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Abstract  

Mitochondrial dysfunction is a key pathogenic mechanism for Parkinson’s disease. We 

previously undertook the first screen of an entire compound library in Parkinson’s disease 

patient tissue and identified the naturally occurring bile acid ursodeoxycholic acid as a 

powerful mitochondrial rescue compound. We have now undertaken a “proof of concept” 

clinical trial to determine safety and tolerability of ursodeoxycholic acid in Parkinson’s disease, 

determine its effect on motor progression and assess midbrain target engagement.  

The UP (Ursodeoxycholic acid in Parkinson’s disease) study is a phase IIa, randomised, 

double-blind, two centre, placebo-controlled trial of high dose ursodeoxycholic acid (30mg/kg) 

in 30 participants with early Parkinson’s disease for 48 weeks followed by an 8-week washout 

period (EudraCT 2018-001887-46, ClinicalTrials.gov: NCT03840005). Randomisation was 

2:1 drug to placebo. Primary outcome was safety and tolerability. Secondary outcomes 

combined subjective clinical rating scales with objective, motion sensor-based quantification 

of gait impairment. Target engagement was explored using midbrain 31phosphorus magnetic 

resonance spectroscopy. 

Ursodeoxycholic acid was safe and extremely well tolerated without any serious adverse events 

or drug-related abnormalities in safety bloods in the treatment group throughout the trial 

(primary outcome). Only mild, transient gastrointestinal adverse events were observed more 

frequently in patients treated with ursodeoxycholic acid compared to placebo, compliance was 

excellent (mean ± SD; 97.6±5.4% in ursodeoxycholic acid vs 95.2±8.4% in placebo). Bile acid 

analysis confirmed a marked, stable increase of ursodeoxycholic acid and its key conjugates 

throughout the treatment period. Objective quantification of motor impairment demonstrated 

improvement of several gait parameters such as cadence (steps per minute, p=0.019), stride 

time (p=0.031), stride time variability (p=0.031), stance time (p=0.031) and stance time 
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variability (0.024) in the ursodeoxycholic acid treatment group compared to placebo 

(secondary outcome). In contrast, subjective clinical assessment applying the standard clinical 

Movement Disorders Society Unified Parkinson’s Disease Rating Scale, part III failed to detect 

a difference, highlighting the possible superiority of objective motor assessment. Midbrain 

31phosphorus magnetic resonance spectroscopy revealed an increase in Gibb’s free energy, 

indicating improved ATP hydrolysis in the ursodeoxycholic acid treatment group compared to 

placebo (p=0.024, exploratory outcome).  

The results of our UP study establish safety and tolerability of ursodeoxycholic acid in early 

Parkinson’s disease, demonstrate the potential of sensor-based, objective quantification of 

motor impairment in small phase IIa “proof of concept” studies, confirm target engagement of 

ursodeoxycholic acid in the midbrain and provide justification for subsequent larger trials to 

further evaluate the disease-modifying effect of ursodeoxycholic acid in PD.  

 

Author affiliations: 

1Sheffield Institute for Translational Neuroscience, University of Sheffield, Sheffield, S10 

2HQ, United Kingdom,  

2NIHR UCLH Clinical Research Facility – Leonard Wolfson Experimental Neurology Centre, 

National Hospital for Neurology & Neurosurgery, London, WC1N 3BG, United Kingdom 

3Department of Clinical and Movement Neurosciences, Institute of Neurology, University 

College London, London, WC1N 3BG, United Kingdom,  

4Department of Mechanical Engineering and Insigneo Institute for In Silico Medicine, The 

University of Sheffield, Sheffield, S1 3JD, United Kingdom,  

5Division of Digestive Diseases, Department of Metabolism, Digestion and Reproduction, St 

Mary’s Hospital Campus, Imperial College London, London, W2 1NY, United Kingdom 



4 
 

6The Bioinformatics Core, Sheffield Institute of Translational Neuroscience, University of 

Sheffield, Sheffield, S10 2HQ, United Kingdom 

7Molecular Genetics Section, Laboratory of Neurogenetics, NIA, NIH, Bethesda, Maryland, 

MD 20814, USA 

8Neurodegenerative Diseases Research Unit, Laboratory of Neurogenetics, National Institute 

of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland, MD 

20814, USA 

9Department of Neurology, Johns Hopkins University Medical Center, Baltimore, Maryland, 

MD 21287, USA 

10NIHR Sheffield Biomedical Research Centre, Royal Hallamshire Hospital, Sheffield, S10 

2JF United Kingdom 

11Statistical Services Unit, The University of Sheffield, Sheffield, S3 7RH, United Kingdom 

12Department of Psychiatry, University of Cambridge, CB2 0SP United Kingdom 

13Royal Perth Hospital, Victoria Square, Perth, WA 6000, Australia 

 

Correspondence to: Prof Oliver Bandmann 

Full address:  Sheffield Institute for Translational Neuroscience, University of Sheffield, 385a 

Glossop Road, Broomhall, Sheffield, S10 2HQ, United Kingdom 

E-mail: o.bandmann@sheffield.ac.uk 

Running title: Ursodeoxycholic acid in Parkinson’s 



5 
 

Key words: Parkinson’s disease; ursodeoxycholic acid, UDCA, 31P-magnetic resonance 

spectroscopy 

Abbreviations: 31P-MRS = 31Phosphorus Magnetic Resonance Spectroscopy; ADP = 

adenosine diphosphate; AE = Adverse event; AMARES = Advanced Method for Accurate, 
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chemical shift imaging; EDTA = Ethylenediaminetetraacetic acid;  ΔGATP = Gibbs free energy 

of ATP hydrolysis; GUDCA = glycoursodeoxycholic acid; IDMC = Independent Data 

Monitoring Committee; IMP = Investigational Medicinal Product; LED = levodopa equivalent 

dosage; MADRS = Montgomery-Asberg depression rating scale; MDS-UPDRS = Movement 

Disorder Society Parkinson’s Disease Rating Scale; MoCA = Montreal cognitive Assessment; 

NIHR = National Institute for Health-related Research; NMS-QUEST = Non-motor Symptom 

Questionnaire; OPLS-DA = orthogonal projection least squares discriminant analysis; PCr = 

phosphocreatine; PD= Parkinson’s disease; PDQ-39 = Parkinson’s disease 39 item quality of 

life questionnaire; Pi = inorganic phosphate; QD = quality control; SAE = Serious Adverse 

Event; STH = Sheffield Teaching Hospitals NHS Foundation Trust; TUDCA = 

tauroursodeoxycholic acid; UCLH = University College London Hospitals NHS Foundation 

Trust; UDCA = Ursodeoxycholic acid; UPLC-MS = ultra-performance liquid chromatography 

linked to mass spectrometry.  
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Introduction 

Parkinson’s disease (PD) remains incurable and relentlessly progressive. Mitochondrial 

dysfunction was first identified in sporadic PD brains and has also been implicated in all forms 

of familial PD.1,2 Rescue of mitochondrial function has therefore long been proposed as a 

promising neuroprotective strategy.3,4 However, previous clinical trials assessing putative 

mitochondrial rescue compounds yielded disappointing results.5-9 

The selected compounds for these previous negative trials were typically chosen for their 

promising beneficial effect in toxin-induced model systems of PD, only some of these trials 

assessed the selected compounds for target engagement and efficacy was solely judged on the 

outcome of clinical rating scales, in particular the motor examination (part III) of the Movement 

Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UDPRS). Our group 

undertook the first screen of an entire compound library in genetically stratified PD patient 

tissue which led to the identification of the naturally occurring bile acid ursodeoxycholic acid 

(UDCA) as a promising mitochondrial rescue compound for PD.10,11 We subsequently 

confirmed the mitochondrial rescue effect of UDCA in mechanistically stratified sporadic PD 

patient tissue.12 Other groups had independently reported a beneficial effect of UDCA or its 

taurine conjugate tauroursodeoxycholic acid (TUDCA) in classical MPTP- or rotenone-

induced rodent models of PD.13-17 UDCA has been licensed to treat primary biliary cholangitis 

(PBC) at the dose of 15mg/kg for > 30 years. Its excellent safety and tolerability profile makes 

it ideally suited for the drug repurposing strategy.18,19 

Pharmacokinetic studies in patients with amyotrophic lateral sclerosis (ALS) confirmed blood-

brain-barrier penetrance of UDCA, especially at higher doses.20 In 2015, the international 

Linked Clinical Trials Initiative (iLCT) named UDCA as its most highly prioritized 
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neuroprotective compound for investigation in clinical trials to further validate its 

neuroprotective potential in PD.  

