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Popular science summary of the thesis 
The normal gastrointestinal tract inhabits a vast amount of bacteria, viruses and fungi, 

collectively called the microbiome. For the last decades it has been suggested that these 

bacteria have far reaching impacts on us and our health, with the ability to influence our 

mood and behavior. This is possible through several pathways, together called the gut-brain-

axis. The communication between the gut and the brain, the “axis”, is in part modulated 

through the immune system. Common disorders, like eczema, and gastrointestinal disorders, 

and neurodevelopmental disorders such as attention deficit hyperactivity disorder (ADHD) 

are linked to the immune system. In addition these disorders share genetic connections.  

Earlier research has proposed that children whose mothers have an activated immune system 

during pregnancy have higher risks of mental health problems. For example, children whose 

mothers had certain autoimmune disorders (ADs) during pregnancy, have higher risk of 

developing ASD. Also it is proposed that people with ASD can obtain positive effects by 

consuming specific bacteria. ADHD and ASD are related, but less is known about the gut-

brain axis in ADHD. Further we don’t know  if other maternal ADs increase the risk for 

offspring mental health and if this impact is beyond ASD. To explore this, we let children and 

adults with ADHD consume either a mixture of probiotic bacteria and dietary fibers called 

Synbiotic2000, or a placebo (with no effect) during nine weeks. Thereafter, we analyzed if 

there were any changes in ADHD or other related symptoms. Further we investigated if we 

could find any effect on immune metabolites in the blood. It turned out that the children with 

ADHD who received synbiotic treatment had fewer autistic traits; they engaged less in typical 

autistic repetitive behaviors and stereotypic movement, and that the adults with synbiotic 

treatment felt less overwhelmed by strong emotions compared to those who had the placebo 

treatment. We also observed that the treatment had certain effects on analytes that are 

involved in inflammation and in the gut-brain axis. In another study we compared children 

who were born to mothers with or without an AD, e.g. Crohn’s disorder, during the 

pregnancy, to determine if and when they developed a neurodevelopmental or psychiatric 

disorder and compared the risk between these groups. We saw that children whose mother 

had an AD disorder had higher risks of a mental disorders later in life.  

We suggest that (i) ADHD related symptoms in part might be impacted by a bacteria 

supplementation called Synbiotic2000 and (ii) that the risk of developing a mental disorder 

might be a little bit higher if your mother has had an AD during pregnancy. However, we 

need more studies to investigate this and it is important to remember that the possible risk 



estimates from these statistical analyses are risks at a group level and says little about the risk 

at an individual level. For example, if the risk is 50% higher, it could still be a quite small real 

risk. Let us say that the incidence of ASD in the general population is 2%. A 50% increased 

risk means that the risk has increased from 2 out of 100 till 3 out of 100.  

In summary, this thesis explores the gut-brain-axis through bacterial supplementation using 

Synbiotic2000, and further examines the effects of prenatal exposure to maternal autoimmune 

disorders, assessing the risk for offspring mental health. We propose that targeting ADHD-

related symptoms with Synbiotic2000 supplementation could be beneficial. Additionally, we 

observe that there is an increased risk of neurodevelopmental and psychiatric disorders in 

offspring exposed to maternal autoimmune disorders (ADs), suggesting that these groups 

might benefit from enhanced surveillance. This underscores the necessity for more 

longitudinal studies to further investigate these complex interactions and the underlying 

mechanisms linking the microbiota, the immune system, and neurodevelopmental and 

psychiatric disorders.  

 

 

 

 

  



 

 

Abstract 
The etiologies of neurodevelopmental disorders (NDDs) and psychiatric disorders are 

considered to be multifactorial, with both genetic and environmental factors. NDDs are 

associated with early atypical brain development and a significant genetic origin. 

Nonetheless, the genes behind the heritability are still not completely identified, and 

environmental factors are not fully mapped. Attention deficit hyperactivity disorder (ADHD) 

and Autism spectrum disorders (ASD) belong to the NDD family. Over the past twenty years, 

a growing body of evidence indicates an interaction between the gut microbiota and the 

central nervous system affecting behavior and ASD-like pathophysiology. This interaction is 

suggested to be mediated in part through the immune system and the bacterial fermentation 

products, the short-chain fatty acids (SCFAs). In animal studies, prenatal exposure to 

inflammation or a disturbed maternal gut microbiome has caused the offspring to display 

changes in CNS and behavior. Epidemiological studies have suggested that prenatal exposure 

to certain maternal immune mediated disorders such as autoimmune disorders (ADs) 

increases the risk for offspring ASD. Immune activity upregulation has been shown in NDDs, 

primarily ASD, and some psychiatric disorders e.g. depression and there is an 

overrepresentation of co-occurrence of immune-mediated and/or autoimmune disorders (e.g., 

asthma and eczema) with ADHD specifically, and NDDs in general. Further, there is a high 

comorbidity between gastro-intestinal symptoms and NDDs, both ADHD and ASD in 

particular, which has been suggested to co-vary in symptom burden episodes. A few studies, 

mainly focusing on ASD, have suggested that treatment with oral probiotics can reduce core 

ASD symptoms. There is a high comorbidity between ASD and ADHD. However, the 

possible implication for adjuvant treatment through targeting the gut-brain axis has been 

investigated to a lesser extent in ADHD. In addition, a comprehensive range of prenatal AD 

exposures in relation to a wide spectrum of offspring NDDs or psychiatric disorders has been 

investigated to a lesser extent.  

The aims of this thesis were to investigate (i) treatment effects with a synbiotic in ADHD on 

clinical and biological aspects, and (ii) effects on child psychopathology of prenatal exposure 

to maternal immune mediated disorders.   

1. Investigate treatment effects of Synbiotic2000 on (i) ADHD symptoms, ASD 

symptoms, daily function and emotion regulation, N=248 participants included, 182 

completers (study I) and (ii) plasma immune activity markers and SCFAs, N=156 



participant completers with blood samples (study II) in children and adults through a 

randomized controlled trail (RCT) with a nine week intervention.  

2. Investigate prenatal exposure to (i) maternal Crohn’s disease (CD), N = 1 105 997 

(study III) and (ii) a wide range of maternal ADs, N= 1 107 802 (study IV) on 

offspring NDDs and psychiatric diagnoses through registry cohort studies.  

In the RCT there was a reduction in (i) ASD symptoms in children and (ii) emotion 

regulation difficulties in adults after intervention with Synbiotic2000 compared to placebo. 

The symptom improvement was most pronounced in the ADHD cohort with higher 

inflammatory, sVCAM-1, at baseline (study I). At baseline, adults with ADHD had lower 

levels of SCFAs and higher levels sICAM-1 and sVCAM-1 compared to controls. Children 

with ADHD had lower level of SCFAs, and higher levels of proinflammatory sICAM-1, 

sVCAM-1, IL-12/IL-23p40 and IL-2Rα, than adults with ADHD. In the child cohort, 

Synbiotic2000 significantly reduced IL-12/IL-23p40 and suggestively increased propionic 

acid. Synbiotic2000 suggestively decreased several additional proinflammatory markers in 

the child or adult cohorts (study II). In the epidemiological studies, children exposed to 

maternal CD prenatally had an increased risk of sleeping disorder, feeding disorder and 

incontinence compared to children without exposure. These associations were not explained 

by perinatal risk factors nor child inflammatory bowel disorder (IBD), (study III). In study 

IV, we assessed in utero exposure to several maternal ADs, and show that maternal AD 

overall was associated with a modestly increased risk for offspring mental disorders 

combined. Certain specific ADs contributed to a doubled risk for offspring diagnosis, these 

associations were (i) Systemic Involvement of Connective tissue (SIC) with sleeping 

disorder, (ii) autoimmune thyroiditis with ASD and (iii) pernicious anemia with other 

behavioral or emotional disorders (F98). Assessing several maternal ADs and a 

comprehensive range of offspring diagnoses enables comparisons between different 

exposures and outcomes.  

In conclusion, this thesis demonstrates (i) a potentially significant role for Synbiotic2000 in 

managing symptoms closely associated with ADHD, (ii) higher baseline  levels of certain 

immune activity markers in ADHD, and (iii) modest-to-moderate risk estimates for offspring 

NDDs and psychiatric disorders, typically manifesting in early childhood, after several 

prenatal AD exposures. Further studies are needed for confirmation of the findings. 
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Introduction 

The interplay between neurodevelopmental disorders (NDDs), gut microbiota, the immune 

system and prenatal environmental factors presents a complex and intriguing area of study. 

Attention-deficit/hyperactivity disorder (ADHD), is a prevalent neurodevelopmental 

condition characterized by symptoms of inattention, hyperactivity, and impulsivity, ADHD 

has been extensively studied yet remains only partially understood. NDDs, including 

ADHD, are assocaited with early and atypical brain developemnt and psychatric disorders 

are commonly co—occuring. The etiology of NDDs is believed to be multifactorial, 

involving genetic predispositions and environmental influences, further inflammatory 

involvment and dysbiosis have been suggested. Among these influences, two are of focus in 

this thesis (i) the gut microbiota and (ii) prenatal exposure to maternal autoimmune 

disorders (ADs). Both aspects have emerged as areas of interest due to the potential impact 

on fetal brain development, subsequent behavioral outcomes in offspring, and the potential 

of risk reducing avenues and adjuvant treatment. The gut-brain axis serves as a 

communication pathway between the central nervous system (CNS) and the gastrointestinal 

(GI) tract, facilitated by neural, endocrine, and immune pathways. This interaction offers 

insight into how changes in gut microbiota may impact brain function and behavior. 

Probiotics, which are live microorganisms that confer health benefits to the host, have been 

suggested to influence the gut-brain axis through neural signaling, potentially affecting host 

behavior. Maternal autoimmune and autoinflammatory, conditions have been suggested to 

be associated with offspring ASD. Studies suggest that the immune dysregulation 

characteristic of these disorders could contribute to neurodevelopmental disturbances in 

offspring, potentially through inflammatory pathways that affect the developing fetal brain. 

Given the critical developmental windows during gestation, understanding if, which, and to 

what extent, maternal autoimmune conditions impact offspring development, is important. 

This thesis seeks to explore (i) levels of metabolites related to the gut-brain axis in ADHD, 

(ii) effects of treatment targeting the microbiome and (iii) prental exposure to a increased 

immune activity millieu, using two metodological designs. In a RCT (i) we analyse levels 

of SCFAs and immune mediating proteins in a ADHD cohort, and (ii) estimate treatment 

effects after treatment with a synbiotic during nine weeks, and (iii) through an 

epidemological design investigating if prenatal exposure to maternal ADs during pregnancy 

affects offspring risk for NDDs or psychatric disoders.  
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1 Literature review 

1.1 Attention deficit hyperactivity disorder  

Attention deficit hyperactivity disorder (ADHD) belongs to the neurodevelopmental disorder 

(NDD) family and is characterized by persistent patterns of inattention, impulsivity and 

hyperactivity with onset in childhood. In ADHD the core symptoms impair function across 

important life areas e.g. family, work, and school (1). Although ADHD is recognized as a 

disorder that often persists throughout the lifespan (2) there is a age depended symptoms 

decline (3). There are several subtypes of ADHD, with predominant inattentive symptoms, 

impulsivity/hyperactivity symptoms or the combination, however the treatment is generally 

the same (1). Emotion dysregulation, suggested to be a cardinal symptom, is a common 

associated feature in ADHD and has been associated with symptom severity and psychiatric 

comorbidities (4). Several theories concerning the etiology of ADHD have been proposed. 

