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ABSTRACT 

Parkinson’s disease (PD) is a movement disorder characterized by the loss of dopaminergic 
neurons in the substantia nigra. It is associated with widespread neurodegeneration in the 
central, autonomic, and enteric nervous systems. PD is not restricted to its cardinal motor 
symptoms (bradykinesia, rigidity, and rest tremor), as it also manifests in a variety of non-
motor symptoms such as gastrointestinal dysfunction, which may predate the onset of 
motor symptoms by several years. The early involvement of the gastrointestinal tract and 
evidence from animal, neuropathological, and epidemiologic studies have given rise to a 
hypothesis that the pathogenesis of PD could originate in the gastrointestinal tract. It has 
even been proposed that the pathological accumulation of alpha-synuclein (αSyn) – the 
hallmark pathologic characteristic of PD – could originate in the gastrointestinal tract and 
spread towards the central nervous system from there. Interestingly, PD has also been 
associated with alterations in the composition of gut microbiota – the ecological community 
of commensal, symbiotic and pathogenic organisms living in the gastrointestinal tract. The 
aim of this thesis was to explore the possible associations between the microbiota-gut-brain 
axis (MGBA) and PD.  
 
This thesis includes a cross-sectional study and two retrospective registry-based studies 
utilizing the Finnish Care Register for Health Care (HILMO) and other nationwide registers. 
In study I, we assessed the diversity and clinical associations of gastrointestinal symptoms 
and gut microbiota in PD patients and controls. The symptomatic Rome III criteria for 
irritable bowel syndrome (IBS) were fulfilled in 24.3% of PD patients and 5.3% of controls 
(p=0.001), suggesting that the bowel symptoms of PD patients can be even more diverse 
than previously expected. Moreover, IBS-like symptoms were associated with other non-
motor symptoms and microbiota composition, such as a decreased abundance of genus 
Prevotella. In study II, the associations between PD-risk and antibiotic exposure were 
investigated in a registry-based case-control setting. The adjusted odds ratio for PD patients 
exposed to macrolides and lincosamides was up to 1.42 (95% confidence interval 1.05-
1.90). Overall, the strongest associations were observed for exposure to broad-spectrum 
and anti-anaerobic antibiotics that potentially have the strongest impact on gut microbiota. 
In study III, we investigated the associations between PD-risk and IBS in a registry-based 
cohort. IBS was significantly associated with a higher hazard of PD, but only during the first 
two years of follow-up (adjusted hazard ratio 2.96, 95% confidence interval 1.78-4.92). This 
finding suggests that the association between IBS and PD, which has been observed in 



 
 

different populations, might be explained by different sources of bias, including detection 
bias, reverse causation, and competing risk of death. 
 
Overall, the observations presented in this thesis provide new insights into the role of the 
MGBA in the pathogenesis and clinical, including non-motor, manifestations of PD. A more 
systemic assessment of gastrointestinal dysfunction in PD could improve the quality of care 
in PD patients. The gut microbiota also provides a potential target for future disease 
modifying therapies for PD.  Ultimately, understanding the role of the MGBA in PD could 
help to understand its relevance in neurodegeneration in general.  
 



TIIVISTELMÄ 

Parkinsonin tauti (PT) on liikehäiriösairaus, jolle on tunnusomaista dopaminergisten 
hermosolujen tuhoutuminen keskushermoston mustatumakkeessa (substantia nigra). 
PT:iin liittyy myös laaja-alaista hermoston rappeutumista keskushermostossa, sekä 
autonomisessa ja suoliston hermostossa. PT ilmenee erilaisina motorisina ja ei-motorisina, 
kuten suolisto-oireina, jotka voivat ilmaantua useita vuosia ennen motorisia oireita. 
Tulokset epidemiologisissa sekä monissa muissa tutkimuksissa viittaavat siihen, että 
suolisto vaurioituu jo taudin varhaisessa vaiheessa ja tämä havainto on johtanut nk. 
suolistohypoteesiin, eli ajatukseen, että PT:n tautiprosessi voisi alkaa suolistosta. On jopa 
ehdotettu, että PT:n patogeneesille tunnusomainen alfasynukleiini-proteiinin 
kasautuminen voisi saada alkunsa suolistossa ja levitä sieltä kohti keskushermostoa. Tämän 
väitöskirjan tavoitteena oli tutkia mahdollisia yhteyksiä mikrobiomi-suoli-aivojen akselin ja 
PT:n välillä. 

Tämä väitöskirja sisältää poikkileikkaustutkimuksen sekä kaksi retrospektiivistä 
rekisteripohjaista tutkimusta, joissa hyödynnettiin terveydenhuollon 
hoitoilmoitusrekisteriä (HILMO), sekä muita valtakunnallisia rekistereitä. Ensimmäisessä 
osatyössä arvioitiin suolisto-oireiden ja suoliston mikrobiomin kliinisiä yhteyksiä PT-potilailla 
ja verrokkeilla: 24,3 % PT-potilaista ja 5,3 % verrokkeista (p = 0,001) täytti Rome III -
oirekriteerit ärtyvän suolen oireyhtymälle (IBS). Löydös viittaa siihen, että PT-potilaiden 
suolisto-oireet voivat olla vielä monimuotoisempia, kuin aiemmin on ajateltu. Lisäksi IBS-
oireiden esiintyminen oli yhteydessä muiden ei-motoristen oireiden esiintymiseen, sekä 
suoliston mikrobiomin muuttuneeseen koostumukseen, kuten Prevotella-sukuun kuuluvien 
bakteerien suhteelliseen vähenemiseen. Toisessa osatyössä arvioimme aiemman 
antibioottialtistuksen yhteyttä PT-riskiin rekisteripohjaisessa tapaus-verrokkitutkimuksessa. 
Korkein vetosuhde (odds ratio) PT:lle (1,42, 95 %:n luottamusväli 1,05–1,90) todettiin niiden 
joukossa, jotka olivat altistuneet makrolidit ja linkosamidit -ryhmän antibiooteille. Yleisesti 
ottaen vahvin yhteys antibioottialtistuksen ja PT:n välillä todettiin laajakirjoisten ja 
anaerobisia (hapettomissa oloissa eläviä) mikrobeja vastaan käytettävien antibioottien 
kohdalla. Kolmannessa osatyössä tutkimme IBS-diagnoosin yhteyttä riskiin sairastua PT:iin 
rekisteripohjaisessa kohorttitutkimuksessa. IBS oli yhteydessä kohonneeseen riskiin (hazard 
ratio) sairastua PT:iin, mutta vain kahden ensimmäisen seurantavuoden osalta 
(hasardisuhde 2,96, 95 %:n luottamusväli 1,78–4,92), Löydös viittaa siihen, että tilastollinen 
yhteys IBS:n ja PT:n välillä voisi selittyä eri harhalähteillä, kuten havaitsemisharha, 
käänteinen syy-yhteys, sekä kilpaileva kuoleman riski. 
 



 
 

Tässä väitöskirjassa esitetyt havainnot tarjoavat arvokasta uutta tietoa mikrobiomi-suoli-
aivoakselin merkityksestä PT:n patogeneesissä, sekä ei-motoristen ja motoristen oireiden 
syynä. Suolisto-oireiden nykyistä järjestelmällisempi kartoitus voisi parantaa PT potilaiden 
hoidon laatua. Suoliston mikrobiomi tarjoaa myös mahdollisen kohteen, minkä kautta voisi 
tulevaisuudessa hoitaa PT:a tai jopa vaikuttaa sen patogeneesiin. Yleisesti ottaen 
mikrobiomi-suoli-aivoakselin vaikutuksen parempi tuntemus PT:ssa voisi auttaa 
ymmärtämään sen merkitystä neurodegeneratiivisissa sairauksissa yleisestikin. 
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1. INTRODUCTION 

Parkinson’s disease (PD) affects 1-2% of the over 65-year-old population, making it the 
second most common neurodegenerative disorder after Alzheimer’s disease (de Lau & 
Breteler, 2006). The cardinal motor symptoms of PD are bradykinesia, rigidity, and rest 
tremor that are usually asymmetrical at onset (Postuma et al., 2015). The prevalence of PD 
is increasing, since the number and proportion of elderly people is rising worldwide (Sipilä 
& Kaasinen, 2020). It is estimated that by 2040 there will be over 12 million people suffering 
from PD worldwide (Dorsey et al., 2018). Most late-onset neurodegenerative disorders are 
associated with insoluble protein aggregates. PD is referred to as a synucleinopathy, and its 
hallmark pathologic characteristic is the accumulation of Lewy bodies and neurites mainly 
comprising insoluble alpha-synuclein (αSyn). Other synucleinopathies include the dementia 
with Lewy bodies (DLB), multiple system atrophy, and pure autonomic failure. 
  
In PD, the propagation of Lewy pathology propagates regionally, and dopaminergic cells 
appear to be especially prone to Lewy pathology (Braak & Del Tredici, 2017). Indeed, the 
loss of dopaminergic neurons in the substantia nigra pars compacta and subsequent 
dysregulation of the basal ganglia due to dopamine deficiency cause the most characteristic 
motor symptoms of PD. However, the full associations between the aggregation of αSyn 
and the neurodegeneration typical to PD are still poorly understood. Usually, the initial 
motor symptoms related to dopamine deficiency occur on either side of the body. The 
disease affects both sides of the body eventually, and the side on which the symptoms 
initially started usually remains worse. Although PD was first described over 200 years ago 
(Parkinson, 1817), its ultimate cause remains unclear. PD is a heterogeneous disorder with 
substantial variance in its phenotype and multifactorial etiology (Marras & Chaudhuri, 
2016). Besides aging, a variety of genetic and environmental factors appear to play a role in 
the pathogenesis. It is estimated that monogenic mutations with familial inheritance cause 
5-10% of PD cases (Abeliovich & Gitler, 2016). Pesticide exposure and rural living are 
associated with a higher risk, whereas physical activity, smoking, coffee consumption, and 
high urate levels are linked to a lower risk of PD (Bellou et al., 2016).  
 
The motor symptoms of PD can be treated with drugs that increase dopaminergic 
stimulation in the basal ganglia by different mechanisms. These medications include 
monoamine oxidase B inhibitors, dopamine agonists, and dopamine’s precursor levodopa, 
sometimes administered together with catechol-O-methyltransferase (COMT) inhibitors. 
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While PD progresses and the dopamine deficiency deepens, patients need higher and more 
frequent doses of levodopa to have good control of motor symptoms, referred to as “on” 
state. However, with disease progression the therapeutic window of optimal dopaminergic 
stimulation narrows, predisposing to motor complications such as motor fluctuations and 
dyskinesias, making it difficult to maintain the patient’s functional ability. During the last 
three decades, the treatment of advanced PD has significantly improved with the 
establishment of device-assisted therapies, such as deep brain stimulation (Schuepbach et 
al., 2013), duodenal administration of levodopa/carbidopa or 
levodopa/carbidopa/entacapone intestinal gel (Olanow et al., 2014; Senek et al., 2017), and 
subcutaneous apomorphine infusion (Katzenschlager et al., 2018). Unfortunately, none of 
the existing interventions is capable of slowing down the pathological process of PD. Hence 
the main goal is to improve quality of life. 
 
For decades, PD was viewed mainly as an extrapyramidal movement disorder, referring to 
the dysfunction of the nigrostriatal pathway and basal ganglia (Chaudhuri & Sauerbier, 
2016). Based on the characteristic motor symptoms, it was classified into tremor-dominant 
and non-tremor dominant subtypes, the latter including akinetic-rigid and postural 
instability gait difficulty (PIGD) phenotypes (Jankovic et al., 1990). However, the 
pathological findings in PD go far beyond the dopaminergic pathways of the central nervous 
system (CNS). Instead, PD causes widespread neurodegeneration affecting multiple brain 
areas and autonomic and enteric nervous systems (ENS) (Braak & Del Tredici, 2008).  
Besides motor symptoms, PD manifests as a variety of non-motor symptoms (NMS), such 
as hyposmia, constipation, pain, fatigue, orthostatic hypotension, cognitive impairment, 
and urinary symptoms. The progressive neurodegeneration slowly leads to further 
worsening of parkinsonism accompanied by increasing cognitive impairment and other 
NMSs that reduce the quality of life, sometimes even more than motor symptoms 
(Martinez-Martin et al., 2011). PD typically leads to death in 10-20 years, depending on the 
age of onset and other factors (De Pablo-Fernandez et al., 2017). 
 
Interestingly, some NMSs, such as hyposmia, constipation, REM-sleep behavior disorder 
(RBD), and depression may precede the appearance of motor signs of parkinsonism by 
several years and are thus called premotor or prodromal symptoms (Schapira et al., 2017). 
Constipation is recognized as one of the first premotor symptoms, sometimes present 
decades before the onset of motor symptoms (Savica et al., 2009). In the 21st century, the 
premotor symptoms have been vigorously studied to increase understanding of the early 
stages of PD pathophysiology. The gastrointestinal tract has gained a lot of attention in this 
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field, since the ENS is affected early in the pathologic process, and many physiological 
changes in the gastrointestinal tract have been reported in association with gastrointestinal 
tract-related NMSs (Cersosimo & Benarroch, 2012). The early gastrointestinal involvement 
and a number of epidemiologic studies linking gastrointestinal disorders with higher PD risk 
have led to the hypothesis that PD could in fact start outside the CNS, namely in the 
gastrointestinal tract (Hawkes et al., 2007).  
 
Recently, PD has been associated with compositional changes in the gut microbiota – the 
ecological community of commensal, symbiotic and pathogenic organisms living in the 
gastrointestinal tract (Scheperjans et al., 2015a). Microbiota is in close bidirectional 
interaction with the brain, thereby contributing to the maintenance of body homeostasis. 
This interaction is mediated by complex neuronal, immune, endocrine and metabolic 
pathways – commonly referred to as the microbiota-gut-brain axis (MGBA). The aim of this 
thesis was to explore the possible associations between the MGBA and PD. Our hypothesis 
was that gastrointestinal disorders and factors that modulate the physiology of the 
gastrointestinal tract could make it more vulnerable to PD pathology.
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2. LITERATURE REVIEW 

2.1 ALPHA-SYNUCLEIN AND LEWY PATHOLOGY 

The most characteristic pathological findings in Parkinson’s disease (PD) are the loss of 
dopaminergic neurons in the substantia nigra, and intracytoplasmic protein inclusions 
referred as Lewy pathology. These inclusions include Lewy bodies (LB), which are found 
within the soma of neurons, and dystrophic neuronal processes called Lewy neurites (LN). 
The LBs and LNs are mainly composed of abnormal insoluble amyloid fibrils rich with beta-
sheet structures of alpha-synuclein (αSyn) (Spillantini et al., 1997; Spillantini et al., 1998). In 
addition, they may also contain smaller amounts of tau and multiple other proteins (Shults, 
2006). αSyn – coded by the SNCA gene – is an aggregation-prone protein coded by the SNCA 
gene that does not have a stable conformation (Kalia & Kalia, 2015). Besides adapting 
monomeric or tetrameric forms in the cytosol, it can oligomerize into soluble species with 
varying size or further aggregate to form LBs and LNs (Kalia & Kalia, 2015). It goes through 
post-translational modification, mediated by phosphorylation, nitration, dopamine 
modification and other factors, all of which affect the predisposition of its aggregation 
(Rocha et al., 2018). The accumulation of αSyn is also influenced by several proteolytic 
systems that are responsible for the proper elimination of damaged proteins, such as 
autophagy-lysosomal pathways and the ubiquitin-proteasome system (Rocha et al., 2018).  
 
