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Abstract: Dystonia is a movement disorder in which patients have involuntary abnormal movements
or postures. Non-motor symptoms, such as psychiatric symptoms, sleep problems and fatigue, are
common. We hypothesise that the gut microbiome might play a role in the pathophysiology of the
(non-)motor symptoms in dystonia via the gut-brain axis. This exploratory study investigates the
composition of the gut microbiome in dystonia patients compared to healthy controls. Furthermore,
the abundance of neuro-active metabolic pathways, which might be implicated in the (non-)motor
symptoms, was investigated. We performed both metagenomic and 165 rRNA sequencing on the
stool samples of three subtypes of dystonia (27 cervical dystonia, 20 dopa-responsive dystonia and
24 myoclonus-dystonia patients) and 25 controls. While microbiome alpha and beta diversity was
not different between dystonia patients and controls, dystonia patients had higher abundances of
Ruminococcus torques and Dorea formicigenerans, and a lower abundance of Butyrivibrio crossotus com-
pared to controls. For those with dystonia, non-motor symptoms and the levels of neurotransmitters
in plasma explained the variance in the gut microbiome composition. Several neuro-active metabolic
pathways, especially tryptophan degradation, were less abundant in the dystonia patients compared
to controls. This suggest that the gut-brain axis might be involved in the pathophysiology of dystonia.
Further studies are necessary to confirm our preliminary findings.

Keywords: gut microbiome; dystonia; gut-brain axis

1. Introduction

Dystonia is a hyperkinetic movement disorder characterised by sustained or repetitive
involuntary muscle contractions resulting in abnormal movements or postures [1]. Next to
these motor symptoms, many patients with dystonia suffer from non-motor symptoms,
such as psychiatric symptoms, sleep problems, fatigue and pain [2,3]. While these non-
motor symptoms are considered to be part of the phenotype, the exact pathophysiology of
both the motor and the non-motor symptoms in dystonia is not yet fully elucidated. Dysto-
nia is considered a network disorder with multiple brain areas involved. Communication
between the different regions involved in the brain motor network mainly depends on
neurotransmitters and a role of the dopaminergic, serotonergic and noradrenergic systems

Int. . Mol. Sci. 2023, 24, 2383. https:/ /doi.org/10.3390/ijms24032383

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24032383
https://doi.org/10.3390/ijms24032383
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3709-9193
https://orcid.org/0000-0003-2119-0539
https://orcid.org/0000-0003-2725-6148
https://orcid.org/0000-0002-9384-4354
https://doi.org/10.3390/ijms24032383
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24032383?type=check_update&version=2

Int. ]. Mol. Sci. 2023, 24, 2383

20f15

is suspected in the pathophysiology of dystonia [4,5]. The most important neurotransmitter
involved in dystonia is considered to be dopamine, since the direct and indirect output
pathways of one of the implicated brain areas, the basal ganglia, are closely regulated by
dopamine. Alterations in the concentrations of dopaminergic metabolites or receptors have
been described in many types of dystonia [4]. Furthermore, a role of serotonin in dystonia
is suggested, based on the differences in metabolites of serotonin in the cerebrospinal fluid,
but also because of the fact that serotonergic drugs can induce dystonia [5]. These neuro-
transmitter systems can be influenced by several factors, including the gut microbiome.

Lately, the role of the gut microbiome in several neurological and psychiatric diseases
via the gut-brain axis has gained attention [6,7]. Most of the existing knowledge on the
gut-brain axis comes from experiments in germ-free animal models [8,9]. In the last few
years, more studies on the human gut microbiome of patients have been conducted with
both neurological and psychiatric disorders [10-13]. In patients with movement disorders,
especially Parkinson’s disease, alterations in the composition of the gut microbiome have
been observed [14]. However, the role of the gut microbiome in dystonia patients remains
largely unknown. Interestingly, in a case study, faecal microbiota transplantation led to an
improvement of chronic diarrhoea and dystonic symptoms in a woman with myoclonus
dystonia (MD) [15]. Furthermore, Ma et al. studied the gut microbiome of 57 dystonia
patients using 165 rRNA sequencing and found an increased abundance of Closteridiales
and a decreased abundance of some Bacteriodes species compared to healthy controls [16].
These studies suggest that the gut microbiome potentially has a role in the pathogenesis of
dystonia and the severity of symptoms. This is not only the case for the motor symptoms;
the gut microbiome might also play a role in the high prevalence of non-motor symptoms
observed in patients with dystonia as it has been previously shown that alterations in the
gut microbiome are linked to depression and anxiety in studies with humans and animal
models [17].

