rats, the serum levels of glutamate, NAS and the ratio of 

glutamate and GABA were significantly decreased in the FMT-MS group (p<0.05, 

respectively), while 3-IAA were significantly increased in the FMT-MS group 

(p<0.05). Other neurotransmitter metabolites showed no significant difference 

between these two groups (Table 4.5).  

In hippocampus, levels of glutamate, kynurenine, tryptophan, tyrosine and the ratio of 

glutamate and GABA were significantly reduced in FMT-MS rats in contrast to FMT-

NH group (p<0.05, respectively, Figure 4.10), whereas histamine and serotonin were 

significantly increased in the FMT-MS group (p<0.05, respectively, Figure 4.10). 

Other neurotransmitter metabolites showed no significant difference between these 

two groups (Table 4.6).  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Table 4.5 Altered neurotransmitters and their metabolites in the serum of rats with 

faecal microbiota transplantation 

Serum concentration (nM) FMT-NH (n=10) FMT-MS (n=10)

Glutamate 67.100±1.245 46.570±3.084*

Glutamine 346.346±8.750 410.77±16.963

Histamine 14.461±0.665 16.288±1.293

Aminobutyric acid (GABA) 0.161±0.005 0.164±0.009

Dopamine 0.043±0.007 0.045±0.006

Serotonin 10.169±0.237 12.399±0.411

Melatonin 0.086±0.015 0.116±0.035

Tryptamine 0.062±0.010 0.083±0.022

kynurenine 16.228±0.371 16.265±0.903

Kynurenic acid (KYNA) 4.373±0.658 6.733±1.468

Tryptophan 1138.443±17.025 1044.996±38.837

N-Acetylserotonin (NAS) 0.150±0.005 0.066±0.007**
5-Hydroxyindoleacetic acid 

(5-HIAA)
0.349±0.011 0.304±0.021

3_Indole_acetic acid (3-IAA) 1.190±0.031 1.862±0.157*

Tyrosine 763.301±19.557 885.022±39.449

Glutamate/GABA 467.177±18.551 294.099±12.157*

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the FMT-MS group and FMT-NH controls is defined as *, p<0.05; **, p<0.01.
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Table 4.6 Altered neurotransmitters and their metabolites in the hippocampus of rats 

with faecal microbiota transplantation 

Hippocampal concentration (nM) FMT-NH (n=10) FMT-MS (n=10)

Glutamate 2392.782±35.314 1959.318±46.997*

Aminobutyric acid (GABA) 577.680±12.397 527.682±10.469

Glutamine 1214.307±25.640 1083.000±26.791
Histamine 0.925±0.018 2.040±0.206*
Dopamine 4.301±0.101 3.869±0.119
Tryptamine 0.018±0.003 0.074±0.007*
kynurenine 0.773±0.019 0.517±0.022**
Kynurenic acid (KYNA) 0.057±0.007 1.342±0.270
Tryptophan 155.26±3.568 112.716±2.707**

3_Indole_acetic acid (3-IAA) 0.078±0.006 0.066±0.006

Serotonin 0.149±0.011 0.237±0.008*
Melatonin 0.024±0.003 0.276±0.071
Tyrosine 338.354±9.715 274.276±4.883*
N-Acetylserotonin (NAS) 0.011±0.002 0.046±0.008
5-Hydroxyindoleacetic acid (5-

HIAA)
0.493±0.020 0.573±0.018

Glutamate/GABA 4.192±0.059 3.722±0.059*

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the FMT-MS group and FMT-NH controls is defined as *, p<0.05; **, p<0.01.
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Figure 4.10 Altered neurotransmitters and their metabolites in the hippocampus of rats 
with faecal microbiota transplantation. n=10 per group, and significance is defined as 
*, p<0.05 when compared with the FMT-NH group. 
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Changed expressions of genes related to central astroglial glutamatergic 

transmission in recipient rats  

The qPCR results showed that the mRNA expressions of hippocampal GFAP and 

IL-10 were significantly decreased in FMT-MS rats when comparing to the FMT-NH 

group, whereas TSPO and TNF-a levels were significantly enhanced in the FMT-MS 

group (p<0.05, respectively, Figure 4.11). Other mRNA expression of central 

inflammatory molecules including IBA-1, IL-1β, IL4, IL-6, and TGF-1β showed no 

significant changes between FMT-MS and FMT-NH group (Table 4.7). These results 

suggest the central glial related inflammation in FMT-MS rats. 

Significantly reduced mRNA levels of GLT-1, NMDAR2A and mGluR2, and 

increased xCT were shown in the hippocampus of the FMT-MS group when 

comparing to the FMT-NH group (p<0.05, respectively, Figure 4.12). While other 

genes of GLAST, vGLUT1, NMDAR1, NMDAR2B, mGluR1, mGluR3, mGluR5, 

NCX1, P2X7 and CX43 showed no significant difference between FMT-MS and 

FMT-NH groups (Table 4.7). These results imply the impaired glutamatergic 

transmission, particularly dysfunction of the glutamate re-uptake, in the perisynaptic 

astrocyte process of FMT-MS rats.  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Figure 4.11 Glial-related inflammation in the hippocampus of rats with faecal 
microbiota transplantation. Values are expressed as mean ± SEM, n=10 per group, and 
significance is defined as *, p<0.05 when compared with the FMT-NH group. 
Abbreviations: IBA-1, ionized calcium-binding adapter molecule-1; TSPO, 
translocator protein; GFAP, glial fibrillary acidic protein; ILs, interleukins; TGF-β1, 
transforming growth factor beta 1; TNF-a, tumor necrosis factor alpha. 
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Figure 4.12 Dysfunctions of the glutamatergic neurotransmission in rats with faecal 
microbiota transplantation. Values are expressed as mean ± SEM, n=10 per group, and 
significance is defined as *, p<0.05 when compared with the FMT-NH group. 
Abbreviations: GLAST, glutamate–aspartate transporter; GLT-1, glutamate 
transporter-1; vGLUT-1, vesicular glutamate transporter-1; NMDARs, N-methyl-D-
aspartate receptors; mGluRs, metabotropic glutamate receptors; xCT, cystine-
glutamate exchanger; NCX1, sodium-calcium exchanger 1; P2X7, purine activated 
ion channel 7; CX43, connexin 43. 
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Table 4.7 Relative mRNA expression of genes-related central neuroinflammation in 

rats with faecal microbiota transplantation 

Hippocampus FMT-NH (n=10) FMT-MS (n=10)