Although the Lewy pathology is the hallmark finding in PD, their pathologic intracellular 
effects are only partially understood and it seems that alone they cannot account for the 
neuronal death leading to progressive neurodegeneration (Kalia et al., 2013). Partly, the 
formation of LBs and LNs might be a byproduct of actions responsible for protecting cells 
from harmful effects of aggregated proteins (Kalia & Kalia, 2015). Moreover, the 
conformation of αSyn oligomers and fibrils depends highly on the cellular environment and 
different assemblies have variable effects on the cellular function (Peelaerts et al., 2018). It 
has been proposed that some soluble oligomeric intermediates of the αSyn fibrillation 
process are cytotoxic and responsible for neuronal death (Winner et al., 2011). 
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2.2 THE PROPAGATION OF LEWY PATHOLOGY IN PARKINSON’S 
DISEASE (THE BRAAK STAGING SYSTEM) 

Early in the 21st century, Braak and his colleagues suggested that in PD the αSyn pathology 
follows a stereotypical pattern of propagation in the central nervous system (CNS) (Del 
Tredici et al., 2002; Braak et al., 2003a). According to the Braak staging, Lewy pathology in 
the brain is usually first present in the dorsal motor nucleus of the vagus nerve (dmX) in the 
medulla oblongata, and simultaneously in the anterior olfactory nucleus (Braak Stage 1). 
The pathology progresses as time passes, and the first areas affected generally remain the 
sites of the most profound damage. From the medulla, pathology spreads cranially 
following anatomical connections in the brain stem, affecting the monoaminergic pontine 
nuclei (e.g., the serotonergic Raphe nuclei and noradrenergic locus coeruleus (LC), stage 2), 
substantia nigra in the mesencephalon (stage 3). In later stages, the Lewy pathology reaches 
prosencephalon (e.g., thalamus), mesocortex of the paralimbic region (stage 4), and the 
neocortex (stages 5-6).  
 
αSyn can transfer from cell to cell in a prion-like manner (Hansen & Li, 2012).  Moreover, 
the neuroanatomical pathways that allow the propagation of αSyn pathology from the dmX 
to the LC and the Raphe nuclei, and further to substantia nigra, have been demonstrated 
(Borghammer, 2017). Although the neuropathological staging of PD by Braak is well 
established, it has also encountered some criticism (Jellinger, 2019). The Lewy pathology is 
not always present in the dmX and its propagation in PD does not always follow the caudo-
rostral pattern of Braak and colleagues staging system (Kalaitzakis et al., 2008; Parkkinen et 
al., 2008). The Braak staging system is limited to Lewy pathology associated with PD and 
does not apply to dementia with Lewy bodies (DLB). Although also a unified model for all 
Lewy pathology has been proposed (Beach et al., 2009), also a distinct model for DLB exists 
(McKeith et al., 2005; McKeith et al., 2017). It has been proposed that the distribution of 
Lewy pathology follows two or more distinct patterns (Toledo et al., 2016; Raunio et al., 
2019).  
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2.3 MECHANISMS RELATED TO NEURODEGENERATION IN 
PARKINSON’S DISEASE 

Many factors add complicity in the efforts of forming a comprehensive neuropathological 
model of PD on a basis of Lewy pathology (Uchihara, 2017). The Braak model appears to be 
best applicable in those PD cases with younger onset and long disease duration, whereas 
those with PD-onset at older age and faster progression seem to have a more heterogenous 
distribution of the Lewy pathology (Jellinger, 2019). Aging is a strong risk factor for PD 
(Driver et al., 2009; Pringsheim et al., 2014) and an important determinant of the disease 
progression (Levy, 2007). The key processes associated with aging include stem cell 
function, metabolism, macromolecular damage, epigenetics, inflammation, adaptation to 
stress, and proteostasis, many of which are also linked to PD pathogenesis (Kennedy et al., 
2014; Rodriguez et al., 2015). However, aging is also associated with neurodegeneration in 
general and concomitant AD-related pathology has been observed in patients with 
synucleinopathies, most often in those with DLB or PD with dementia (Atik et al., 2016). 
Mixed pathology probably affects the clinical phenotype of neurodegeneration (Walker et 
al., 2019). Similarly, the presence of Lewy pathology is not restricted to synucleinopathies. 
Instead, Lewy pathology is detected sometimes in patients with dementia, and Alzheimer’s 
disease (Atik et al., 2016). Lewy pathology has also been commonly found in the brains of 
neurologically intact patients – sometimes referred to as incidental Lewy body disease 
(ILBD) suggesting that it may be associated with the normal aging process to some extent 
(Parkkinen et al., 2008). Some cases of ILBD may also represent prodromal PD. Moreover, 
a variety of genetic and environmental factors appear to play a role in the pathogenesis of 
PD and these factors likely affect the forming and distribution of Lewy pathology (Kalia & 
Lang, 2015). Therefore, it is unlikely that one neuropathological model could fit all PD-cases. 
 
The accumulation of αSyn is associated with mitochondrial dysfunction, oxidative stress, 
and neuroinflammation (Rocha et al., 2018).  Many of the genes associated with PD – 
including SNCA, PRKN, PINK1, and DJ-1 – are related to the interplay of these mechanisms 
(Deng et al., 2018). αSyn may impair oxidative phosphorylation – one of the fundamental 
functions of mitochondria – by affecting the activity of complex I in the electron transport 
chain (Liu et al., 2009). Mitochondrial dysfunction causes oxidative stress by increasing the 
production of reactive oxygen species (ROS), which further disturbs mitochondrial function 
that is vital for cell survival (Rocha et al., 2018). Oxidative stress can also further promote 
αSyn aggregation by disturbing the proper elimination of damaged proteins via the 
proteasomal and lysosomal pathways (Blesa et al., 2015). 
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Different types of αSyn oligomers can impair mitochondrial function, induce endoplasmic 
reticulum stress, cause synaptic dysfunction, and disrupt protein homeostasis by inhibiting 
the lysosomal and proteasomal degradation pathways (Ingelsson, 2016). The neuronal cell 
death related to toxic effects of αSyn oligomers leads to the release of cellular content into 
extracellular space. In the CNS, both mitochondrial structures and αSyn evoke an immune 
response via pattern recognition receptors (Gelders et al., 2018). By the release of cytokines 
(e.g., IL1β, IL-6, TNFα) and chemokines, the functionally polarized microglial cells promote 
the pro-inflammatory actions of astrocytes, thereby increasing the production of ROS and 
nitrogen reactive species that cause oxidative stress (Pajares et al., 2020). The 
proinflammatory conditions can also disturb the blood-brain barrier via the altered function 
of both astrocytes and endothelial cells, which contributes to the involvement of the 
adaptive immune system in PD pathogenesis (Pajares et al., 2020).  It is thought that the 
increasing oxidative stress, mitochondrial dysfunction, neuronal damage and chronic 
inflammation are the central mechanisms in the feed-forward cycle that eventually causes 
the neurodegeneration in PD (Gelders et al., 2018) (Figure 1). In line with the proposed role 
of inflammation in PD pathogenesis, use of glucocorticoids and certain other 
immunosuppressive medications have been associated with a reduced risk of PD (Racette 
et al., 2018). Moreover, one of the proposed mechanisms underlying the inverse 
association between high urate levels in blood and the risk of PD are urate’s protective 
effects against oxidative stress as a potent antioxidant (Ascherio & Schwarzschild, 2016). 
 

 
Figure 1. Suggested key mechanisms associated with PD pathogenesis 
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Certain neurons are more vulnerable to Lewy pathology than others. While αSyn is widely 
found in the CNS, it is expressed especially in the neurons and glial cells of neocortex, 
hippocampus, substantia nigra, thalamus, and cerebellum (Emamzadeh, 2016). It is found 
most abundantly in the presynaptic nerve-endings, participating in the control of vesicular 
trafficking (Rocha et al., 2018). Projection neurons with long and highly branched 
unmyelinated or partially myelinated axons are particularly prone to Lewy pathology (Braak 
et al., 2003b). The dopaminergic neurons – especially those in the substantia nigra – have 
anatomical, physiological, and biochemical features that make them prone to Lewy 
pathology (Surmeier, 2018). ROS can be formed in the production of dopamine, and 
oxidative stress can induce the formation of cytotoxic products in the dopamine 
metabolism, such as DAquinones (Blesa et al., 2015). This might cause dopaminergic 
neurons to be more susceptible to other sources of oxidative stress. The dopaminergic 
neurons of substantia nigra are specifically sensitive to disturbances of complex I of the 
mitochondrial respiratory chain (Klingelhoefer & Reichmann, 2015). Moreover, the 
destruction of dopaminergic neurons in the substantia nigra pars compacta leads to the 
activation of glutamatergic cells of the subthalamic nucleus, and the excitotoxicity related 
to increasing glutamatergic tone can further induce neurodegeneration (Surmeier, 2018). 
As the neurodegeneration proceeds, gait disturbances and balance problems become more 
profound. Besides motor function, the progressive neurodegeneration causes cognitive 
decline and other common non-motor symptoms (NMS) related to PD that also worsen with 
time (Kalia & Lang, 2015). 
 

2.4 NON-MOTOR SYMPTOMS 

NMS, like hyposmia, pain, hallucinations, anxiety, depression, cognitive impairment, 
autonomic dysfunction, and sleep disturbance, are quite common in PD, and some of them 
may precede motor symptoms. NMS appear to have a major impact on health-related 
quality of life (Barone et al., 2009). Although James Parkinson already described many of 
these symptoms 200 years ago, they were neglected for decades, as PD was mainly viewed 
as an extrapyramidal movement disorder (Chaudhuri & Sauerbier, 2016). During the last 
two decades, knowledge about the NMSs has increased substantially, partly related to the 
introduction of practical assessment tools, such as the Scales for Outcomes in Parkinson’s 
disease – Autonomic dysfunction (SCOPA-AUT) (Visser et al., 2004), the Non-Motor 
Symptoms Questionnaire (NMSQuest) (Chaudhuri et al., 2006), the Non-Motor Symptoms 
Scale (NMSS) (Chaudhuri et al., 2007), and the more recent Movement Disorder Society 
Nonmotor Rating Scale (MDS-NMS) (Chaudhuri et al., 2020). Like motor symptoms, most 
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NMSs are also subject to fluctuations with more frequent and severe symptoms in the OFF 
state (Storch et al., 2013) and many worsen with disease progression (Hely et al., 2008). 
Due to the better knowledge and recognition of the NMSs, PD is now regarded as a mixed 
motor, non-motor, and multi-organ disorder (Chaudhuri & Sauerbier, 2016). It has been 
suggested that the variable presence of non-motor symptoms in distinct PD subtypes could 
reflect the distribution of Lewy pathology (Sauerbier et al., 2016). 
 
The possible mechanisms behind the NMSs are numerous and the correlations between 
subjective and objective findings have often been inconsistent. Some NMSs e.g., 
hallucinations and impulse control disorders are related to PD drug therapy, while others, 
such as dementia and depression, might be associated with genetic factors (Todorova et al., 
2014). Dopaminergic pathways have a role in the regulation of sleep, motivation and 
thinking, planning of actions, learning, mood, pain, sexual behavior, and urinary function 
(Schapira et al., 2017; M. O. Klein et al., 2019). However, also cholinergic, noradrenergic, 
and serotonergic neurons are affected and have a role in the emergence of NMSs (Schapira 
et al., 2017). The hypothalamus and many brainstem nuclei involved in the regulation of 
urination, defecation, and sexual functions are affected by Lewy pathology (Sakakibara et 
al., 2011). 
 
The neurodegeneration in PD is not restricted to the brain (Wakabayashi et al., 2010). Some 
of the sympathetic preganglionic neurons of the intermediolateral column and sacral 
parasympathetic nuclei are affected already during the early phase (Sakakibara et al., 2011; 
Del Tredici & Braak, 2016). Moreover, degeneration of the cardiac sympathetic neurons has 
been demonstrated by studies utilizing 123I-metaiodobenzylguanidine (MIBG) scintigraphy 
and immunohistochemical methods (Orimo et al., 2016). Also, the enteric nervous system 
(ENS) is affected and motility disturbances along the entire gastrointestinal tract have been 
demonstrated (Borghammer et al., 2016). αSyn has been widely detected in peripheral 
tissues, and every part of the gastrointestinal tract is affected with αSyn-related pathology, 
with a rostrocaudal gradient, possibly reflecting the density of vagal innervation (Beach et 
al., 2010). PD patients suffer widely from gastrointestinal symptoms which are variably 
covered by the NMSS, NMSQuest, SCOPA-AUT, and MDS-NMS questionnaires (Table 1). 
Peripheral αSyn-related pathology has emerged as a potential biomarker for PD but current 
methods for its detection seem to lack specificity (Chahine et al., 2020). Moreover, the 
association between NMSs and αSyn-related pathology is unclear (Fasano et al., 2015). 
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Table 1. Coverage of gastrointestinal symptoms in different non-motor symptom 
questionnaires 

 NMSS NMSQuest SCOPA-AUT MDS-NMS 

Year published 2007 2006 2004 2019 

Swallowing difficulty x x x x 

Drooling x x x x 

Nausea  x  x 

Early satiety   x  

Infrequent bowel 
movements 

x 

x1 

x x 

Straining during 
defecation 

 x  

Incomplete evacuation  x   

Stool incontinence  x x  

MDS-NMS = Movement Disorder Society Nonmotor Rating Scale, NMSS = Non-Motor 
Symptom Scale, NMSQuest = Non-Motor Symptoms Questionnaire, SCOPA-AUT = Scales for 
Outcomes in Parkinson’s disease – Autonomic dysfunction 
1Combined into a single item 

 

2.4.1 SYMPTOMS OF THE UPPER GASTROINTESTINAL TRACT 

The production of saliva is reduced in PD patients (Barbe et al., 2017) and around 50% of 
PD patients suffer from xerostomia (Cersosimo et al., 2011; Barbe et al., 2017). 
Hyposalivation might be associated with autonomic dysfunction and αSyn pathology has 
been found in the submandibular glands of PD patients (Del Tredici et al., 2010). 
Interestingly, PD patients also often suffer from drooling (Srivanitchapoom et al., 2014), 
which can be present simultaneously with xerostomia (Cersosimo et al., 2011). Drooling is 
rather a manifestation of motor impairment; dysphagia, hypomimia, and the typical 
stooped posture of PD patients make the management of saliva difficult (Srivanitchapoom 
et al., 2014). 
 