Twin, family and adoption studies have shown a high heritability of approximately 70-80 

percent, yet the molecular genetics is complex and genome-wide studies have only explained 

a part of this heritability (5-8). And even if genetics explains a portion, both environmental 

and social factors each play an important part (9) which may also explain the heterogeneity in 

symptoms and function (10). Assessment of environmental risk factors have methodological 

challenges, however reviews present some evidence for both prenatal and later in life 

exposure to e.g alcohol, maternal stress, deficiency in minerals or Omega-3 fatty acid, 

premature birth and low birth weight (11). The etiology of ADHD is indisputedly considered 

to be multifactorial (9). 

The ADHD diagnosis is based on reported symptoms, but the body of pathophysiological 

evidence is growing (12). A review shows functional and structural changes in the central 

nervous system in ADHD (13), and several studies have shown delayed maturation of cortex 

in multiple areas and to some extent reduction in frontal cortex (12). Further delayed 

neuromaturation, synaptic pruning and myelination have been suggested (14). In addition, 

systematic reviews of neurobiological imaging have shown disruption in different regions in 

sub types of ADHD (15). It has been debated if the prevalence of ADHD is increasing (16) 

and potential overdiagnosis driven by milder or subclinical cases have been suggested (17). 

However, several meta-analyses suggest a stable prevalence during the last thirty years when 

controlling for methodology (18, 19). Recent reviews and meta-analyses asses the prevalence 

to ADHD in children to 7.6%, and 5.6% of teenagers (20). The prevalence of ADHD is 

higher in boys in childhood (21), the ratio between males and females becomes even higher 
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in adults (22). ADHD has been treated with central stimulants for 60 years (23), the 

medication is effective in reducing core symptoms of hyperactivity, impulsivity and 

inattention. The pharmacological treatment has less effect on emotional regulation. However 

the treatment is often discontinued (24) and in 7.4% of the cases the treatment is withdrawn 

due to adverse events (25). Long term effects of central stimulant treatment have been 

associated with increased risk of cardiovascular effects and a dose response relationship has 

been found (26), however this risk has not been shown in systematic review and meta-

analyses (27). Treatment with stimulants has been suggested to significantly decrease the risk 

of negative functional outcomes (28), however the quality in some of the long term usage 

studies have significant limitations and the long term effects and risks are not clear (29). 

Treatment with central stimulants is suggested to be less well tolerated and less effective in 

comorbid cases (30). 

1.2 Neurodevelopmental disorders  

The NDD family, in addition to ADHD, consists of e.g. Autism spectrum disorder (ASD), 

Intellectual disabilities (ID) and deficits revolving around communication (i.e. stuttering) and 

learning (i.e. dyslexia) and are all connected to an early atypical brain development. The 

conceptualization of NDDs is originally based on the high comorbidity between the disorders 

and is in addition supported by shared genetics. ADHD and ASD have gained the most 

attention in the NDD group (31). ADHD and ASD in particular, have seven shared loci and 

five distinct ones, suggesting both a shared and a distinct genetic origin (32). It has been 

estimated that 33% of individuals with ASD have co-occurring ID (33). Comorbidity 

between ASD and ADHD is common and the lifetime prevalence of ADHD in ASD is 

around 40% (34), and the prevalence of ASD in ADHD is estimated to 21% (35). The 

shared/overlapping symptoms, the high incidence of both disorders in the same individual 

and the degree of shared genetics have raised the idea of NDDs as a continuum rather than a 

distinct diagnosis. In later years, both schizophrenia and bipolar disorder have been suggested 

to belong to the NDD continuum. However, both in the perspective of clinical diagnosis, 

treatment and research, the specific diagnosis is still treated as associated but yet separated 

entities (31). ADHD is characterized by difficulties regulation attention, activity and impulses 

(1). The closely related condition ASD is characterized by symptoms of impairment in social 

communication and repetitive behavior, presenting in early childhood (Lord et al., 2020). As 

for ADHD, there is no isolated cause for NDDs, the etiology is also regarded to be 

multifactorial with both genetic factors and environmental contributors (36-39). The 

prevalence of ASD is approximately 1% (33) and in contrast to ADHD there is no specific 



 

 3 

treatment targeting ASD symptoms, however probiotics have been suggested as a possible 

treatment in ASD and have gained a vast interest. Two recent reviews, largely covering the 

same studies are inconclusive due to small sample sizes, different bacterial compounds being 

used and other methodological differences (40, 41).   

1.3 Systemic inflammation  

Systemic chronic inflammation (SCI) is implicated in the pathogenesis of various diseases, 

such as cardiovascular, autoimmune disorders (ADs), cancer, depression and 

neurodegenerative disorders, and has been suggested in NDDs. Systemic inflammation is 

characterized by persistent, non-resolving inflammation that escalates with age. SCI differs 

markedly from the transient, infection-induced acute inflammatory response. Evidence 

suggests that risks for SCI development could be transferred to offspring through epigenetic 

modifications shaping health cross generations (42). Dysbiosis have been associated with a 

number of autoimmune conditions (43) and psychiatric diseases (44). Dysbiosis is in turn 

associated with inflammation (45). Low grade inflammation in psychiatric disorders has been 

estimated to occur in approximately 20-40% of cases, and cytokine levels have been linked to 

symptom severity and in addition treatment response (46). Several studies have shown 

support for inflammatory involvement and upregulated cytokines (chemokines, interferons, 

interleukins, lymphokines, tumor necrosis factor) and soluble cytokines receptors in several 

psychiatric disorders (47-52). 

1.4 Autoimmune disorders  

Autoinflammatory and autoimmune conditions are part of a complex set of diseases marked 

by dysregulation of the immune system. Autoinflammatory diseases (AIDs), are more rare, 

and involve the innate immune system, while ADs, are more common and engage the 

adaptive immune system. Despite these differences, many conditions display characteristics 

of both AIDs and ADs. Researchers increasingly recognize that AID and ADs may not be 

entirely distinct, instead a continuum of inflammatory disorders is proposed and from now on 

referred to as ADs. Examples of diseases that exhibit features of both types of immune 

responses include e.g. Crohn’s disease (53). ADs consist of a broad range of diseases 

characterized by involvement of the immune system mistakenly attacking the body's own 

tissues, leading to a wide array of clinical manifestations. Fundamentally, these disorders 

stem from a loss of immunological tolerance, where the body's defense system fails to 

recognize self from non-self, initiating inappropriate inflammatory responses against its own 

cells and tissues. ADs arise from complex interactions between genetic predispositions and 
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environmental triggers (such as infections, chemicals, or dietary components), leading to the 

activation of autoreactive T and B cells. These immune cells produce inflammatory cytokines 

and autoantibodies, resulting in chronic inflammation and tissue damage (54). Inflammatory 

Bowel Disease (IBD), encompassing Crohn's Disease (CD) and Ulcerative Colitis (UC), are 

examples of immune-mediated conditions characterized by chronic inflammation of the GI 

tract (55), associated with disruptions in the gut microbiome and barrier function (56). ADs 

are broadly categorized into organ-specific disorders, where the immune response is directed 

towards a single organ (e.g., Type 1 Diabetes affecting the pancreas, Thyroiditis affecting the 

thyroid), and systemic autoimmune diseases, where multiple organ systems are affected (e.g., 

Systemic Lupus Erythematosus, Rheumatoid Arthritis). ADs are estimated to affect 5-8% of 

the population, with a higher prevalence among women. The chronic nature of these diseases, 

along with their ability to affect multiple body systems, makes them a significant cause of 

morbidity and challenges in healthcare management (57). 

1.5 Symptom and disorder co-occurrence  

In addition to the notable overlap of NDDs such as between ADHD, ID and ASD with co-

occurrence estimated to approximately 20-40% (33-35), it has been estimated that over 50 

percent of patients with e.g. ADHD also have at least one more psychiatric disorder (58). 

Recent reviews also support a high prevalence of mental health conditions in ADHD such as 

tic disorders, mood disorders, anxiety disorders, learning disabilities, sleeping difficulties (59, 

60). In addition there is a significant co-occurrence between NDDs, psychiatric disorders and 

ADs. This relationship is bidirectional; chronic inflammation seen in ADs is suggested to 

contribute to the development of psychiatric symptoms, while stress and poor mental health 

can exacerbate autoimmune responses. Studies suggest that cytokines involved in 

autoimmune inflammation may also influence neurotransmitter systems related to mood and 

cognition. ADs affecting the GI tract, e.g. IBD, and CD have been associated with a high co-

occurrence with psychiatric disorders (61-65). In CD the psychiatric symptoms are more 

pronounced in active disease periods compared to the milder ones (66). In addition there is a 

high co-occurrence of gastrointestinal (GI) symptoms in ASD (67) and ADHD (68-70). 

Studies have shown that comorbid GI symptoms are correlated with severity of psychiatric 

symptoms (71). However, a recent twin-study did not show an increase in GI symptoms in 

ADHD patients (72).  
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1.6 Gut-brain axis 

The importance of the GI tract on human health has been a much discussed topic in the 

medical field for several decades. As early as in the 19th century the stomach was described as 

a second brain (73). In the 1980´s we begun to understand that the communication between 

the enteric nervous system and the central nervous system (CNS) was not mere a one way 

road (74). In fact, it seems to be a crosstalk often referred to as the gut-brain axis. This two-

way communication, is in part modulated by the gut microbiota (75). There are several 

suggested communication routes, i.e. neural (e.g. vagus nerve), immune (e.g. cytokines), 

humoral and endocrine (e.g. the hypothalamic-pituitary-adrenal axis). The gut microbiota is 

crucial for the immune system homeostasis and dysbiosis can cause immune dysregulation, 

although dysbiosis is poorly defined. Commonly used definitions of dysbiosis are loss of 

diversity, loss of key taxa or higher abundance of pathogens (76). Dysbiosis is often 

associated with increased intestinal permeability and immune activation affecting the blood 

brain barrier (BBB) (77). The gut-brain axis is partially mediated by bacterial products found 

in the circulating system and with the ability to pass the BBB, e.g. short chain fatty acids 

(SCFAs) (78), Peptidoglycan (PGN) (79) and Hippurate (80). Microbiota derived metabolites 

have been demonstrated to impact brain development from early life stages (81). The 

composition of the gut bacterial community is influenced by several factors such as delivery 

route, bottle/breastfeeding, diet, and medication such as antibiotics. The colonization of the 

GI tract influences brain development and subsequently behavior and is unstable in the 

beginning of life (82), reaching a more stable state at approximately three years of. This 

period coincides with a critical time of brain development and synaptic pruning crucial for 

brain function (83). The microbial community has been shown to regulate microglia 

maturation (84) and further to be involved in maintaining homeostasis, barrier function and 

modulation of the immune system, important in nutrient digestion and in the protection 

against pathogens (85).  

1.6.1 Microbiota, antibiotics, pre-, pros- and synbiotics 

Microbiota, or the microbiome, is defined as the full community of bacteria, fungi and viruses 

existing in an organism. In this scope, microbiota refers to this complex ecosystem in the GI 

tract, but to be noted is not limited to this body site (86). Treatment with antibiotics do not 

only to target pathogenic bacteria but also beneficial ones. This can lead to imbalance in the 

gut microbiome (87) and exposure to antibiotics has been suggested to increase the risk of 

developing mental illnesses (88). Several animal studies have shown alterations in gut flora, 

brain development and increased autistic-like behavior in germ-free mice treated with high 
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doses of broad-spectrum antibiotics (89). In a register study, antibiotic exposure prenatally, 

gave a minor increase in the incidence of autism later in life (HR 1.11 CI; 1.03 - 1.19) with a 

higher risk with longer antibiotic exposure (90). Probiotics, prebiotics and synbiotics are 

designed to maintain or restore gut health (91). Probiotics are defined as selected strains of 

living organisms with beneficial effects to the host. Prebiotics are defined as a nonviable 

components, usually dietary fibers, with beneficial effects to the host through supporting 

beneficial microbiota. Lastly, synbiotics are the combination of pre- and probiotics (92).  