IBA-1 1.020±0.057 1.333±0.051
TSPO 1.008±0.037 1.410±0.062*
GFAP 1.249±0.105 0.736±0.041*
IL-1β 1.051±0.091 0.831±0.091
IL-4 1.062±0.115 1.266±0.188
IL-6 1.002±0.018 1.007±0.045
IL-10 1.045±0.086 0.498±0.055**
TGF-β1 1.011±0.044 0.932±0.030
TNF-a 1.026±0.066 1.443±0.035*
GLAST 1.042±0.092 0.760±0.046
GLT-1 1.004±0.025 0.710±0.034*
vGLUT1 1.011±0.042 1.107±0.041
NMDAR1 1.016±0.053 1.062±0.054
NMDAR2A 1.246±0.078 0.863±0.040*
NMDAR2B 1.028±0.065 0.984±0.030
mGluR1 1.441±0.378 1.852±0.111
mGluR2 1.021±0.059 0.563±0.054*
mGLUR3 1.029±0.073 1.462±0.125
mGLUR5 1.011±0.041 1.002±0.060
xCT 1.081±0.129 2.831±0.460**
NCX1 1.012±0.045 0.905±0.039
P2X7 1.013±0.048 1.121±0.049
CX43 1.029±0.071 1.239±0.064

Data are expressed as Mean±SEM, n=10 per group. Significant difference between 
the FMT-MS group and FMT-NH controls is defined as *, p<0.05; **, p<0.01.
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Discussion 

In parallel with other NMS studies [49, 134, 152, 252-254], depression-like behaviour 

and IBS-like phenotype were generated in this animal study, and also the pseudo-GF 

rats reproduced these emotional disorders and gut hypersensitivity after being 

colonized with NMS faecal microbiota. Hence, in our study, we reconfirm that NMS 

model could robustly mimic the psychiatric disorders and bowel symptoms of human 

beings, which would be applicable for further investigation on the underlying 

mechanisms.  

In our current study, we have observed an altered hippocampal neurotransmitter 

profile in NMS rats and pseudo-GF rats recipient of NMS faecal microbiota. 

Furthermore, we observed increased levels of histamine, tryptamine, and kynurenine, 

while reduced levels of glutamate, dopamine, and the ratio of glutamate and GABA. 

These results reflect a higher inflammation and lower neuronal conduction in the 

hippocampus of NMS rats. As we know, histamine is a player of inflammation, which 

was shown targeting its receptor 4 (HR4) to exacerbates the severity of innate 

inflammation on experimental colitis [249], while attenuation of allergic inflammation 

in a murine model of atopic dermatitis [248]. Over-activation of the kynurenine 

pathway can drive inflammation activity, immune reaction, and accumulation of 

neurotoxic metabolites [247]. Deficiency of dopaminergic system has been widely 

identified in depression on both animal and human studies [269], and the 

antidepressant of monoamine oxidase (MAO) inhibitors have been used for 

preventing the metabolism of dopamine, improving its brain level [270]. Altered 
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concentrations and activity of glutamate and GABA have been observed with 

association of aberrant functional connectivity in MDD patients and depressive-like 

rodents based on multiple techniques including magnetic resonance spectroscopy 

(MRS), positron emission tomography (PET), functional magnetic resonance imaging 

(fMRI), electroencephalography (EEG), as well as magnetoencephalography (MEG) 

[271, 272], suggesting that dysfunction in excitatory/inhibitory neurotransmission 

orchestrates in the development of depression. Additionally, with the instrument of 

MRS, Niddam, D. M. et al. found that patients with IBS showed abnormal 

hypofunction of glutamatergic neurotransmission in the hippocampus [63]. Other 

neuroimaging studies have also noted the alterations of glutamate in the brain of IBS 

patients, though without consistent outcome yet [273]. 

Moreover, we found that faecal microbial alteration was correlated with depressive-

like behaviours and with changed levels of neurotransmitters in the hippocampus. 

This finding met with the study of Jianguo, L. et al. [274], where the rats subjected to 

chronic unpredictable mild stress. We further novelly discovered that the reduced 

abundance of bacteria of A. muciniphila were consistently associated with the 

depressive-like behaviours both in NMS rats and the recipient’s rats, as well as the 

impaired astroglial glutamatergic transmission, which implies altered gut microbiota, 

typically deficient A. muciniphila, contribute to the progress of depressive disorder, 

involving with dysregulated glutamate neurotransmission. Besides, central 

neuroinflammation, especially with the increased mRNA level of TSPO and 

decreased level of GFAP, was found in NMS rats and the pseudo-GF rats transplanted 

NMS faecal microbiota, which was also similarly reported by Roque A et al with the 
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microglial activation and decreased the density and numbers of processes in astrocyte 

of NMS rat pups [259]. Astroglial hypofunction and loss of cells, along with its 

atrophy have been well recognized in the late phase of inflammation, which in turn 

impacts glutamate neurotransmission and synaptic integrity of mood disorders [188]. 

Also, this finding was presented in MDD patients with an over-expressed level of 

translocator protein (TSPO), which is an identifiable biomarker of activated 

microglia, based on PET [275]. Additionally, A. muciniphila have been increasingly 

investigated with associations in metabolic disorders, such as diabetes, obesity and 

hyperlipidemia. Its potential role on depression, however, was firstly found in our 

study as far as we knew, which would direct a potential therapeutic value for 

depression patients in future.   