According to a meta-analysis by Kalf and colleagues (2012), 16-55% of PD patients suffer 
from swallowing impairment and in studies with objective measurements, the prevalence 
of dysphagia has been even higher, around 80%. Evaluation of swallowing by 
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videofluoroscopy and fiberoptic endoscopy have shown that all phases of swallowing (oral, 
pharyngeal and esophageal) are impaired in PD and dysphagia usually becomes more 
profound in later disease stages, causing silent aspiration (Suttrup & Warnecke, 2016). 
Dysphagia is related to motor dysfunction, as the destruction of dopaminergic neurons in 
the striatum impairs the supramedullary swallowing center. However, also other, non-
dopaminergic brain areas that are involved in the control of swallowing, are impaired 
(Suttrup & Warnecke, 2016). Moreover, dysphagia in PD patients has been associated with 
airway somatosensory deficits (Hammer et al., 2013).  
 
Early satiety is also a common symptom in PD patients (Verbaan et al., 2007). It can be a 
sign of gastroparesis, which is also characterized by nausea, vomiting, excessive fullness, 
bloating and abdominal bloating (Camilleri et al., 2018). Gastric emptying seems to be 
prolonged at least in some PD patients, although the delay has not been significant when 
assessed using the gold standard method gastric scintigraphy (Knudsen et al., 2018b). 
Mechanisms behind gastric motility problems may include disturbances of both ENS and 
autonomic nervous system including the dmX. 
 

2.4.2 CONSTIPATION AND DEFECATORY DYSFUNCTION 

The bowel symptoms associated with PD are diverse and the underlying mechanisms are 
still poorly understood, although both CNS and peripheral neurodegeneration are probably 
involved.  The dmX and the ENS are involved in the control of bowel function via multiple 
neurotransmitters and neuromodulators (Schapira et al., 2017). Constipation is 
characterized by slow transit time or anorectal dysfunction (Rao et al., 2016). Some PD 
patients might also suffer from fecal incontinence, associated with disturbances in the 
supraspinal regulation of defecation (Sung et al., 2012), but constipation is considered as 
the most prominent gastrointestinal disorder in up to 50% of PD patients (Chen et al., 2015). 
In PD, the prevalence of constipation is influenced by disease duration, severity, phenotype, 
and possibly dopaminergic medication (Pagano et al., 2015; Knudsen et al., 2016). 
Constipation is associated more often with the use of dopamine agonists than levodopa 
therapy (Stowe et al., 2008). On the other hand, Catechol-O-methyltransferase (COMT) 
inhibitors have been associated with diarrhea (Kaakkola, 2000). 
 
Park et al. (2015) investigated the presence of gastrointestinal symptoms in 329 PD 
patients. The most prevalent symptom was constipation, observed in 64.9% of PD patients, 
followed by appetite loss (45.4%), weight loss (35.7%), dysphagia (19.4%), sialorrhea 
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(15.0%), and gastroesophageal reflux disease (9.6%). They observed a 5-fold increased risk 
of constipation (95% CI 1.8-13.8, p = 0.0001) between PD patients in the lowest and the 
highest Hoehn & Yahr stage. Likewise, patients with higher MDS-UPDRS scores and disease 
duration were more likely to have constipation. Similar findings in the association between 
the clinical phase of PD and constipation were observed by Mishima et al (2017), and also 
by Barichella et al. (2017) in a cohort of 600 PD patients and 600 controls; constipation was 
associated with longer disease duration, higher daily levodopa dose, and UPDRS-score 
(parts II, III and total score). Interestingly, the intake of fibers was higher (32.0 ± 8.4 g/day 
vs. 30.3 ± 8.5 g/day, p=0.001) and the intake of water was lower (1092 ± 443 ml/day vs 1344 
± 474 ml/day, p <0.001) in PD patients than controls, although there was no difference in 
the intake of water nor fibers between the constipated and non-constipated PD patients. 
On the contrary, Gan et al. (2018) found no association between constipation and the 
severity or duration of motor symptoms, although constipated PD patients had a higher 
daily levodopa equivalent dose than those with no constipation. 
 
With the lack of validated methodology, studies investigating the prevalence of constipation 
have used various methods for its definition, leading to notable variation in the observed 
prevalence (Evatt et al., 2009; Calabrese et al., 2018). Constipation has often been assessed 
in PD patients with general non-motor questionnaires (Table 1). NMSS covers only 
infrequent bowel movements (<3 per week), whereas NMSQuest queries straining during 
defecation and infrequent bowel movements in a single item. SCOPA-AUT has separate 
items for these symptoms. Infrequent bowel movements are linked to slow transit 
constipation, whereas straining during defecation and feeling of incomplete emptying are 
associated with anorectal dysfunction (Jost, 2010; Sung et al., 2012). Distinguishing 
between slow transit constipation and anorectal dysfunction is relevant also in the clinical 
perspective, since these two types of constipation require different interventions. Thus, 
there is a need for new methods for the comprehensive assessment of gastrointestinal 
symptoms that would cover the whole diversity of these symptoms and correlate better 
with the objective measurements. 
 
Constipation can be objectively measured by several methods and there has been some 
discrepancy between the objective and subjective findings in PD patients (Ashraf et al., 
1997; Yu et al., 2016). Defecation can be assessed by defecography, anorectal manometry, 
and balloon expulsion test, whereas the transit time can be evaluated by ingestion of radio-
opaque markers or a wireless motility capsule (Rao et al., 2016). Colonic motility can also 
be assessed with colonic manometry (Rao et al., 2016). Anorectal dysfunction can be further 
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classified into four types based on the adequacy of rectal propulsion and anal relaxation 
(Rao, 2008). Colonic transit time is increased in the majority of PD patients (Edwards et al., 
1994; Jost & Schrank, 1998; Sakakibara et al., 2003; Tateno et al., 2011).  
 
One explanation for the discrepancy between subjective and objective findings related to 
colonic transit time is that there are large individual variations in the frequency of bowel 
movements (Heaton et al., 1992). Another reason is that PD patients often suffer 
simultaneously from both slow transit constipation and anorectal dysfunction. Giancola et 
al. (2017) performed anorectal manometry and measurement of the colonic transit time by 
radio-opaque markers in 23 PD patients with chronic constipation. Of these, 15 (65.2%) had 
both delayed transit time and abnormal anorectal manometry, whereas isolated delayed 
transit time or abnormal anorectal manometry were each observed in 3 patients (13.0%). 
Likewise, Su et al. (2017) retrospectively investigated the characteristic features of chronic 
constipation in 66 PD patients by high-resolution anorectal manometry, balloon expulsion 
test, and wireless motility capsule. The most troublesome symptoms were reduced 
frequency of bowel evacuation (<3/week) and straining during evacuation. 57 patients had 
defecatory dyssynergia, of which 53 had impaired rectal propulsion. This was associated 
with paradoxical anal contraction in 27 patients (40.9% of the whole cohort) and incomplete 
anal relaxation in 26 patients (39.8%). Four patients had incomplete anal relaxation 
associated with adequate rectal propulsion (6.1%). The colonic transit time was prolonged 
in 62.3%. The disease severity (i.e., the Hoehn & Yahr stage) or duration did not correlate 
with colonic transit time or defecatory dyssynergia. 
 

2.5 THE PRODROMAL PHASE OF PARKINSON’S DISEASE 

While the motor symptoms of PD occur only after 60-80% of neurons in the substantia nigra 
have perished (Fearnley & Lees, 1991), some NMSs may precede them by several years and 
are thus sometimes referred to as premotor symptoms (Visanji & Marras, 2015). The period 
between the onset of NMSs and clinically established Parkinson’s disease is referred to as 
the prodromal phase of PD (Hawkes, 2008). Several NMSs and other markers that predict 
diagnosis of PD have been identified (Postuma & Berg, 2019). The strongest predictor of 
the premotor symptoms is idiopathic REM sleep behavior disorder (iRBD), followed by 
neurogenic orthostatic hypotension, hyposmia, erectile dysfunction, excessive daytime 
somnolence, constipation, urinary dysfunction, global cognitive deficit, and depression with 
or without anxiety (Heinzel et al., 2019). The autonomic dysfunction has been estimated to 
precede motor symptoms by over 10 years (Postuma et al., 2013), and degeneration of 
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sympathetic cardiac innervation has been detected in patients with ILBD (Orimo et al., 
2007). Constipation may precede motor symptoms by up to 20 years and similar prodromal 
duration has been proposed for excessive daytime sleepiness, iRBD and depression, 
whereas hyposmia might precede clinical parkinsonism by less than five years (Savica et al., 
2009; Visanji & Marras, 2015). These findings indicate that the pathological process of PD 
might begin even decades before the emergence of the first motor symptoms. 
 
iRBD is a parasomnia characterized by preservation of the muscle tone during REM sleep 
associated with vivid enactment of dreams, often including kicking, punching, yelling or 
speaking (McCarter et al., 2012). It is supposedly caused by dysfunction or degeneration of 
brain stem circuits responsible for the control of muscle atonia during REM sleep (McKenna 
& Peever, 2017). Whereas only 1% of the population have iRBD that is confirmed by 
polysomnography, it might be around five times more common in elderly subjects (St Louis 
et al., 2017).  In PD patients, RBD is a common NMS, with prevalence of nearly 50% (Nomura 
et al., 2013). Interestingly, 94% of iRBD patients without clinically established 
neurodegenerative disorder have aSyn-pathology and it is therefore considered a 
synucleinopathy (Boeve et al., 2013). Moreover, up to 91% of iRBD eventually show 
phenoconversion to PD or other synucleinopathies, making patients with iRBD an 
interesting subpopulation for prospective studies of premotor PD (St Louis et al., 2017). 
Interestingly, iRBD has been associated with decreased cardiac uptake of MIBG, 
gastrointestinal symptoms, and increased colonic transit time. (Knudsen et al., 2018a; 
Knudsen et al., 2019). 
 

2.6 THE GUT HYPOTHESIS 

By immunohistochemical methods, Lewy pathology has been detected in biopsies from the 
gastrointestinal tract up to 20 years prior to PD-diagnosis (Shannon et al., 2012; Hilton et 
al., 2014; Stokholm et al., 2016) and in iRBD, i.e., already in the prodromal phase, there has 
been prominent denervation of the gut (Knudsen et al., 2018a). In 2003, Braak (2003b) and 
his colleagues initially hypothesized that the gastrointestinal tract could be the origin of PD 
pathogenesis. It was based on the idea that the longest and highly branched autonomic 
nerves, such as those originating from the dmX, are especially prone to Lewy pathology and 
also most susceptible to the impact of exogenic factors (Braak et al., 2003b).  Moreover, 
Lewy pathology had been observed in the ENS of PD patients (den Hartog Jager & Bethlem, 
1960; Wakabayashi et al., 1988). The theory was soon supported by the finding of αSyn 
aggregations in the gastric Meissner’s and Auerbach’s plexus in post-mortem biopsies from 
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PD patients, some of which had been in the preclinical phase of the disease (Braak et al., 
2006). Later, Braak’s group evolved their theory into the dual-hit hypothesis, which strived 
to explain the gradual spreading of Lewy pathology in the CNS, initiating from the dmX and 
the olfactory bulb (Hawkes et al., 2007). They proposed that an exogenic micro-organism 
or toxin could initiate the pathological progress in the submucosal plexus of the ENS by 
entering the body through the gut, and spread retrogradely towards the CNS (Hawkes et 
al., 2007).  
 
Since the theory was introduced, it has been under vigorous dispute (Engelender & Isacson, 
2017; Uchihara, 2017). Besides the criticism about the validity of Braak’s staging system, 
another main argument against the gut hypothesis has been the lack of cases in autopsy 
studies where αSyn pathology would have been solely found in the ENS (Adler & Beach, 
2016). Although many open questions remain regarding the association between the ENS 
and PD (Shannon & Vanden Berghe, 2018), accumulating evidence support the idea that 
the gastrointestinal tract could be the origin of PD pathology at least in some patients (Braak 
& Del Tredici, 2017). Studies in transgenic SNCA-overexpressing mice have demonstrated 
retrograde propagation of αSyn pathology via the vagus nerve to the dmX and via 
postsynaptic sympathetic nerves to the celiac ganglia, and a further trans-synaptic 
propagation to the LC, and IML column of the spinal cord, respectively. Furthermore, they 
observed subsequent spreading of αSyn pathology to the heart and stomach, suggesting 
secondary anterograde propagation.  
 
Recently, it was proposed that Lewy pathology could initiate in the peripheral nervous 
system in some patients (body-first phenotype), whereas in others pathology may start in 
the brain (brain-first phenotype) (Borghammer & Van Den Berge, 2019). This theory 
addresses Lewy pathology in general and does not exclude dementia with Lewy bodies, 
which shares the same αSyn pathology and overlapping phenotype with PD (Uchihara, 
2017). The key element in this theory is iRBD, which is associated with profound 
denervation in the peripheral nervous system and LC, whereas the striatal dopaminergic 
system is relatively intact (Borghammer & Van Den Berge, 2019). In their review, 
Borghammer and Van Den Berge go through imaging studies that have assessed the 
function of the CNS and PNS in PD patients at different Braak stages and positive, negative 
or unknown RBD-status. In the light of these findings, they propose that Stage I PD patients 
with iRBD represent the body-first phenotype, whereas stage I PD patients without iRBD 
represent the CNS-first phenotype. Interestingly, results from a multimodal imaging study 
comparing de novo PD patients with or without RBD and patients with iRBD were 
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compatible with the body-first vs brain-first hypothesis (Horsager et al., 2020). When 
compared with PD patients without RBD, PD patients with RBD and iRBD patients showed 
more often reduced cardiac uptake of MIBG and the former also showed changes in the 
colon volume and transit times. Very recently, an extended version of this theory, named 
the αSyn Origin site and Connectome (SOC) model, was published (Borghammer, 2021). 
Although the validity of this hypothesis needs to be investigated in future studies, it 
provides a plausible explanation for many controversies that have been raised about Braak’s 
hypothesis. 

 

2.7 THE MICROBIOTA-GUT-BRAIN AXIS 

The microbiota-gut-brain axis (MGBA) refers to the neuronal, immune, endocrine and 
metabolic pathways responsible for the complex bidirectional communication between the 
gastrointestinal tract and the CNS (Dinan & Cryan, 2017). These pathways play a crucial role 
in regulation of the gastrointestinal function and in the maintenance of body homeostasis. 
Endocrine and metabolic pathways include the hypothalamus-pituitary-adrenal axis, short-
chain fatty acids (SCFAs), neurotransmitters, and neuroactive molecules that can regulate 
neurotransmitter signaling (Dinan & Cryan, 2017).  The vagus nerve is responsible for the 
parasympathetic control of heart, lungs, and majority of the gastrointestinal tract. The 
preganglionic axons of the dmX innervate the submucosal Meissner’s plexus, from which 
the axons of visceromotor neurons travel into the gut mucosa. There they are separated 
from the gut lumen only by a single layer of epithelial cells and the mucosal barrier (Braak 
et al., 2006). In addition, vagal villi afferents and vagal crypt afferents connect with 
enteroendocrine cells or act as free nerve terminals and respond to changes in levels of 
cytokines, gut-peptides, hormones and nutrients, all of which are influenced directly or 
indirectly by gut microbes (Fung et al., 2017).  
 