1.6.2 Immune activity mediators 

Immune mediators are crucial components of the immune system, helping to regulate the 

activity of immune cells, influence the inflammation process, and mediate the defense 

against pathogens. They include a diverse group of molecules such as cytokines, 

chemokines, and various other signaling molecules e.g. adhesion molecules. Cytokines are 

small proteins that are crucial in cell signaling. They can be pro-inflammatory or anti-

inflammatory, however their effects are complex and the anti- or pro- inflammatory 

properties can be context dependent, helping to regulate the immune response. Chemokines 

are a subgroup of cytokines that specifically induce the chemotaxis (movement) of nearby 

cells, primarily leukocytes, guiding them to sites of infection or inflammation. There are 

Acute Phase Proteins, whose plasma concentrations increase (positive acute phase proteins) 

or decrease (negative acute phase proteins) in response to inflammation. This response is 

called the acute phase reaction e.g. C-reactive protein (CRP) which binds to the surface of 

dead or dying cells (and some types of bacteria) to activate the complement system and 

Serum Amyloid A (SAA) that influences the extracellular matrix and acts as an opsonin, 

are recruiting immune cells to sites of infection. Intercellular adhesion molecule 1 (ICAM-

1) is a member of the immunoglobulin super family that facilitates leucocyte migration 

through endothelial wall as well as being connected to BBB function. The soluble form of 

ICAM-1, sICAM-1, is measurable in serum and CSF (93). In summary, these immune 

mediators are essential for the coordination and execution of effective immune responses, 

from the initial detection of a pathogen to the resolution of infection and the repair of 

damaged tissue. Their balance and regulation are critical; too little response can lead to 

uncontrolled infection, while too much can lead to chronic inflammation or autoimmune 

diseases (94, 95). 
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1.6.3 Short chain fatty acids  

Short-chain fatty acids (SCFAs) are fatty acids with fewer than six carbon atoms, produced 

primarily through the fermentation of dietary fibers by the anaerobic microbiota in the 

colon. The most abundant SCFAs in the human gut are acetate, propionate, and butyrate. 

These metabolites play crucial roles in maintaining gut health and exert systemic effects on 

human physiology (96). Beyond the gut, SCFAs influence metabolic and immune 

processes. SCFAs have two main signaling pathways: inhibiting histone deacetylase 

(HDAC) and activating G protein-coupled receptors (GPCRs). HDACs are involved in 

controlling how genes are expressed, so when SCFAs inhibit HDACs, it can impact the 

development of various diseases, such as metabolic disorders, immune conditions, and 

cancer. Through GPCRs, SCFAs modulate the release of gut hormones, reduce 

inflammation, regulate blood pressure, and influence lipid metabolism. This has 

implications for e.g. metabolic syndromes where SCFAs can improve glucose homeostasis 

and increase insulin sensitivity. Further, SCFAs contribute to the regulation of the immune 

system. They enhance the production of regulatory T cells and the secretion of anti-

inflammatory cytokines, playing a role in protecting against ADs (97). In summary, SCFAs 

are fundamental to gut health and exert wide-ranging effects on the human body, affecting 

metabolic, immune, and inflammatory pathways. Their production through dietary fiber 

fermentation underscores the importance of a fiber-rich diet for human health (96, 97).  

1.6.4 Preclinical studies of the gut-brain axis 

Studies conducted in germ-free mice and mice treated with antibiotics before birth have 

demonstrated that changes in the normal gut microbiota during early development can 

profoundly impact immune function, stress response, and behavior. These alterations have 

been linked to behaviors such as hyperactivity, depression, anxiety, ASD, and obsessive-

compulsive behavior (98-101). Bacteria derived metabolites, associated with behavior 

changes in both animal and humans studies, have the capacity to cross the BBB and have 

been demonstrated to be present in animal models from as early as the neonatal period in the 

brains and suggested to influence neurodevelopmental outcomes that persist from the 

neonatal stage into adulthood (81). Rodents who received fecal transplantation from 

depressed humans expressed depression-like symptoms and changes in metabolism of 

tryptophan, a substance that is a precursor in serotonin and melatonin synthesis, and thereby 

have the ability to impact mood and sleep (102). In addition similar findings of symptom 

related behavior changes after fecal transplantation from patients into rodents have been 

shown in schizophrenia (103) and in autism (104). Rodent who received fecal transplants 
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from ADHD patients, compared to controls, reveled impaired connective integrity and 

changes in grey matter (105). Meta reviews on rodent exposed to maternal immune activation 

(MIA) prenatally show pathological changes in the activity of neural transmitters which in 

turn have been correlated with behavioral changes. This is suggested as a prof-of-principle 

evidence that a prenatal immune activation has the ability to impact molecular targets, 

synapse formation/function and thereby induce an imbalance in neural communication in 

offspring (106). It is not possible to draw conclusions for humans based on rodent studies, 

however, the results are consistent between animal and human studies in that certain ASD, 

depressive and anxiety symptoms are ameliorated after treatment aiming to restore gut health 

(107).  

1.7 Clinical studies of mental health and immune involvement and 
gut-brain interaction  

An upregulated immune activity has been associated with psychiatric disorders but the results 

remain inconclusive (46-52, 108, 109). It is hypothesized that these cytokines can cross the 

BBB, potentially affecting fetal neurodevelopment. The support for increased risk for 

offspring ASD and or psychiatric disorders of an in utero immune activated milieu is 

inconclusive. Several conditions such as obesity, low socio economic status, diabetes, and 

depression have been associated with higher inflammatory levels, and meta-analysis showed 

increased risks for both ASD and ADHD in offspring exposed to these conditions prenatally 

(110). Commonly investigated analytes associated with inflammation are C-reactive protein 

(CRP) and liver-derived acute phase proteins (SAA) (111). 

1.7.1 Gut-brain axis mediators and immune activity in NDD 

Associations between ASD and an altered gut microbiome have been shown in several 

studies (112). Investigating the microbiome, our lab has shown associations between ADHD 

and (i) diet in adults, and (ii) delivery route, stool consistency and probiotic use in children. 

Adults with ADHD had a difference in overall bacterial composition (beta-diversity) 

compared to neurotypical controls adjusting for age, sex, diet, stool consistency and BMI. 

The bacterial strain Bacteroides stercoris CL09T03C01 was found in significantly lower 

amounts in children with ADHD who were taking psychostimulant medication. B. stercoris 

was further positively associated with lower levels of formic and propionic acid (113). Other 

studies investigating the microbiome in ADHD have suggested differences, although meta 

reviews suggested that the evidence is inconsistent (114) and that there is still is no bacterial 

taxon associated with ADHD. Several of the previous studies did not adjust for diet (115). 

The gut-brain axis is mediated partly by bacteria derived metabolites produced by gut 
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microbiota e.g. SCFAs have been suggested to mediate the crosstalk between the gut and the 

brain (78, 116). Several bacterial derived metabolites have been demonstrated altered in 

ADHD, e.g. hippurate, a bacteria associated product, has been demonstrated to be elevated 

(80) and SCFAs lower (117). This has been shown also in ASD (118-121). It has been 

suggested that there is an altered CNS gene expression in some NDDs that is associated with 

an impaired BBB (122). Patients with ADHD have been reported to have higher levels of 

inflammatory markers suggesting a low-grade immune activation, however, the evidence is 

somewhat inconsistent and the main focus has been only in children (123-126). Offspring of 

obese mothers are at an increased risk of developing emotional regulation difficulties and 

ADHD (127, 128). Nielsen et al. found increased risks for offspring ADHD in relation to the 

number of inflammation related maternal states (129). Postnatal differences in microbial 

composition among children who later developed NDDs, i.e. ADHD and ASD have been 

suggested (130). Risk of offspring ADHD diagnose and sleeping impairment later in life have 

been connected to exposure to maternal antibiotic use, and is in addition dose dependent 

which strengthens the likelihood of causality (131). In addition, although the findings are 

inconclusive, a systematic review showed cytokine gene polymorphism associations with 

ADHD which might impact induction or release of cytokines. These associations could 

influence time of symptom onset, and one study detected cytokines in the cerebrospinal fluid 

(CSF) of ADHD patients (132). Increased levels of sICAM-1 have been suggested to indicate 

a compromised integrity of the BBB and has been found to be involved in schizophrenia, 

bipolar-disorder and depression (133) and ADHD (134). Zonulin, a peptide involved in tight 

junction function in the GI tract, has been shown to be elevated in ADHD suggesting an 

impaired integrity of tight junctions causing increased permeability (135). Inflammatory 

biomarkers in ADHD show considerable heterogeneity, however, the results are more 

conclusive with regards to inflammation during early life and later ADHD diagnosis (39).  

Supplement interventions in NDDs 

Dietary habits influence the composition of bacteria in the gastrointestinal (GI) tract, and 

various diets have been demonstrated to either increase or decrease inflammation in the host. 

Dietary interventions have been proposed to be a possible way of targeting the microbiome to 

ameliorate ADHD symptoms (136). The main focus for these inquiries have been ASD, 

suggesting potential treatment effects by treatment with pre- or probiotics (137). The results 

of postnatal intervention with probiotics are inconclusive, treatment with probiotic 

(Lactobacillus rhamnosus GG (ATCC 53103)) during the first months of life was associated 

with lower prevalence of ADHD and ASD later in life (130). However, a study with a similar 
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design and similar active treatment did not find such a association (138). Notably, a recent 

review and meta-analysis of supplement interventions studies of RCTs did not find support 

for probiotic treatment effects in ASD, although the studies were few and the treatment 

compound differed between the studies (139). There have been more limited studies 

investigating the possible therapeutics in ADHD, however recently a systematic review and 

metanalysis, notably including a study in this thesis (study I), did not show any treatment 

effects on ADHD symptoms (140). 

1.7.2 Prenatal exposure to ADs and the risk for NDDs 

Epidemiological research has suggested a potential association between parental ADs and 

offspring mental health, often with a continued primary focus on NDDs and ASD in 

particular. The incidence of ADs has been on an upward trajectory, exhibiting a higher 

occurrence in females (57). ADs are associated with NDDs (141, 142). Some ADs have 

been associated with offspring mental health. Several registry cohorts have investigated the 

risk for offspring mental health and exposure to prenatal ADs (142-152). The majority have 

had ASD as the outcome of intrerest (143, 144, 147, 148, 150, 152). The main exposure of 

interest has been parental, most often maternal, RA (143-145), and in addition SLE (147, 

148) and DM (146). In several studies exposure to the maternal side is more strongly 

associated with offspring NDD suggesting that the association is not in full explained by 

genetic factors (142, 143, 146, 151, 153). However, in several studies consideration to 

perinatal risk factors has not been made (142) (152). Further the temporality aspects is not 

always taken into consideration and when it is, the results are still inconclusive. E.g. one 

study investigated exposure to RA and outcome offspring ASD and found an association 

only with exposure to maternal RA before/during pregnancy and not when the diagnose 

was received after pregnancy. However the risk of offspring ASD was equivalent with the 

risk in the negative control group (144). Another systematic review and meta-analysis 

showed an association between maternal life time RA and ASD in children, however pre-

pregnancy maternal RA was not associated with ASD in children (OR = 1.45, p = 0.19, four 

studies) (143). An additional study, considering both time-point of RA and considering 

several perinatal risk factors, found that parental lifetime RA, primarily maternal, was 

associated with offspring ADHD HR 1.31 (95% CI 1.06, 1.63), however when adjusting for 

maternal smoking the confidence interval was widened and there was no longer an 

association, HR 1.32 (95% CI 0.80, 2.20). In addition, adjusting for APGAR 5 minutes, the 

association disappeared HR 1.24 (0.74, 2.05) (145). The pathophysiological mechanisms 
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underpinning this correlation remain largely unknown, and the precise and differential risk 

attributed to individual ADs has yet to be comprehensively characterized. 