Conclusion 

Gut dysbiosis induces depressive-like symptoms and IBS-like phenotype, along with 

central neuroinflammation in the NMS rat model, which is involved in the abnormal 

astrocyte- glutamate pathway in the hippocampus. 
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CHAPTER 5: AKKERMANSIA MUCINIPHILA 

IMPROVES DEPRESSIVE BEHAVIOUR AND THE 

I M P A I R E D A S T R O G L I A L G L U T A M A T E 

TRANSMISSION IN NMS RAT MODEL 

Background 

Gut dysbiosis has been verified to be inducing depressive-like behaviour and central 

neuroinflammation in the NMS rat from the former Chapter. The bacterium of A. 

muciniphila is one of the most abundant species of the human intestinal microbiota, 

accounting for 1% to 5% of gut microbial community [276, 277]. Recently, the 

bacteria of A. muciniphila has been highly investigated on metabolic disorders in both 

humans and animals. In clinical aspect, many observational studies have been 

reported the reduction of A. muciniphila abundance in obese, type 2 diabetes (T2D), 

overweight in either adults or children, by using microbial analysis approaches such 

as metagenomic platform, qPCR screening, or 16S rRNA gene sequencing [242-244, 

278]. Moreover, in the latest RCT study, Depommier C et al. discovered that 

overweight/ obese insulin-resistant participants with supplementation of heat-

inactivated A. muciniphila reduced the levels of circulating insulin, insulin resistance 

indicators, total blood cholesterol and circulating dipeptidyl peptidase IV in contrast 

to the placebo group [279]. This finding suggests that A. muciniphila improves 

features of metabolic syndrome. In terms of preclinical studies, as the results of 

human studies, numerous results showed lower abundance of A. muciniphila were in 

the intestinal of rodents with obese or T2D-like symptoms by approaches of knock-
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out or high-fat diet (HFD)-induced [280-283], despite several studies reported the 

increased abundance of A. muciniphila in rats fed with HFD [284-286]. While HFD-

induced mice showed preventing the development of obesity and the dysfunction of 

intestinal barrier after administration of live A. muciniphila [281]. Besides, autoclaved 

A. muciniphila exhibited a higher ability to counteract the fat mass progress, insulin 

resistance and dyslipidemia in mice [287]. 

However, current understanding of IBS-DP pathogenesis is very limited. While MDD 

patients have been largely found central inflammation of activated glial and 

macrophage-like cells, which produced inflammatory cytokines and chemokines 

[223]. Moreover, the activated inflammatory responses in the CNS further modulate 

neurotransmitter metabolism like glutamate transmission, and neuroendocrine activity 

as oxidative stress, triggering neuronal excitotoxicity and drop in glial elements [221], 

which in turn exacerbates the progression of depression disorder. It is noteworthy that, 

astrocyte is one of the key orchestrators for neuroinflammation, which could either 

aggravate inflammatory responses and tissue injury, or facilitate immunosuppressive 

reactions and tissue restoration [288]. 

Furthermore, astrocytes are known to play another very important role in the control 

of glutamatergic neurotransmission, which is also known as astroglial glutamate 

signaling. It is well recognized that astrocytes play housekeeping functions of re-

uptake, recycling, and degradation of glutamate from the extracellular space [289]. 

Astrocytes modulate synaptic neurotransmission based on the tripartite synapse, 

consisting of the presynaptic terminal, the postsynaptic membrane, perisynaptic 
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regions, and astrocytic processes [290, 291]. Glutamate transporters, including the 

excitatory amino acid transporter-1 and -2 (EAAT1 and EAAT2) that the same as 

glutamate–aspartate transporter (GLAST) and glutamate transporter 1 (GLT1) in 

rodents, respectively [292, 293], along with glutamine synthetase, metabotropic 

glutamate receptors (mGluRs), ion transports and gap junction proteins, as Na+/Ca2+-

exchanger (NCX), Na+/K+-ATPase (NKA), cystine-glutamate exchanger (xCT) and 

connexin 43 (CX43), are specially located on astrocytic processes to regulate the 

glutamate homeostasis of synaptic cleft [291, 294]. Therefore, astrocytes are involved 

with the homeostasis of glutamate in the brain. 

Given the importance of astrocytes in glutamate neurotransmission, it has been 

increasingly linked with depressive phenotypes in human beings and animals [289, 

295]. Although astroglial glutamate neurotransmission is rarely concerned in IBS-DP, 

dysregulated astroglial glutamatergic signal transmission has been reported in post-

mortem brain tissue from subjects with MDD. For instance, lower levels of mRNA 

expression for EAAT1, EAAT2 and glutamine synthetase were discovered in several 

brain areas, mainly in anterior cingulate and dorsolateral prefrontal cortex premotor 

cortex and the amygdala [296, 297], as well as the decreased protein expression of 

EAAT1, EAAT2 and glutamine synthetase were in the orbitofrontal cortex [298]. 

Moreover, Bernard et al. demonstrated that these under-expressions of glutamate-

related genes were only occurred in astrocytes, and not in neurons [299]. Besides, the 

rats who were intervened with pharmacological blockade of astrocytic glutamate 

uptake in the amygdala, hippocampus, ventral tegmental area, or the prefrontal cortex 

showed reducing sucrose consumption, a depressive-like behavioural marker linked to 
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the anhedonia symptom [300-302]. Furthermore, the density of astrocyte and its 

expression of GFAP, along with astroglial related genes were reduced in the 

dorsolateral prefrontal cortex of the depressed victims [303, 304]. While the astrocytic 

GFAP has been identified with functions of regulating glutamate transporters and 

protecting the brain against glutamate-mediated excitotoxicity in rodent studies  [305, 

306]. Several neuroimaging studies have been revealed that reduced levels of 

glutamate and glutamine or combined glutamate/glutamine (Glx) in the prefrontal, 

anterior cingulate cortex, and the combined region of amygdala plus anterior 

hippocampus of the brain in the MDD victims [307-311], while increased levels of 

glutamate in occipital cortex and frontal cortex of depressed subjects [312, 313]. 

These studies put forward the hypothesis of impaired astroglial glutamate signaling 

involving the development of depression. 