The gut-microbiome axis encompasses the bidirectional interaction between the gut,
including its microbiome and the brain. The four major routes which are involved in the
gut-brain axis are: (1) the hypothalamic—pituitary—adrenal (HPA) axis, (2) the immune
system, (3) the vagus nerve or afferent spinal nerves and (4) microbial- and host-derived
products including neuropeptides and neurotransmitters [18], the latter being the main
focus of this study, since the neurotransmitters serotonin and dopamine are implicated
in dystonia [4,5]. The microorganisms residing in the gut can not only produce these
neurotransmitters themselves, but are also known to be involved in the regulation of several
neurotransmitter systems of the host [19]. Multiple studies focused on serotonin, especially
the tryptophan (the precursor of serotonin) metabolism [20,21]. There is accumulating
evidence that serotonin functions as a key neurotransmitter both in the central nervous
system and in the gastrointestinal tract and, therefore, acts as an important regulator in the
gut-brain axis. In a previous study, a low level of tryptophan was found in the plasma of
dystonia patients compared to healthy controls [5,22].

We hypothesise that the gut microbiome might play a role in the pathophysiology
of the motor and non-motor symptoms in dystonia patients via neuro-active metabolic
pathways. This exploratory study investigates the composition of the gut microbiome and
the abundance of metabolic pathways in dystonia patients compared to healthy controls.
We performed both metagenomic and 165 rRNA sequencing on the stool samples of
three different subtypes of dystonia and healthy controls. We included idiopathic cervical
dystonia (CD) patients, the most common type of dystonia, and two genetically confirmed
dystonia groups, dopa-responsive dystonia (DRD) and MD. In these dystonia subtypes,
the severity of the motor symptoms differs between patients, and we showed in previous
studies in this cohort that non-motor symptoms are highly present [23-25]. The first
aim of this study was to characterise the composition of the gut microbiome in dystonia
patients and compare this with the gut microbiome of healthy controls. Next, we wanted
to investigate its relation with the motor and non-motor symptoms and gain insight
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into the abundance of neurotransmitter-producing or -regulating species and metabolic
pathways involved.

2. Results
2.1. Clinical Characteristics and Non-Motor Symptoms

The clinical characteristics of participants are described in Table 1. Sex, BMI and the
Bristol stool chart score were not significantly different between all four groups. Patients
with DRD and MD were relatively younger than the CD patients and healthy controls, but
this was not statistically significant (p = 0.07). Significantly more CD patients (41%) smoked
than the other groups (10%, 17%, 24%, p = 0.02).

Table 1. Demographic and clinical characteristics of participants.

Dopa-Responsive

Cervical Dystonia Dystonia Myoclonus-Dystonia  Healthy Controls p-Value
N=27 N =20 N=24 N=25