Figure 1. Simplified illustration of the proposed communication routes related to gut brain or prenatal exposure to immune 

mediated conditions. Created using biorender.  

1.8 Summary  

In summary, intervention studies investigating the potential of an adjuvant treatment 

targeting the gut-brain axis in ADHD is sparse, overall the sample sizes are small, the 

methodological differences are large, which obstructs the ability to draw conclusions from 

previous findings. Hence it is unknown if treatment with certain pre-, pro- or synbiotics, i.e. 

synbiotic2000, can be beneficial in ADHD. Prenatal exposure to maternal ADs have been 

suggested to involve increased risk for offspring adverse mental health, however often 

investigating a limited outcome i.e. ASD, or a specific parental AD or not considering 

possible mediators. A wider scope of exposure and or outcome would have the advantage 

of enabling comparisons between different AD exposures, and in addition, considering 

possible confounders and mediators would give a more robust design.  
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2 Research aims 
This thesis aims to explore (i) new treatment avenues in ADHD through the gut-brain axis, 

(ii) associated analytes and (iii) asses risk of prenatal exposure to immune mediated 

conditions in relation to mental health, in two separate cohorts with different designs. We 

investigate treatment effects of a synbiotic in a ADHD cohort with a RCT aiming to 

investigate potential effects on (i) core and (ii) closely related symptoms and (iii) effects on 

biological markers associated with immune regulation and microbiota (study I and II). 

Further we aim to investigate if prenatal exposure to ADs impact risk for offspring mental 

health using a epidemiological approach. Using nation wide birth registries this thesis aim to 

investigate associations of prenatal exposure to (i) maternal CD and (ii) a wide range of 

maternal ADs with offspring mental health outcomes and consider both the temporality of the 

maternal diagnosis and possible mediadors such as premature birth (study III and IV). 
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3 Materials and methods 

3.1 Cohorts 

In this thesis two different cohorts were used, (i) the BAMBA cohort, a Swedish RCT was 

used in study I and II, and (ii) a Finnish birth registry cohort was used in study III and IV.  

The BAMBA cohort and intervention study I and II 

Cohort 

Studies I and II are based on a cohort from Sweden called BAMBA, (ISRCTN57795429), 

with children and adults with ADHD, and neurotypical controls. The participants were 

recruited from January 2016 until June 2018. The cohort consisted primarily of patients from 

three psychiatric outpatient clinics in Stockholm, while some participants were recruited 

through advertisement in a local newspaper. Eligible criteria for participation were: ADHD 

diagnosis (DSM-V or ICD-10), age between 5-55 years, Swedish speaking/reading, and 

stable pharmacological treatment at a minimum of at least four weeks. Exclusion criteria 

were: ASD diagnosis, GI diagnosis (except IBS), celiac disease and diabetes, and lastly, 

antibiotic treatment the last six weeks. Recruitment and sample collection followed good 

clinical practice and was in accordance with the research protocol. All participants gave 

informed consent and were informed that they at any time could abort their participation. 248 

participants were included at baseline. Participants were asked to contribute with symptom 

scales, food frequency intake; blood, fecal and urine sample (the two later not used in this 

thesis) at inclusion (baseline) and end of treatment (follow-up). The study was approved by 

the Regional Ethical Review Bord in Stockholm (Dnr: 2015/884-31, 2017/771-32, 2017/91-

31, 2017/772-32, 2018/1132-32, 2018-1222-32).  

Intervention 

The participants were randomly allocated, via the Karolinska Trail Alliance, to one of the two 

treatment arms with allocation ratio 1:1 This computerized allocation was overridden in cases 

of several participants from the same family to reduce the risk of mix-up between 

intervention compounds. The allocations were unknown to participants and researchers until 

analyses were completed. Participants were instructed to (i) take the intervention once daily 

for nine weeks and to (ii) register intake on a paper and to return the empty compound bags to 

the research nurse when collecting new bags with a 1-2 week interval. The active treatment, 

Synbiotic2000, consisted of a lyophilized composition of (i) three lactic acid bacteria:  

Pediococcus pentosaceus 5-33:3/16:1 (strain deposit number: LMG P20608), Lactobacillus 
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casei ssp paracasei F19 (LMG P-17806) and Lactobacillus plantarum 2362 (LMG P-20606) 

(3x1011 CFU per dose) and (ii) 10 grams of dietary fibers, equally proportions of beta glucan, 

pectin, inulin and resistant starch. Synbiotic2000 effects have been shown in previous 

research (154-160). The intervention with non-active treatment, the placebo, consisted of 

maltodextrin, a oligosaccharides with no known pre- or probiotic effects, and a record as 

being used as a placebo (161, 162). In total of the 248 participants who were allocated, 182 

fulfilled the treatment and were included in the subsequent analysis. To be noted, not all 

provided blood samples (Study I and II).  

Reference group in the BAMBA study 

In study I and II neurotypical controls were recruited, N=61, in parallel with similar inclusion 

criteria as the participants in the BAMBA study but with no ADHD diagnosis The control 

group consisted of both those related to the participating patients (family member) and those 

unrelated. Information and biological samples were collected at one timepoint, and used in 

the case-control design (study I and II).  

Finnish birth register cohort in Study III and IV 

A database, of linked data from nationwide registers in Finland, containing all live births 

between (i) January 1st 1996 until December 31st 2014 followed-up until the 31st of 

December 2018 (study III) and 2021 (study IV) was used. The data were obtained from the 

Medical Birth Register (MBR), the Finnish Care Registers for Health Care (HILMO) and the 

Finnish Register on Reimbursed Drugs (RRD). The studies followed the recommended 

guidelines by STROBE Strengthening the Reporting of Observational Studies in 

Epidemiology. The cohort data were analyzed (i) between June 2022 and August 2023 (study 

III), and (ii) between October 2023 and February 2024 (study IV). MBR and HILMO are 

kept by the Finnish Institute for Health and Welfare, and RRD is kept by the Social Insurance 

Institution of Finland. The studies were approved by the Ethical review bords in Finland and 

Sweden (THL/1662/5.0500/2015, THL/1853/5.00/2016, THL/1496/5.0500/2019, 

202303041-01, THL/5391/14.0200/2022).  

Exposure study III 

In study III the exposure was defined as maternal IBD, i.e. either UC or CD, and CD 

identified by ICD-10 codes K50 (CD) and K51 (UC) received before delivery. Additional 

exposures were maternal inpatient care during pregnancy as a result of the IBD (code O99.6) 

identified in the same databases. 
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Covariates study III 

Three models adopted, (i) in model 1 adjustments were made for offspring birth year, sex, 

number of fetuses, maternal age at delivery, parity, socioeconomic status, marital status, 

mother's birth country, maternal smoking, psychiatric disorders, and use of psychotropic 

medication (ATC N05/N06), (ii) in model 2 addition adjustments in model 1 adjustments 

were made for maternal obesity (ICD-10 E65-66), pregestational diabetes (ICD-10 O24.1, 

E11, E14, ATC A10B), and systemic inflammatory disease (ICD-10 M30-36), and (iii) 

model 3 with adjustments as in model 1 and in addition child IBD diagnosis. Maternal 

psychiatric diagnoses were tracked using ICD-8, ICD-9, and ICD-10 codes from 1969 until 

delivery. 

Exposure study IV 

In study IV the exposure was maternal AD diagnosis in (i) the Connective tissue: RA (ICD-

10: M05, M06; ICD-9: 714), Juvenile arthritis (JA) (ICD-10: M08, M45; ICD-9: 7143, 

7200A), Systemic lupus erythematosus (ICD-10: M32; ICD-9: 7100A), other Systemic 

Involvement of Connective tissue (SIC) (ICD-10:M35.0, M35.1, M35.2, M35.3, M35.4, 

M35.5, M35.8, M35.9; ICD-9: 7102,7108,7112A,725, 729, 2794), (ii) the Endocrine system: 

T1DM (ICD-10: E10 ), Acute thyroiditis (ICD-10: E06.0, E06.1, E06.2, E06.5, E06.9; ICD-

9: 2450, 2451, 2458, 2459, 2450A, 2451A, 2458X, 2459X), Autoimmune thyroiditis (ICD-

10: E06.3; ICD-9: 2452A), Hyperthyroidism (ICD-10: E05.0, E05.1, E05.2; ICD-9: 2420A, 

2420, 2421, 2421A, 2422, 2422A), (iii) the Digestive system: Celiac disease (ICD-10: K90; 

ICD-9: 5790A), Crohn’s disease (CD) (ICD-10: K50; ICD-9: 5550, 5551, 5552, 5559), 

Ulcerative colitis (UC) (ICD-10: K51; ICD-9: 556), Primary sclerosing cholangitis (PSC) 

(ICD-10: K83.0; ICD-9: 5761X), Autoimmune hepatitis (ICD-10: K73.9, K75.4; ICD-9: 

5714), (iv) the blood system: Pernicious anemia (ICD-10: D51; ICD-9: 281, 5351X), 

Systemic vasculitis (ICD-10: M30, M31; ICD-9: 4460A), (v) the nervous system: Multiple 

sclerosis (MS) (ICD 10: G35, G61.0; ICD-9: 340, 4149X, 3570A, 4100A) or (vi) the skin: 

Psoriasis vulgaris (ICD-10: L40, M07.0, M07.1, M07.2, M07.3; ICD-9: 696), 

Dermatomyositis/polymyositis (ICD-10: M33; ICD-9: 7103, 7104), Bullous skin disorders 

(ICD-10: L10, L12, L13; ICD-9: 694), Lupus erythematosus (ICD-10: L93; ICD-9: 6954A) 

received before delivery.  

Covariates study IV 

Covariates in the statistical analysis were: year of birth, sex, number of fetuses, 

parity/multiple births, maternal age, marital status, socioeconomic status, maternal birthplace 

outside Finland (yes/no), maternal smoking during pregnancy, maternal psychiatric disorder 
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and/or use of neurotropic medication (N05/N06) before pregnancy, maternal psychiatric 

disorder and/or use of neurotropic medication (N05/N06) during pregnancy,  

3.2 Outcome measurements  

3.2.1 Questionnaires in Study I and II 

The participants filled in questionnaires on ADHD symptoms, ASD symptoms, daily 

functioning and emotional regulation pre- and post-treatment. Participants aged 5-17 were 

regarded as children and participants aged 18-55 as adults and were administered the 

corresponding questionaries. Children below 12 years got support from, or the questionnaires 

were filled in by, their caregiver. A retrospective food-frequency questionnaire (covering the 

previous 4 weeks), based on a previous studies ETICS (163), was used. 

(1) ADHD symtoms were assessed with: Swanson, Nolan and Pelham-IV scale (SNAP-

IV) for children and with ASRS (ADHD Self-Report Scale) for adults with nine items 

assessing inattention and nine assessing impulsivity and/or hyperactivity.  

(2) ASD symptoms were assessed with: Social Communication Questionnaire (SCQ) for 

children and the Autism Spectrum Quotient (AQ) for adults. In SCQ the following 

domains are included: communication, reciprocal social interactions and restricted, 

repetitive behaviors and interests. AQ is subdivided into five domains: social skills, 

attention switching, attention to detail, communication and imagination.  

(3) Function was assessed using Weiss Functional Impairment Rating Scale (WFIRS), 

divided into the six domains: family, work/school, lifeskills, self-concept, social 

activities and risky activities, different versions for child and adult.  