Here we present the results of a phase II, double-blind, randomised, placebo-controlled trial of 

30 mg/kg of UDCA in early PD, the UP study. The primary outcome of our study was safety 

and tolerability of this comparatively high dose of UDCA in PD, chosen to balance CNS 

penetration and side-effect profile.20 Relative abundance of UDCA and its key metabolites in 

serum was assessed throughout the trial. A key part of this “proof of concept” study was also 

the evaluation of novel secondary outcome measures to address limitations of traditional PD 

neuroprotection trial designs. Clinical assessment with validated, “gold standard” clinical 

rating scales, widely used in previous neuroprotective trials, was complemented by in-depth 

objective quantification of motor impairment, utilising supervised sensor-based gait analysis 

before and after treatment.21,22 31Phosphorus magnetic resonance spectroscopy (31P-MRS) is an 

MRI-based technique which allows non-invasive spectroscopic quantification of key energy 

metabolites such as ATP and phosphocreatine (PCr)  and has recently been used to confirm 

target engagement of the mitochondrial rescue compounds terazosin in the entire brain and 

nicotinamide riboside in in the occipital cortex of PD patients.23,24 We further refined 31P-MRS 

to confirm mechanistic target engagement of UDCA in the midbrain, including the substantia 

nigra as the predominant site of PD pathology.25  
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Methods 

Design 

A comprehensive protocol for this trial has previously been published.26 In brief, this was a 

phase II, two-centre, double-blind, randomised, placebo-controlled trial of 30 mg/kg of UDCA 

in recent-onset PD (≤3 years since diagnosis) who demonstrated a clear subjective, sustained 

(>3 months) motor response to dopaminergic medication which was confirmed by the treating 

physician. UDCA was administered orally for 48 weeks with a subsequent 8-week washout 

phase to 31 participants with a 2:1 randomisation of drug vs placebo. The trial was conducted 

at two sites, Sheffield Teaching Hospitals (STH) and University College London Hospitals 

(UCLH).  

Following a screening visit to confirm eligibility, participants attended six further visits: 

baseline (start of treatment period), week 12, week 24, week 36, week 48 (end of treatment 

period) and week 56 (end of washout period). Treatment with either UDCA or placebo was 

commenced at a dose of 250mg per day and increased by 250mg every three days until the 

target weight-dependant dose of 30mg/kg was achieved. All patients were advised to 

completely stop taking the Investigational Medicinal Product (IMP) the evening prior to the 

week 48 visit. 

Placebo and UDCA were provided by PRO.MED.CS Praha a.s. and completely matched with 

no identifiable differences in taste, appearance, or smell. Each capsule was provided as a hard, 

clear, gelatine capsule containing white powder and capsules of the active drug contained 

250mg of UDCA.  
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Outcome Measures 

Primary Outcome 

The primary outcome was to compare the safety and tolerability of UDCA at 30 mg/kg in PD 

compared to placebo as indicated by the following: number of serious adverse events (SAE’s), 

number of adverse treatment-reactions and number of patients who completed the study. 

Secondary and Exploratory Outcomes 

Secondary outcomes included the change from baseline to week 48 of treatment in the UDCA 

versus placebo group with respect to: MDS-UPDRS Part III in the practically defined “OFF” 

medication state; in vivo parameter estimates derived from 31P-MRS (ATP, PCr and inorganic 

phosphate) in the midbrain; sensor-based objective quantification of motor impairment in 

supervised instrumented clinical gait assessment (consisting of triaxial OPAL sensors, APDM 

Inc., Portland, OR, USA and OPTOgait 5m system, Microgate Corporation, Bolzano, Italy).27 

The practically defined ‘OFF’ state was defined as participants not having taken their 

medication for 8 hours (overnight) in the case of any drug containing Levodopa, or ≥ 36 hours 

in the case of longer acting agents such as dopamine agonists or enzyme inhibitors. 

Exploratory clinical outcomes focused on the changes between baseline and week 48 of: MDS-

UPDRS I-IV in the ‘ON’ state; levodopa equivalent dosage (LED); Montreal cognitive 

Assessment (MoCA); Montgomery-Asberg depression rating scale (MADRS); Non-motor 

Symptom Questionnaire (NMS-QUEST); Parkinson’s disease 39 item quality of life 

questionnaire (PDQ-39); calculated Gibbs free energy of ATP hydrolysis (ΔGATP) and 

adenosine diphosphate (ADP) concentration in the midbrain.27-32 If performed at week 56, all 

measures listed were also assessed for the change between week 48 and week 56 over the 

washout period. 
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Assessment Procedures 

Safety and clinical assessment 

At each visit, adverse events (AE’s) were reviewed and assessed for severity and likely 

relationship to UDCA. Safety monitoring was performed at each visit to capture any adverse 

events including ECG and blood monitoring (full blood count, urea & electrolytes, liver 

function tests, blood glucose, Haemoglobin A1c, lipid profile). Compliance was assessed by 

counting the number of IMP tablets returned by the participant and was expressed as the 

following percentage: (IMP dispensed - IMP returned)/IMP prescribed. A simplified summary 

of the safety and clinical assessment study procedures is reported (Supplementary Figure 1). 

At baseline, the predicted risk of rapid disease progression was calculated according to a 

validated prognostic model, estimating the risk of an unfavourable outcome in PD as defined 

by the presence of either postural instability or dementia at 5 years.33 

Genetic analysis 

All participants supplied an Ethylenediaminetetraacetic acid (EDTA) blood sample for genetic 

analysis using the NeuroChip platform.34 Results were assessed for any known pathogenic 

mutations in monogenic PD genes (e.g. PINK1, PARK2, LRRK2) and any variants of GBA1 

associated with increased risk of PD. All detected variants were searched in dbSNP 

(https://www.ncbi.nlm.nih.gov/snp/) and classified according to published guidelines.35 

Serum bile acid analysis 

Serum samples were collected from all participants at each face-to-face visit and stored at -

80oC  Serum bile acid profiling was performed using ultra-performance liquid chromatography 

linked to mass spectrometry (UPLC-MS) using a previously-described technique.36 Quality 

control (QC) samples were prepared using equal parts of each sample (with some QC samples 

spiked with known bile acid standards), and were run alongside them. peakPantheR was used 
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to facilitate identification and relative quantification of bile acids.37 Further technical detail is 

included in the supplementary information. 