Age 56 (23-73) 48 (15-80) 46 (7-77) 57 (40-86) 0.07
Sex male (%) 7 (26%) 8 (40%) 9 (38%) 5 (20%) 0.39
Bristol stool chart 4 (2-6) 4(1-7) 4 (3-6) 4 (2-6) 0.10
BMI 25 (19-31) 25 (16-32) 23 (17-31) 24 (21-32) 0.70
Smoking 11 (41%) 2 (10%) 4 (17%) 6 (24%) 0.02
Use of probiotics 0 (0%) 1 (5%) 1 (4%) 2 (8%) 0.53
Medication
PPI 4 (15%) 1 (5%) 3 (13%) 4 (16%) 0.70
Laxative 1 (4%) 1 (5%) 0 (0%) 2 (8%) 0.62
Metformin 1 (4%) 0 (0%) 0 (0%) 0 (0%) 1.00
Statin 5 (19%) 1 (5%) 2 (8%) 6 (24%) 0.26
Benzodiazepine 6 (22%) 1 (5%) 6 (25%) 1 (4%) 0.07
Trihexyfenidyl 2 (7%) 0 (0%) 0(0%) 0 (0%) 0.25
Levodopa 0 (0%) 15 (75%) 0 (0%) 0 (0%) 0.00
Antidepressants 0 (0%) 2 (10%) 6 (25%) 1 (4%) 0.01
Antibiotics 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1.00
Motor symptoms
CGI 4 (2-7) 2 (1-2) 2(1-5) - 0.00
BFMDRS - 6 (0-17.5) 6 (0-15) -
UMRS 6 (0-22) - 11 (0-62) -
TWSTRS 14 (10-27) - - -
Non-motor symptoms
Psychiatric disorder 16 (59%) 11 (55%) 16 (67%) 7 (28%) 0.03
Mood disorder 14 (52%) 7 (35%) 5 (21%) 2 (8%) 0.01
Anxiety disorder 9 (33%) 10 (50%) 15 (63%) 3 (12%) 0.00
BDI1 11 (0-28) 4 (0-15) 8 (0-24) 3(0-19) 0.01
BDI/CDI z-score 1(—1-4) —-0.3(-1-2) 0.2 (—1-4) —0.4 (-1-3) 0.00
BAI 29 (22-46) 27 (21-33) 28 (21-52) 24 (21-42) 0.02
BAI/SCARED z-score 0.6 (—1-4) —0.2(—-3-2) 0.3 (—2-6) —0.5(—1-4) 0.01
ESS ! 9 (0-24) 10 (1-21) 7.5 (0-17) 4 (0-16) 0.14
FSS1 37 (12-63) 29 (14-62) 35 (9-62) 23 (9-55) 0.01
PSQI! 7 (2-16) 8 (1-20) 4 (1-11) 4 (1-15) 0.03

Data are presented as median (range) or number (%). All four groups were compared with each other and
Kruskal-Wallis tests, x2-test or Fisher-Freeman-Halton exact test were used to compute p-values. p-values
depicted in bold are considered to be statistically significant. PPI: Proton-Pump Inhibitor; CGI: Clinical Global
Impression scale; BEMDRS: Burke-Fahn-Marsden Dystonia Rating Scale; UMRS: Unified Myoclonus Rating
Scale; BDI: Beck Depression Index; BDI/CDI z-score: z-score of Beck Depression Index (adult questionnaire)
and Child Depression Index (child questionnaire); BAI: Beck Anxiety Index; BAI/SCARED z-score: z-score
of Beck Anxiety Index (adult questionnaire) and Screen for Child Anxiety Related Emotional Disorders (child
questionnaire) ESS: Epworth Sleepiness Scale; FSS: Fatigue Severity Scale; PSQI: Pittsburgh Sleep Quality Index.
! only adult participants.
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We did not find any differences in the use of medication which are known to influence
the gut microbiome, such as proton-pump inhibitors, metformin and laxatives (Table 1).
Most of the DRD patients used levodopa (75%) and in the CD and MD groups benzodi-
azepines were frequently (22% and 25%, resp.) used to minimise the dystonic symptoms.

Psychiatric disorders, sleep disturbances and fatigue were more common in the dysto-
nia groups compared to the controls (Table 1).

2.2. The Diversity of the Gut Microbiome of Dystonia Patients Is Not Significantly Different from
Healthy Controls

To characterise the gut microbiome of dystonia patients, we first analysed alpha and
beta diversity from the data obtained from metagenomic sequencing. The Shannon di-
versity index, a quantitative measure for the number and abundance of species within a
sample was not significantly different between the different dystonia subtypes (p > 0.05,
Figure 1A), nor between the whole dystonia group compared to healthy controls (p > 0.05).
The composition of the gut microbiome on the species level was visualised using princi-
pal component analysis (PCA) based on Aitchison distances. No significant differences
between the whole dystonia group and healthy controls were found (p > 0.05). When
comparing dystonia subtypes and healthy controls, a significant difference for PC1 and
PC2 between CD and DRD patients (Wilcoxon test: p = 0.01; p = 0.03) and for PC4 between
MD patients and healthy controls were found (Wilcoxon test: p = 0.04) (Figure 1 and
Supplementary Figure S1). However, PC1, PC2 and PC4 explained only a small part of the
variance (7%, 5% and 3%, respectively).
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Figure 1. (A). violin plot depicting the Shannon diversity index, a quantitative measure for the
number and abundance of species within a sample. We found no significant differences in Shannon
diversity index (p > 0.05). (B). Principal component plot based on Aitchison distance for dystonia
patients and healthy controls. PC: principal coordinate; HC: healthy controls; CD: cervical dystonia;
DRD: dopa-responsive dystonia; MD: myoclonus dystonia.