(4) Emotional regulation was assessed in adults only using: Difficulties in Emotion 

Regulation Scale-16 (DERS-16), divided into five domains: clarity (lack of emotional 

clarity), goals (difficulties engaging in goal-directed behavior), impulse (impulse 

control difficulties), strategies (limited access to effective emotion regulation 

strategies) and nonacceptance (nonacceptance of emotional responses). 

3.2.2 Blood measurements in Study I and II 

Vascular inflammation marker measurements in Study I and II 
Vascular inflammation, inflammatory cytokines, chemokines, and acute phase proteins in 

EDTA-plasma stored at -80C, were measured using the Meso Scale Discovery (MSD) 

platform. This method, based on sandwich immunoassay technology, enables the use of 

tailored multiplex assays for analyzing various molecules in a small sample volume. The 

procedure uses antibodies that attach to a specific spot in each well of the multiplex plate 
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which allows the target molecule from the sample to bind to the antibody-linker complex, 

which is then identified by another antibody tagged with an electrochemiluminescent marker, 

SULFO-TAG, facilitating the detection of the molecule. The intensity of the light emitted by 

the label, as measured by the MSD device, directly correlates with the concentration of the 

molecule present in the sample. In this study, a specific inflammatory profile consisting of 24 

markers was evaluated using VPLEX (formally validated and have guaranteed performance 

specifications), as well as 3-spot, 7-spot, and 10-spot UPLEX assays, following the 

manufacturers' guidelines. Measurements were performed of 24 protein markers in the local 

laboratory by PhD Liu Yang; using the Panel 2 VPLEX Vascular Injury Panel 2 (human) Kit, 

for CRP, SAA, sICAM-1 and sVCAM-1, and U-PLEX Biomarker Group1 Human Multiplex 

Assays or the remaining (custom made design). However, due to analytes below detection 

level (over 25% below the minimum threshold), five markers were omitted. The observed 

median of both intra- and inter-assay variability (coefficients of variation) was maintained 

below 2.5% (ranging from 1.1% to 5.3%) (study I), and 9.9% (ranging from 4.6% to 16.9%), 

respectively (study II). All plasma samples were prepared using the same protocol and 

subjected to one freeze/thaw cycle prior to analysis. 

Short chain fatty acids measurements in Study II 

The nine SCFAs (formic, acetic, propionic, butyric, isobutyric, succinic, valeric, isolvaleric 

and caproic acid) were measured in EDTA-plasma and analyzed using liquid 

chromatography–mass spectrometry (LC-MS) at Chalmers University with minor 

modifications following a preset protocol (164). The samples underwent two rounds of 

measurement, spaced four months apart, with the first round utilizing six 96-well plates and 

the second round five. To mitigate round effects, twenty-two samples were tested in both 

rounds. Among the SCFAs, formic, acetic, propionic, succinic, and isovaleric acids 

demonstrated consistency across the two rounds, and thus, data from these acids were 

included in the final analysis. In each round the samples were assessed in batches. The 

median (range) intra-batch coefficient of variation (CV) was reported at 9% (ranging from 

5% to 11%), based on two quality control samples analyzed on each plate. Inter-batch 

variation was adjusted for using these two quality controls. All plasma samples were prepared 

using the same protocol and subjected to two freeze/thaw cycles prior to analysis.  

3.2.3 Outcome offspring ICD-10 F-diagnosis in study III and IV 

Offspring were followed until time of event, being receiving an F-diagnosis identified 

through HILMO, or to end of follow-up being December 31st 2018 (study III) and December 

31st 2021 (study IV).  
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3.3 Statistical analysis  

Parametric T-test  

T-test was used to determine if there was a significant difference between the means of 

continuous data before and after in e.g. the FFQ and were chosen upon that the data fulfilled 

the assumptions of normal distribution and equal variances (study I).   

Non-parametric Mann-Whitney U test 
Analyte level comparisons between groups e.g. ADHD participants/controls, were analyzed 

using Mann-Whitney U test, also known as the Wilcoxon rank-sum test, a non-parametric 

statistical test was used to compare differences between the two independent samples. It is 

particularly useful when the data do not meet the assumptions required for the t-test, e.g. 

normal distribution (study II).  

Linear modelling  

When evaluating the effectiveness of a treatment using a pre-posttest control group design, 

there are two main approaches to test for treatment effects. These are (i) ANOVA, analyzing 

the difference scores (subtracting pre-treatment scores from post-treatment scores), or (ii) 

ANCOVA, treating the post-treatment scores as the dependent variable while controlling for 

pre-treatment scores as a covariate (and possible also other covariates). ANCOVA was used 

in study I and II to analyze the data from the BAMBA RCT on the basis of its unbiasedness 

and better power in randomized studies (165). The levels of analytes in plasma were 

generally not normally distributed and were, therefore, natural log-transformed to meet the 

assumptions of parametric tests. We reported the 95% and/or 99% confidence interval (CI). 

Statistics was calculated with R-studio software (Study I and II).  

Correlation  
Correlation, is a statistical method used mainly to study the extent to which two quantitative 

variables are related. The most common is Pearson correlation test and is applied to assess the 

linear relationship between normally distributed variables. Spearman's rank correlation is 

particularly useful because it does not require linearity nor does it require that the variables 

are measured on interval or ratio scales (where precise differences between units are 

meaningful), making it more versatile in handling a wide range of data types e.g. psychiatric 

symptom scales to measures the strength and direction of association between two ranked 

variables. In addition, the use of rank rather than actual values makes it less sensitive for 

outliers. This method is widely applied in statistics when assessing the correlation between 

variables that are not necessarily normally distributed or when the data has ordinal 
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characteristics. The value of Spearman's rho ranges from -1 to 1. A high correlation 

coefficient indicates that the two variables have a strong relationship with each other. The 

relationship between marker levels as well as between marker levels and clinical symptom 

scores was assessed by Spearman's rank correlation. The coefficients (r) and p values were 

reported in the results (Study II).  

Cox proportional hazard modelling  

The Cox proportional hazards model is a semi-parametric survival analysis method 

frequently used in epidemiological research to examine the impact of various factors on the 

time to event (e.g., death or diagnosis). This model does not require specifying the underlying 

distribution of survival times, making it broadly applicable. It investigates the relationship 

between one or more predictive factors (e.g., socio-economic status or premature birth) and 

the occurrence of an event, taking time until the event into account, while also calculating the 

hazard rate, which indicates the rate at which the studied event occurs. Predictive factors 

defined as exposures can be either continuous or categorical. For categorical variables, one 

category is designated as the reference group. The hazard ratio (HR) then represents the 

comparison of the hazard rates between any given group and this reference group, where a 

hazard ratio greater than 1 indicates an increased risk, and less than 1 indicates a decreased 

risk, relative to the reference group. Assumptions should be fulfilled (i) the hazard ratio 

between groups is constant over time, and (ii) the relationship between the covariates and the 

hazard ratio is constant and not a function of time. Cox proportional hazard modelling was 

used in Study III and IV and the statistical analyses were performed with SAS.  

Correction for multiple testing  
This addresses the inherent risk of falsely rejecting the null hypothesis when conducting 

several tests on the same hypothesis. The Bonferroni correction is a widely applied method to 

adjust for this issue. It reduces the chance of false positives by dividing the threshold for 

significance (the alpha level) by the number of tests being conducted. Bonferroni correction 

was applied in Study II in the analysis on SCFAs. Although the Bonferroni method 

significantly lowers the risk of Type I errors (false positives), it is sometimes criticized for 

being too conservative and reducing the study's ability to detect real effects. Another 

approach is the False Discovery Rate (FDR). FDR controls the expected proportion of false 

discoveries among the rejected hypotheses, thereby offering a balance between identifying 

true effects and limiting false positives, this approach was applied in Study II in analysis of 

vascular inflammation markers. To be noted, in Study I no multiple test correction was 
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carried out. In Study III and IV, the focus was on effect sizes, but an attempt was made to 

adjust for multiple testing by using a 99% confidence interval.   

3.4 Ethical considerations  

All studies included in this thesis have ethical permissions, (2015/884-31, 2017/771-32, 

2018/1132-32, 2018-1222-32, 2017/91-31, 2017/772-32, THL/1662/5.0500/2015, 

THL/1853/5.00/2016, THL/1496/5.0500/2019, 202303041-01, THL/5391/14.0200/2022). All 

participants in the RCT (study I and II) were informed that participation was voluntary, that 

they could retract their participation at any time without any impact to their standard care. 

Before inclusion all participants gave their written informed consent (young children consent 

were provided by the caregivers, adolescents by caregivers and the adolescent) and all data 

was handled in accordance with GDPR. All children were provided with a mild anesthetic 

patch before blood sampling, available also for adults. Children and adults who were 

reluctant to provide e.g. blood sample were invited to take part in the other aspects of the 

trial. The blood withdrawn were performed in accordance with clinical practice and entails a 

minor risk. The fecal and urine sampling were collected at home and entail no risks. The 

placebo treatment is commonly used in trails and safe, however contains, a small amount of 

carbohydrates why we as a precaution excluded participants with diabetes. The active 

treatment, Synbiotic2000, is a food supplement. The bacterial strains included have been 

granted Qualified Presumption of Safety (QPS) status as feed additives by the European Food 

Safety Authority (EFSA). Synbiotic2000 has previously been used extensively in research 

without any reported adverse effects, and is commercially available. The register cohort 

studies (study III and IV) did not require informed consent from the respective individuals as 

we had only pseudonymized data, and only data on group level were possible to export 

outside the Findata platform environment. Also, data from less than five in a group was not 

available. In addition, to consider risks, another ethical aspect of importance is potential 

benefits. If there is no, or very little, potential scientific gains to be made, the research is 

ethically difficult to justify. The knowledge gaps indicated in the thesis literature review, and 

potential clinical implications justify the low risks of our studies.  
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4 Results 

4.1 Study I and II 

There is growing evidence of an immune upregulation in several psychiatric and NDDs 

including ADHD (47-52, 123, 124). Modulating the gut flora have been suggested as a 

potential way to ameliorate inflammation and thereby psychiatric and NDD symptom burden 

(136), however there is a lack of RCTs in ADHD. We have previously shown, that certain 

psychiatric symptoms correlate with inflammation analytes in adults with ADHD, e.g. CRP 

and GI symptoms and sICAM-1 and ASD (166), which is in line with previous research (68-

70). We hypotoseised that treatment with Synbiotic2000 would reduce core and related 

ADHD symptoms and further influence analytes associated with inflammation and related to 

the gut-brain axis. In the cohort there were N = 182 participants who completed the 9 week 

intervention and N=156 provided blood sample at basline and follow-up. In addition N=56 

controls provided blood sample at one timepoint.  

 

Fig 2. Flow chart of randomized controlled trail. Figure form Skott E*, Yang LL* et al., 2020, Brain, Behavior, and Immunity (167) 
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Results Study I  

Primary endpoints  

There was no significant treatment effect on symptoms when comparing synbiotic and 

placebo in neither of the primary endpoints, ADHD symptoms, functionality and ASD, with 

the exeption for a borderline synbiotic2000 specific effect in children on ASD symtoms (95% 

CI: −0.072, 0.003, ƞ2 = 0.081) and a significant improvement in ASD symptoms in the 

domain restricted, repetitive and stereotyped behaviors (95% CI: −0.166, −0.013, ƞ2 = 0.052; 

mean of t1-t2: 0.052 for Synbiotic 2000, −0.034 for placebo). In sensitivity analysis, 

stratifying on sVCAM-1 level, the effect of Synbiotic 2000 on ASD symptoms in children 

was significant in the high sVCAM-1 group, both on total scale (95% CI: −0.083, −0.001, ƞ2 

= 0.117) and on sub-scale restricted, repetetive and stereotyped behaviour (95% CI: −0.199, 

−0.006, ƞ2 = 0.123).  

Secondary outcome 

The secondary outcome was emotional regulatory difficulies in adults using DERS-16. 