Sensor Based Quantification of motor impairment 

Sensor-based gait analysis was undertaken at the Clinical Research Facility of the STH study 

site only. All STH participants were fitted with three tri-axial inertial sensors (OPAL, APDM 

Inc., Portland, OR, USA) firmly attached to their pelvis and lower legs, which measured 

acceleration and angular velocity signals. Gait outcomes including temporal metrics and gait 

quality measures related to intensity and regularity were then extracted from these signals.38-40 

Participants walked at their comfortable speed at least six times along a walkway of 

approximately 10m in length to capture around 30 steps per trial. The walkway included an 

OPTOgait 5m system that triangulated each footfall to calculate several spatial gait parameters 

with a spatial resolution of 1cm. The experimental design is shown in Figure 3. 

Temporal measures were computed based on the timings of the foot striking (initial contact) 

and leaving (final contact) the floor as identified from the angular velocity data. These 

parameters included: gait speed (meters per second), cadence (steps per minute), stride (timing 

between initial contacts of same foot), step (timing between initial contacts of contralateral 

foot), stance (time each foot spent in contact with the floor), swing (time each foot spent of the 

floor), double support durations (time both feet were on the floor), and stance percentage 

(percentage of the stride where the foot was on the floor). Spatial measures such as step and 

stride length and step width were measured by the OPTOgait system. The variability in stride, 

step, stance, and swing durations and step width were calculated using data from at least 50 

steps.41 Intensity, step regularity, and stride regularity were computed from the lumbar sensor 

acceleration signals. Further technical detail is included in the supplementary information. 
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31Phosphorus Magnetic Resonance Spectroscopy 

All participants were invited for 31P-MRS scans both at baseline and week 48 at the STH site, 

using a Philips Ingenia 3 Tesla system (Philips Healthcare, Best, Netherlands) and a transmit-

receive dual-tuned 1H/31P birdcage quadrature head-coil (Rapid Biomedical, Würzburg, 

Germany). Two-dimensional chemical shift imaging (CSI) with image-selected in vivo 

spectroscopy was used for spectral spatial localisation capturing the midbrain, with a 

reconstruction matrix of 14x14 and voxel size of 15x15x20mm3.42,43 Spectra were processed 

in the time domain using jMRUI software V5.2 (http://www.jmrui.eu) and manually pre-

processed using zero and first-order phasing for purely absorptive line shapes. No apodisation 

was performed. Signal fitting was performed using the Advanced Method for Accurate, Robust 

and Efficient Spectral fitting (AMARES) algorithm to determine relative amplitudes for ATP, 

inorganic phosphate (Pi) and PCr.44,45 All amplitudes were normalised to total phosphorus 

signal detected within the spectra.  

Voxel localisation and exemplar spectra are shown in Figure 4. Full details of technical 

acquisition, analysis and calculation of both ADP and ΔGATP are reported in the 

supplementary information. 

Statistical Analysis 

Statistical analyses was by intention-to-treat. As explained above, several assessments were 

unavoidably delayed due to the COVID pandemic; sensitivity analyses were performed for 

each analysis excluding data collected outside of the planned assessment window. All results 

presented are using the full analysis dataset unless stated otherwise. SAE’s and adverse 

treatment reactions are presented descriptively, in summaries individual AE’s (by preferred 

term) are counted once per participant at the worst severity. We considered the rate of SAE’s 

reported in the exenatide trial in Parkinson’s disease to be tolerable and acceptable (i.e., 20%). 
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If no SAE’s were found in the group receiving UDCA (n=20) then the likelihood that the true 

SAE rate is less than 20% is 0.990778 (i.e., there is a less than 1% chance that the true SAE 

rate is >=20%).46 The study was not powered to detect differences in the secondary or 

exploratory endpoints and therefore, the interpretation of observed differences and confidence 

intervals (CI’s) will take priority over statistical significance conferred by p-values and no 

adjustment was made for multiple testing. 

Demographic and clinical assessment data were assessed for normality using QQ plots and 

summarised using relevant summary statistics. Between-group differences in demographics, 

clinical parameters at baseline, and changes in both clinical parameters from baseline to week 

48, baseline to week 56, or week 48 to week 56 were assessed using t-tests for continuous data 

and chi-squared tests for categorical data. Between-group differences in gait analysis 

parameters from baseline to week 48 were compared using Mann-Whitney U tests as data were 

not normally distributed.   

The change in 31P-MRS parameters from baseline to week 48 was compared between groups 

using t-tests for each metabolite in turn. As a further exploratory analysis 31P-MRS was also 

analysed using linear regression with the change from baseline to week 48 as the response 

variable and the baseline value of the parameter, treatment group, age and sex as predictors. 

To ensure the number of covariates in linear regression was appropriate to sample size and 

prevent over-fitting of linear regression models the correlations between midbrain voxel total 

brain (grey and white matter) content and 31P-MRS parameters were assessed separately using 

Pearson’s correlation coefficient. In the event of any significant correlations, partial volume 

effects were added to the model.  

Multi-variate statistical analysis of serum bile acid profiling data was performed using SIMCA 

17.0 (MKS Umetrics AB).  Both unsupervised and supervised models (orthogonal projection 
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least squares discriminant analysis, OPLS-DA) were performed using Pareto-scaled, log-

transformed data.  

Study Approval 

The trial was approved by the East of England – Cambridgeshire and Hertford Shire Research 

Ethics committee (UK, Protocol ID: 18/EE0280). STH acted as the sponsor of the study (local 

sponsor study number STH18493). The trial was registered on European Union Drug 

Regulating Authorities Clinical Trials Database (EudraCT no. 2018-001887-46). All 

participants provided written informed consent prior to any study related activates being 

performed in accordance with the Declaration of Helsinki.  

Data availability 

Raw data are available from the corresponding author on reasonable request. 
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Results 

Patient characteristics  

A total of 33 participants were assessed for eligibility from January 2019 to October 2019, with 

22 participants assessed at STH and 11 assessed at UCLH.26 Two participants were excluded 

due to a Montreal Cognitive Assessment (MoCA) score < 25. Full details of cohort enrollment 

are shown in Figure 1. Demographic and clinical characteristics are summarized in Table 1. 

Treatment groups were well matched for age (P > 0.05), sex (P > 0.05), disease duration (P > 

0.05), family history of PD (P >0.05) and predicted risk of rapid disease progression (P > 0.05). 

None of the trial participants carried pathogenic mutations in monogenic PD genes (e.g., 

LRRK2, SNCA) or pathogenic risk variants of GBA. In total 31 patients were randomised, 11 

to placebo and 20 to 30mg/kg of UDCA daily, titrated to target dose over approximately 8 

weeks.  

Serum bile acid analysis  

Serum samples were available for all 30 participants (UDCA n=19, placebo n=11) at both 

baseline and week 12, due to COVID-19 restrictions reduced numbers of samples were 

available for subsequent timepoints (see supplementary information for further information). 

Following commencement of treatment with UDCA, changes in the overall serum bile acid 

profile compared to baseline were found at all visits during the treatment period (weeks 12, 24, 

36 and 48, Fig. 2A).  Bile acid profiles returned to levels comparable to baseline values at week 

56 following the 8-week washout. No changes compared to baseline were seen at any time 

point in placebo-treated patients. Supervised multivariate modelling of serum bile acid profiles 

of UDCA- vs placebo-treated patients at week 12 (chosen for data completeness, using an 

orthogonal projections to latent structures discriminant analysis; OPLS-DA, Fig.2B) revealed 

a robust model for group separation (R2X=0.721, R2Y=0.964, Q2=0.929, CV-ANOVA:   P= 
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4.68 x 10-12). Discriminatory feature analysis derived from this model confirmed a marked 

enrichment in serum UDCA and its conjugates glycoursodeoxycholic acid (GUDCA) and 

tauroursodeoxycholic acid (TUDCA) in the serum of UDCA-treated patients compared to 

controls (Fig. 2C).  OPLS-DA did not demonstrate any statistical differences in serum bile acid 

profiles between treatment groups at baseline or week 56. Relative abundance of UDCA and 

related conjugates across all time points between groups is shown in Figure 2D, with further 

data detailing OPLS-DA modelling of all bile acids in Supplementary Fig. 2.  