2.3. Distinct Gut Microbial Features of Dystonia Patients Compared to Healthy Controls

We did not observe any differences on the phylum level between dystonia patients
and healthy controls (Figure 2A). On the species level, higher abundances of Prevotella copri,
Megamonas unclassified, Ruminococcus torques and Dorea formicigenerans, and lower abun-
dances of several Bacteroides species and Butyrivibrio crossotus were found in the whole
dystonia group compared to controls (Figure 2B). Next, we compared each subtype of dysto-
nia to healthy controls. CD patients were characterised by higher abundances of Eggerthella,
Coriobacteriaceae bacterium phi, Dialister succinatiphilus and R. torques which were found, and



Int. ]. Mol. Sci. 2023, 24, 2383

50f 15

lower abundances of Bacteroides massiliensis and Butyrivibrio crossotus (phylum: Firmicutes)
compared to healthy controls (Figure 2C). MD patients were characterised by higher abun-
dances of P. copri, Ruminococcus gnavus and Megamonas hypermegale, and lower abundances
of Bacteroides eggerthii, Bacteroides cellulosilyticus and Clostridium sp. L2 50 (Figure 2D).
Finally, DRD patients exhibited higher abundances of P. copri, Sutterella wadsworthensis,
Escherichia coli and D. formicigenerans, and lower abundances of Bacteroides pectinophilus
(Figure 2E).

The metagenomics and 165 rRNA findings were consistent (Figure 2C, Supplementary
Figure S2 and Supplementary results).

2.4. Association with Clinical Characteristics and Non-Motor Symptoms

A permutational multivariate analysis of variance (PERMANOVA) on the Aitchison
distance revealed that dystonia explained 0.54% of the variance in community composition
(FDR = 8.4 x 1073). Baseline characteristics, such as having a bowel disease in your medical
history (mainly irritable bowel syndrome) and smoking, significantly explained 2.01% and
2.15% of the variance (FDR < 0.05), respectively. Several medications, including laxatives,
benzodiazepines, metformin, antidepressants and PPI, significantly explained a part of
the variance in the community composition as well (FDR < 0.10, Figure 3). The severity
of dystonic symptoms itself (BFMDRS) did not explain a significant part of the variance,
while the UMRS, a score reflecting the severity of myoclonic jerks in dystonia patients,
was statistically significant (explained variance of 3.97%, FDR < 0.01). The presence of a
lifetime psychiatric disorder and scores reflecting fatigue and excessive daytime sleepiness
(FSS and ESS) significantly explained 2.50%, 4.67% and 4.17% of the variance (FDR < 0.05)
in the community composition, respectively. Furthermore, concentrations of tryptophan,
serotonin, 5-hydroxyindoleacetic acid (5-HIAA), dopamine, 3-methoxytyramine (3-MT),
normetanephrine and norepinephrine significantly explained variance in the gut micro-
biome composition (FDR < 0.10)