Adults with Synbiotic2000 tretment improved in the sub scale of goal directed behaviour 

while emotionally upset (95% CI: −2.07, −0.014, ƞ2 = 0.040). In sentitivity anlays of the 

cohort with ADHD and above-median-sVCAM-1 at baseline there was a Synbiotic 2000- 

effect on the total scale (95% CI: −17.0, −2.40, ƞ2 = 0.209) and on four out of five subscales.  

Results Study II 

Plasma levels of immune activity proteins and short-chain fatty acids in ADHD at 

baseline  

In the adult cohort with ADHD, at baseline, there were sigificantly higher levels of the 

proinflammatory cell adhesion molecules sICAM-1 and sVCAM-1, further the adult ADHD 

cohort had lower levels of the SCFAs formic, propionic, acetic and butyric acid, compared to 

controls. In the adult ADHD cohort, the analyte levels of sVCAM-1 and formic acid levels 

were correlated. In the child cohort with ADHD, there were to few child controls to perform 

case-control analysis. However, compared to adults with ADHD, the child cohort had higher 

levels ofsICAM-1 and sVCAM-1 and the cytokines, IL-12/IL-23p40, IL-2R, TGF-2B and 

TRAIL, and lower levels of eotaxin-1. Further, children with ADHD had lower levels of 

formic, acetic, propionic and butyric acid compared to adults with ADHD. In the cohort of 

children with current ADHD medication, the levels of sICAM-1 and sVCAM-1 were higher 

and the level of propionic acid lower, compared to the group of children with ADHD and no 

stimulant treatment. In the child cohort, sICAM-1, sVCAM-1 and eotaxin-1 where correlated 



 

 25 

with acetic acid. To validate the detected negative correlations between SCFAs and immune 

markers, a preliminary cell experiment was conducted and showed lower sICAM-1 

expression in cells preincubated with SCFAs.  

 

Figure 3 Summary of the findings. from Nutrients 6th of mars 2023. (168) 

Effects of Synbiotic2000 on plasma levels of immune activity proteins and 

short-chain fatty acids in ADHD  

At baseline there was no difference in analyte level between the two treatment arms: 

Synbiotic 2000 and placebo. After the nine-week Synbiotic intervention, there were 

suggestive Synbiotic-specific effects compared to placebo: (i) increased level of VEGF-A in 

adult group not taking stimulant medications, (ii) decrease in both IL-2Ra and sVCAM-1 in 

adults that initially had higher levels of sVCAM-1, (iii) reduction in IL-6 in adults with lower 

basleine levels of sVCAM-1. In children, there was a tendency of reduced IL-12/IL23p40 and 

increased propionic acid post treatment. In the child cohort with stimulant treatment there 

was a significant reduction of IL-12/IL23p40 and further a suggestive reduction of sICAM-1, 

and a suggestive reduction of IL-2Ra in children without stimulant treatment. The analysis 

were performed using ANCOVA.   



 

26 

 

Figure 4. Confidence intervals (CIs) for treatment effects of Synbiotic 2000, compared to placebo and adjusted by sex, on 

immune activity marker levels. CIs were from analysis of covariance models for (A) children; (B) adults; (C) children on ADHD 

medication during the last 3 months; (D) children not on ADHD medication during the last 3 months; (E) adults on ADHD 

medication during the last 3 months; (F) adults not on ADHD medication during the last 3 months. Dark colors indicate 95% CIs, 

and light colors indicate 99% CIs. ADHD medication includes methylphenidate, dexamphetamine, atomoxetine, and for adults 

also lisdexamphetamine. A CI below 0 means that Synbiotic 2000, compared to placebo, reduced the analyte levels. * Statistical 

significance (α = 0.01); # difference at α = 0.05; Outliers (three for CRP and two for SAA) were excluded by the defined cut-off of 

more than 50* interquartile range (IQR) from the median. Figure from Nutrients 6th of mars 2023. (169) 

4.1.1 Limitations Study I and II  

In the RCT we investigated the impact of a synbiotic on psychiatric symptoms, and plasma 

immune activity proteins and SCFAs in a ADHD cohort. We found no Synbiotic2000 

treatment specific effect on the primary endpoints including ADHD symptoms, however it is 

suggested that the treatment have possible effect in (i) reducing sub-clinical ASD symptoms 

in children and (ii) improve emotion regulation in adults, and further that improvements in 

this areas are more pronounced in the sub-cohort with higher plasma proinflammatory 

sVCAM-1 levels at baseline. Multiple testing correction was not done in Study I, increasing 

the risk for type I errors. However, in analysis of analytes multiple testing was adjusted for. 

From previous research we know that ADHD is associated with obesity and diet (170), we 
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therefore tried to control for diet and BMI, however we did not have BMI data in the child 

cohort. Recall bias might have been introduced in the use of a four week retrospective FFQ as 

participants might not accurately remember in detail what they have eaten, further the FFQ 

answers were in a second step converted to nutrient levels and amounts with a degree of 

approximation, possibly inducing measurement errors. Also, we lacked child controls, 

therefore possible associations in the child cohort are not necessarily specific to ADHD. 

Finally, in the placebo arm there was significant reductions in sVCAM-1 and sICAM-1 levels 

post treatment in the adult ADHD cohort which we could not explain. 

4.2 Study III and IV 

Studies suggest that maternal immune activation can impact neural transmitters and behavior 

in offspring (106) and prenatal exposure to maternal ADs has been suggested to increase the 

risk for NDDs in offspring (141-148, 150, 152, 171), however often not considering possible 

mediators or with e.g. a single. outcome of interest. We hypothesized that prenatal exposure 

to maternal ADs during pregnancy implies a higher risk for offspring mental health disorders 

later in life.  

Results Study III 

Our study on 13.8 million person-years revealed that offspring of mothers with CD have an 

increased risk of developing Incontinence, Feeding disorders and Sleeping disorders. 

Notably, exposure to severe episodes of CD during pregnancy, implied a 2-3-fold increase in 

the risk of Incontinence and Other feeding disorders in the children. These associations 

remained significant with a strict CI at 99%. Additionally, children exposed to maternal IBD 

also showed higher usage of hypnotics, antipsychotics, and sedatives. While factors such as 

maternal hospitalization could contribute to these findings, we ruled out such confounders. 

Furthermore, despite acknowledging that preterm birth and small birth size are risk factors for 

NDDs, it did not fully account for the observed increased risks in the offspring for the 

specific disorders mentioned. 
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Figure 5. Psychiatric and NDD in offspring in relation to exposure to maternal IBD and CD stratified by perinatal risk 
factors. Forrest plot showing adjusted hazard Ratios (HR) for offspring psychiatric and mild NDD stratified on perinatal factors. 

Perinatal factors (yes/no) referred to birthweight below 2500 g, birth small for gestational age (SGA) and/or birth before the 37th 

gestational week. Reference group was offspring born to mothers without IBD. IBD: ICD-10: K50-K51; CD: ICD-10: K50. The 

analyses were adjusted for offspring birth year, biological sex, number of fetuses, maternal age group at delivery, parity, 

unmarried mother at birth, SES, mother’s country of birth, maternal smoking, maternal in or outpatient psychiatric disorder and 

maternal use of psychotropic medication during pregnancy (N05/N06). Followed up until December 2018. 

Results Study IV 

Of the 1,107,802 births studied, 3.2% births were to mothers diagnosed with an AD pre-

delivery. Offspring exposed prenatally to ADs had a 15% higher risk of major psychiatric 

disorders (HR 1.15, 99% CI 1.09-1.21) and an 18% increased risk of NDDs (HR 1.18, 99% 

CI 1.14-1.22). The risks were primarily moderate (less than doubled) e.g. HR between 70-

99% higher risk for offspring ADHD (other disorders in systemic vasculitis), ID (type 1 

diabetes), SDDs was found (acute thyroiditis and Crohn's disease), in three cases the risks 

were higher than two-fold i.e. sleeping disorders (M35), ASD (autoimmune thyroiditis) and 

other behavioral or emotional disorders (pernicious anemia). Offspring exposed to maternal 

ADs connected to the connective system and the endocrine system entailed the increased 

risks for several offspring F diagnosis. It was noted that the disorders with the highest effect 

sizes were neurodevelopmental, typically manifesting in early childhood. 



 

 29 

 Importantly, the study found that these associations were generally not influenced by adverse 

birth outcomes. 

 

Figure 6. Associations between prenatal exposure to maternal ADs, grouped according to body system, and offspring psychiatric 

and NDDs (Hazard Ratios with 99% CI). Associations between prenatal exposure to maternal AD groups according to body 

system and offspring psychiatric and NDDs (Hazard Ratios with 99% CI). (i) Connective system (RA, JA, SLE, SIC), (ii) 

Endocrine system (DM1, Acute thyroiditis, Autoimmune thyroiditis, Hyperthyroidism), (iii) Digestive system (Celiac disease, CD, 

UC, Primary sclerosing cholangitis, Autoimmune hepatitis), (iv) Nervous system (MS, Guillain-Barre syndrome) (v) Blood system 

(Pernicious anemia, Systemic vasculitis), (vi) Skin system (Psoriasis vulgaris, Dermatomyositis/polymyositis, Bullous skin 

disorders, Lupus erythematosus) and offspring psychiatric and NDDs; Mood disorders (F30-34, 39), Anxiety disorders (F40-45, 

F48, F63.3), Sleeping disorder (F51), NDDs combined (F70-73, F79, F80-83, F84, F90-91, F93-95, F98), Specific 

developmental disorders (F80-F83), ASD (F84), ADHD (F90, F98.8), Behavioral and emotional disorders with onset usually 

occurring in childhood and adolescence (F90-F98) and Other feeding disorders of infancy and childhood (F98.2). Analyses were 

adjusted for: Year of birth, sex (boy/girl), multiple births (2 or ≥ 3), maternal age (≤ 24 or ≥35 years), first/only child (yes/no), 

marital status (married/cohabitating or unmarried/living alone), socioeconomic group (Lower white-collar, Blue-collar, Other, 

Upper white collar), migrant mother (yes/no), maternal smoking during pregnancy (yes/no), maternal psychiatric disorder (any F 

diagnosis, in or out patient visits) and/or neurotropic medication (N05/N06) before pregnancy (yes/no), maternal psychiatric 

disorder (any F diagnosis, in or out patient visits) and/or neurotropic medication (N05/N06) during pregnancy obtained from the 

MBR. Offspring were followed up until December 2021. 
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4.2.1 Limitations Study III and IV 

In the context of prenatal exposure to ADs and its potential effects on offspring, both study 

III and study IV contribute valuable insights, albeit with inherent limitations typical of 

epidemiological designs. One critical limitation shared by both studies is the lack of genetic 

information, which could offer insights into the hereditary aspects of autoimmune diseases 

and their NDD impact. This gap highlights a common challenge in epidemiological research, 

where the inability to account for genetic predispositions can obscure the understanding of 

disease etiology and risk factors. Study III explored the association between the IBD 

diagnosis CD and various offspring disorders and found increased risks for offspring 

Sleeping disorders, Incontinence, and Other feeding disorders. Study IV provides a HR for a 

comprehensive exposures and outcomes. Both study III and Study IV have several 

limitations, notably the absence of data on breastfeeding, maternal medication beyond 

psychotropics, and paternal information. Additionally, we could not account for potential 

shared familial confounding factors. Another significant concern was the potential for sub-

diagnostic AD pathology in children, raising the possibility that the observed associations 

could be partly due to undiagnosed AD-related pathology in the offspring. Further, despite 

taking into account the temporality of exposure and effect into consideration, both studies 

acknowledged the possibility that some mothers in the control group might develop ADs pre-

pregnancy, but received a diagnosis post-partum, potentially confounding the results. In 

addition, both studies were also limited by methodological limitations common to 

epidemiological research, such as small exposure groups leading to low statistical power 

(Type II error) and the risk of sparse data bias (Type I error) due to multiple adjustments for 

potential confounders. Despite these challenges, the findings in study III are supported by 

several sensitivity analyses and study IV stands out for its novel approach in examining 

various maternal AD exposures and a range of offspring psychiatric and neurodevelopmental 

outcomes within the same cohort, offering a unique comparative perspective. 