Until recently, the research on A. muciniphila has been mainly focused on metabolic 

syndromes, whereas the researches on other diseases or disorders like depression are 

seldom investigated. One recent animal study demonstrated that lower abundance of 

A. muciniphila in faecal samples of social defeat mice, while the underlying 

mechanism remains unclear [314]. In this study, we found that, A. muciniphila 

improves the depressive-like behaviour in NMS rats, and ameliorates the dysfunction 

in astroglial glutamate transmission. 
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Materials and methods 

Animals grouping and interventions 

Fifty male NMS adult rats were randomly divided into five groups (n=10 per group), 

including treatment with phosphate-buffered saline (MS+PBS), rifaximin (MS

+RIFA), live A. muciniphila (MS+AKKL), heat-killed A. muciniphila (MS+AKKD), 

and fluoxetine (MS+FLX) groups. Of note, rifaximin is a broad-spectrum, GI-specific 

antibiotic that commonly used for IBS treatment [190], and fluoxetine, a selective 

serotonin re-uptake inhibitor, is one of the most frequently prescribed antidepressants 

[191]. The chemicals of rifaximin (R9904) and fluoxetine hydrochloride (F132) were 

purchased from Sigma-Aldrich company. The heat-killed A. muciniphila was obtained 

from A. muciniphila with autoclaved for 20 minutes. According to the previous study 

[315], for the MS+AKKL and MS+AKKD groups, each rat was administrated with 

the A. muciniphila bacterial cells of 108 CFU in 1mL PBS daily for four weeks 

consecutively. Rats in MS+RIFA and MS+FLX groups were separately oral gavage of 

rifaximin (150 mg/kg) [316], and fluoxetine (5 mg/kg) [317] daily for ten days 

consecutively. And 1mL of PBS was also administrated to the rat in the MS+PBS 

group as the negative control. Neurobehavioral tests and CRD tests were successively 

conducted in the rats as soon as individual interventions were finished. A workflow of 

the experiment was shown in Figure 5.1. 

Bacteria strain and culture conditions 

The bacteria strain of A. muciniphila (ATCC BA-835) was obtained from ATCC 

center and was identified by microbial DNA sequencing. The strain was stored in 
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30% glycerol-amended medium at -80 °C before experiments. It was cultured in 

mucin-degrading medium containing 0.75% agar (CM0003, OXOID, England) in 

anaerobic condition (Bactron300 Anaerobic Chamber Glovebox, Shel Lab Inc., USA) 

at 37°C as the published study [318].  

Microarray for bacterial analysis  

The fresh stool samples were collected and stored in sampling tubes with an 

appropriate preservative solution that purchased from HALGEN, Ltd (China). The 

faecal bacterial DNA was extracted and labeled with a kit, and then processed for 

microarray hybridization. The image quantitation and subsequent analysis of the 

relative abundance of bacteria were performed using a program provided by 

HALGEN, Ltd (China). 

Statistical analysis 

One-way ANOVA method was used for conducting the multi-comparison of 

behavioural tests, metabolites and neuroactive- related molecules among the five 

groups. The analysis of Spearman’s correlation was applied for performing the 

relationship between the abundance of A. muciniphila and metabolites in serum and 

hippocampus, as well as the neuroactive- related molecules. All statistical analyses 

were carried on GraphPad Prism 7, and significance is determined as *, p<0.05; **, 

p<0.01; ***, p<0.005. 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Figure 5.1 The workflow of NMS rats with intervention of A. muciniphila. 
Abbreviation: AKK, A. muciniphila. 
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Results 

A. muciniphila richness of cecal samples in NMS rats with supplementation of A. 

muciniphila 

The intestinal bacteria richness of NMS rats with interventions were verified with the 

bacterial microarray method. Comparing to the MS+PBS group, the relative 

abundance of A. muciniphila were significantly enhanced in the cecal of MS+AKKL 

group, while decreased in MS+RIFA group (p<0.05, respectively, Figure 5.1). The 

other two groups, i.e., MS+AKKD and MS+FLX groups, showed no significant 

changes. The results suggest that intestinal A. muciniphila was improved in NMS 

after oral gavage of live A. muciniphila but not heat-killed A. muciniphila. 

Ameliorated depression-like behaviours in NMS rats with intervention of A. 

muciniphila 

Comparing to the NMS+PBS group, pain threshold was increased in the MS+AKKL, 

MS+AKKD, and MS+RIFA groups (p<0.05, respectively, Figure 5.1), which suggests 

that both live and heat-killed A. muciniphila, as well as rifaximin could relive visceral 

pain in NMS rats. Compared with the NMS+PBS group, sucrose preference was 

increased and immobility duration in the FST test was decreased in the MS+AKKL 

group and MS+FLX group (p<0.05, respectively, Figure 5.1). Besides, the MS+FLX 

group also showed significantly longer crossing distance in OFT, and MS+AKKD 

group showed an improved sucrose preference when respectively comparing to the 

MS+PBS group (p<0.05, respectively, Figure 5.1). While the MS+RIFA group 

showed no significant change in depressive-like behaviours. These results suggest that 
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supplementation of alive A. muciniphila can significantly improve depressive-like 

behaviours and bowel phenotype, and heat-killed A. muciniphila, to some extent, 

could also attenuate depressive-like behaviours and bowel phenotype. While rifaximin 

could ameliorate visceral pain in NMS rats, but without effect on depressive relief, 

and fluoxetine showed only the efficiency of the improvement of depression-like 

behaviours in NMS rats. 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Figure 5.2 Amelioration of depressive-like behaviours and IBS-like phenotype in 
NMS rats by supplementation of A. muciniphila. Compared with the MS+PBS group, 
MS+AKKL rats showed that (A) increased abundance of A. muciniphila in cecal 
samples; (B) increased pain threshold in response to CRD test; (C) increased sucrose 
preference in SPT; (D) reduced immobility duration in FST. Values are expressed as 
mean ± SEM, n=10 per group, and significance is defined as *, p<0.05 when 
compared with the MS+PBS group. Abbreviations: MS+PBS, NMS rats treated with 
phosphate-buffered saline; MS+RIFA, NMS rats treated with rifaximin; MS+AKKL, 
NMS rats treated with live A. muciniphila; MS+AKKD, NMS rats treated with heat-
killed A. muciniphila; MS+FLX, NMS rats treated with fluoxetine. 
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Altered hippocampal neurotransmitters and their metabolites in NMS rat with 

intervention of A. muciniphila 

Compared with the MS+PBS group, the levels of glutamate and the ratio of glutamate 

and GABA were significantly enhanced, while kynurenine, tryptophan, and tyrosine 

were reduced in the hippocampus of MS+AKKL group (p<0.05, respectively, Table 

5.1); Glutamate, GABA, glutamine, and tyrosine were significantly improved in the 