Safety and tolerability  

One patient withdrew from the trial after 5 weeks of treatment due to difficulties swallowing 

the number of IMP capsules in addition to their regular medication, but not pharmacological 

side effects of the IMP as such. This participant was replaced with a new patient. The remaining 

30 participants all completed the trial, resulting in a total intention-to-treat analysis cohort of 

31 trial participants. Two participants stopped taking the medication early at 28 weeks (UDCA 

group) and 30 weeks (placebo group) respectively (Fig 1). Both cited the burden of taking an 

additional 9-10 tablets in addition to their usual medications. All other trial participants (19/20 

in the UDCA group and 9/11 in the placebo group) completed the full treatment period. 

Compliance was excellent in participants completing the 48-week treatment period (mean ± 

SD; 97.6±5.4% in UDCA vs 95.2±8.4% in placebo). 

Two serious adverse events (SAE’s) occurred, both in the same participant, namely 

retroperitoneal haemorrhage leading to hospital admission and subsequent hospital- acquired 

pneumonia. Administration of the study drug was withheld during the inpatient admission. The 

independent data monitoring committee (IDMC) advised that this event was unlikely to be 

related to study medication, unblinding was not indicated and the trial medication was restarted 
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after discharge. Unblinding after completion of the trial revealed that this participant was 

randomised to the placebo group. 

Twenty-four adverse reactions (AR’s) were observed in 14/31 participants (10 UDCA and 4 

placebo, Table 2). The most frequent AR’s were gastrointestinal symptoms: 5/20 (25.0%) 

participants on UDCA developed mild diarrhoea (i.e., not requiring any treatment) with three 

episodes resolving within 48 hours or less; a further two patients had episodes that resolved 

within 72 hours. In the placebo group, 1/11 (9.1%) developed diarrhoea that resolved within 

24 hours. Mild nausea (i.e., not requiring any treatment) occurred in 2/20 (10%) of participants 

taking UDCA, in one participant this episode resolved within 24 hours, in the second 

participant the nausea was of unspecified duration due to missing data. No other AR’s occurred 

in the UDCA treatment group at a frequency of more than 1 of the 20 participants. An SAE 

rate of 20% was reported in the recent Exenatide-2 trial in PD patients 46. Since we found no 

SAEs in the UDCA group in the full intention-to-treat population (n = 20), the likelihood that 

the true SAE rate for UDCA was less than 20% is 0.990778. Blood monitoring performed at 

all face-to-face visits revealed no clinically significant changes in any blood tests performed 

other than one incidental finding of asymptomatic hyperkalaemia (5.6mmol/L) in the UDCA 

group and one isolated increase in alkaline phosphatase (ALP) (194 IU/L) in the placebo group. 

The hyperkalaemia was already present at baseline prior to commencement of treatment and 

therefore unrelated to UDCA. The raised ALP in the placebo group was only observed in the 

participant who had suffered the retroperitoneal haemorrhage at the visit following the 

associated hospital admission and normalized for all subsequent visits. 

Clinical assessment  

All secondary and exploratory outcome results are summarised in Table 3. All treatment 

differences are reported as the difference between UDCA and placebo groups. We assessed for 
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the clinical response in PD to treatment using the MDS-UPDRS in both the practically defined 

‘OFF’ state (where dopaminergic medication was withheld prior to assessment) and the ‘ON’ 

state (at least 60 minutes following the administration of a participant’s usual dopaminergic 

medication). Whenever COVID-19 restrictions prevented face-to-face review of participants, 

clinical assessments were conducted remotely over video, see supplementary information for 

further information.  

MDS-UPDRS III scores in the ‘OFF’ state reduced in severity from baseline to week 48 by a 

mean of -1.68 points (95% CI -4.90, 1.53) in the UDCA group and by -5.2 points in the placebo 

group (95% CI -9.82, -0.58) with a mean difference between UDCA and placebo of 3.52 (95% 

CI -1.83, 8.86, P = 0.1844); from week 48 to week 56 (end of treatment to end of washout 

period) scores reduced by -3.42 points (95% CI -6.48, 0.36) in the UDCA group and by -0.9 

points (95% CI -2.96, 1.16) in the placebo group with a mean difference between UDCA and 

placebo of -2.52 (95% CI -6.05, 1.01 P = 0.1543); from baseline to week 56 the MDS-UPDRS 

III scores reduced by -5.11 points (95% CI -9.33, -0.89) in the UDCA group and by -5.55 points 

(95% CI -9.36, -1.73) in the placebo group with a mean difference between UDCA and placebo 

of 0.44 (95% CI -4.97, 5.85 P = 0.8688). There was therefore no significant treatment effect at 

any time point between the two treatment groups. 

The mean MDS-UPDRS III scores in the ‘ON’ state showed similar trends from baseline to 

week 48, week 48 to week 56 and baseline to week 56 to those seen in the ‘OFF’ state, again 

with no significant treatment effect between groups seen at any time point (see Table 3). There 

were no significant differences between groups in the changes in MDS-UPDRS part I or II 

scores in the ‘ON’ state from baseline to week 48. MDS-UPDRS part IV scores reduced from 

baseline to week 48 in in the UDCA group by -1.26 (95% CI -2.74, 0.22) compared to a mild 

increase in the placebo group (0.55, 95% CI -0.21, 1.3) with a mean difference between UDCA 
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and placebo of -1.81 (95% CI 0.20 3.42, P = 0.0293). However, scores at each visit remained 

low overall (see Table 3).  

Dopaminergic medication regimes were expressed as total levodopa equivalent daily dosage 

(LED). LED increased in 9/19 (47%) in the UDCA group and in 4/11 (36%) in the placebo 

group. LED reduced in 1/19 participants in the UDCA group. The range of change was from a 

reduction of 100mg to an increase of 264mg in UDCA group and 0 mg – 240 mg in the placebo 

group. The remaining 16/30 participants completed the study at the same LED as they started.  

Depressive symptoms were assessed using the MADRS. Mean MADRS scores increased 

slightly in the UDCA group from baseline to week 48 by 1.7 (95% CI 0.1, 3.3), but decreased 

in the placebo group (-0.4, 95% CI -1.5, 0.8), with a mean difference between UDCA and 

placebo of 2.05 (95% CI 0.15, 3.94, P = 0.0353). Overall, MADRS scores remained relatively 

low across groups throughout the study (Table 3). 

There were no differences between UDCA and placebo in the mean change from baseline to 

week 48 for cognitive function as assessed by MoCA (treatment difference 0.7, 95% CI -0.3, 

1.7, p=0.1758), autonomic function as assessed by NMS-QUEST, (treatment difference 1.1, 

95% CI -0.4, 2.6, p=0.1479) or quality of life as assessed by PDQ-39 (treatment difference -

0.9, 95% CI -5.5, 3.7, p=0.6983). 

Sensor Based Quantification of Motor Impairment  

To complement clinical assessment applying subjective clinical rating scales, we also 

objectively measured changes in motor impairment using a quantitative supervised, sensor-

based gait analysis approach at STH only. Data before and after treatment was available for 

12/19 in the UDCA group and 6/11 in the placebo group (Table 3 and Figure 3). All P values 

reported in this section are for group differences tested by the Mann-Whitney U method. 