In summary, while both study III and study IV advance our understanding of the potential 

impacts of maternal ADs on offspring health, mechanistic and genetic research is warranted 

to further understand the interplay of immunological, inflammatory, genetic, environmental, 

and methodological factors that challenge epidemiological studies in this field.  
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5 Discussion 

5.1 Introduction  

The scientific exploration of the connections for NDDs and psychiatric disorders with the 

immune system and the gut microbiome is still an emerging field. This thesis aimed to 

explore (i) treatment with a synbiotic in ADHD and (ii) prenatal exposure to maternal ADs 

with outcome being offspring mental disorder, in a clinical and an epidemiological context, 

respectively. Studies I and II aimed to investigate potential effects of a synbiotic on 

psychiatric symptoms and plasma markers associated with the gut bacterial microbiome and 

immune regulation through an RCT design. Studies III and IV aimed to explore potential 

maternal ADs effects on offspring neurodevelopment with an epidemiological design.  

5.2 Summary of findings across studies 

In this thesis, we report levels of immune mediators and bacterial metabolites in ADHD, 

propose that synbiotic has the possiblity to ameliorate certain symptoms associated with 

ADHD, and that there are higher risks for NDDs and psychatric disorders in offspring 

exposed in utero to maternal ADs. In study I and II we measured both SCFAs and immune 

activity markers pre- and post synbiotic treatment and performed case-control comparisons 

and show that (i) participants with ADHD had higher levels of inflammatory markers, 

sICAM-1 and sVCAM-1, and lower levels of SCFAs, at baseline (study II), (ii) the cohort 

with higher baseline levels of these analytes was improved in common co-occuring 

psychiatric symptoms by the synbiotic treatment (study I), and (iii) there are synbiotic 

treatment effects on certain cytokines (study II). Study I and II suggest that, (i) there is an 

altered profile of immune activity and microbiome-associated analytes in ADHD compared 

to controls, (ii) children with ADHD have a more deviated profile of these markers than 

adults with ADHD, and (iii) after the intervention, targeting the microbiota, children and 

adults with ADHD are improved in symtoms related to ADHD, suggesting a gut-brain axis 

effect in-part mediated through immune system pathways. In study III we show that 

offspring, exposed to mothers with CD prenataly, had increased risks of developing 

incontinence, feeding and sleeping disorders later in life. This was supported by sensitivity 

analyses showing that (i) in utero exposure to severe CD episodes associated with markedly 

higher point risk estimates, and (ii) there was more dispensation of sedative/hypnotic 

prescriptions in the exposed group. In study IV, further investigating offspring risk for NDDs 

and psychiatric disorders, we show that (i) maternal ADs overall are associated with offspring 

NDDs and psychiatric disorders, and (ii) certain specific ADs such as and systemic vasculitis, 
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T1DM and acute thyroiditis are associated with NDDs like ADHD, ID, and SDD. The 

highest risks were observed for (i) sleeping disorders, (ii) ASD, and (iii) other behavioral or 

emotional disorders after exposure to maternal conditions e.g. autoimmune thyroiditis and 

pernicious anemia. Study III and IV, support the notion of a prenatal immune-mediated 

involvement in the etiology of NDDs. 

5.3 The findings in the context of previous knowledge  

Study I and II 

Substantial evidence supports the existence of a gut-brain axis and its potential to influence 

neurological functions and behaviour in animal models (78, 98-106). The gut-brain axis is in 

part mediated by immune activity markers, and immune dysregulation is proposed in NDDs 

(118-121, 123-126) and ADHD (132, 134). Previous studies of immune activity markers in 

NDDs are often limited to a restricted number of analytes, for example a recent meta-analysis 

provide information on CRP, IL-1β, IL-6, IL-10, TNF-α and IFN-γ (126). Treatment with 

probiotics in ADHD has been suggested but the results remain inconclusive. A meta analysis 

from 2024, including 7 monoprobiotic or oligoprobiotics studies and one synbiotic study 

being our study I, of the therapeutic effect on ADHD symptoms report no effect on ADHD 

symtoms (140). However the included studies have large metodological differencies, (i) the 

use of different strains each with potentially diverse effects, (ii) the amount of bacteria used, 

(iii) singel or multiple strains and (iv) the length of the intervention, making inferences 

between the studies difficult. Further, there is a lack of biological data in these human 

interventional studies.  

We assessed not only core ADHD symptoms, but we included ASD symptoms, functionality 

and emotion regulation. In addition to symptom scales we assessed immune markers which 

made it possible to stratify treatment effect analysis to those with higher immune activity at 

baseline, in line with a possible treatment effect mediated by an anti-inflammatory action. We 

provided levels for a wide range of immune activity markers and SCFAs in plasma with case 

control comparisons in the adult cohort, and show that adults with ADHD had higher baseline 

plasma levels of sICAM-1 and sVCAM-1 compared to controls. Previous research has linked 

sICAM-1 with psychiatric conditions and impaired BBB integrity (133). In addition children 

with ADHD had higher levels of sICAM-1 and sVCAM-1 compared to adults with ADHD, 

and furthermore, children with ADHD and current stimulant medication had higher levels 

compared to those without. We lack case-control comparisons in the child cohort, however 

increased levels of sICAM-1 have previously been reported in children with ADHD (134), 

which supports our findings. To be noted, sICAM-2 was lower in children on ADHD 
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medication (134) and sICAM-2 was not studied in this thesis. Notably, while both sICAM-1 

and sICAM-2 are involved in mediating cell adhesion and immune responses, they do not 

necessarily correlate (93). In addition to elevated sICAM-1 and sVCAM-1 we found that the 

plasma levels of IL-12/IL23p40, IL-2Rα, TRAIL and TGF-β2 were higher, and eotaxin-1 

lower in children with ADHD compared to adults with ADHD. We cannot conclude whether 

the child cohort baseline levels differ from a age matched control group however, IL-

12/IL23p40 has also been suggested to be higher in ASD (172), schizophrenia (173) and in 

children with CD (174), where the two first disorders belong to, or are suggested NDDs, and 

the third often co-occurs with ADHD. Both ASD and CD were exclusion critera in the 

BAMBA cohort but we can not exclude the potential of prodromal symtoms or an 

undiagnosed medical condition. Further IL-2Rα and TGF-β2 have been associated with 

depression and schizophrenia (175, 176). In contrast to our results, with lower levels of 

eotaxin in children with ADHD compared to adults with ADHD, eotaxin has been showed to 

be increased in ASD, while the IL-12/IL23p40 closely related IL-12p70, which in accordance 

with our results was increased in ASD (177). Several immune signaling cells, including IL-

2Rα, TRAIL, TGF-β2 and eotaxin-1 are associated with ADs (54). 

We show lower baseline levels of SCFAs in adults with ADHD compared to controls and, 

lower SCFAs levels in children with ADHD compared to adults with ADHD. The lower 

SCFAs levels, is supported by a later study, showing lower levels of fecal SCFAs in an 

ADHD population and in addition showing a negative correlation between SCFAs and 

ADHD symptoms (117). We did not conduct a correlation analysis between plasma SCFA 

levels and ADHD symptoms. Most studies, assessing SCFA levels in humans use fecal 

concentrations, although the correlation with systemic SCFA levels in plasma is low (78) . 

The fecal SCFA level may have potential biases related to factors such as intestinal transit 

time, permeability, metabolite transport, and sample handling, and may not reflect 

physiological conditions in the colon (78). SCFAs are associated with dietary intake, 

particularly the consumption of fiber-rich foods, which affect their production by the gut 

microbiota. Our plasma SCFA levels were not significantly influenced by diet, but explained 

by number of antibiotic medication uses last 2 years and psychostimulant medication (178). 

In children there was a suggestive Synbiotic2000 increase of propionic acid. In ASD, SCFAs 

have been suggested to be both higher and lower, propionic acid-producing bacteria have 

been associated with symptom severity, and injection of very high levels of propionic acid in 

mouse brain is an established ASD-like model (78). 
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There were several suggestive treatment effects of Synbiotic2000, adults without stimulant 

treatment showed an increase in VEGF-A, adults with higher baseline levels of sVCAM-1 

had suggestively reduced levels of IL-2Rα and sVCAM-1, and adults with lower levels at 

baseline showed a suggestive reduction of IL-6. A probable explanation to the detected IL-6 

reduction is an increase in the placebo arm. VEGF-A is involved in angiogenesis (179) and 

has not been reported in ADHD previously, but has been associated with several ADs such as 

SLE, RA and MS (180). Both adults with higher sVCAM-1 at baseline and children without 

stimulant medication had a suggestive reduction of IL-2Rα post treatment, previously higher 

levels of IL-2Rα have been associated with disease severity in e.g. depression (169). In 

addition sVCAM-1 was suggestively reduced in adults in the cohort with higher 

inflammatory levels as baseline. Previously, meta-analysis of probiotic interventions in e.g. 

metabolic syndrome has shown treatment specific reductions of  sVCAM-1 and sICAM-1 

post intervention (181). In the child cohort there was a suggestive reduction of IL-12/IL-

23p40, and in the cohort with stimulant treatment there was a significant reduction of IL-

12/IL-23p40 and suggestive reduction of sICAM-1. Monoclonal antibodies targeting IL12-

IL-23p40 is suggested as therapeutics in several ADs and are commonly used in IBD (174).  

Further, we found synbiotic treatment effects on emotion regulation in the adult ADHD 

cohort with higher levels of inflammatory involvement at baseline. Previously, association 

between gut-microbiome beta-diversity and emotion regulation in healthy females was 

shown, which supports the gut-brain crosstalk hypothesis in our study, although also suggests 

that the finding might not be ADHD specific (182). However, there was a significant time-

period between the stool sampling and the assessment of emotion regulation possibly biasing 

the study (183). In addition to the treatment effect in adults with higher levels of 

inflammation at baseline, children were improved in subclinical ASD symtoms, however 

there was no linear corrrelation for sICAM-1 or sVCAM-1 with symptom scale score for (i) 

DERS-16 in adult cohort or (ii) or ASD score for children in BAMBA (166). 