MS+RIFA group (p<0.05, respectively, Table 5.1); tryptamine was reduced in the MS

+AKKD group (p<0.05, Table 5.1); histamine, tryptamine, kynurenine, and 5-HIAA 

were decreased, and serotonin, tyrosine, and the ratio of glutamate and GABA were 

significantly increased in the MS+FLX group (p<0.05, Table 5.1). These results 

indicate that A. muciniphila can influence the homeostasis of the central 

neurotransmitters metabolism. 

Live A. muciniphila reverses the structural atrophy and increases the quantity of 

astrocytes in the hippocampus of NMS rats  

The immunostaining results showed that the protein expression of GFAP was 

significantly improved in the hippocampus of MS+AKKL group when compared with 

the NMS+PBS group (Figure 5.3). And the GFAP- immunostained astrocytes in live 

A. muciniphila- treated NMS rats showed the normal structure and the increased 

quantity, which indicates live A. muciniphila could reverse the dysfunction of 

astrocytes in NMS rats. 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Table 5.1 Changes of neurotransmitters and their metabolites in the hippocampus of 

NMS rats with intervention of A. muciniphila 

Hippocampal 

concentration 

(nM)

MS+PBS 

(n=10)

MS+RIFA 

(n=10)

MS+AKKL 

(n=10)

MS+AKKD 

(n=10)

MS+FLX 

(n=10)

Glutamate
2215.556±

42.579

2667.053±5

9.678*

2730.401±7

6.349*

2494.746±5

7.134

2415.898±5

1.866
Aminobutyri

c acid 

(GABA)

586.101±1

3.290

736.809±21

.359*

610.691±20

.153

609.608±17

.082

511.754±8.

732

Glutamine
1103.109±

33.114

1459.848±4

1.971*

1119.018±3

5.443

1208.376±2

7.625

1088.534±2

4.873

Histamine
1.997±0.21

7

1.621±0.18

1

2.221±0.35

0

1.123±0.05

2

0.853±0.02

9*

Dopamine
4.554±0.11

0

6.016±0.36

0

4.673±0.24

1

4.406±0.15

5

4.107±0.10

4

Tryptamine
0.149±0.02

2

0.095±0.01

9

0.126±0.03

5

0.025±0.00

2*

0.016±0.00

2*

kynurenine
1.029±0.04

5

0.859±0.02

7

0.557±0.01

4*

0.733±0.03

7

0.791±0.02

4*
Kynurenic 

acid 

(KYNA)

4.287±1.03

9

4.422±1.00

3

2.335±0.54

1

0.093±0.00

6

0.055±0.00

3

Tryptophan
136.103±3.

612

182.105±4.

893

104.753±4.

671*

130.123±2.

910

122.195±2.

593
3_Indole_ac

etic acid (3-

IAA)

0.114±0.00

9

0.074±0.00

6

0.129±0.00

9

0.121±0.00

3

0.064±0.00

4
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Serotonin
0.093±0.00

8

0.101±0.00

6

0.094±0.01

1

0.106±0.00

8

0.178±0.01

4*

Melatonin
0.343±0.09

2

0.293±0.07

7

0.428±0.12

3

0.025±0.00

1

0.017±0.00

3

Tyrosine
308.019±8.

989

410.805±11

.385*

166.925±11

.483**

320.505±7.

259

376.839±8.

448*
N-

Acetylseroto

nin (NAS)

0.038±0.00

4

0.043±0.00

6

0.045±0.00

8

0.023±0.00

3

0.024±0.00

4

5-

Hydroxyindo

leacetic acid 

(5-HIAA)

0.749±0.02

7

0.603±0.02

4

0.779±0.03

0

0.747±0.01

4

0.495±0.01

4*

Glutamate/

GABA

3.862±0.09

4

3.674±0.04

4

4.525±0.05

6*

4.153±0.06

1

4.704±0.03

7**

Data are expressed as Mean±SEM, n=10 per group. Significant difference is defined 
as *, p<0.05; **, p<0.01 when compared with the MS+PBS group.

Hippocampal 

concentration 

(nM)

MS+PBS 

(n=10)

MS+RIFA 

(n=10)

MS+AKKL 

(n=10)

MS+AKKD 

(n=10)

MS+FLX 

(n=10)
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Figure 5.3 Increased GFAP astrocytes in the hippocampus of NMS rats treated with 
live A. muciniphila. Representative immunofluorescence results with anti-GFAP 
staining (green) in the hippocampus of the MS+PBS control and MS+AKKL group. 
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Amelioration of the impaired astroglial glutamatergic transmission in NMS rats 

with intervention of A. muciniphila 

Comparing the MS+PBS group, the mRNA levels of TSPO and IL-1β were 

significantly reduced, while GFAP and IL-10 were significantly improved in the 

hippocampus of MS+AKKL group (p<0.05, respectively, Figure 5.4); the expression 

of IL-1β was decreased in the MS+AKKD group (p<0.05, Figure 5.4); TNF-a level 

was decreased in the MS+FLX group (p<0.05, Figure 5.4). No significant difference 

of these inflammatory molecules between the MS+RIFA and MS+PBS group (Table 

5.2). These results indicate that live A. muciniphila can attenuate central inflammation 

in NMS rats. 