2.5. Metabolic Pathways

We next analysed microbial metabolism and the neuroactive potential of the gut
microbiome of dystonia patients. The total number of detected metabolic pathways (the
richness) that was present in the gut microbiota between the groups was significantly
different between CD and DRD patients (p = 0.04). However, no difference was found
between dystonia patients and the healthy controls (p > 0.05, Supplementary Figure S3).
We detected several differentially abundant metabolic pathways between dystonia and
healthy controls, for example, tetrapyrrole biosynthesis, the superpathway of glucose
and xylose degeneration and gluconeogenesis (Supplementary Figure 54). Since we were
especially interested in neuro-active pathways, a separate analysis was performed with
only the pathways that are known to be neuro-active. We used the approach reported by
Valles-Colomer et al. to reclassify the KEGG orthologs into neuroactive modules [10,26].
A lower abundance of the histidine and tryptophan degeneration pathway was found in
dystonia patients compared to controls (Figure 4).
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Figure 2. (A). Phylum barplot for dystonia patients and healthy controls. (B-E). Results of a pibble
model showing differences in species level relative abundance between dystonia patients and healthy
controls with a 90% credible interval cut-off. Plots show the comparison between (B) the whole
dystonia group and the healthy controls, (C) cervical dystonia (CD) and healthy controls, (C) dopa-
responsive dystonia (DRD) and healthy controls and (E) myoclonus dystonia (MD) compared to
healthy controls.
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Figure 4. Results of the pibble model showing differences in abundance of neuro-active metabolic path-
ways between dystonia patients and healthy controls based on results of the metagenomic sequencing.
A cut-off of 90% confidence interval was used. Plots show the comparison between (A) healthy
controls and the whole dystonia group, (B) cervical dystonia (CD) and (C) dopa-responsive dysto-
nia (DRD) as depicted. We did not find any results for myoclonus dystonia (MD) compared with
healthy controls.

3. Discussion

In this exploratory study we investigated the composition of the gut microbiome in
dystonia patients and correlated it to clinical characteristics. The species diversity of the
microbiome within and between samples (alpha diversity and beta diversity, respectively)
was not different between dystonia patients and controls (Figure 1). However, we did
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find several microbial species and pathways that were enriched in the dystonia patients
compared to healthy controls (Figure 2). Having a diagnosis of dystonia, the non-motor
symptoms and measurements of levels of mono-amine neurotransmitters significantly
explained variation in the gut microbiome composition (Figure 3). Several neuro-active
metabolic pathways, especially histidine and tryptophan degradation, were less abundant
in the dystonia group compared to controls (Figure 4).

The results of our study did not show a difference in the alpha diversity between
dystonia patients and controls. This was similar to the results of the only previous study
that investigated the gut microbiome in dystonia patients. However, the study of Ma et al.
showed a difference in the beta diversity with an increased abundance of Clostridiales
and decreased abundance of Bacteroidetes [16]. Although the beta diversity was not dif-
ferent in our study, several Clostridiales sp., such as B. hydrogenotrophica, R. torques and
D. formicigenerans, were more abundant in dystonia patients than in the healthy controls.
In our cohort, many species belonging to the Bacteriodetes phylum were less abundant as
well, except for P. copri, which was more abundant in the whole dystonia group and in
the MD and DRD cohorts. This species was previously associated with gut inflammation
and several adverse conditions such as insulin resistance, hypertension and rheumatoid
arthritis [27-29]. Surprisingly, in other neurological and psychiatric disorders, such as
Parkinson’s disease, multiple sclerosis and depression, the Prevotellaceae family was less
abundant [12,13,30]. The differences between our results and the findings of the study
of Ma et al. might be explained by methodological aspects and differences between the
cohorts [16]. Ma et al. Used 16S rRNA sequencing, while in our study, we used both
16S rRNA as the metagenomic sequencing methods. Furthermore, the ethnicity of our
cohorts was different and the dystonia groups in our cohort were more homogenous.

The results of our study show evidence of a dysbiosis of the gut microbiota in dystonia
patients with a shift of strictly anaerobic bacteria to more aerotolerant bacteria, such as
Eggerthella, Coriobacteriaceae bacterium phi, R. torques, R. gnavus and D. formicigenerans. These
potentially harmful bacteria were found to be increased in previous studies in patients
with multiple sclerosis and persons who had a disrupted circadian rhythm due to night
shifts [31,32]. Furthermore, some pathogenic bacteria, such as the small intestine bacteria
Megamonas unclassified and Dialister succinatiphilus, were more abundant in the dystonia
groups. In the DRD group, E. coli and S. wadsworthensis, both bacteria associated with
gastrointestinal diseases, were more common, further suggesting a dysbiosis in dystonia
patients [33,34].