The human body hosts an enormous amount of other biological species that together 
constitute the human microbiome. Microbiome refers to the microbial community of a 
given environmental niche, its metagenome, and their products (Young, 2017). The term 
microbiota refers to the taxonomic composition (Table 2). The microbiome is in constant 
interaction with human cells and different body sites have their own distinct microbiomes. 
The intestinal microbiome is the largest and most diverse, containing at least as many 
bacteria as the number of human cells in the entire body and 100 times the number of 
genes compared to the human genome (Bäckhed et al., 2005). The microbiome begins to 
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form already at delivery, when the infant is first exposed to vaginal and dermal microbes. 
However, already prenatally, the fetus might be exposed to the maternal microbiome, 
which influences neurogenesis (Sharon et al., 2016). The composition of the gut microbiota 
during the first months is strongly influenced by the mode of birth and the duration of 
breast-feeding (Bäckhed et al., 2015). While aerobic bacteria dominate the gut microbiota 
of newborn babies, the population shifts towards anaerobic species by the age of one and 
starts to resemble the mother’s gut microbiota (Bäckhed et al., 2015). During early 
childhood, the diversity of the gut microbiota grows but is still vulnerable to perturbations. 
The composition of gut microbiota continues to develop during adolescence and becomes 
more resilient towards adulthood.  
 
Healthy gut microbiota mainly constitutes of bacteria belonging to Bacteroidetes and 
Firmicutes, whereas other phyla, such as Actinobacteria, Proteobacteria, and 
Verrucomicrobia are present in smaller proportions (Eckburg et al., 2005). Although the 
bacterial component of the human microbiota is best known, it also contains a plethora of 
organisms from other taxonomic domains, including archea, yeasts, and phages. The 
abundance and the diversity of the gut microbiota vary in different regions of the 
gastrointestinal tract, reflecting their distinct anatomical and physiological characteristics. 
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Table 2. Examples of taxonomic classification of microbes 

Phylum Class Order Family Genus 
Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 

Streptococcaceae Streptococcus 
Negativicutes Selemononadales Veillonellaceae Veillonella 
Clostridia Clostridiales Eubacteriaceae Eubacterium 

Anaerovorax 
Lachnospiraceae Roseburia 
Ruminococcaceae Ruminococcus 
Clostridiaceae Faecali-

bacterium 
Clostridium 

Bacteroidetes 
 

Bacteroidetes Bacteroidales Bacteroidaceae Bacteroides 
Prevotellaeae Prevotella 
Rikenellaceae Alistipes 

Actinobacteria Actinobacteria Actinomycetales 
Bifidobacteriales 

Micrococcaceae Rothia 
Bifidobacteriaceae Bifidobacterium 

Verrucomicrobia Verruco-
microbiae 

Verrucomicrobiales Verruco-
microbiaceae 

Akkermansia 

Proteobacteria Gamma-
proteobacteria 

Enterobacteriales Entero-
bacteriaceae 

Escherichia 
Shigella 

 
 

2.7.1 THE MICROBIOTA-GUT-BRAIN AXIS IN HEALTH AND DISEASE 

Although the gut microbiota is quite similar between individuals on the phylum-level, there 
is a tremendous interindividual variability in the proportions of certain species and 
subspecies, resulting in a unique composition in each individual (Eckburg et al., 2005). Age 
and gender, along with genetic and geographic factors can affect the delicate balance 
between microbiota-human interaction (Lozupone et al., 2012). The microbiota 
composition is also influenced by environmental factors such as diet, habitat, hygiene, 
medication (Rinninella et al., 2019). For example, antibiotic exposure can have long-term 
effects on the intestinal microbiota composition (Jernberg et al., 2010). A higher microbial 
diversity of the microbiota is associated with a functional redundancy and better health 
(Lozupone et al., 2012). A healthy gut microbiota protects the body against exogenic 
pathogens, takes part in food digestion, providing nutrients, and regulates the availability 
of neurotransmitters (Jandhyala et al., 2015). On the other hand, alterations in the gut 
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microbiota composition have been linked to an increasing number of maladies, such as 
irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), cardiovascular disease, 
and metabolic disorders (Shreiner et al., 2015; Lynch & Pedersen, 2016). The gut microbiota 
influences the integrity of the blood-brain barrier (BBB) and the function of microglia by 
regulating the maturation and function of microglia (Fung et al., 2017). Interestingly, 
changes in the composition of the gut microbiota have also been associated with autism 
spectrum and mood disorders, schizophrenia, multiple sclerosis, stroke, AD, and PD, 
indicating a substantial interaction between the gut microbiome and CNS function (Sharon 
et al., 2016; Cryan et al., 2020). 
 
Gastrointestinal microbes produce a plethora of difference molecules, including nutrients 
such as SCFAs and vitamins, but also cytokines, neurotransmitters, and toxic metabolites, 
which can interact with the CNS via different pathways of the MGBA. This interaction is 
regulated by the mucosal intestinal barrier (Mowat & Agace, 2014), which is composed of 
the epithelial cells sealed adjacently by the junctional complexes, reinforced by the 
biochemical properties of the overlying heavily glycosylated mucus layer (Turner, 2009). 
The intestinal barrier regulates the absorption of water, nutrients, and electrolytes, while 
preventing the invasion of pathogens and toxins, and controlling the interaction between 
gut microbiota and the immune system (Mowat & Agace, 2014; Kelly et al., 2015). Many 
factors can affect the integrity of the intestinal mucosal barrier, including the microbiota, 
diet, and cytokines (Turner, 2009). Invading pathogens, antigens, toxins, and other pro-
inflammatory substances can activate the immune system and inflammation further 
increases intestinal permeability (Sanchez de Medina et al., 2014).  
 
Impaired gut mucosal barrier function is associated with neuroinflammation – a major 
factor in the pathogenesis and progression of neurodegenerative disorders (Kelly et al., 
2015). The peripheral inflammatory signals (e.g., proinflammatory cytokines) can promote 
neuroinflammation via the vagus nerve or humorally by various mechanisms associated 
with the function of the blood-brain barrier (BBB) (Ferrari & Tarelli, 2011). Certain microbe-
associated molecular patterns, such as bacterial lipopolysaccharides and endotoxins can 
permeate the BBB and activate the innate immune response in the CNS, where they are 
recognized by the Toll-like receptors and other pattern recognition receptors, resulting in 
low-grade inflammation (Pajares et al., 2020). Tryptophan metabolites can promote 
neuroinflammation by several mechanisms (Cryan et al., 2020). 
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2.8 THE MICROBIOTA-GUT-BRAIN AXIS AND PARKINSON’S DISEASE 

There has been an increasing interest in the possible association between PD and 
gastrointestinal infections and disorders (Houser & Tansey, 2017). In 2011, Forsyth and 
colleagues demonstrated intestinal hyperpermeability and bacterial invasion in the 
gastrointestinal tract of newly diagnosed PD patients (Forsyth et al., 2011). In a Danish case-
control study, prior treatment with Helicobacter pylori-eradication drugs was associated 
with higher odds of being diagnosed with PD (Nielsen et al., 2012). Also, other 
gastrointestinal infections have been associated with a higher hazard of PD (Nerius et al., 
2020). Results regarding the possible association between appendectomy (Lu et al., 2019) 
and inflammatory bowel disease (IBD) (Camacho-Soto et al., 2018; Peter et al., 2018; 
Villumsen et al., 2019; Weimers et al., 2019b) have been inconsistent. Furthermore, 
smoking, coffee and urate might have impact on the PD-pathogenesis via the gut 
(Scheperjans et al., 2015b) 
 
Increased permeability and conditions associated with inflammation – increased oxidative 
and nitrosative stress – could also increase the possibility of spontaneous dysconjugation 
of αSyn and thereby make the gastrointestinal tract a probable initiation site for PD-
pathology (Kelly et al., 2014). Likewise, it has been proposed that the toxic effects on the 
gastrointestinal tissues due to exposure to certain pesticides, herbicides, and metals could 
induce αSyn misfolding (Klingelhoefer & Reichmann, 2015). Bacterial products, such as the 
amyloid protein Curli, might promote the aggregation of αSyn by cross-seeding (Chen et al., 
2016). In rodent models, αSyn fibrils injected into the wall of duodenum are transported to 
the brainstem via the vagal nerve and dmX (Holmqvist et al., 2014; Kim et al., 2019). This 
propagation of the αSyn pathology can be prevented by a hemivagotomy or partial 
sympathectomy (Pan-Montojo et al., 2012). Interestingly, truncal vagotomy seems to be 
associated with a lower risk of PD also in humans (Svensson et al., 2015; Liu et al., 2017). 
Increased levels of fecal markers of intestinal inflammation and increased permeability have 
been observed in PD patients (Schwiertz et al., 2018; Aho et al., 2021). Moreover, in a 
mouse model, intragastric administration of rotenone – a neurotoxic pesticide – induced 
inflammation and phosphorylation of aSyn in the gut, leading to the spreading of aSyn 
accumulation to dmX and substantia nigra in a way predicted by Braak’s model (Pan-
Montojo et al., 2010). Although the proposed prion-like propagation of αSyn via the vagus 
nerve is still disputed (Surmeier et al., 2017), the close interaction between the intestinal 
microbiota, the immune system, and the mucosal barrier function can affect the PD 
pathogenesis also via the extravagal pathways of the MGBA (Figure 2). 
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Figure 2. Gut-Microbiota-Brain axis – the bidirectional communication pathways between 

the gastrointestinal tract and central nervous system. 
 
 

2.8.1 ASSOCIATIONS BETWEEN THE GUT MICROBIOTA AND PARKINSON’S DISEASE 

There has been an increasing interest in the possible connections between gut microbiota 
and PD during the last decade. In 2015, Scheperjans et al. (2015a) showed for the first time 
alterations in the intestinal microbiota composition in PD patients. The abundance of the 
family Prevotellaceae was lower in the feces of PD patients compared with controls. 
Moreover, the relative abundance of Enterobacteriaceae was positively associated with the 
severity of postural instability and gait difficulty (PIGD). Since 2015, several studies have 
investigated the divergence in the gut microbiota composition in stool samples between PD 
patients and healthy controls. Differences in the beta diversity – describing the 
compositional dissimilarity between samples – have been more distinct than differences in 
the alpha diversity, which refers to the overall richness and evenness of the microbial 
community. Altogether, studies investigating gut microbiota in PD patients have found 
differences in the prevalence of over 100 taxa, although some of these findings have not 
been reproducible (Boertien et al., 2019). The most consistent findings regarding 
differential abundance have been an increased relative abundance of bacteria belonging to 
the family of Verrucomicrobiaceae and its genus Akkermansia (Keshavarzian et al., 2015; 
Scheperjans et al., 2015a; Bedarf et al., 2017; Hill-Burns et al., 2017; Heintz-Buschart et al., 
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2018; F. Li et al., 2019), and reduced relative abundance of the Prevotetellaceae-family and 
Prevotella (Scheperjans et al., 2015a; Unger et al., 2016; Aho et al., 2019; Li et al., 2019; Lin 
et al., 2019). 
 
Besides the general factors that influence gut microbiota, differences in PD-related factors 
– dopaminergic medication, disease duration and severity – are accountable for some of 
the inconsistencies between studies. For example, COMT-inhibitors have been associated 
with altered relative abundance of Bifidobacterium (Hill-Burns et al., 2017; Weis et al., 2019) 
and Faecalibacterium (Unger et al., 2016; Weis et al., 2019). There has also been substantial 
heterogeneity in the methods used regarding sample collection, DNA extraction, 
sequencing, bioinformatical analysis, and statistics. Therefore, in their systematic review, 
Boertien et al. (2019) proposed recommendations on technical aspects, and phenotypical 
and environmental confounders to consider in order to standardize and increase the utility 
of future microbiome studies in PD. Moreover, fecal microbiota analysis fails to give a 
comprehensive understanding of a subject’s gut microbiota, since different parts of the 
gastrointestinal tract have distinct microbial communities. Finally, the fecal microbiota does 
not completely represent the whole variety of microbes living in the gastrointestinal 
mucosa, as demonstrated by the study comparing sigmoid biopsies and fecal samples in PD 
patients (Keshavarzian et al., 2015). 
 
However, differences in the gut microbiota composition have been demonstrated at all 
stages of PD-progression. One study evaluated the differences in the gut microbiota profile 
between healthy controls and PD patients with different disease duration, including 39 
untreated de novo patients (Barichella et al., 2019). Lower abundance of family 
Lachnospiraceae and its genus Roseburia in de novo PD patients was found compared to 
healthy controls. Furthermore, degree of dissimilarity to healthy controls was positively 
associated with disease duration in PD patients. Further evidence for temporal aspects of 
the association between gut microbiota composition and PD pathogenesis comes from a 
study performed with iRBD patients, who can be regarded as prodromal PD-cohort due to 
a high conversion rate (McCarter et al., 2012). Heintz-Buschart et al. (2018) showed changes 
in the gut microbiota composition of iRBD patients compared to healthy controls that were 
qualitatively similar to changes observed between the controls and PD patients. A 
decreased abundance of Prevotella was observed in iRBD patients. These findings indicate 
that some microbiota alterations associated with PD could already be present at prodromal 
phase. Interestingly, a recent study demonstrated that the gut microbiota was involved in 
the activation of microglia in the CNS and the emergence of motor deficits in genetically 
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susceptible (αSyn overexpressing) mice (Sampson et al., 2016). Alterations in the gut 
microbiota composition have also been associated with elevated plasma levels of 
inflammatory cytokines (i.e., TNFα, INFγ) (Lin et al., 2019). 
 
Studies assessing the gut microbiota by using the 16S sequencing or qPCR have been 
important first steps to describe the association between gut microbiota and PD, but more 
information is needed on how the alterations in the gut microbiota can influence the 
physiology of the gastrointestinal tract and PD pathogenesis. One potential mechanism are 
the changes in SCFAs, such as acetate, butyrate, and propionate. They are microbial 
metabolites containing fewer than six carbons, produced mainly in the large intestine from 
carbohydrates and certain amino acids. Their relative abundance in human feces is 
associated with a healthy status, as they are involved in the maintenance of the intestinal 
barrier function, in the regulation of the immune system and appetite, provide an energy 
source both locally and via liver metabolism, and enhance absorption of certain nutrients 
(Rios-Covian et al., 2016). SCFAs also present some neuroprotective effects, mediated by 
microglial function and by the regulation of ghrelin levels (Elfil et al., 2020). Decreased levels 
of SCFAs have been observed also in PD patients (Unger et al., 2016; Aho et al., 2021). 
 