According to the qPCR results, the MS+AKKL group showed significantly higher 

expression of GLAST, vGLUT1, NMDAR1, mGluR1, mGluR2, and xCT in the 

hippocampus when compared with the MS+PBS group (p<0.05, respectively, Figure 

5.5). While, the levels of GLAST, GLT-1, vGLUT1, and xCT were significantly 

increased in the MS+AKKD group, and vGLUT1, NMDAR1, mGluR1 and xCT were 

significantly improved in the MS+RIFA group when respectively comparing to the 

MS+PBS group (p<0.05, respectively, Figure 5.5). Besides. no significant changes 

were shown in the MS+FLX group (Table 5.2). These results suggest that both live 

and heat-killed A. muciniphila can ameliorate the impaired glutamatergic transmission 

of NMS rats, particularly the effect of glutamate up-take in the perisynaptic astrocyte 

process. While rifaximin treatment also exhibits amelioration of dysfunction in the 

glutamate neurotransmission to some extent, but fluoxetine has no effect on the 

improvement of the impaired astroglial glutamatergic pathway.  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Table 5.2 Relative mRNA expression of genes related central neuroinflammation in 

NMS rat with intervention of A. muciniphila 

Hippocamp

us

MS+PBS 

(n=10)

MS+RIFA 

(n=10)

MS+AKKL 

(n=10)

MS+AKKD 

(n=10)

MS+FLX 

(n=10)

IBA-1
1.412±0.10

7

1.087±0.03

2
1.166±0.020 1.139±0.025

0.972±0.04

2

TSPO
1.647±0.06

9

1.880±0.46

0

0.630±0.065

*
1.266±0.099

0.929±0.04

3

GFAP 
0.584±0.00

9

0.740±0.03

0

0.919±0.031

*
0.742±0.068

0.520±0.02

9

IL-1β
1.469±0.08

1

1.141±0.19

3

0.740±0.036

*

0.717±0.079

*

0.976±0.11

4

IL-4 
0.298±0.05

3

0.370±0.06

7
0.289±0.022 0.150±0.010

0.218±0.00

7

IL-6 
0.476±0.03

0

0.528±0.03

6
0.618±0.040 0.538±0.025

0.776±0.14

4

IL-10 
0.589±0.03

1

0.573±0.03

3

1.542±0.120

*
0.688±0.135

0.450±0.03

2

TGF-β1
0.985±0.06

2

1.068±0.03

6
1.010±0.020 1.367±0.056

0.873±0.00

3

TNF-a 
1.319±0.05

8

1.053±0.03

2
1.459±0.097 1.880±0.139

0.919±0.03

6*

GLAT
1.322±0.06

8

2.156±0.22

6

2.678±0.139

*

3.809±0.341

*

1.695±0.07

8

GLT-1
0.678±0.03

5

0.812±0.08

1
0.841±0.051

1.104±0.059

*

0.708±0.03

8

vGLUT1
0.632±0.03

9

0.940±0.01

0*

1.054±0.043

*

0.869±0.023

*

0.775±0.00

9

Hippocamp

us
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NMDAR1
0.659±0.02

7

1.020±0.09

1*

1.128±0.066

*
0.883±0.081

0.914±0.08

4

NMDAR2A
0.796±0.08

8

1.080±0.08

0
0.960±0.086 1.101±0.141

0.797±0.05

2

NMDAR2B
0.972±0.02

7

0.960±0.04

5
1.107±0.029 1.114±0.094

0.902±0.03

4

mGluR1
0.522±0.04

7

1.253±0.11

6*

2.058±0.234

*
0.752±0.188

0.870±0.00

6

mGluR2
0.614±0.06

9

0.874±0.11

7

1.795±0.255

*
1.192±0.130

0.679±0.07

3

mGLUR3
0.611±0.04

2

0.766±0.15

4
0.648±0.072 0.725±0.045

0.708±0.05

4

mGLUR5
0.777±0.07

1

1.164±0.10

7
1.122±0.056 0.898±0.054

0.856±0.02

2

xCT
0.537±0.01

4

1.510±0.19

3*

3.359±0.466

*

1.628±0.224

*

2.449±0.50

8

NCX1
0.857±0.10

0

1.093±0.04

9
1.074±0.037 0.845±0.049

0.823±0.03

1

P2X7
0.897±0.04

6

1.191±0.10

0
1.098±0.037 0.819±0.062

0.696±0.05

4

CX43
0.658±0.03

8

0.947±0.06

8
0.888±0.030 0.757±0.073

0.831±0.05

1

Data are expressed as Mean±SEM, n=10 per group. Significant difference is defined 
as *, p<0.05; **, p<0.01 when compared with the MS+PBS group.

MS+PBS 

(n=10)

MS+RIFA 

(n=10)

MS+AKKL 

(n=10)

MS+AKKD 

(n=10)

MS+FLX 

(n=10)

Hippocamp

us
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Figure 5.4 Attenuation of the glia-related inflammation in the hippocampus of NMS 
rats treated with A. muciniphila. Values are expressed as mean ± SEM, n=10 per 
group, and significance is defined as *, p<0.05 when compared with the MS+PBS 
group. Abbreviations: IBA-1, ionized calcium-binding adapter molecule-1; TSPO, 
translocator protein; GFAP, glial fibrillary acidic protein; ILs, interleukins; TGF-β1, 
transforming growth factor beta 1; TNF-a, tumor necrosis factor alpha. 
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Figure 5.5 Amelioration of the impaired glutamatergic neurotransmission in NMS rats 
treated with A. muciniphila. Values are expressed as mean ± SEM, n=10 per group, 
and significance is defined as *, p<0.05 when compared with the MS+PBS group. 
Abbreviations: GLAST, glutamate–aspartate transporter; GLT-1, glutamate 
transporter-1; vGLUT-1, vesicular glutamate transporter-1; NMDARs, N-methyl-D-
aspartate receptors; mGluRs, metabotropic glutamate receptors; xCT, cystine-
glutamate exchanger; NCX1, sodium-calcium exchanger 1; P2X7, purine activated 
ion channel 7; CX43, connexin 43. 
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Discussion 

In the current study, NMS rats showed an increase in sucrose consumption and 

shortness of immobility duration in FST test, as well as the enhancement of pain 

threshold in response to CRD test after administration of live A. muciniphila, when 

comparing to the control group. These results suggest that the probiotic bacteria of A. 

muciniphila has beneficial effects on several gut-associated disorders. Besides, the 

heat-killed A. muciniphila also improves bowel symptoms in NMS rats, and has a 

mild beneficial effect on depressive amelioration, with only exhibition of the 

increased sucrose preference. A. muciniphila has been extensively found with the 

linkage of metabolic disorders. Plover, H. et al. even found that heat-killed A. 

muciniphila not only improved weight index, insulin resistance and dyslipidemia in 

mice [287], but also modulated serum levels of insulin, total cholesterol, and insulin 

resistance biomarkers in obese or overweight patients with insulin resistance [279]. 