The next aim of this study was to analyze the relationship between the motor and
non-motor symptoms of dystonia patients and the composition of the gut microbiome.
First, having a diagnosis of dystonia significantly explains a significant proportion of the
variance in the composition of the gut microbiome, suggesting that there might be a link
between the gut microbiome and dystonia. Although we did not find an association with
the severity of dystonia, the severity of the myoclonic jerks (mainly in the CD and MD
group) was associated with the composition of the gut microbiome. This might be an
explanation of the beneficial effect of a faecal microbiota transplantation in a patient with
MD [15]. The non-motor symptoms, such as having a psychiatric diagnosis and the severity
of fatigue and sleepiness, significantly predicted some of the variance of the composition of
the microbiome. This is in line with previous studies which showed a connection between
psychiatry and the gut microbiome [17].

Comparing our results of the metagenomic sequencing with 165 rRNA sequencing
on a genus level showed that there was an increased abundance of Dorea and a decreased
abundance of Butyrivibrio. Dorea and Butyrivibrio contain bacteria species that are known to
produce short-chain fatty acids (SCFA), such as proprionate, acetate and butyrate. SCFAs
play an important role in the gut homeostasis and are thought to reduce the inflamma-
tory properties of immune cells [35,36]. In Parkinson’s disease, several studies showed
that there is a lower abundance of these SCFAs, which are thought to contribute to the
pathophysiology [37,38]. Dorea are acetate- and proprionate-producing bacteria, while
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Butyrivibrio are known to produce butyrate [39,40]. In dystonia, there might be a shift
from butyrate-producing bacteria (such as Butyrivibrio) towards proprionate-producing
bacteria (such as Dorea). Although we did not directly measure the SCFAs, this hypothesis
is supported by the higher abundance of the metabolic pathway of proprionate production
in DRD patients. Future studies examining SCFAs in dystonia patients might further shed
light on their role in the pathophysiology of dystonia.

Another mechanism that might be involved is the serotonin and tryptophan metabolism.
Serotonin is a neurotransmitter suggested to be involved in dystonia [5]. Around 90%
of the serotonin in the body is produced in the gut from the essential amino-acid trypto-
phan, which is mainly derived from diet. This indicates that the biological availability
of tryptophan in the body mainly depends on the metabolisation of tryptophan in the
gut. An animal study showed that spore-forming bacteria can influence host serotonin
metabolism [41]. Several other bacteria, such as Lactobacillus spp., E. coli and Clostridium
sporogenes, are known to play a role in the gut-brain axis by metabolising tryptophan into
several molecules including neuro-active substances, such as kynurenic acid and quinolinic
acid [20,21]. Surprisingly, in our study, we found a decrease in the tryptophan degeneration
pathway in dystonia patients compared to controls. In line with this, there was a lower
abundance of Bacteroides eggerthii in dystonia patients. This species is known to metabolise
tryptophan into skatole and indole-3-acetic acid [42]. In contrast to our findings, in the
study of Ma et al., an increase in the tryptophan degeneration pathway was reported. This
difference might be due to the fact that they predicted the presence of metabolic pathways
on the results of the 165 rRNA sequencing, while our results are based on metagenomic
sequencing. However, the lower level of tryptophan, that we previously have found in the
plasma in the same dystonia cohort, suggests that the tryptophan degradation is increased
instead of decreased [22]. It might be that in our cohort, the intake of tryptophan in the
diet was lower, resulting in less degradation and lower plasma values. However, together
with the finding that levels of tryptophan in the plasma significantly explained some of
the variance of the composition of the gut microbiome, it does suggest that the tryptophan
metabolism might be affected in dystonia patients. Further research is necessary to confirm
our preliminary results.

Our study showed alterations in other neuro-active metabolic pathways as well,
including several amino-acid pathways such as histidine, tyrosine and glutamate. The
increase in tyrosine degradation that was found in CD patients is of special interest, since
tyrosine is the precursor of dopamine. Dopamine is thought to be the main neurotrans-
mitter involved in dystonia and changes in availability might have an effect on dopamine
synthesis [4]. Furthermore, we found a decrease of glutamate degradation. Glutamate
is an important neurotransmitter implicated in the gut-brain axis and pharmacological
activation of glutamate receptors in the cerebellum can induce dystonia in mice [43,44].
Together, these findings show some evidence that the gut-brain axis might also be involved
in dystonia.