The biological pathways that link microbiota alterations to PD might be identifiable by 
metagenomic shotgun sequencing, which allows the assessment of the biological functional 
potential in correlation with the microbiota composition. One study applying metagenomics 
sequencing on the fecal samples of PD patients reported a reduced gene abundance for D-
Glucoronate degradation and two tryptophan metabolism pathways that were more active 
in the microbiota of PD patients (Bedarf et al., 2017). Although more studies are needed to 
understand the possible implications of these findings, the metagenomics data could be 
used for the identification of future biomarkers for PD, as Wang et al (Wang et al., 2019) 
demonstrated with biosynthetic gene clusters derived from the same dataset. Another 
study derived a PD index based on 25 gene markers identified by utilizing the metagenomic 
approach in Chinese subjects (Qian et al., 2020). With this index, they were able to 
distinguish PD patients from healthy controls and patients with multiple system atrophy or 
Alzheimer’s disease by using quantitative PCR. 
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2.9 IRRITABLE BOWEL SYNDROME 

Irritable bowel syndrome (IBS) is characterized by abdominal pain or discomfort and 
alteration of bowel habits (Drossman, 2016). Along with other functional bowel disorders – 
functional constipation (FC), functional diarrhea, functional abdominal bloating/distention, 
and unspecified functional bowel disorders – IBS is a chronic disorder with frequent 
symptoms that present in the absence of obvious anatomic or physiologic abnormalities 
that could be identified by routine diagnostic examinations (Mearin et al., 2016). The 
prevalence of IBS varies greatly between countries, but the estimated global prevalence is 
around 11% (Canavan et al., 2014a), with female predominance (Kim & Kim, 2018). In 
Finland, the estimated prevalence is 5-16%, depending on the utilized criteria (Hillilä & 
Färkkilä, 2004). IBS reduces the quality of life and causes economic burden to both patients 
and the health care system (Canavan et al., 2014b). In the absence of specific and sensitive 
biomarkers (Sood et al., 2015), the diagnosis of IBS is based on the symptomatic criteria set 
by the Rome foundation that have been revised several times since they were first 
introduced in 1994 (Drossman, 2016). The currently applied edition – Rome IV criteria – 
were published in 2016 (Mearin et al., 2016). Depending on the predominant symptoms, 
IBS can be divided into subgroups; diarrhea-predominant, constipation-dominant, mixed 
type, and unspecified (Longstreth et al., 2006). However, IBS can alternate with subtypes 
over time and those with predominant constipation can alternate between constipation-
predominant IBS and FC (Wong et al., 2010). 
 
Physiological mechanisms known to be involved in the pathogenesis include visceral 
hypersensitivity, increased intestinal permeability, immune activation, low-grade 
inflammation, and serotonin metabolism (Holtmann et al., 2016). Increased numbers of 
mast cells and other immuno-histological changes have been found in IBS patients (Soares, 
2014). Diarrhea-predominant IBS has been associated with disturbances of bile acid 
metabolism, even though it is not clear whether this is a cause or a consequence of the 
symptoms (Holtmann et al., 2016). Diet, for example, can exacerbate IBS-symptoms (Elli et 
al., 2016). Genetics appear not to have a major role in IBS, although some associations have 
been found (Mearin et al., 2016; Chong et al., 2019). A role for gut microbiota has also been 
suggested, as intestinal permeability, gastrointestinal immune system and mucosal 
inflammation are key factors in the host-microbiota interaction (Chong et al., 2019). The 
symptoms of IBS are more common in patients with a history of enteric infection and 
around 10% of IBS patients have post-infectious IBS (Klem et al., 2017). IBS is associated 
with alterations in the gut microbiota composition and host gene expression analyses 
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revealed changes associated with cell junction integrity and inflammatory response 
pathways (Jalanka-Tuovinen et al., 2014). Moreover, antibiotic exposure is associated with 
higher risk of developing IBS after an enteric infection (Klem et al., 2017), suggesting that 
IBS pathogenesis could be influenced by the reduced diversity of the gut microbiota. 
Changes in the composition of microbiota in relation to IBS might lead to low-grade 
inflammation and increased permeability (Tornblom et al., 2002; Piche et al., 2009). 
Unsurprisingly, however, the findings in the studies comparing the fecal microbiota 
composition between IBS patients and healthy controls have been heterogenous, due to 
similar issues that have been affecting the PD-related microbiota studies (Taverniti & 
Guglielmetti, 2014).  
 
Although IBS has been traditionally reviewed as a functional disorder, accumulating 
pathophysiological evidence has challenged this dogmatic opinion, and IBS is now 
considered as a disorder of gut-brain interaction (Drossman & Hasler, 2016). Physiological 
stress can affect gastrointestinal permeability, and vice versa, via the gut-brain axis (Qin et 
al., 2014). Moreover, IBS is associated with a higher risk for anxiety and depression (Koloski 
et al., 2016), and dementia (Chen et al., 2016). It was also associated with a higher risk of 
PD in a Taiwanese population (Lai et al., 2014).
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3. AIMS OF THE THESIS 

The aim of this thesis was to explore the possible associations between the MGBA and PD. 
Our hypothesis was that gastrointestinal disorders and factors that modulate the gut 
microbiota composition, or the function of the intestinal barrier could have a role in the 
pathogenesis and symptoms of PD.  
 
The specific aims of this thesis were: 
 

1. To compare the gastrointestinal symptoms in PD patients and controls and 
to assess whether the presence of IBS-like symptoms is associated with 
other non-motor symptoms (Study I). 

 
2. To explore the potential association between IBS-like symptoms in PD 

patients and gut microbiota composition (Study I). 
 

3. To investigate whether prior antibiotic exposure is associated with a higher 
risk of PD (Study II). 
 

4. To evaluate whether the diagnosis of IBS is associated with a higher risk of 
PD (Study III).
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4. METHODS 

This chapter summarizes the materials and methods used in the studies included in this 
thesis. The presence of IBS-like symptoms and their association with gut microbiota 
composition and other non-motor symptoms (Study I) were studied in a cross-sectional 
setting, investigating a subgroup of the subjects that were initially recruited to compare 
their gut microbiota composition of PD patients and controls (Scheperjans et al., 2015a). 
The two other studies were performed using retrospective registry-based data. The 
association between antibiotic exposure and PD-diagnosis (Study II) was studied in a case-
control design and the association between IBS-diagnosis and PD (Study III) was explored in 
a cohort-setting. More detailed descriptions of the methods used can be found in the 
original study publications. 
 

4.1 DATA SOURCES IN THE REGISTRY-BASED STUDIES 

The Finnish Care Register for Health Care (HILMO) is a discharge register that was 
established in 1998 (Sund, 2012). It contains nationwide data on all discharges from 
inpatient care, day surgeries, and specialized secondary and tertiary outpatient care. Visits 
at the public primary outpatient care or private sector are not included in this register. It is 
linkable by personal identification codes and all the diagnostic data is coded according to 
the 10th version of the international classification of diseases (ICD-10), which has been in 
use in Finland since 1996. The registries of the Population Register Center were used for 
identifying controls and for information about possible emigration or death during the 
follow-up period. The Finnish National Prescription Register (FNPR) was established in 1987. 
It contains information on patients who are entitled for special reimbursement of medical 
expenses for certain chronic illnesses, including PD. Regarding antiparkinsonian medication, 
the entitlement for special reimbursement requires that the need for treatment has been 
evaluated by a specialist. Besides PD, special reimbursement for antiparkinsonian 
medication (special reimbursement code 110; hereafter referred to as SR-110) can be 
granted for treatment against several other diseases: other degenerative diseases of basal 
ganglia, idiopathic familial dystonia, other dystonia, and multiple system atrophy. Since 
1993, the FNPR has also gathered information on purchases of prescription medications 
outside hospitals, including the dispension dates. Purchases of certain medications can be 
identified by the Anatomical Therapeutic Chemical (ATC) classification system.  
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4.2 STUDY SUBJECTS 

In study I, we used a cohort that was initially formed to investigate the differences in gut 
microbiota composition in PD patients (N=74) and controls (N=75) frequency matched for 
age (± 5 years) and sex (Scheperjans et al., 2015a). The diagnosis of PD was made according 
to the Queen Square Bank criteria. Subjects with previously diagnosed gastrointestinal 
disorders, such as lactose-intolerance, inflammatory bowel disease, celiac disease, and 
active IBS were excluded. The controls were screened for hyposmia, RBD and restless legs 
syndrome and excluded if the screening was positive for any of these potential premotor 
symptoms. Moreover, controls with accumulation of non-motor symptoms based on 
NMSQuest assessment were excluded. In study II, we identified all patients that were 
discharged from inpatient care or specialized outpatient care with a PD-diagnosis (G20) 
during the years 1998-2014. For each PD patient, up to three control subjects of same age 
(±1 year), gender and place of residence were acquired from the Population Register 
Center. In study III, we identified all at least 20-year-old patients that were discharged with 
from inpatient care or specialized outpatient care with IBS-diagnosis (K58) during the years 
1998-2014 (Figure 3). For each IBS patient, up to four IBS-free reference subjects were 
acquired in a similar manner. The controls had the same index date as their respective PD 
or IBS patients. Due to the utilization of multiple registers in studies II and III, the exclusion 
criteria and some of the inclusion criteria were applied after the selection of initial datasets, 
reducing the sample size in the final datasets. A more detailed description of data selection 
can be found in the original study publications. 
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Figure 3. A flow chart illustrating the steps of data acquisition and subject selection in 

registry-based studies II & III. 
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4.2.1 IDENTIFICATION OF PD PATIENTS FROM THE REGISTRY DATA 

Since we did not have access to the patient records, we combined information from the 
HILMO- and the FNPR-registers to confirm the PD-diagnosis and to exclude patients with 
other movement disorders. For all subjects in the studies II & III, we obtained information 
on possible entitlement for the SR-110 between the years 1987-2014. We considered the 
PD-diagnosis to be reliable if the subject had been entitled for the SR-110 specifically for PD 
and had at least two discharges with a PD-diagnosis at a specialized neurology unit (Ortiz et 
al., 2018). Otherwise, three discharges were demanded. Multiple discharges were 
demanded to consider the uncertainty of diagnosis at a single visit and clear recording 
errors.  
 
In Finland, patients suspected to have PD are usually referred to public secondary or tertiary 
healthcare units for diagnostic evaluation and the entitlement for special reimbursement 
can be applied at the same or the subsequent visit. However, sometimes when the motor 
symptoms are mild at the time of PD-diagnosis the application for the SR-110 is not done 
immediately, but only after medication is needed. Moreover, on some occasions, a 
neurologist working in the private sector can set the diagnosis of PD and it may take several 
years before the patient visits the public health care and the PD-diagnosis is automatically 
exported to the HILMO-register. Therefore, to have as accurate information as possible on 
when PD was initially diagnosed, we defined the date of PD-diagnosis as the first time when 
the patient was discharged with PD-diagnosis, or the date the patient was entitled to the 
SR-110, whichever occurred earlier. All patients who were entitled to SR-110 before the 
year 1998, and in the study III, also subjects entitled to the SR-110 or discharged with a PD-
diagnosis before the index date were excluded. In both studies, patients with a diagnosis of 
other movement disorders or schizophrenia and those entitled to the SR-110 for other 
indications than PD were excluded. 
 

4.2.2 IDENTIFICATION OF IBS PATIENTS FROM THE REGISTRY DATA 

The diagnosis of IBS should be based on a systematic application of the golden standard 
Rome criteria (Longstreth et al., 2006). Since we did not have access to the patient records, 
we did not have information whether the diagnosis was made according to the Rome 
criteria or not. To avoid including subjects with otherwise unexplained gastrointestinal 
symptoms falsely interpreted as IBS, we decided to only include those discharged from the 
hospital or special outpatient clinic with IBS (K59) as a main diagnosis. The index date was 
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defined as the date of first discharge with IBS-diagnosis, regardless of whether it was 
recorded as a main diagnosis or subsidiary diagnosis. All subjects with a diagnosis of IBD or 
other non-infective enteritis or colitis, celiac disease, or colorectal neoplasms before or 
after the index-date were excluded. IBS patients and controls were retrospectively followed 
until the end of follow-up period (Dec 31, 2014) unless they emigrated, died or were 
diagnosed with PD before. The three first-mentioned endpoints were considered as 
censoring. 
 

4.3 CLINICAL DATA, STOOL SAMPLE COLLECTION AND SEQUENCING 
THE FECAL MICROBIOTA (STUDY I) 

The motor symptoms of PD were measured using the Unified Parkinson’s Disease Rating 
Scale module III (UPDRS III) (Fahn et al., 1987), and the modified Hoehn & Yahr scale (Goetz 
et al., 2004). Jankovic motor phenotype (Jankovic et al., 1990) was assessed. Non-motor 
symptoms, including constipation, were assessed using both the NMSQuest (Chaudhuri et 
al., 2006) and NMSS (Chaudhuri et al., 2007). Intestinal symptoms were evaluated using the 
Rome III constipation module (Longstreth et al., 2006) and compared to the answers of 
constipation-related items in the NMSQuest and NMSS (Table 3). We assessed whether the 
subjects fulfilled the symptomatic criteria for IBS and FC. The prevalence of other non-
motor symptoms was compared in PD patients with (IBS+) or without (IBS-) IBS-like 
symptoms. The details of the stool sample collection, DNA extraction, PCR and sequencing 
methods have been published previously (Scheperjans et al., 2015a). We assessed the 
community structure of the study subjects’ fecal microbiota using pyrosequenced 16S rRNA 
gene V1-V3 amplicon data.  The family, genus, and OTU (Operational Taxonomic Unit, a 
computational proxy for species) levels between IBS+ and IBS- patients were compared with 
DESeq2. 
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Table 3. The assessment of gastrointestinal symptoms in study I 

Gastrointestinal symptom Criteria 
Irritable bowel syndrome 

(Rome III) 

Abdominal pain or discomfort that is associated with two or 

more of the following features 

- Improvement with defecation 

- Onset associated with a change in frequency or form of 

stools 

Symptom onset at least 6 months prior to diagnosis 

Functional constipation  

(Rome III) 

Two or more of the following features during at least 25 % of 

defecations for three months 

- Straining  

- Lumpy or hard stools 

- Sensation of incomplete evacuation 

- Manual maneuvers to facilitate 

- Fewer than three defecations per week 

Symptom onset at least 6 months prior to diagnosis, loose 

stools rarely present without the use of laxatives 

Criteria for irritable bowel syndrome were not fulfilled 

Constipation  

(NMSS item 21) 

Bowel action less than three times weekly 

Constipation or straining 

during defecation 

(NMSQuest item 5) 

Either of the following features 

- Less than 3 bowel movements a week 

- Having to strain to pass a stool 

Incomplete defecation 

(NMSQuest item 7) 

Feeling that bowel emptying is incomplete after having been to 

the toilet 

NMSS = Non-Motor Symptom Scale, NMSQuest = Non-Motor Symptoms 
Questionnaire 
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4.4 COVARIATES AND POTENTIAL CONFOUNDERS 

In study I, we acquired Information on the duration of NMS and motor symptoms, 
comorbidities, and medication. For all the subjects in the studies II & III, we acquired the 
discharge data between the years 1998-2014. For controls in the antibiotic exposure study, 
discharge data from the year 2015 was also available. All covariates were identified by ICD-
10 codes and measured prior to the index date (Table 4). In study II, we assessed IBS, 
ulcerative colitis, Crohn’s disease, chronic obstructive pulmonary disease (COPD), transient 
ischemic attack or stroke, and Helicobacter pylori eradication as potential confounders. 
They are potential PD risk factors and may affect antibiotic exposure. COPD was used as a 
proxy for smoking since we lacked the information on actual smoking, which reduces the 
risk of PD (Breckenridge et al., 2016). The history of H. pylori eradication was acquired from 
the FNPR data. Additionally, we used the Charlson comorbidity index (Charlson et al., 1987; 
Sundararajan et al., 2004), which includes a number of comorbidities that may affect the 
risk of both PD and infection, as a potential confounder. In study III, we used directed acyclic 
graphs for a systematic identification of the confounders (Shrier & Platt, 2008). In addition 
to COPD, depression and anxiety disorders were assessed as potential confounders, since 
both diagnoses are more common in patients with IBS (Fond et al., 2014), and are also 
associated with a higher risk of PD (Lin et al., 2014). 
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Table 4. Relevant ICD-10 and ATC codes used in studies II & III 
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4.5 EXPOSURE TO ANTIBIOTICS AND INFECTIOUS BURDEN 

We obtained information on the purchases of systemically used antibiotics (ATC groups J01, 
A02BD, A07A, and P01AB) and antimycotics (J02) between the years 1993-2014 from the 
FNPR (Table 4). The antibiotic exposure was evaluated by the number of drug purchases, 
although more detailed information on the drug package would have been available. We 
decided to use this simple method, since the effect of the dosage and duration of the 
antibiotic exposure on gut microbiota composition is not clear. We calculated the antibiotic 
and antifungal exposure in three separate time-periods (1-5, 5-10 and 10-15 years before 
the index date), since the lag between peripheral initiation and motor manifestation is 
suggested to be several years (Adams-Carr et al., 2016). Depending on the index date, the 
data from 5-15 years before the index date was unavailable for some subjects. Besides 
overall exposure, we separately analyzed exposure to, antianaerobic and non-antianaerobic 
antibiotics (Kronman et al., 2012), and seven antibiotic categories: tetracyclines, penicillins, 
other beta-lactam antibacterials, sulfonamides and trimethoprims, macrolides and 
lincosamides, fluoroquinolones, and other antimicrobials. In post-hoc analyses, the 
antibiotics were further classified by the mechanism of action (nucleic acid inhibition, cell 
wall synthesis inhibition, or protein synthesis inhibition), antimicrobial spectrum (broad- or 
narrow-spectrum, according to the Danish Integrated Antimicrobial Monitoring and 
Research Programme (DANMAP, 2013) and their effect on the targeted bacteria 
(bactericidal or bacteriostatic) (Anderson, 2012). The exposure was categorized into classes 
of 0 (reference exposure group), 1, 2-4, and 5 or more purchases, if more than 5% of 
subjects had purchased more than two courses within a certain category. Otherwise, 
purchases were grouped as 0, 1, and 2 or more. 
 