Between baseline and 48 weeks, cadence (steps per minute) increased in the UDCA group 
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(median change +1.14 step/min) but decreased in the placebo group (median change -4.58 

step/min, group-difference P = 0.019, Fig. 3C). Stride time was slightly reduced in the UDCA 

group (median change -0.01s) but increased in the placebo group (median change +0.03s, 

group-difference P = 0.031, Fig. 3D). Stride time became less variable in the UDCA group 

(median change -2.43s), but more variable in the placebo group (median change +6.16s, group-

difference P = 0.031, Fig. 3E). Similarly, stance time decreased in the UDCA group (median 

change -0.02s) and increased in the placebo group (median change +0.02s, group-difference P 

= 0.024, Fig. 3F). A similar difference was observed for stance time variability with a decrease 

in the UDCA group (median change -2.81SD), but an increase in the placebo group (median 

change +6.48SD, P = 0.039, Fig. 3G). Taken together, these results indicate less deterioration 

in core bradykinetic gait features such as overall speed and time taken standing on each lower 

limb and stride time in the UDCA treated group compared to the placebo. Of note there was 

no clear relationship between the change in gait parameters and the change in MDS-UPDRS 

III scores. No significant differences were found between groups for gait speed, any of the 

spatial parameters (step length, stride length or step width) or the intensity or regularity 

measures. Proportionate change across all gait parameters for is shown in Supplementary Fig. 

3. 

31Phosphorus Magnetic Resonance Spectroscopy  

In total, 25 participants underwent 31P-MRS at both visits (UDCA n=16, placebo n=9). Follow-

up scans were delayed in 5 participants from week 48 to 56 due to COVID-19 and a further 

participant was unable to attend for a second 31P-MRS scan at all. One participant had their 

31P-MRS follow-up scan repeated at week 56 due to poor technical acquisition at week 48. One 

data point from one follow-up scan quantifying magnesium had to be removed from the 

analysis for technical issues prior to unblinding. 
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Evidence of target engagement was assessed using 31P-MRS to determine the effect of the IMP 

on the bioenergetic profile in the midbrain (including the substantia nigra). Twenty-six of the 

30 participants completing the study had 31P-MRS at the baseline visit, twenty-five of these 

(96%) had follow-up scans after completion of treatment. There was no correlation between 

total brain volume in each midbrain voxel and any 31P-MRS parameter (data not shown); 

therefore the reported linear regression did not include these measures as additional covariates 

to prevent overfitting.47,48 There was no correlation between age or disease duration and any 

31P-MRS parameter at baseline (data not shown). Reported P values and confidence intervals 

are for treatment estimates of UDCA as assessed by linear regression. The age and sex 

covariates included in the models were not significant in any models other than when assessing 

mean midbrain pH, for which sex was significant but had minimal effect on the overall 

observed treatment effect of UDCA on mean midbrain pH, which remained non-significant. 

Reported p values and confidence intervals are for treatment estimates of UDCA as assessed 

by linear regression. 

ΔGATP reflects the amount of energy released from the hydrolysis of ATP to ADP and Pi. As 

this reaction is exergonic, the value is negative, with more negative values representing greater 

amounts of energy released to the tissue examined. Mean midbrain ΔGATP reduced by -0.672 

kJ/mole (95% CI, -1.62, 0.277) in the UDCA group, but increased by +2.145 kJ/mole (95% CI 

-0.491, 4.781) in the placebo group from baseline to week 48 (treatment estimate -1.929, 95% 

CI -3.472, -0.385, P = 0.024; Fig. 4D). This reduction was accompanied by a non-significant 

trend towards decreased calculated ADP in the UDCA group (-18.6μmol,95% CI -52.3, 15.17) 

and an increase of calculated ADP by 33.7μmol (95% CI -14.1, 81.5) in the placebo group 

(treatment estimate -36.3, 95% CI -72.3, -0.3 P = 0.062; Fig. 4E). Mean midbrain Pi increased 

by +0.02 (95% CI 0.00, 0.04) in the UDCA group and reduced by -0.006 (95% CI -0.032, 0.02) 

in the placebo group (treatment estimate 0.032, 95% CI 0.013, 0.051, P = 0.004, Fig. 4G). 
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There were no significant treatment effects observed between groups with respect to any 

changes between the initial 31P-MRS scan at baseline visit and the subsequent follow-up scan 

(typically week 48) for pH (Fig. 4H), ATP or PCr (Table 3).  
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Discussion  

The UP study has confirmed that UDCA at a dose of 30mg/kg is safe and extremely well 

tolerated in PD with no SAE’s and only mild, transient side effects reported in the UDCA 

treatment group (primary outcome). Additionally, we report a beneficial effect of UDCA on 

the progression of motor impairment (as assessed by objective sensor-based gait analysis, 

secondary outcome) and provide additional tentative, 31P-MRS based evidence of mechanistic 

mitochondrial target engagement (exploratory outcome). The latter part of our UP study was 

compromised by the COVID-19 pandemic and consequent necessary changes to remote study 

visits and/or delayed assessments such as repeat 31P-MRS imaging. However, our sensitivity 

analysis of data only collected at the correct time points suggests that this did not have a 

significant effect on the overall outcome of the trial (data not shown).  

We only recruited patients with recent onset PD (arbitrarily defined as ≤ 3 yr. since diagnosis) 

to increase the homogeneity of the study cohort which may be of particular importance in a 

small proof of concept study. In our view, it is also plausible to assume that the likelihood of 

any compound exerting a neuroprotective effect on the remaining dopaminergic neurons is 

considerably greater in PD patients with comparatively short disease duration.49  

The excellent safety and tolerability of UDCA is reflected by an extremely high compliance 

rate (mean of 97.6%) of those in the UDCA treated group completing the full treatment 

duration. Early treatment cessation was due to high pill burden in combination with regularly 

prescribed medications or, in the case of one participant who withdrew after 5 weeks, 

difficulties in swallowing the IMP and not due to the presence of side-effects. The lack of 

clinically significant changes in blood monitoring throughout the trial related to UDCA is also 

extremely reassuring. This safety profile contrasts with the side effect profile of other recently 

explored putative neuroprotective compounds.50,51 The increase in MADRS scores in the 
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UDCA treatment group continued throughout the washout period following cessation of 

UDCA and may therefore not be related to the IMP. No patient had depression levels requiring 

pharmacological intervention.  

The relative abundance of serum bile acids following treatment with UDCA  showed a marked 

enrichment of detectable UDCA (increasing from ~1% of the serum bile acid profile at baseline 

to ~30% across the period of treatment) as expected but also of UDCA-related conjugates; 

including TUDCA, which has also separately been linked with neuroprotection in rodent 

models of PD 13. Although not specifically studied in PD, GUDCA has also shown to exert 

protective effects in in vitro models of oxidative stress which is intrinsically linked to 

mitochondrial dysfunction.52,53 UDCA administration resulted in marked changes  in bile acids 

after only 12 weeks treatment (which also included a titration period to target dose). These 

changes were persistent and remained stable at weeks 24 and 36. The fall in mean UDCA and 

related conjugates at week 48 compared to other visits in the treatment period is due to ~75% 

of participants stopping to take their last UDCA dose the evening prior to their week 48 visit 

(rather than on the morning of the study visit day itself) together with all other PD medication 

to enable repeat clinical examination in the practically defined OFF. Serum peak concentrations 

for 30 mg/kg UDCA are achieved 1hour after administration.20  

Non-significant improvements of MDS-UPDRS III “OFF” scores between baseline visit and 

after treatment (week 48) were observed in both the UDCA and the placebo group, but more 

marked in the placebo group (approximately 18% mean improvement in the placebo group). 