Our study is one of the first studies investigating the gut microbiome in dystonia
patients using metagenomic sequencing data, and our cohorts were well defined and
characterised. Although we had a small sample size, which is inevitable with a rare
disorder such as dystonia, our findings from metagenomic sequencing and 165 rRNA
sequencing were highly consistent. Due to the small sample size and exploratory nature
of this study we decided not to correct for possible confounders. Therefore, no definite
conclusions can be drawn based on our study, however, our findings can be used as an
important guidance for future studies.

4. Material and Methods
4.1. Study Population

We included three groups of dystonia patients: 27 patients with idiopathic CD; 20 DRD
patients with a confirmed guanosine 5'-triphosphate cyclohydrolase 1 gene (GCH1) mu-
tation and 24 MD patients with a confirmed epsilon-sarcoglycan gene (SGCE) mutation.
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Twenty-five participants without a movement disorder served as a control group. Missense
and frameshift mutations in GCH1 and SGCE were confirmed in different hospitals in
the Netherlands using sanger sequencing or next generation sequencing methods. Both
children and adults were eligible to participate in order to obtain a sufficient sample size
in the two rare genetic forms of dystonia (DRD and MD). In total, 8 children (4 MD and
4 DRD patients) participated in this study. Exclusion criteria were: antibiotic use, diarrhoea
or symptoms of stomach flu in the last three months, and healthy controls could not be a
first- or second-degree relative of a dystonia patient. All patients were recruited via several
medical centres in the Netherlands, and controls via open advertisements or were acquain-
tances of patients or researchers. Informed consent was obtained from all participants and
this study was approved by the medical ethics committee of the University Medical Centre,
Groningen (METc 2014/034).

4.2. Clinical Characteristics and Non-Motor Symptoms

All subjects participated in a previous study in which data about non-motor symp-
toms and a blood sample were collected [23-25]. Clinical data were already described and
included a structured interview and questionnaires, including, but not limited to, medical
history, medication use, smoking habits, Bristol stool chart and BMI. In all dystonia patients,
the Clinical Global Index (CGI) was used to assess the severity of the movement disor-
der [45]. Next, depending on the dystonia subtype, the Burke-Fahn-Marsden Dystonia
Rating Scale (BFMDRS), the Unified Myoclonus Rating Scale (UMRS) and the Toronto
Western Spasmodic Torticollis Rating Scale (TWSTRS) were used [46—48].

Age-appropriate standardised questionnaires were used to evaluate presence of psy-
chiatric disorders and severity of depression, anxiety, obsessive compulsive disorder (OCD),
daytime sleepiness, fatigue and quality of sleep (for detailed information see supplemen-
tary Table S1). Participants underwent a venous puncture to obtain a blood sample which
was stored until analysis at —80 °C. Metabolites of the serotonergic, dopaminergic and
adrenergic system were measured using an on-line solid-phase extraction-liquid chro-
matographic method with tandem mass spectrometric detection (LC-MS/MS), as has been
described previously [49,50]

4.3. Collection of Faecal Samples

All participants collected a faecal sample at home, and were instructed to store the
faeces immediately after obtaining the sample in their home freezer. The samples were
collected and shipped to the UMCG on solid carbon dioxide. Samples were stored at
—20 °C until analysed in one batch.

4.4. Analysis of Faecal Microbiota
4.4.1. DNA Extraction

For microbial DNA extraction a double bead-beater procedure was performed, based
on Yu et al., 2004, using the QIAamp DNA stool Minikit (Qiagen 51604, Hilden, Germany) [51].

4.4.2. Metagenomic Sequencing

Library preparation was performed using NEBNext® Ultra™ DNA Library Prep Kit
for Tllumina (total DNA amount < 200 ng) or NEBNext® Ultra™ II DNA Library Prep
Kit for Illumina® (total DNA amount > 200 ng). Libraries were prepared according to
the manufacturer’s instructions. Metagenomic shotgun sequencing was performed using
umina HiSeq 2000 sequencing platform. Library preparation and sequencing were
performed at Novogene, Cambridge, UK.