Furthermore, we evaluated infectious burden by calculating the number of hospitalizations 
and all discharges due to bacterial and viral infections 1-5, 5-10 and 10-15 before the index 
date, since it has been associated with PD (Bu et al., 2015), and might modify the effect of 
antibiotic exposure.  The antibiotic exposure and infectious burden during the year 
preceding the index date was not included to avoid protopathic bias (Korhonen et al., 2009). 
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4.6 STATISTICAL ANALYSES 

The statistical analyses were performed using IBM SPSS Statistics versions 22.0.0-25.0.01 
(IBM Corp.) and R statistical software. The microbiome data was managed using the 
phyloseq package (McMurdie & Holmes, 2013). We used Q-Q plots to graphically evaluate 
the normality of the data and unpaired t-test to analyze group differences of normally 
distributed variables. Otherwise, Mann-Whitney U test was used. For dichotomic 
categorical variables, the Fisher’s two-sided exact test was used, while the Chi-square test 
was used for polytomous categorical variables. P-values below 0.05 were considered 
significant. 
 
In study I, Odds ratios (OR) and 95% confidence intervals (CI) for individual gastrointestinal 
symptoms, FC and IBS+ were calculated. We tested the differential abundances of the 
bacterial taxa with the DESeq2 package (Love et al., 2014), which is based on negative 
binomial generalized linear models. The comparisons were run only for taxa that were 
present in at least 7 samples. For the possible association between the number of 1) 
antibiotic courses and 2) discharges due to bacterial infections in study II, the OR and 95% 
CIs were estimated by conditional logistic regression. We used a multivariate logistic 
regression to adjust for potential confounders. In study III, we assessed the possible 
association between IBS and PD by univariate and multivariable Cox proportional hazard 
models. The validity of the proportional hazards assumption was assessed and the behavior 
of the ratio of hazard rates for PD between IBS patients and reference subjects over time 
were estimated. Since the hazard rate ratio for PD was not constant over time (Figure 4), a 
Cox model with time-varying coefficients was used to analyze the hazard of PD in three 
separate time periods (0-2, >2-5 and >5 years). 
 
The false discovery rate regarding the differential abundances of bacterial taxa, individual 
Rome III items, NMSQuest items and NMSS domains in study I was controlled by using the 
Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995). We also controlled the false 
discovery rate for potential associations between antibiotic exposure during certain time-
periods and the risk of PD in study II, although it is not always considered necessary in this 
type of explorative setting (Althouse, 2016). 
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Figure 4. Hazard rate and 95% confidence intervals of PD in IBS patients and controls by 

two-year intervals 
 
 

4.6.2 SENSITIVITY ANALYSES 

Because the methods applied for the identification of IBS and PD patients were not 
validated, we ran sensitivity analyses to evaluate whether the definition of these diseases 
affected our results significantly. In study II, we tested two alternate definitions for PD-
diagnosis: A) at least 1 discharge with a PD diagnosis from a neurology unit and the 
entitlement to SR-110, and B) at least 3 visits with a PD diagnosis at a neurology unit and 
the entitlement to SR-110. In study III, we tested a stricter definition for IBS, demanding at 
least two discharges with IBS diagnosis, and a different definition of PD (only an entitlement 
to SR-110 needed). The possible influence of gender and age were assessed by additional 
subgroup analyzes. Furthermore, we assessed the consistency of results across mortality 
during the follow-up in three above-mentioned time periods to investigate the potential 
role of death as a competing risk. The E-value was calculated to assess the potential effect 
of residual confounding due to the actual smoking status and other unmeasured factors 
(VanderWeele & Ding, 2017). 
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4.7 ETHICS AND OTHER GENERAL CONSIDERATIONS 

Study I was approved by the ethics committee of the Hospital District of Helsinki and 
Uusimaa and all participants gave informed consent. For registry studies (II & III), ethical 
approval is not required. However, they were approved by the Data Protection Ombudsman 
from the Ministry of Social Affairs and Health and all the register authorities who have 
provided data for those studies, and they were conducted in accordance with the 
Strengthening the Reporting of Observational Studies in Epidemiology recommendations 
(von Elm et al., 2007). Identifiers enabling direct identification of individuals were replaced 
with research identification codes to maintain patient confidentiality.  
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5. RESULTS AND DISCUSSION 

5.1 STUDY I 

In study I, we assessed the prevalence of gastrointestinal symptoms in PD patients and 
controls. Based on the Rome III constipation module, the most common gastrointestinal 
complain in PD patients was straining during defecation (86.5%), followed by hard or lumpy 
stools (78.4%), and incomplete emptying (70.3%) (Figure 5).  The symptomatic criteria for 
IBS were fulfilled in 24.3% of PD patients and 5.3% of controls (p = 0.001). After controlling 
for potential confounders hypothyroidism (treated) and hypercholesterolemia, PD patients 
were 6.86 [95% CI 1.80-26.06] times more likely to fulfill the IBS criteria than controls. 
 
The prevalence of constipation in PD patients was higher when assessed by either NMSS 
(47.3%) or NMSQuest (47.3%), than the combined prevalence of IBS and FC according to 
the Rome III criteria, but in line with the prevalence of infrequent bowel movements 
(44.6%). In controls, the prevalence of constipation varied more depending on the applied 
questionnaire (Figure 5). Similar heterogeneity in results regarding incomplete defecation 
was seen between the NMSQuest and Rome III in both PD patients and controls. 
Interestingly, only 17.1% of those PD patients who had constipation according to NMSQuest 
(n = 35) fulfilled the criteria for FC, whereas 42.9% fulfilled the criteria for IBS. Moreover, 
the majority (61.1%) of PD patients fulfilling the symptomatic criteria of IBS had symptoms 
of both constipation and diarrhea (mixed subtype of IBS). This indicates that PD patients 
suffer from a broader spectrum of gastrointestinal symptoms than pure constipation.  
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Figure 5. Prevalence of gastrointestinal symptoms based on different questionnaires 

 
To investigate the associations between IBS-like symptoms and 1) other NMS and 2) gut 
microbiota composition, we performed subgroup analyses comparing those PD patients 
who fulfilled the criteria for IBS (IBS+; n=18) to those who did not (IBS-; n=54). There were 
no significant differences in the disease duration nor severity. IBS-PD patients used 
dopamine agonists more frequently (83.9% vs 61.1%, respectively) but this difference did 
not reach statistical significance (p=0.053). Based on the NMSQuest, IBS+ PD patients also 
reported more other NMS – pain and symptoms of dysautonomia in particular – than IBS- 
PD patients (II; Table 5).  These results indicate that IBS-like symptoms could be related to 
a more generalized dysautonomic phenotype of PD (Sauerbier et al., 2016). To find out 
whether IBS-like symptoms were associated with gut microbiota composition, the 
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abundances of bacterial taxa in fecal samples between IBS+ and IBS- PD patients were 
compared. In a univariate model with IBS as the only covariate, the genus Prevotella and 
the family Prevotellaceae were less abundant in IBS+ PD patients. These taxa were 
confirmed, and additionally a higher abundance of an OTU representing the genus 
Bacteroides was suggested, in a multivariate model, for which the variables that had 
different prevalence between IBS+ and IBS- PD patients were selected as potential 
confounders (hypothyroidism, lactose intolerance, gender, body mass index, dopamine 
agonist use, and Jankovic tremor score). 
 

5.2 STUDY II 

In this study, prior use of oral antibiotics of PD patients and controls were compared to 
evaluate whether antibiotic exposure was associated with a higher risk of PD. During the 
follow-up, most of the PD-cases (84.9%) and controls (83.6%) had purchased at least one 
antibacterial course (p < 0.001), while PD patients had purchased slightly more antibiotic 
courses on average than controls (6.32 vs. 6.25; p = 0.021). Penicillins and other 
betalactams were the most frequently purchased antibiotics (Figure 6). 

 
Figure 6. Proportions of purchased antibiotics during the follow-up. 
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We explored the possible association between antibiotic exposure and the risk of PD with 
a conditional logistic regression. The model was adjusted for potential confounders. Positive 
associations were found between antibiotic exposure and PD showing dependency on 
antibiotic class and the period of exposure (Figure 7). Most positive associations for 
antibacterials were found for exposure 10-15 years before the index date, which is in line 
with the proposed lag between the peripheral initiation and occurrence of motor symptoms 
in PD (Adams-Carr et al., 2016). However, exposure to antibiotics mainly used against 
urinary tract infections, sulfonamides and trimethoprimes, was associated with a higher risk 
of PD only 1-5 years before the index date. This could be explained by protopathic bias, 
since PD patients are probably more susceptible to these infections already in the 
prodromal phase (Xu et al., 2018). 
 
Our findings suggested a dose-dependent association between PD and exposure to 
macrolides and lincosamides 10-15 years before the index date, with an adjusted OR 
reaching 1.42 (95% CI 1.05-1.90) for those who had purchased at least five courses of 
antibiotics within this class. Furthermore, our results showed dependency on the broadness 
of the antimicrobial spectrum and the effect against antianaerobic bacteria, whereas there 
was no convincing association between PD and the mechanism of action or bactericidity. 
The pattern of associations found in this study suggests that the association with prior 
antibiotic exposure may be linked to gut microbiota, since broad-spectrum and 
antianaerobic antibiotics reportedly cause long-term disturbances in the microbiota 
composition (Jernberg et al., 2010; Ianiro et al., 2016). There were no differences in the 
number of discharges due to viral or bacterial infections between PD-cases and controls, 
indicating that our results are not explained by the infectious burden. In fact, controls had 
a higher prevalence of pneumonia (2.0% vs 1.6%), although it might be explained by their 
higher COPD-prevalence.  
 
Furthermore, a significant association was found between PD and the exposure to 
antifungal medication 1-10 years before the index date, with an aOR reaching 1.26 (95% CI 
1.11-1.42) for those who had purchased at least two courses 1-5 years before the index 
date. For the analysis of association between antimycotic exposure and PD, antibiotic 
exposure was included in the adjusted statistical model since antibiotic treatment may 
predispose to fungal infections. Therefore, the fungal infections that are secondary to 
antibiotic use do not explain this finding. 
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Figure 7. Adjusted odds ratios for Parkinson’s disease associated 
with antibiotic exposure 
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5.3 STUDY III 

The aim of this study was to assess whether IBS-diagnosis was associated with a higher risk 
for PD. During the follow-up, 70 IBS patients and 148 IBS-free reference subjects were 
diagnosed with PD. The incidence per 10 000 person-years was 3.76 and 2.27, respectively. 
After including potential confounders (depression, anxiety disorders, COPD, age and 
gender) in the Cox proportional hazards model in the primary analysis, the adjusted HR for 
PD was 1.70 (95% CI 1.27-2.26) for patients with a diagnosis of IBS. However, the Cox model 
with a time-varying coefficient showed that the HR of PD was significantly higher only during 
the first two years of follow-up, suggesting reverse causation and/or detection bias (Table 
5). Moreover, a sensitivity analysis showed that after the first two years of follow-up, the 
hazard rate of death was lower in the IBS group, suggesting a role for death as a competing 
risk.  
 
 
Table 5. Hazard ratios and associated 95% confidence intervals for Parkinson’s disease and 
mortality comparing IBS patients and IBS free reference subjects 

  

All                         
(N= 126939) 

At least 2 
discharges with IBS 
(N=43211) 

More liberal 
definition for PD1 

(N=126939) 

Mortality 
(N=126939) 

Events, n (%) 218 (0.2) 73 (0.2) 373 (0.3) 9332 (7.4) 

         

Hazard Ratio [95% CI]    
0-2 years 2.96 [1.78-4.92]2 6.70 [2.48-18.16]2 2.30 [1.46-3.61]2 1.00 [0.91-1.10] 

2-5 years 1.08 [0.61-1.93]2 1.36 [0.53-3.48]2 1.08 [0.69-1.67]2 0.90 [0.83-0.99] 

over 5 years 1.53 [0.98-2.38]2 1.48 [0.71-3.09]2 1.51 [1.10-2.07]2 0.88 [0.81-0.95] 
CI = Confidence interval, IBS = Irritable bowel syndrome, PD = Parkinson’s disease 
1Only a special reimbursement for PD-medication (SR-110) was required, regardless of the 
discharge data 
2Adjusted for depression, anxiety disorders, and chronic obstructive pulmonary disease  
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Our findings suggest that detection bias, reverse causation, and death as a competing event 
might account for the suggested epidemiologic link between IBS and PD. IBS patients 
probably visit a physician more often than IBS-free reference patients close to the time of 
diagnosis. Would they develop PD during that time, their motor symptoms are more likely 
to be detected earlier. IBS was earlier linked with an increased hazard for PD in the 
Taiwanese population, with an adjusted HR of 1.48 (95% CI 1.27-1.72), and the association 
remained statistically significant also in those with over two years of follow-up (aHR 1.38, 
95% CI 1.16-1.66) (Lai et al., 2014). However, possible associations between the exposure 
and outcome observed in cohort studies are not free of detection bias even in long-term 
follow-up (Hemminki et al., 2017). Partly the association between IBS and PD-diagnosis 
during the first two years of follow-up might also be caused by reverse causation. The 
possible gastrointestinal symptoms in the premotor or early phase of PD might be initially 
interpreted as IBS before the motor symptoms of PD become more eminent and the PD-
diagnosis is set. Ergo, IBS could be a manifestation of prodromal PD. A recent study in the 
Swedish population investigated the association between IBS and PD risk with two 
alternative approaches (Liu et al., 2021). The hazard of PD was not significantly increased in 
subjects fulfilling the older Rome II criteria for IBS compared to non-IBS individuals (aHR 
1.25, 95% CI 0.87-1.81). In a nested case-control setting, they observed a 44% higher risk of 
PD for patients with an IBS diagnosis. Although remaining statistically significant, this 
association was attenuated when restricting the analysis for those with at least 10 years of 
follow-up and when adjusting for number of hospital visits. Furthermore, the competing 
risk of death was not taken into account.
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6. GENERAL DISCUSSION 

The aim of this thesis was to explore the possible associations between the MGBA and PD 
by investigating the diversity and clinical associations of gastrointestinal symptoms and gut 
microbiota in PD patients (Study I) and the possible associations of PD-risk with antibiotic 
exposure (Study II) and IBS (Study III). In study I, we showed that besides constipation, PD 
patients suffer from a broad range of other bowel symptoms and might even fulfill the 
symptomatic criteria for IBS. IBS-like symptoms were associated with other NMS and 
microbiota composition. More specifically, IBS+ was associated with a decreased 
abundance of the genus Prevotella and the family Prevotellaceae and a higher abundance 
of the genus Bacteroides. In study II, we showed that antibiotic exposure was associated 
with a higher PD-risk. The strongest associations were seen 10-15 years after exposure to 
broad-spectrum and antianaerobic drugs that potentially have the strongest impact on gut 
microbiota. Furthermore, in study III, we showed that the earlier suggested association 
between IBS and PD might be explained by different sources of bias. 
 