NMS rats treated with rifaximin, a common antibiotic frequently used for relief 

overall IBS symptoms, exhibited significant improvement on intestinal 

hypersensitivity but not efficiency in depressive amelioration. And the positive 

control of the fluoxetine group showed increasing locomotory activity, and 

attenuating the presence of anhedonia and the learned helplessness behaviour, which 

demonstrates that depressive-like behaviour is improved by fluoxetine treatment. 

Moreover, the decreased levels of central pro-inflammatory markers including TSPO 

and IL-1β and the enhanced level of anti-inflammatory cytokine IL-10, as long with 

GFAP expression were shown in NMS rats colonized with live A. muciniphila. These 

�167



results indicate that A. muciniphila could directly or indirectly regulate 

neuroinflammation in the brain of the NMS model. GFAP, a marker of astroglia, was 

enhanced in NMS rat recipients of A. muciniphila, which may speculate that the 

chronic atrophy of astrocyte probably repaired by the probiotic A. muciniphila. 

It is noteworthy that, A. muciniphila showed improvement in glutamatergic 

transmission, by increasing the mRNA expression of GLAST, vGLUT1, NMDAR1, 

mGluR1, mGluR2, and xCT in the hippocampus of NMS rats. Fullana, M. N. et al. in 

a recent study found that depressive phenotype was displayed in mice with 

knockdown of astroglial glutamate transporters, i.e., GLAST and GLT-1, along with 

reduction of GFAP-positive and glutamine synthetase-positive astrocytes [319]. 

Under the physiological condition, glutamate is uptaken by GLAST and GLT-1 that 

specifically located in the processes of astrocytes, and synthesis of glutamine via 

glutamine synthetase; and then the latter would be released by astrocytes into the 

presynaptic neurons, which recycles into glutamate via cytosolic glutaminase [271]. 

The glutamate transporters, metabotropic receptors, ion transports and gap junction 

proteins in the astroglial processes are mainly responsible for the transmission task 

[291-294]. Additionally, xCT expression was significantly increased in our study, 

while one recent study reported that xCT knockout mice weakened the post-septic 

neurological and psychiatric illness in comparing to those in wild-type mice [320], 

despite that xCT favor in against oxidative stress [321]. This discrepancy may be due 

to different pathological conditions. Of note, the heat-killed A. muciniphila also 

showed improvement in modulation of glutamergic neurotransmission but not a 

robust effect on anti-inflammation in this study. However, the potential mechanism of 
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A. muciniphila regulating astroglial glutamatergic neurotransmission still need to be 

verified. 

Conclusion 

A. muciniphila improves depressive symptoms in IBS phenotype and, such action is 

involved in the improvement of the disrupted astroglial glutamatergic pathway. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

Based on the accumulated findings from our research work in the previous chapters, 

we conclude that in human studies, IBS patients have 36.6% of depression 

comorbidity in the Hong Kong population, and abnormal gut microbiome, particularly 

the reduced relative abundance of A. muciniphila, is associated with 

neuroinflammatory molecules in IBS-DP patients; in animal studies, NMS 

manipulation reproduces depressive-IBS features in rats, and gut dysbiosis induces 

abnormal central astroglial glutamate transmission in the NMS model, while A. 

muciniphila improves depressive-like symptoms in IBS phenotype and, such action is 

involved in ameliorating the disrupted astroglial glutamate pathway in the 

hippocampus of rats. 

Whether and how A. muciniphila- related metabolites/ molecules contributing to the 

astroglial glutamate transmission in depression still need to be further identified. In 

recent years, A. muciniphila has been increasing discovered to improve several 

pathological situations, for instance, obesity/ overweight, diabetes/ insulin resistance, 

gut inflammation, liver diseases, and chronic alcohol intake [278-281], which are 

linked to the dysfunction of intestinal barrier causing increased plasma levels of 

lipopolysaccharides (LPS, a biomarker of metabolic endotoxemia) and eventually 

provoking low-grade inflammation and metabolic dysfunctions. The live or heat-

killed A. muciniphila, as well as its membrane protein Amuc_1100, has been found to 

repair the barrier dysfunction presumably by acting on toll-like receptor 2 (TLR2) and 

restoring the related tight junction protein expression [287, 322]. Of note, all these 
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results indicate that A. muciniphila and/ or its bioactive protein contribute to 

increasing the thickness of the mucus layer and ameliorating metabolic dysfunctions. 

Hence, we hypothesis that the astroglial glutamate pathway is the potential target of 

A. muciniphila improving depressive disorder. 

Considering that the bacteria of A. muciniphila could restore the astroglial glutamate 

transmission in the depressive model of our former studies, and butyric acid was 

increased in the NMS rats treated with A. muciniphila, These results give a hint of 

investigative directions on the microbial metabolites. Additionally, A. muciniphila 

probably orchestrates other short-chain fatty acids (SCFAs)-producing bacteria to 

influence host conditions such as depression, as we found that butyric acid was 

significantly increased in the proximal colonic contents of NMS rats with 

administration of A. muciniphila when compared with the group of PBS treatment 

(Figure 6.1). Butyric acid, belonged to SCFAs which produced in the gut lumen by 

bacterial fermentation of dietary fiber, exerts diverse physiological roles in host 

functions [323]. It is noted that single substrates like butyrate, acetate, and propionate 

could cross the blood-brain-barrier (BBB) [324], which may have effects on the CNS. 