4.4.3. 165 rRNA Sequencing

Polymerase chain reaction (PCR) using the TaKaRa Taq Hot start version kit (TaKaRa
Bio Inc., Kusatsu, Japan) was used to amplify the genes for the 165 rRNA V4 and V5 region.
Primers (341F and 806R) containing a 6-nucleotide Illumina-MiSeq adapter sequence were
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used and the PCR product was purified with AMPure XP beads (Beckman Coulter, Brea,
CA, USA). To ensure equal library presentation for each sample, DNA concentrations were
measured with Qubit 2.0 Fluorometer and dilutions were made accordingly. The MiSeq
Benchtop Sequencer was used to sequence the normalised DNA library [52].

4.4.4. Metagenomic and 165 rRNA Processing

Processing of the metagenomic data was performed as described by Gacesa et al. and
Swarte et al., 2022 [53,54]. In brief: KneadData (version 0.5.1) and Bowtie2 (version 2.3.4.1)
were used to remove low-quality reads and reads aligned to the human genome. Taxonomy
alignment was performed by MetaPhIAn2 (version 2.72) and Metacyc pathways were
profiled by HUMANN2 (version 0.11.1). Analyses were performed using locally installed
tools and databases at UMCG and University of Groningen (RUG). For the 165 rRNA
data, PAired-eND Assembler for DNA sequences (PANDAseq) was used to increase the
quality of sequenced reads and readouts with a quality score lower than 0.9 were discarded.
Quantitative Insights Into Microbial Ecology (QIIME) was used to assign taxonomy to the
phylum, class, order, family and genus level [52]. After quality control and filtering for
a relative abundance of at least 1% and a prevalence of 10% across samples, we retained
a total of 363 taxa (7 phyla, 13 class, 17 order, 33 family, 78 genera and 215 species) and
351 metabolic pathways in the metagenomic sequencing data and a total of 148 taxa (6 phyla,
8 class, 19 order, 31 family, 84 genera) in the 165 rRNA sequencing data.

4.5. Statistical Analysis

All baseline data were quantitively described. Kruskal-Wallis, x2-test or Fisher—
Freeman-Halton exact test were used to determine differences in clinical characteristics
and non-motor symptoms between cases and controls. Analyses were performed in IBM
SPSS Statistics version 28, or in R version 3.6. A p-value < 0.05 was considered statisti-
cally significant.

To calculate microbiome alpha diversity, we used the Shannon diversity index which
was calculated using QIIME microbiome analysis software. Beta diversity was computed
using the Aitchison distance. Wilcoxon rank sum test was used to determine significant
differences in PCs between groups.

We used the Pibble model which implements a bayesian multinomial logistic-normal
model to analyse and identify differentially abundant taxa and metabolic pathways in
the gut microbiome between the different dystonia groups and healthy controls [55]. This
analysis was performed in R using the pibble function from the fido package. We deemed a
credible result of 90% not containing zero to be statistically significant. We first analysed
the abundance table obtained from the metagenomic sequencing which allowed us to
analyse taxa at the species level. After that, we compared those results with our 165 rRNA
sequencing data on the genus level. The metabolic pathways were assessed only in the
metagenomic dataset.

To identify clinical characteristics and non-motor symptoms that significantly explain
variance in the gut microbiome, we used permutational multivariate analysis of variance
using distance matrices (PERMANOVA) with the ADONIS function from the vegan package.
The Benjamin Hochberg false discovery rate was applied to correct for multiple testing.

5. Conclusions

In conclusion, we did not find differences in the alpha and beta diversity of the
microbiota in patients with dystonia. However, several microbial species had a different
abundance in dystonia patients compared to healthy controls. Some clinical characteristics,
especially the non-motor symptoms, were associated with the composition of the gut
microbiome. The alterations found in several neuro-active metabolic pathways, including
tryptophan degradation, suggest that also in dystonia, the gut-brain axis might be involved
in the pathophysiology of dystonia. Further studies, with larger and more homogenous
groups, are necessary.
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