6.1 METHODOLOGICAL STRENGTHS AND LIMITATIONS 

6.1.1 ASSESSMENT OF THE GASTROINTESTINAL SYMPTOMS AND GUT 
MICROBIOTA (STUDY I) 

We used the Rome III constipation module to assess bowel symptoms, although it has not 
been properly validated in PD patients. However, the Rome criteria for FC have been 
indirectly validated in a randomized controlled trial assessing the efficacy of probiotics and 
prebiotic fibers in treatment of constipation in PD patients (Barichella et al., 2016). During 
the two-week pretreatment phase, constipation was confirmed on the basis of the stool 
diary in 120 of 165 (72.7%) PD patients that initially fulfilled the criteria for FC. Comparing 
the prevalence of constipation-related symptoms based on the Rome III constipation 
module, NMSS and NMSQuest showed remarkable variation, reflecting the differences of 
these questionnaires. The NMSS and the more recent MDS-NMS are designed to evaluate 
the total burden (i.e., frequency and severity) and even rarely occurring NMS are recorded, 
whereas NMSQuest is designed for more simple screening with yes-or-no options. The 
Rome III constipation module is inherently more detailed, even though it does not cover 
symptom severity.  
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The methods applied for sample collection, DNA extraction, sequencing, bioinformatical 
analysis, and statistics all influence the findings regarding the composition of gut 
microbiota. Heterogeneity in these methods across studies partly explain the lack of 
reproducibility in associations found between a certain disease and the gut microbiota 
composition (Debelius et al., 2016). This has been observed also in PD-cohorts (Boertien et 
al., 2019). Besides, lifestyle-associated, cultural, and other factors modify the gut 
microbiota, explaining the high interindividual variability. The major limitation regarding the 
microbiota analysis was the lack of dietary data. However, many other factors were 
considered. None of them showed association with the taxa that had statistically significant 
difference in abundance in the model.  
 

6.1.2 USE OF NATIONWIDE REGISTERS (STUDIES II & III) 

Longitudinal observational studies have revealed several interesting factors that might 
modify the risk of PD, giving clues as to the possible mechanisms underlying the disease 
(Ascherio & Schwarzschild, 2016). However, a disease such as PD with a relatively low 
incidence and long latency between the initiation of pathological process and the diagnosis 
warrant for very big sample size and long follow-up. The execution of prospective studies 
with such design would be very expensive, vulnerable to loss of follow-up, and impractical 
for testing new hypotheses (Song & Chung, 2010). The establishment of nationwide 
registers has made retrospective design a compelling alternative for prospective 
observational studies without the hindrance of recall bias, which can be a problem in a true 
retrospective design, where also the data is collected retrospectively. By utilizing 
retrospective HILMO-data, it was possible to increase the sample size and duration of 
follow-up with reasonable financial expense compared to a prospective cohort design. 
Observational registry-based studies have, however, also certain typical limitations and 
disadvantages that need to be addressed (Sedgwick, 2014; Norgaard et al., 2017). 
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6.1.3 LIMITATIONS RELATED TO THE EXPOSURES (IBS & ANTIBIOTIC COURSES) AND 
EVENT (PD) 

In study I, we were able to have comprehensive information on the comorbidities and 
medications of the study subjects. Moreover, we were able to verify that every included PD 
patient met the Queen Square Bank diagnostic criteria and to evaluate the time of non-
motor and motor symptom onset. On the contrary, large health care databases, such as 
registries used in the studies II & III have not been primarily designed to answer specific 
research questions. Therefore, data acquired from the registries might be incomplete and 
suffer from inaccuracies and validity issues. We lacked the information on whether the 
diagnosis of PD, IBS, and other diseases treated as confounders were diagnosed according 
to the appropriate clinical criteria. Although the positive predictive value for common 
diagnoses in the HILMO-register has been generally good, varying between 75-99% in 
different validation studies, the specific validity of IBS- and PD-diagnoses have not been 
investigated. However, we used several approaches to minimize the risk of misclassification. 
Regarding PD-diagnosis, we combined data from two different registers (HILMO and FNPR) 
and used strict exclusion criteria. Feldman and colleagues (Feldman et al., 2012) have 
investigated the accuracy of the PD-diagnosis in the Swedish National Patient Register, 
covering the inpatient hospital admissions. They observed that including only those with 
multiple admission with a PD diagnosis or those with admission to neurological, 
neurosurgical or geriatric departments increased the positive predictive value with the cost 
of sensitivity. Indeed, the use of strict exclusion criteria might have decreased the sensitivity 
of our PD-case definition. However, coverage of outpatient data in the HILMO-register likely 
increased the overall sensitivity. Assessment of the consistency between these two 
methods of identifying PD patients was assessed with Cohen’s κ statistic (Cohen, 1960) in 
study II, results indicating a strong level of agreement (κ = 0.855).  
 
Likewise, we tried to minimize the risk of misclassification bias regarding IBS by several 
methods. In study III, we excluded patients with other gastrointestinal diseases. At least one 
outpatient visit or discharge from the hospital was demanded with IBS as a main diagnosis, 
since it is possible that subsidiary diagnoses are registered merely based on patients’ own 
notion. IBS is typically diagnosed in Finland by a general practitioner working at the primary 
health care. Since data from the primary health care is not included in the HILMO-register, 
it is possible that some of the controls in this study actually had IBS, disturbing the observed 
association between IBS and PD in study III. However, we evaluated that the magnitude of 
misclassification bias was not substantial, based on the estimated prevalence of IBS in 
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Finland and the number of subjects included in the IBS-cohort. We also performed multiple 
sensitivity analyses with different definitions for IBS- and PD-cases. Alternative approaches 
did not affect our findings significantly, indicating that they were not explained by selection 
bias. However, a proper validation study would be warranted. 
 
The FNPR register allowed us to assess the prior exposure to antimicrobial medications in 
study II. One strength of the FNPR is that it contains information on the drug purchases 
instead of being limited to prescription data, since not all prescribed medications are 
actually retrieved from the pharmacy (Beardon et al., 1993). Still, the data acquired from 
the FNPR is incomplete, since it does not include the antibiotics used in hospitals. However, 
since subjects had on average purchased six antibiotic courses and less than 0.2 
hospitalizations due to bacterial infections during the follow-up, this has likely not caused 
significant bias. Moreover, the clinical indications of antibiotic courses are not included in 
the register. That information would have allowed us to better assess the association 
between certain type of infections (e.g., gastrointestinal infections) and PD. 

Another potential limitation in studies II and III is the accuracy of the index date. The date 
of the first discharge with a certain disease is often not the same as the date of onset due 
to possible delays in healthcare seeking and the diagnostic process. With PD, we strived to 
minimize this inaccuracy by also utilizing data from the FNPR. If a PD patient was entitled to 
the SR-110 prior to the first discharge with a PD-diagnosis in study II, this date was set as 
the index date instead. The SR-110 was granted within two years of the first discharge with 
PD diagnosis in 94.8% and 90.5% of PD-cases in studies II and III, respectively, indicating 
that the delay in the PD-diagnosis relative to the onset of motor symptoms was not 
substantial in most of the cases. Since there might also be a long interval between the onset 
of typical symptoms and the diagnosis of IBS, the controls were selected from the pool of 
subjects that did not have an IBS-diagnosis at the index date nor until the end of year 2014. 
Due to this selection bias, factors that affect the risk of being diagnosed with IBS – including 
the use of health care services and access to them – might have been unevenly represented 
in the two groups. Indeed, differences in the number of outpatient visits and mortality 
during the follow-up suggest a limited comparability between IBS patients and controls. 
Some unmeasured characteristics underlying these differences between studied groups 
may have caused some residual confounding. 

Although we had a substantially long follow-up period in the study III, it is also noteworthy 
that IBS is typically diagnosed at a considerably younger age than PD. The mean age at the 
time of PD-diagnosis in study II was 69.9 ± 9.7 years, whereas the median age at the time 
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of IBS-diagnosis in study III was 50.7 [36.7-63.3] years. Moreover, in study III, 75.4% of the 
subjects were under 70 years old at the end of follow-up, meaning that a subset of the 
subjects might have developed PD after the end of follow-up. While extending the follow-
up might have reduced the effect of these limitations, it would have likely increased the 
influence of death as a competing event on the observed associations and introduced other 
bias. The relatively low incidence of PD and assessing the hazard of PD in three separate 
time periods due to the inconsistency in hazard rate ratios over time affected the statistical 
power of the analyzes. With the observed hazard rate after five years of follow-up, however, 
the statistical power would have still been sufficient (>80%) to detect a HR of 2.02 in the 
primary analysis and a HR of 1.66 in the sensitivity analysis with more liberal PD-definition. 
 

6.1.4 LIMITATIONS RELATED TO THE POTENTIAL CONFOUNDERS 

In observational case-control and cohort studies such as studies II and III, where exposure 
is not allocated randomly, controlling of confounders is important. In both studies, we 
matched controls by age, gender and place of residence.  Despite the study design, females 
were over-represented in the control group in study III. We included age and gender in the 
multivariable analysis in study III but not in study II. Ignoring the matching variables in study 
II might have caused some residual bias, since matching does not solve the problem of 
confounding in cohort studies completely (Sjolander & Greenland, 2013).  All potential 
confounders that were controlled for in the regression models were measured prior to the 
index date. Therefore, possible changes in the disease status of – for example depression 
or anxiety – might have caused imbalance in the distribution of these confounders resulting 
in uncontrolled residual bias. There are also other limitations in relation to the validity. In 
HILMO-register, the recording of subsidiary diagnoses has been less comprehensive than 
that of more common diagnoses (Sund, 2012). Therefore, the data on comorbidities must 
be interpreted with caution. For example, only 3% of IBS patients in study III were also 
diagnosed with constipation, which unlikely reflects the true prevalence of constipation-
related symptoms. Therefore, we were not able to evaluate its effect on the observed 
association between IBS and PD by stratification. 
 
Anxiety disorders and depression were selected as potential confounders in the study III 
due to their association with IBS, although it can be claimed that these are rather prodromal 
signs than true risk factors for PD. Furthermore, some potential confounders, such as 
unspecific symptoms and clinically unimportant laboratory test findings are not typically 
recorded in large medical databases, including the HILMO-register. Regarding IBS, we were 
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not able to assess some of the ‘red flag symptoms’, such as anemia, hypersedimentation, 
fever and night sweats, that should be considered before ruling out other possible 
explanations for gastrointestinal symptoms. Therefore, it is possible that some of the 
patients in the IBS cohort were misdiagnosed and actually suffered from other unexplained 
gastrointestinal symptoms. Likewise, we lacked information on certain lifestyle factors that 
can modify the risk of PD, including coffee consumption, BMI, dietary habits, physical 
activity, exposure to pesticides and smoking. Since smoking seems to protect from PD to a 
substantial degree (Thacker et al., 2007) and may predispose to respiratory infections, 
thereby potentially increasing antibiotic exposure, we decided to use COPD as proxy for 
smoking, although only a modest percent of smokers gets COPD. To evaluate the potential 
effect of residual confounding due to the actual smoking status and other unmeasured 
factors, we calculated the E-value in study III. 
 

6.2 THE DIVERSITY OF GASTROINTESTINAL SYMPTOMS IN PD PATIENTS 

In study I, we showed that, depending on the applied methodology, the prevalence of 
constipation varied between 12.2% (Rome III) and 47.3% (NMSS & NMSQuest). Straining 
during defecation was more common in PD patients (86.5%) than infrequent bowel 
movements (44.6%), which is in line with previous studies (Knudsen et al., 2016). However, 
a similar trend was seen in controls, of which 64.0% had straining during defecation and 
17.3% had infrequent bowel movements. Only few other studies have applied the Rome III 
questionnaire for the assessment of constipation in PD patients, with a pooled prevalence 
of 52.7% in 2626 PD patients (Table 6).  The variation in the prevalence might be explained 
partly by differences in disease duration and stage. Cultural factors, gender distribution, 
and age likely also play a role. Only four of these studies included controls (Lebouvier et al., 
2010; Cassani et al., 2015; Barichella et al., 2017; Lee et al., 2018), 712 in total with a pooled 
prevalence of 10.8% for constipation. The two studies with over 70% prevalence for 
constipation had moderately low sample sizes (Lebouvier et al., 2010, Lee et al., 2018).  
Moreover, most studies used the Rome III questionnaire only to assess symptoms of 
constipation and did not exclude those who would have also fulfilled the criteria for IBS. 
The lower prevalence of functional constipation in PD patients in Study I (12.2%), and in 
Mishima and colleagues’ study (2017) could be explained by this methodological difference. 
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In study I, we observed that PD patients suffer from a wide range of bowel symptoms and 
might fulfill the symptomatic criteria for IBS. Interestingly, mixed type IBS was most 
prevalent subtype in PD patients. The prevalence of IBS in PD patients has only been 
assessed in two other studies (Mishima et al., 2017; Lee et al., 2018). In a Japanese cohort 
of PD patients, Mishima and colleagues’ (2017) observed a prevalence of 27.1% for IBS and 
17.1% for FC, which were in line with our findings in study I (24.3% and 12.2% respectively). 
Moreover, observations about the prevalence of individual symptoms were also in line with 
our findings regarding straining (77.1% and 86.5%, respectively), infrequent defecations 
(39.0% vs 44.6%), and the need to help stool passage with hand (21.6% vs 16.1%). However, 
a sensation of blocked stool was notably more common in the Japanese population (74.6% 
vs. 36.5%), whereas incomplete evacuation was less common (49.1% vs. 70.3%), possibly 
reflecting cultural differences in the description of symptoms. The prevalence of IBS and FC 
has also been investigated in 35 Korean PD patients (Lee et al., 2018). FC was observed in 
74.3% of PD patients, whereas only one (2.9%) fulfilled the criteria for IBS. Interestingly, 
only 8.6% of PD patients suffered from abdominal pain or discomfort, compared to 29.7% 
in study I. 
 