Besides, sodium butyrate (NaB, a butyrate derivative) has been shown to display an 

antidepressant feature and improve cognition in the stress-induced depressive-like 

rodent model, partly due to its enhancement of expressing neurotrophic factors [325], 

despite its antidepressant effect also being reported via influencing histone acetylation 

and DNA methylation [326-328]. Therefore, we proposed that A. muciniphila- 

degraded/ generated molecules like butyrate may practically contribute to the 

astroglial glutamate signaling in depression.  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Figure 6.1 Increased level of butyric acid in the colonic contents of NMS rats treated 
with A. muciniphila. Values are expressed as mean ± SEM, n=10 per group, and 
significance is defined as *, p<0.05 when compared with the MS+PBS group. 
Abbreviations: MS+PBS, NMS rats treated with phosphate-buffered saline; MS
+RIFA, NMS rats treated with rifaximin; MS+AKKL, NMS rats treated with live A. 
muciniphila; MS+AKKD, NMS rats treated with heat-killed A. muciniphila. 
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Study I: Investigation of A. muciniphila improving depressive disorder by 

targeting on astrocytic glutamate pathway 

In this part, we will inversely test whether A. muciniphila ameliorates depressive 

symptoms by regulating the astrocytic glutamate pathway. One potential 

demonstration is applied with RNAi strategies for knock-down astroglial glutamate 

transporters GLAST/GLT-1 expression in the hippocampus of NMS rats. Then live 

and heat-killed A. muciniphila will be orally administrated in the siRNA-treated rats 

daily for four weeks. After that neurobehavioral tests will be evaluated on the rats, 

and the number of GFAP- and glutamine synthetase (GS)-positive astrocytes, as well 

as their morphology will be further detected. Besides, A. muciniphila treatment with 

NMS rats after altering the numbers/ function of astrocytes in NMS rats is another 

candidate for this study. Here, we briefly introduce the first experimental protocol. 

Experimental design  

siRNA synthesis and animal treatments 

Synthesis and purification of GLAST- and GLT-1-targeting siRNA, as well as the 

control of vehicle siRNA, were obtained from Thermo Fisher Scientific Inc. Besides, 

vehicle siRNA was fluorescently labeled with Alexa488 in the antisense strand to 

trace the scope of diffusion after local administered in the hippocampus. Stock 

solutions were managed in RNase-free water and kept at -20℃ fridge before 

experiment. 

NMS rats will be anesthetized with chloral hydrate (3.5mg/kg, i.p.) and placed on the 

stereotaxic platform. According to the previous reference [319], siRNAs will be 
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stereotactically injected to the bilateral hippocampus. Furthermore, the siRNA 

diffusion will be checked in rats with local administration of Alexa flour 488 labeled 

vehicle siRNA after six hours. Those rats with successfully knock-down GLAST/ 

GLT will be further oral gavaged with live and heat-killed A. muciniphila daily for 

four weeks consecutively as our previous study. 

Neurobehavioral observation  

Depression-like behaviours including OFT, FST, and SPT will be conducted in the 

rats as our former research. 

Quantitative PCR analysis and immunohistochemistry staining 

Astrocytic glutamate transmission-related markers, as the previous chapters, were 

determined by using RT-PCR platform and/or immunohistochemistry staining. 

Study II: Investigation of A. muciniphila- induced molecular mechanism in glia 

In this part, the metabolic substances derived from the single strain of A. muciniphila 

and A. muciniphila- modified intestinal flora would be fully investigated. Also, the 

effects of these microbial metabolites on glia will be clarified. Firstly, the medium of 

cultured A. muciniphila and co-cultured intestinal microbiota were prepared for 

metabolomic profiling via UPLC-qTOF-MS platform, and detecting their roles on 

astroglial cell including its morphology and function. Additionally, we will also 

separately check whether endogenic molecules with significant difference identified 

from culture medium can affect astroglial cells. If no difference in the protein 

expression, the capability of each identified metabolites like butyrate influencing on 
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astroglial cells reaction will be further evaluated. At last, according to the results from 

in vitro studies, we will verify the effects of identified metabolites on astroglial cells 

and astroglial -mediated signaling pathway in vivo. 

Experimental design  

Metabolite extraction and metabolomic profiling of co-cultural medium  

The culture medium of A. muciniphila and mixed intestinal microbiota that are 

extracted from cecal samples will be collected by centrifugation with five minutes. To 

exactly extract microbial metabolomes, we will use differential extraction solvents 

(including methanol, chloroform, 1-pentanol, and γ-caprolactone), allowing extraction 

of diverse chemical metabolites [329-331]. Furthermore, multiple analytical platforms 

based on mass spectrometry will be applied for hydrophilic and lipophilic 

metabolome profiling. By comparing among different co-cultural mixtures, those 

changed molecules in response to A. muciniphila will be precisely identified.  

The effects of culture media and individual identified molecules on glia cells in 

vitro 

To test the potency of co-cultural medium or individual bacterial substances on glia 

cells, we will initially determine their effects on expressions of GFAP, and GFAP-

targeted genes in the model of human DI TNC1 cell. The DI TNC1 cells (type 1 

phenotype) will be purchased from ATCC center. The growth condition of cells will 

be referred to a previous study [332]. Cell models will be treated with microbiota co-

cultural media as well as each identified metabolic substance. At the end of treatment, 

cellular mRNA will be extracted for analyzing expression of GFAP, GLAST, GLT-1, 

and mGluRs. Each treatment will be performed in triplicate wells. 

�175



The effects of individual identified molecule on GFAP expression and activity in 

vivo 

To further clarify the beneficial effects of endogenous metabolites derived from gut 

microbiota in vivo, we will separately treat NMS rats with individual chemicals at 

appropriate concentrations, and then observe the behavioural performance and detect 

the astroglial activation as well as astroglial mediated signaling pathway like 

glutamatergic neurotransmission.  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