Study III and IV 

Investigating prenatal exposure to maternal CD, we show that children had higher risk of e.g. 

sleeping impairment supported by (i) higher point estimates with exposure to severe maternal 

CD and (ii) higher rates of related medication. Previous research has predominantly 

investigated ASD as outcome, with inconclusive results (151, 184-186). We simultaneously 

examined a wide range of maternal AD exposures and a comprehensive list of offspring 

outcome diagnoses of interest. Previous studies have had a more limited scope of exposures 

and/or outcomes of interest, and in addition often not considering perinatal risk factors (110, 
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143-146, 149-151). Investigating several exposures and outcomes in the same cohort enables 

the comparisons of effect sizes between different exposures. We found increased risk for 

overall mental health (HR 1.17; 99% CI 1.13-1.20) in exposure to any maternal AD which is 

in accordance with previous research (HR 1.16  95% CI 1.13-1.19) (151). The majority of the 

detected associations with childhood mental diagnoses were for the maternal AD groups 

affecting (i) the connective tissue, with the most prevalent diagnosis being RA and JA, and 

(ii) the endocrine system, with the most prevalent diagnosis being T1DM. We also found that 

offspring exposed in utero to systemic inflammatory conditions (SIC), such as Sjögren’s 

syndrome, polymyalgia rheumatica, hypermobility syndrome, and other disorders of systemic 

involvement of connective tissue, had more than double the risk of developing sleeping 

disorders. While these associations have not been reported previously, it is possible that the 

increased risk observed may be related to these individuals experiencing a prodromal phase 

of ADs. Furthermore, exposure to autoimmune thyroiditis or acute thyroiditis was associated 

with a 1.5 to 2-fold increased risk for ASD. Maternal thyroid hormones, which are transferred 

to the fetus early in pregnancy (187), play a vital role in fetal brain development; deviations 

in their levels can influence this developmental process (187, 188). Also, exposure to 

pernicious anemia was linked to an almost threefold increase in the risk for behavioral and 

emotional disorders — a previously unreported association. Possibly, this stems from the 

condition's impact on Vitamin B12 absorption in the small intestine, due to autoimmune 

inflammation. Vitamin B12 is crucial for neurodevelopment, including neurotransmitter 

synthesis and myelination. Vitamin B12-deficiency during pregnancy is associated with 

delayed behavioral and cognitive development (189). Systemic vasculitis slightly increased 

the risk for ADHD and other behavioral or emotional disorders. Pregnancies complicated by 

systemic vasculitis are high-risk, as the condition can compromise blood vessels and 

placental function, affecting nutrient and growth factor delivery to the fetus (190).  

Clinical relevance and implications  

In study II, baseline assessments revealed that adults with ADHD had higher plasma levels of 

sICAM-1 and sVCAM-1 compared to controls. Notably, children with ADHD medicating 

with psychostimulants in the BAMBA study exhibited higher levels of sICAM-1 than those 

that were unmedicated. Given that psychostimulants are known to elevate heart rate and 

blood pressure (191) and considering sICAM-1's potential role as a biomarker for 

cardiovascular risk (192) these findings underscore the importance for further investigation 

into the cardiovascular implications of ADHD medication. Prior studies, including a Swedish 

register cohort study (26) have indicated elevated risk of pathological hypertension associated 
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with ADHD medication, underlining the need for a deeper investigation into potential 

mitigative strategies. We did find a suggestive synbiotic-specific reduction of sICAM-1 

levels in children with psychostimulant medication. The possible use of Synbiotic2000 as an 

adjuvant treatment to ameliorate inflammatory processes and potentially reduce 

cardiovascular risk provides for a significant clinical interest. Notably, sICAM-1 has 

previously been associated with obesity (193) and depression (133), but we did not adjust for 

BMI in the child analysis, hence we cannot rule out that higher sICAM-1 levels in the child 

cohort were associated with higher BMI or depressed mood. However, we could exclude 

such confounding in the adult cohort. The co-occurance between ADHD, psychiatric 

disorders, GI symptoms (68-70) and uppregulated sICAM-1 suggests an interrelation (193). 

Further research into the complex interplay between SCFAs, immune markers, and ADHD 

pathology is crucial to unravel these mechanisms and their clinical implications.  

Emotion dysregulation is a common feature in ADHD (4), further there is a high co-

occurance between ASD and ADHD (194). In study I there was a significant treatment effect 

in emotional regulation and ASD symptoms in the ADHD cohort with higher 

proinflammatory levels at baseline. Emotion regulation difficulties are known to cause 

additional suffering in individuals with ADHD and neither ASD symptoms nor emotional 

regulatory difficulties are improved by standard stimulat treatment (191, 195) which in 

addition can have sideeffects (191). The Synbiotic2000 treatment was well tolerated and has 

potential effects, possibly through the gut-brain axis, on common co-occurring symptoms in 

ADHD, which poses a clinical interest.  

In study III and IV we provide findings that support the notion that prenatal exposure to 

maternal ADs can predispose offspring to a range of mental health disorders, generally the 

risks were small and predominantly relevant at a public health level. A few AD exposures 

were associated with higher risks, still with modest effect sizes, which might propose that 

offspring to these certain maternal ADs might benefit from psychiatric monitoring to enable 

early interventions. Some studies suggest that probiotic interventions pre and/or post birth 

might reduce risk of NDDs in offspring. The evidence remains inconclusive, underscoring the 

need for further research (130, 138). Females with ADs tend to give birth to fewer children, 

which to some extent is explained by concerns about offspring health outcomes (196), further 

underlining the clinical relevance and need for accurate risk estimates, and when relevant, 

possible monotoring or preventive strategies.  
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5.4 Strenghts of the studies 

In study I and II we integrate clinical assessments with biological markers, adopting a 

comprehensive approach that provides valuable and novel information. This methodology 

enabled us to investigate treatment effects in different stratas. An RCT design reduces bias, 

enhance reliabity of the results by randomly assigning participants to either the intervention 

or control group, thereby improving our ability to infer causality. One major strength in our 

RCT is the sample size, more than doubled the size compared to other studies, further the 

duration of the intervention is among the longest for probiotics, and the treatment being 

multiple bacterial strains including fibers is rarely used (140) and, to the best of our 

knowledge, it is still the first report of a comprehensive immune activity marker profiling in 

child and adult ADHD. Another strength is that the SCFA levels are measured in plasma, and 

lastly, we performed correlation analysis between immune system proteins and SCFAs. In 

study III and IV we used an epidemological design investigating prenatal exposure to 

maternal ADs. A strength of this approach lies in the use of large-scale national birth registry 

data, with over 1 million births, which offers robust and generalizable findings. Further the 

substantial poupulation characteristics, ranging from maternal psychotropics to offspring 

birthweight, enabled us to make thorough adjustments minimizing the risk of confunding. 

There is however, always the possiblity of unknown confounders that introduce biases or 

affect the accuracy of the findings. To address this, we performed several sensitivity analyses, 

e.g. perinatal risk factors, to support the validity of our findings. The diagnoses in our registry 

data have been validated, which increases the accuracy and reliability of our results and 

minimizes the risk of misclassification. Nevertheless, the immune system's role on offspring 

during pregnancy is intricate and not fully elucidated, especially regarding how specific ADs 

might influence fetal brain development. Identifying maternal conditions that increase the 

risk of psychiatric and NDDs in offspring could pave the way for targeted interventions and 

monitoring strategies, potentially diminishing these risks. Taken together, the findings 

reported in this thesis underscore the necessity for further research into the gut-brain axis and 

the prenatal immune environment's role in the etiology and manifestation of mental disorders. 

The limitations of this study are discussed in the respective sections above. 
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6 Conclusions 
This thesis explores effects of (i) a synbiotic treatment in a ADHD cohort and (ii) prenatal 

exposure to maternal ADs on NDDs and psychiatric disorders. In study I we show treatment 

specific effects on (i) ASD and (ii) Emotion dysregulation symptoms in children and adults, 

respectively, in the ADHD cohort with higer levels of sVCAM-1 at baseline. In study II we 

show immune activity and SCFA plasma profiles in ADHD and a negative correlation 

between certain inflammatory markers and SCFAs, and a tendency of treatment specific 

effects on child propionic acid and certain proinflammatory markers, and treatment specific 

effects on IL-12/IL-23p40 in children with ADHD on stimulant medication. Using an 

epidemiological approach we identified increased risks for disorders such as sleep, eating, 

and incontinence disorders in offspring exposed to maternal CD (study III). And further we 

show risk estimates for a comprehensive range of maternal AD-offspring mental disorder 

associations, enabeling effect size comparisons (study IV). In study III and IV we show 

increased HR for several NDDs and psychiatric outcomes that is not fully explaind by 

adverse birth outcomes. In conclusion, this thesis underscores the complex interplay between 

immune function and mental health, spanning from prenatal development to childhood. 

However, futher reserch is needed to verify these results, preferably with a longitudinal 

approach to address causality.  
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7 Future perspectives 
Inflammatory markers and synbiotic effects in ADHD 

We demonstrate elevated concentrations of inflammatory markers, specifically sVCAM-1 

and sICAM-1, in adults diagnosed with ADHD. This may represent an early indicator of a 

developing cardiovascular disorder (CVD), which has been reported to be overrepresented in 

ADHD population (197). Notably, these levels were even more elevated in children 

undergoing stimulant medication compared to their untreated counterparts. Further, we report 

that the cohort of children with higher baseline sVCAM-1 levels improved in ASD symptoms 

by oral synbiotic2000 treatment, and adults in emotion regulation. In addition, Synbiotic2000 

significantly reduced IL-12/IL-23p40 in the children, and suggestively reduced sICAM-1 and 

sVCAM-1 as well as a few other markers relevant for vascular inflammation or angiogenesis. 

This may indicate that Synbiotic2000 is acting through an antiinflammatory pathway, 

particularly benefiting those with a higher inflammatory state at baseline, thereby potentially 

relevant for protecting against CVD development. However, there was not a clear overlap 

between markers elevated at baseline and those found to be changed by the synbiotic. Also, 

the effect variation between patient groups may be because of limited group sample sizes. It 

is unknown if there is a causal relationship between stimulant treatment and vascular 

inflammation. However, stimulant medication is known to often cause increased blood 

pressure (191), and is proposed to be associated with pathologic hypertension associated with 

the duration of treatment (26). To clarify these relationships, further longitudinal studies are 

necessary.  

Current and future research directions on vascular effects of psychostimulants  

Our reserch group has initiated a new longitudinal clinical observational study aiming to 

investigate the causative effect of psychostimulant medication in ADHD on the vascular wall. 

Treatment-naïve children with ADHD are invited to participate and blood samples are 

collected at several timepoints. As a second step in this longitudinal study, we will introduce 

an open-label Synbiotic treatment and monitor potential effects in plasma and the fecal 

microbiome. In parallell, we are investigating psychostimulant effects, as well as the putative 

SCFA-vascular inflammation interaction in vitro, in two human endothelial cell models.  
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Epidemiological insights into effects of maternal autoimmunity and offspring 

mental health risks 

Further significant risks for offspring mental disorder, predominantly NDDs, were observed 

following exposure to various maternal ADs. These risks were not fully explained by 

perinatal risk factors. Notably, specific offspring disorders exhibited more than a two-fold 

increase in risk associated with certain ADs, such as sleep disorders in mothers with SIC, and 

autism in mothers with autoimmune thyroiditis. Previous findings of association between 

parental ADs and offspring mental disorders have suggested a stronger maternal contribution, 

implicating that in utero environmental factors might contribute to mental disorder, in 

addition to genetic factors (142, 143, 146, 151, 153).  

Suggestions for future research 

In future epidemiological research assessing the risk to offspring exposed to various maternal 

ADs, it would be valuable to explore maternal medication during pregnancy, potentially 

categorizing exposures into traditional AD pharmaceuticals and monoclonal antibodies and 

assess effects on offspring mental disorder. In addition, it would be interesting to further 

investigate if a gut-brain targeted treatment during pregnancy is beneficial for offspring 

health. Finally, while maternal psychostimulant medication during pregnancy does not seem 

to increase the risk for NDDs in the offspring (198), it would also be interesting to investigate 

the effect on cardiometabolic risk in the offspring. 

Key findings and their impact 

This thesis combines clinical and epidemiological findings, which, taken together proposes a 

gut-brain axis and immune activity involvement in prenatal neurodevelopment and NDDs 

and a potential novel adjuvant therapeutic in ADHD. While the implications of these findings 

are possibly significant for both clinical practice and public health policy, replication of 

results or support through mechanistic research is essential. From a clinical perspective, the 

use of synbiotic treatment could hold potential benefits for patients with ADHD, in managing 

symptoms such as emotional dysregulation and mitigating any, possibly medication 

associated, increases of inflammation in blood vessels. Understanding the impact of maternal 

health and implication on prenatal neurodevelopment could guide preventive strategies and 

interventions aimed at minimizing prenatal risks.  
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