The neurodegeneration and autonomic dysfunction related to PD pathogenesis may justly 
be considered as physiologic abnormalities that should be excluded before setting a 
diagnosis of functional gastrointestinal disorder. Therefore, it might be argued that PD 
patients cannot meet the diagnostic criteria of IBS. However, our findings suggest that the 
Rome III constipation module could be applied as a useful tool alongside the more general 
NMS questionnaires (i.e., NMSS, SCOPA-AUT, and MDS-NMS) for assessing the complexity 
of gastrointestinal symptoms in PD patients.  In the Japanese PD cohort, straining during 
defecation was significantly related to the self-awareness of constipation, (Mishima et al., 
2017). Besides straining during defecation, lower abdominal pain/discomfort implies 
anorectal dysfunction, since it has been associated with a paradoxical increase of anal tone 
during defecation in newly diagnosed drug-naïve PD patients (Sung et al., 2012). Moreover, 
the occurrence of bloating may imply issues with gastric emptying (Heetun & Quigley, 
2012), although the symptoms of upper gastrointestinal tract symptoms are more 
thoroughly covered in other Rome modules. 
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6.3 THE ROLE OF THE MGBA IN THE SYMPTOMS OF PD 

We showed that gut microbiota might be associated with the non-motor phenotype of PD. 
According to the SOC model, PD patients with such phenotype could represent body-first 
cases, in which the Lewy pathology initiated in the peripheral nervous system 
(Borghammer, 2021). IBS-like symptoms could also be associated with central sensitization 
to pain, possibly influenced by the bidirectional MGBA interaction. These findings need to 
be confirmed in other studies. Whether the microbiota alterations observed in PD patients 
are the cause or the consequence of their gastrointestinal symptoms, remains an open 
question. Almost all studies assessing gut microbiota in PD patients have been cross-
sectional, limiting the ability to draw conclusions about possible causalities.  In a two-year 
follow-up of the cohort described in Scheperjans and colleagues’ earlier study (2015a), the 
differences in the beta diversity remained significant between PD patients and controls, 
outweighing the temporal intra-subject variability (Aho et al., 2019). There were no clear 
correlations between the beta diversity and disease progression, possibly due to a relatively 
short follow-up period, but the results indicated that a lower Prevotella-abundance could 
be associated with worsening of the motor symptoms. The association between the PIGD-
phenotype and the prevalence of Enterobacteriaceae was not reproducible in the follow-
up data. Besides this, also other findings on the association between fecal microbiota 
composition and clinical features of PD have been inconsistent, highlighting the effect of 
possible confounding factors (Scheperjans et al., 2015a; Li et al., 2017; Heintz-Buschart et 
al., 2018; Lin et al., 2018; Aho et al., 2019; Barichella et al., 2019; Pietrucci et al., 2019). 
Future studies with more established methodology and including metagenomic and 
metabolomic data are needed to better understand the effect of gut microbiota on PD 
symptoms. 
 
However, the gut microbiota already presents as a potential target for therapeutical 
interventions in PD. A fermented milk product containing prebiotic fibers and probiotics has 
been shown to alleviate constipation in PD patients by increasing the number of bowel 
movements per week (Barichella et al., 2016). Moreover, studies in mice have 
demonstrated that a fecal microbiota transplant might suppress neuroinflammation and 
alleviate motor symptoms in PD (Sun et al., 2018). First studies investigating the potential 
benefit of fecal microbiota transplant in the treatment of PD in humans are ongoing (Dutta 
et al., 2019). Moreover, gastrointestinal microbiota alterations in PD are not restricted to 
the large intestine, as small intestinal bacterial overgrowth has also been observed in PD 
patients (Tan et al., 2014). This phenomenon may be influenced by impaired 
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gastrointestinal transit and is associated with worse motor symptoms (Houser & Tansey, 
2017). 
 

6.4 THE ROLE OF MGBA IN THE PATHOGENESIS OF PD – LESSONS 
LEARNED 

Our findings linking antibiotic exposure and PD-risk are remarkable, considering the globally 
high consumption of antibiotics (Klein et al., 2018). Recent studies have linked antibiotic 
exposure also to a number of other diseases, including diabetes, juvenile idiopathic arthritis 
and Crohn’s disease (Virta et al., 2012; Boursi et al., 2015; Horton et al., 2015; Lurie et al., 
2015). There has been interest in the potential benefits of the ancillary properties of 
antibiotics in the treatment of neurodegenerative diseases (Reglodi et al., 2017). These 
properties include anti-inflammatory and neuroprotective functions, which are not related 
to their antimicrobial activity. Concerning PD, especially the effects of tetracyclines have 
been studied (Du et al., 2001; Diguet et al., 2004; Faust et al., 2009; Radad et al., 2010). Our 
results provide a new perspective on the possible side-effects of these interventions. To our 
knowledge, the association between prior antibiotic exposure and PD-risk has not been 
specifically investigated previously, although a reduced risk of PD was observed in those 
exposed to tetracycline in a study assessing the risk of PD in rosacea patients (Egeberg et 
al., 2016). Since the observed associations between antibiotic exposure and PD were 
specific for certain antibiotic classes and their antimicrobial spectrum, they are unlikely to 
be caused by a generally higher infectious burden in the PD-group. If that were the case, 
one would expect a stronger association for overall antibiotic exposure. Moreover, there 
was no differences in the number of discharges due to viral or bacterial infections between 
PD-cases and controls. The reduced microbial diversity due to antibiotic exposure may 
impair gut mucosal barrier function or enable expansion of deleterious microbes (Feng et 
al., 2019) and certain antibiotics have the capacity to directly damage gut epithelium 
(Morgun et al., 2015). Of note, the observed association between antifungal exposure and 
PD was surprising. Interestingly, azoles can inhibit mitochondrial function, which seems to 
have a central role in the pathogenesis of PD. Oral antifungal medications probably also 
induce alterations in the composition of the mycobiome (Cui et al., 2013), the role of which 
in human health and disease has not been studied to the extent of the bacterial component 
of the microbiota. 
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Despite our findings in study III, there might be a true association between IBS and PD, 
associated with the physiological changes in the gastrointestinal tract, which would be 
detectable with larger cohorts and longer follow-up. However, our findings about the 
association between the diagnoses of IBS and PD enlighten some of the limitations 
regarding the evaluation of causality from epidemiologic observational studies. Reverse 
causation could explain some of the observed association between IBS and PD during the 
first two years of follow-up. Similarly, although we tried to control for the protopathic bias 
by study design and sensitivity analyses, the association between antibiotic/antifungal 
exposure especially between second and tenth years of follow up and the risk of PD could 
be partly explained by reverse causation. Especially in a disease like PD, in which the 
pathological process begins several years before the diagnostic motor features become 
evident, the possibility of reverse causation is difficult to exclude. It has been proposed that 
the positive or negative associations found between PD and factors that are thought to 
affect its pathogenesis via the MGBA, such as IBD, smoking, coffee drinking, exercise and 
plasma urate levels might be affected by reverse causation (Chen, 2018; Weimers et al., 
2019a). A Swedish retrospective cohort study investigating the possible association 
between a Clostridium difficile-infection and PD showed a likewise relationship with the 
exposure and outcome (Kang et al., 2020). Subjects with a history of Clostridium difficile-
infection had a higher overall hazard for PD (aHR 1.16, 95% CI 1.00-1.36) when a time-
constant effect was assumed. However, stratification by the follow-up time showed that 
the association was not statistically significant after two years since the infection.  
 
To draw conclusions about the causality from observational studies, there are many other 
aspects besides the temporal relationship between the exposure and outcome that need 
to be evaluated. These include the strength and specificity of the association, the dose-
response relationship, consistency of findings across studies, and the biological plausibility 
of the hypothesis under investigation (Hill, 1965). Thus far, observations regarding many 
potential factors thought to influence the risk of PD via the MGBA have been inconsistent. 
Therefore, more well-designed studies with substantial sample size, follow-up period and 
careful consideration of potential bias are needed to elucidate the role of the MGBA in PD 
pathogenesis. Better knowledge about the factors associated with the prodromal period of 
PD would also increase the understanding about its pathogenesis. Different prodromal 
symptoms may have different impact on PD pathogenesis. While some symptoms – such as 
iRBD, olfactory loss, and neurogenic hypotension – might simply be manifestations of the 
pathological changes associated with PD, others (e.g., constipation, depression, and 
anxiety) might promote neurodegeneration individually by various mechanisms, including 
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the MGBA pathways. Although it remains unclear whether gastrointestinal insults or 
disorders can initiate the pathogenesis of PD, it appears plausible that they can accelerate 
the process via the MGBA. In the future, it would be important to better understand the 
heterogeneity of PD and to better distinguish between the subgroups with different 
etiologies and possibly different spreading patterns of Lewy pathology. For example, 
epidemiological studies would benefit from the identification of body-first and brain-first 
PD subgroups, if the SOC model hypothesis is reinforced in future studies (Van Den Berge 
et al., 2019; Borghammer, 2021). 
 

6.5 MICROBIOTA, AGING, AND NEURODEGENERATION 

Besides PD-pathogenesis, the MGBA might have a role in neurodegeneration and aging in 
general. In the pursuit of longevity, certain characteristics of the gut microbiota 
composition of centennials have already been identified (Biagi et al., 2010). The 
degeneration of the ENS associated with aging can induce changes in the physiologic 
properties, such as transit time, that influence the gut microbiota composition (Sharon et 
al., 2016). Although the gut microbiota of healthy adults is considered quite stable, it is 
vulnerable to changes after mid-age and slowly, the diversity and the resilience decreases 
(Lynch & Pedersen, 2016). While the Firmicutes is usually the dominant phylum in younger 
adults, Bacteroidetes becomes the most abundant phylum in the elderly (Mariat et al., 
2009; Claesson et al., 2011). There are, however, many factors that possibly drive the 
alterations in the gut microbiota composition, as elderly people often use more 
medications, have different eating habits and might be more home bound than younger 
individuals. A study investigating 178 elderly subjects (≥ 64 years) and 13 young adults as 
controls showed gut microbiota correlation with diet and health in the elderly (Claesson et 
al., 2012). Long-term residential care was associated with less healthy diet and a higher 
Bacteroidetes to Firmicutes ratio compared to that of community-dwelling subjects. 
Furthermore, the gut microbiota composition of subjects living in a long-term residential 
care correlated with increased frailty (Claesson et al., 2012). Although the causal 
associations remain mainly unraveled, microbiota alterations and the impaired gut barrier 
function are likely related to age-associated changes in the regulation of immune 
responses, immunosenescence, and chronic low-grade inflammation – a phenomenon 
known as inflammaging (Nagpal et al., 2018). It has been suggested that these mechanisms 
have a role in PD pathogenesis and the physiology of neurodegeneration in general 
(Calabrese et al., 2018). There is a growing interest in these and other mechanisms, by 
which the gut microbiota (or microbiome in general) is capable of influencing the aging 
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process (Bana & Cabreiro, 2019). In this light, future studies investigating the pathogenesis 
of PD and the role of the MGBA may prove to be of wider benefit in understanding the 
mechanisms of aging. 
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7. CONCLUSIONS 

This thesis aimed to explore the role of the MGBA in the pathogenesis and clinical 
expression of PD. The gastrointestinal symptoms of PD patients are diverse, and many suffer 
from concomitant abdominal pain or discomfort. The Rome questionnaire’s constipation 
module could be applied as a useful tool for assessing the complexity of gastrointestinal 
symptoms in PD patients, and its validation in this regard would be useful. The more 
systematic approach to evaluate gastrointestinal symptoms could enable doctors to better 
address them, which could have major impact on patients’ quality of life. However, new 
methods are also needed for the objective assessment of gastrointestinal dysfunction in 
PD. For example, functional imaging of the gastrointestinal tract and the autonomic nervous 
system may prove useful in understanding the mechanisms underlying constipation and 
other subjective gastrointestinal symptoms in PD patients. 

We have demonstrated that the composition of gut microbiota in PD patients is associated 
with gastrointestinal symptoms and other NMSs. Moreover, the observed association 
between prior antibiotic exposure and the higher risk of PD could be explained by 
physiological changes in the gastrointestinal tract and alterations in the gut microbiota 
composition, effects of which are mediated via the MGBA. More studies with metabolomic 
and metagenomic approaches are needed to better understand the functional role of 
microbiota in the clinical expression of PD and the underlying mechanisms. The gut 
microbiota offers a potential target for intervention in PD by the application of special diets, 
specific antibiotics, probiotic/prebiotic supplements, or fecal microbiota transplantation. 
The potential long-term consequences of antibiotic exposure leading to gut microbiota 
disturbances should also be considered in the national guidelines of clinical practice. 
Moreover, the observation that antifungal exposure might also be associated with a higher 
risk of PD highlights the potential role of other components of the microbiota in PD 
pathogenesis, besides bacteria. On the other hand, we have illustrated some of the 
limitations regarding the evaluation of causality from epidemiologic observational studies. 
The possible role of reverse causation and competing risk of death need to be carefully 
assessed in such studies. 

Several aspects of Braak's gut hypothesis – such as the significance of prion-like properties 
and the centripetal spreading of aggregated αSyn – have been criticized. In part, this 
criticism has based on conflicting findings suggesting that the propagation of Lewy 
pathology does not always follow the Braak staging and on the lack of cases where the Lewy 
pathology would be restricted to the gastrointestinal tract. However, PD is a complex 
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disorder with heterogenous etiology, affected by genetic susceptibility and environmental 
exposure. Although its significance may greatly vary between individuals, increasing 
evidence suggests that the MGBA influences the pathogenesis of PD via pathways not 
restricted to the vagus nerve. 

Investigating the MGBA and the pathogenesis of PD might help us in understanding the 
underlying mechanisms behind neurodegeneration and aging in general. To obtain a better 
understanding of the role of MGBA in the pathogenesis of PD, however, several open 
questions still need to be unraveled in future studies. What is the correlation between PD 
phenotype and underlying pathological and microbiota findings? Do clinical subgroups 
represent different etiologies and spreading patterns of Lewy pathology? The clinical 
significance of different αSyn conformers and strains in the CNS and in general remain 
poorly understood. Moreover, overlap with other types of neurodegeneration and 
associations with aging need to be elucidated to distinguish between different PD 
subgroups. This would also benefit the epidemiological research, since the significance of 
different risk factors likely differs between PD subgroups. Likewise, a better identification 
of the prodromal symptoms and understanding the individual variation of their onset is 
needed. A better recognition of the risk factors and prodromal symptoms and 
understanding of the underlying mechanisms could not only enable an earlier diagnosis of 
PD but also help in the quest of developing new, disease-modifying interventions against 
PD. 
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