This is unlikely to be due to changes in dopaminergic medication as the increases in LED over 

the course of the trial were generally small in both treatment arms. Previous clinical trials 

investigating putative neuroprotective compounds for their beneficial effect in PD frequently 

relied on clinical outcomes only, in particular, favourable changes on the MDS-UPDRS III 
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5,6,8,54, and whether this represents the optimum primary outcome remains debated.55  

Prominent placebo effects have been noted in other PD neuroprotection treatment trials.56 

To address the inherent shortcomings of this approach, we included sensor-based, objective 

quantification of motor impairment as a secondary trial outcome. The supervised, sensor-based 

gait analysis showed a change suggestive of a degenerative pattern for several gait variables in 

the placebo treatment group. In contrast, we observed either an improvement in the UDCA 

treatment group or comparatively less worsening in gait over the treatment period. The 

longitudinal deterioration in the placebo group is comparable with previous studies of similar 

PD cohorts that identified stride time variability, irregularity and increased step time variability 

as potential progression markers.57,58 Decreases in gait speed have also been identified to 

closely correlate with disease progression.59,60 A greater burden of axial features has 

consistently been associated with poorer adverse clinical phenotypes and increased risk of rapid 

progression PD.33,61 Therefore, the changes observed appear consistent with a disease-

modifying effect of UDCA, through a reduction of the natural progression of gait impairment 

in PD, but this awaits confirmation in a subsequent, larger trial. Changes in MDS-UPDRS III 

scores did not correlate with any gait parameters (data not shown) which is not unexpected as 

only a small proportion of MDS-UPDRS III is comprised of gait-related assessments. 

Supervised sensor-based gait analysis therefore offers promise as an alternative or 

complementary endpoint in future neuroprotective trials in PD and may be more sensitive to 

detecting disease progression, in particular over comparatively short periods of time than the 

MDS-UPDRS. 

Conceptually, the proof of target engagement is a key aspect of early, proof of concept studies 

for any IMP, but has been lacking for many PD neuroprotection studies. Elevated (i.e. less 

negative) 31P-MRS measured ΔGATP has previously been observed in mitochondrial 

cytopathies and is therefore consistent with mitochondrial dysfunction.62  More recently, using 
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a similar 31P-MRS protocol, our group has demonstrated differences in ΔGATP in the midbrain 

of patients with amyotrophic lateral sclerosis, a further neurodegenerative disorder with 

growing evidence of mitochondrial dysfunction.25 In the context of otherwise stable ATP 

levels, a more negative value in ΔGATP (as observed in the UDCA treatment arm) implies that 

a relatively greater amount of energy was released by ATP hydrolysis. In mitochondrial 

cytopathies the administration of coenzyme Q10 resulted in an improvement (lowering) of both 

ΔGATP and ADP, approaching the values found in healthy controls and providing evidence of 

possible target engagement.63 Similarly, the observed lowering of ΔGATP in the UDCA 

treatment arm of our study is in keeping with the assumption of mechanistic target engagement 

for UDCA, resulting in improved mitochondrial function. Sathe and co-workers also reported 

31P-MRS based evidence of target engagement for UDCA in PD in a small open-label pilot-

study.64 However, a different imaging protocol focussing on the occipital cortex was applied, 

ΔGATP was not calculated  and only three PD patients had 31P-MRS imaging before and after a 

6-week course of UDCA at a dose of 50 mg/kg. Notably, 31P-MRS is also being applied in 

other completed or on-going proof-of-concept studies for mitochondrial rescue compounds in 

PD.23,24,65 

31P-MRS has been used previously to identify bioenergetic dysfunction in PD, with deficits of 

PCr and ATP in the midbrain compared to healthy controls.66 We did not observe any increases 

in ATP or PCr, this may be due to methodological differences as we have not attempted 

absolute quantification of the concentration of 31P-MRS metabolites. Alternatively, rather than 

directly increasing the overall amount of ATP, UDCA may be reducing the reliance upon 

alternative pathways to ATP production such as glycolysis by improving the efficiency of 

oxidative phosphorylation. 

Conceptually, the trial design of our UP study is similar to other recent early clinical trials such 

as the AiM-PD trial, an open-label trial of ambroxol, and a recent randomised controlled-trial 
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assessing niacin (a vitamin B3 derivative) which both focused on determining the mechanistic 

effect of the respective trial compound in human PD patients.67,68 As stated above, the UP study 

was not formally powered to confirm or refute a neuroprotective effect of UDCA. Subsequent, 

considerably larger and therefore more costly phase IIb/III studies will be required to confirm 

or refute such a neuroprotective effect for UDCA. However, the excellent safety profile of 

UDCA at 30 mg/kg, combined with the 31P-MRS-based evidence of target engagement and the 

promising results from the gait analysis provide strong rationale for such future trials of UDCA 

in PD.  

The action of UDCA might be pleiotropic and is yet to be fully elucidated. For instance, there 

is growing evidence supporting the role of the microbiome and gut-brain axis in PD.69,70 

Changes in the PD gut microbiome are associated with alterations in the bile acid pool.71 

Intriguingly, a marked reduction of UDCA and its taurine conjugate TUDCA has been reported 

in an experimental model of prodromal PD; in addition, UDCA treatment partially restores the 

gut microbial profile in other conditions.72-74 A beneficial effect of UDCA in PD may therefore 

not be limited to a restoration of cerebral mitochondrial function but also relate to an additional, 

but as yet speculative beneficial effect on the PD microbiome and the gut-brain axis.  

Acknowledgements 

We would like to thank all research participants. We would also like to thank the members of 

the independent trial steering committee (TSC) Prof Donald Grosset (chair) and Helen 

Matthews as well as the members of the independent data monitoring committee (IDMC) Dr 

Camille Carroll (Chair) and Prof John Newell-Price.  



28 
 

Funding 

This research was supported and co-funded by the National Institute of Health Research 

(NIHR) Sheffield Biomedical Research Centre (BRC) / NIHR Sheffield Clinical Research 

Facility (CRF).  

It was also supported by the NIHR UCLH Biomedical Research Centre, and the NIHR UCLH 

Clinical Research Facility - Leonard Wolfson Experimental Neurology Centre. TP, MS, SM, 

RT, SL, TJ, OB: JP Moulton Charitable Foundation; The Cure Parkinson’s Trust. SWS was 

supported in part by the Intramural Research Program of the National Institutes of Health, 

National Institute of Neurological Disorders and Stroke (program: 1ZIANS003154). LS is 

funded by Alzheimer’s Research UK (ARUK-SRF2017B-1). Metabolomics studies were 

performed at the MRC-NIHR National Phenome Centre at Imperial College London; this 

centre receives financial support from the Medical Research Council (MRC) and NIHR (grant 

number MC_PC_12025).  BHM is the recipient of an NIHR Academic Clinical Lectureship 

(CL-2019-21-002).  The Division of Digestive Diseases and MRC-NIHR National Phenome 

Centre at Imperial College London receive financial and infrastructure support from the NIHR 

Imperial Biomedical Research Centre (BRC) based at Imperial College Healthcare NHS Trust 

and Imperial College London. 

The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR 

or the Department of Health and Social Care (DHSC). 

 

Competing interests 

The authors report no competing interests. 



29 
 

Supplementary material 

Supplementary material is available at Brain online.  

 
 



30 
 

References 

1. Borsche M, Pereira SL, Klein C, Grunewald A. Mitochondria and Parkinson's Disease: 

Clinical, Molecular, and Translational Aspects. J Parkinsons Dis. 2021;11(1):45-60.  

2. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. Mitochondrial 

complex I deficiency in Parkinson's disease. J Neurochem. 1990;54(3):823-7.  

3. Zambrano K, Barba D, Castillo K, et al. Fighting Parkinson's disease: The return of the 

mitochondria. Mitochondrion. 2022;64(1872-8278 (Electronic)):34-44.  

4. Schapira AH, Olanow CW, Greenamyre JT, Bezard E. Slowing of neurodegeneration 

in Parkinson's disease and Huntington's disease: future therapeutic perspectives. Lancet. 

2014;384(9942):545-55.  

5. The Parkinson Study Group QE3 Investigators, Beal MF, Oakes D, et al. A randomized 

clinical trial of high-dosage coenzyme Q10 in early Parkinson disease: no evidence of benefit. 

JAMA Neurol. 2014;71(5):543-52.  

6. Snow BJ, Rolfe FL, Lockhart MM, et al. A double-blind, placebo-controlled study to 

assess the mitochondria-targeted antioxidant MitoQ as a disease-modifying therapy in 

Parkinson's disease. Mov Disord. 2010;25(11):1670-4.  

7. Writing Group for the NINDS Exploratory Trials in Parkinson Disease (NET-PD) 

Investigators, Kieburtz K, Tilley BC, et al. Effect of creatine monohydrate on clinical 

progression in patients with Parkinson disease: a randomized clinical trial. JAMA. 

2015;313(6):584-93.  

8. Parkinson Study Group. DATATOP: a multicenter controlled clinical trial in early 

Parkinson's disease. Parkinson Study Group. Arch Neurol. 1989;46(10):1052-60.  

9. NINDS Exploratory Trials in Parkinson Disease (NET-PD) FS-ZONE Investigators. 

Pioglitazone in early Parkinson's disease: a phase 2, multicentre, double-blind, randomised 

trial. Lancet Neurol. 2015;14(8):795-803.  



31 
 

10. Mortiboys H, Aasly J, Bandmann O. Ursocholanic acid rescues mitochondrial function 

in common forms of familial Parkinson's disease. Brain. 2013;136(Pt 10):3038-50.  

11. Mortiboys H, Furmston R, Bronstad G, Aasly J, Elliott C, Bandmann O. UDCA exerts 

beneficial effect on mitochondrial dysfunction in LRRK2(G2019S) carriers and in vivo. 

Neurology. 2015;85(10):846-52.  

12. Carling PJ, Mortiboys H, Green C, et al. Deep phenotyping of peripheral tissue 

facilitates mechanistic disease stratification in sporadic Parkinson's disease. Prog Neurobiol. 

2020;187:101772.  

13. Castro-Caldas M, Carvalho AN, Rodrigues E, et al. Tauroursodeoxycholic acid 

prevents MPTP-induced dopaminergic cell death in a mouse model of Parkinson's disease. Mol 

Neurobiol. 2012;46(2):475-86.  

14. Abdelkader NF, Safar MM, Salem HA. Ursodeoxycholic Acid Ameliorates Apoptotic 

Cascade in the Rotenone Model of Parkinson's Disease: Modulation of Mitochondrial 

Perturbations. Mol Neurobiol. 2016;53(2):810-817.  

15. Cuevas E, Burks S, Raymick J, et al. Tauroursodeoxycholic acid (TUDCA) is 

neuroprotective in a chronic mouse model of Parkinson's disease. Nutr Neurosci. 2020;(1476-

8305):1-18.  

16. Rosa AI, Duarte-Silva S, Silva-Fernandes A, et al. Tauroursodeoxycholic Acid 

Improves Motor Symptoms in a Mouse Model of Parkinson's Disease. Mol Neurobiol. 

2018;55(12):9139-9155.  

17. Moreira S, Fonseca I, Nunes MJ, et al. Nrf2 activation by tauroursodeoxycholic acid in 

experimental models of Parkinson's disease. Exp Neurol. 2017;295(1090-2430 

(Electronic)):77-87.  

18. Goulis J, Leandro G, Burroughs AK. Randomised controlled trials of ursodeoxycholic-

acid therapy for primary biliary cirrhosis: a meta-analysis. Lancet. 1999;354(9184):1053-60.  



32 
 

19. Lazaridis KN, Gores GJ, Lindor KD. Ursodeoxycholic acid ‘mechanisms of action and 

clinical use in hepatobiliary disorders’. J Hepatol. 2001;35(1):134-146.  

20. Parry GJ, Rodrigues CM, Aranha MM, et al. Safety, tolerability, and cerebrospinal fluid 

penetration of ursodeoxycholic Acid in patients with amyotrophic lateral sclerosis. Clinical 

neuropharmacology. 2010;33(1):17-21.  

21. Cole MH, Silburn PA, Wood JM, Worringham CJ, Kerr GK. Falls in Parkinson's 

disease: kinematic evidence for impaired head and trunk control. Mov Disord. 

2010;25(14):2369-78.  

22. Hubble RP, Naughton GA, Silburn PA, Cole MH. Wearable sensor use for assessing 

standing balance and walking stability in people with Parkinson's disease: a systematic review. 

PLoS One. 2015;10(4):e0123705.  

23. Schultz JL, Brinker AN, Xu J, et al. A pilot to assess target engagement of terazosin in 

Parkinson's disease. Parkinsonism Relat Disord. 2022;94:79-83.  

24. Brakedal B, Dölle C, Riemer F, et al. The NADPARK study: A randomized phase I 

trial of nicotinamide riboside supplementation in Parkinson’s disease. Cell Metab. 

2022;34(3):396-407.e6.  

25. Sassani M, Alix JJ, McDermott CJ, et al. Magnetic resonance spectroscopy reveals 

mitochondrial dysfunction in amyotrophic lateral sclerosis. Brain. 2020;143(12):3603-3618.  

26. Payne T, Sassani M, Buckley E, et al. Ursodeoxycholic acid as a novel disease-

modifying treatment for Parkinson's disease: protocol for a two-centre, randomised, double-

blind, placebo-controlled trial, The 'UP' study. BMJ Open. 2020;10(8):e038911.  

27. Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder Society-sponsored 

revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS): scale presentation 

and clinimetric testing results. Mov Disord. 2008;23(15):2129-70.  



33 
 

28. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. Systematic review of 

levodopa dose equivalency reporting in Parkinson's disease. Mov Disord. 2010;25(15):2649-

53.  

29. Nasreddine ZS, Phillips NA, Bedirian V, et al. The Montreal Cognitive Assessment, 

MoCA: a brief screening tool for mild cognitive impairment. Journal of the American 

Geriatrics Society. 2005;53(4):695-9.  

30. Montgomery SA, Asberg M. A new depression scale designed to be sensitive to change. 

Br J Psychiatry. 1979;134:382-9.  

31. Chaudhuri KR, Martinez-Martin P, Schapira AH, et al. International multicenter pilot 

study of the first comprehensive self-completed nonmotor symptoms questionnaire for 

Parkinson's disease: the NMSQuest study. Mov Disord. 2006;21(7):916-23.  

32. Jenkinson C, Fitzpatrick R, Peto V, Greenhall R, Hyman N. The Parkinson's Disease 

Questionnaire (PDQ-39): development and validation of a Parkinson's disease summary index 

score. Age and ageing. 1997;26(5):353-7.  

33. Velseboer DC, de Bie RM, Wieske L, et al. Development and external validation of a 

prognostic model in newly diagnosed Parkinson disease. Neurology. 2016;86(11):986-93.  

34. Blauwendraat C, Faghri F, Pihlstrom L, et al. NeuroChip, an updated version of the 

NeuroX genotyping platform to rapidly screen for variants associated with neurological 

diseases. Neurobiol Aging. 2017;57:247 e9-247 e13.  

35. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of 

sequence variants: a joint consensus recommendation of the American College of Medical 

Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 

2015;17(5):405-24.  



34 
 

36. Sarafian MH, Lewis MR, Pechlivanis A, et al. Bile acid profiling and quantification in 

biofluids using ultra-performance liquid chromatography tandem mass spectrometry. Anal 

Chem. 2015;87(19):9662-70.  

37. Wolfer AM, Correia GDS, Sands CJ, et al. peakPantheR, an R package for large-scale 

targeted extraction and integration of annotated metabolic features in LC-MS profiling 

datasets. Bioinformatics. 2021;37(24):4886-4888.  

38. Trojaniello D, Ravaschio A, Hausdorff JM, Cereatti A. Comparative assessment of 

different methods for the estimation of gait temporal parameters using a single inertial sensor: 

application to elderly, post-stroke, Parkinson's disease and Huntington's disease subjects. Gait 

Posture. 2015;42(3):310-6.  

39. Spain RI, St George RJ, Salarian A, et al. Body-worn motion sensors detect balance 

and gait deficits in people with multiple sclerosis who have normal walking speed. Gait 

Posture. 2012;35(4):573-8.  

40. Moe-Nilssen R, Helbostad JL. Estimation of gait cycle characteristics by trunk 

accelerometry. J Biomech. 2004;37(1):121-6.  

41. Galna B, Lord S, Rochester L. Is gait variability reliable in older adults and Parkinson's 

disease? Towards an optimal testing protocol. Gait Posture. 2013;37(4):580-5.  

42. Ordidge RJ, Connelly A, Lohman JAB. Image-selected in Vivo spectroscopy (ISIS). A 

new technique for spatially selective nmr spectroscopy. J Magn Reson. 1986;66(2):283-294.  

43. Ordidge RJ, Bowley RM, McHale G. A general approach to selection of multiple cubic 

volume elements using the ISIS technique. Magn Reson Med. 1988;8(3):323-31.  

44. Stefan D, Cesare FD, Andrasescu A, et al. Quantitation of magnetic resonance 

spectroscopy signals: the jMRUI software package. Meas Sci Technol. 2009;20(10) 



35 
 

45. Vanhamme L, van den Boogaart A, Van Huffel S. Improved method for accurate and 

efficient quantification of MRS data with use of prior knowledge. J Magn Reson. 

1997;129(1):35-43.  

46. Athauda D, Maclagan K, Skene SS, et al. Exenatide once weekly versus placebo in 

Parkinson's disease: a randomised, double-blind, placebo-controlled trial. Lancet. 

2017;390(10103):1664-1675.  

47. Weiduschat N, Mao X, Beal MF, Nirenberg MJ, Shungu DC, Henchcliffe C. Sex 

differences in cerebral energy metabolism in Parkinson's disease: a phosphorus magnetic 

resonance spectroscopic imaging study. Parkinsonism Relat Disord. 2014;20(5):545-8.  

48. Schmitz B, Wang X, Barker PB, et al. Effects of Aging on the Human Brain: A Proton 

and Phosphorus MR Spectroscopy Study at 3T. J Neuroimaging. 2018;28(4):416-421.  

49. Kordower JH, Olanow CW, Dodiya HB, et al. Disease duration and the integrity of the 

nigrostriatal system in Parkinson's disease. Brain. 2013;136(Pt 8):2419-31.  

50. Simuni T, Fiske B, Merchant K, et al. Efficacy of Nilotinib in Patients With Moderately 

Advanced Parkinson Disease: A Randomized Clinical Trial. JAMA Neurol. 2021;78(3):312-

320.  

51. Pagan FL, Hebron ML, Wilmarth B, et al. Nilotinib Effects on Safety, Tolerability, and 

Potential Biomarkers in Parkinson Disease: A Phase 2 Randomized Clinical Trial. JAMA 

Neurol. 2020;77(3):309-317.  

52. Vaz AR, Delgado-Esteban M, Brito MA, Bolanos JP, Brites D, Almeida A. Bilirubin 

selectively inhibits cytochrome c oxidase activity and induces apoptosis in immature cortical 

neurons: assessment of the protective effects of glycoursodeoxycholic acid. Journal article. J 

Neurochem. 2010;112(1):56-65.  



36 
 

53. Brito MA, Lima S, Fernandes A, et al. Bilirubin injury to neurons: contribution of 

oxidative stress and rescue by glycoursodeoxycholic acid. Neurotoxicology. 2008;29(2):259-

69.  

54. The Parkinson Study Group SURE-PD3 Investigators, Schwarzschild MA, Ascherio 

A, et al. Effect of Urate-Elevating Inosine on Early Parkinson Disease Progression: The SURE-

PD3 Randomized Clinical Trial. JAMA. 2021;326(10):926-939.  

55. Kieburtz K, Katz R, McGarry A, Olanow CW. A New Approach to the Development 

of Disease-Modifying Therapies for PD; Fighting Another Pandemic. Mov Disord. 

2021;36(1):59-63.  

56. Whone A, Luz M, Boca M, et al. Randomized trial of intermittent intraputamenal glial 

cell line-derived neurotrophic factor in Parkinson's disease. Brain. 2019;142(3):512-525.  

57. Mico-Amigo ME, Kingma I, Heinzel S, et al. Potential Markers of Progression in 

Idiopathic Parkinson's Disease Derived From Assessment of Circular Gait With a Single Body-

Fixed-Sensor: A 5 Year Longitudinal Study. Front Hum Neurosci. 2019;13:59.  

58. Del Din S, Elshehabi M, Galna B, et al. Gait analysis with wearables predicts 

conversion to parkinson disease. Ann Neurol. 2019;86(3):357-367.  

59. Hobert MA, Nussbaum S, Heger T, Berg D, Maetzler W, Heinzel S. Progressive Gait 

Deficits in Parkinson's Disease: A Wearable-Based Biannual 5-Year Prospective Study. Front 

Aging Neurosci. 2019;11:22.  

60. Amboni M, Iuppariello L, Iavarone A, et al. Step length predicts executive dysfunction 

in Parkinson's disease: a 3-year prospective study. J Neurol. 2018;265(10):2211-2220.  

61. Galna B, Lord S, Burn DJ, Rochester L. Progression of gait dysfunction in incident 

Parkinson's disease: impact of medication and phenotype. Mov Disord. 2015;30(3):359-67.  



37 
 

62. Barbiroli B, Montagna P, Martinelli P, et al. Defective brain energy metabolism shown 

by in vivo 31P MR spectroscopy in 28 patients with mitochondrial cytopathies. J Cereb Blood 

Flow Metab. 1993;13(3):469-74.  

63. Barbiroli B, Iotti S, Lodi R. Improved brain and muscle mitochondrial respiration with 

CoQ. An in vivo study by 31P-MR spectroscopy in patients with mitochondrial cytopathies. 

Biofactors. 1999;9(2-4):253-60.  

64. Sathe AG, Tuite P, Chen C, et al. Pharmacokinetics, Safety, and Tolerability of Orally 

Administered Ursodeoxycholic Acid in Patients With Parkinson's Disease-A Pilot Study. J Clin 

Pharmacol. 2020;60(6):744-750.  

65. Prasuhn J, Bruggemann N, Hessler N, et al. An omics-based strategy using coenzyme 

Q10 in patients with Parkinson's disease: concept evaluation in a double-blind randomized 

placebo-controlled parallel group trial. Neurol Res Pract. 2019;1:31.  

66. Hattingen E, Magerkurth J, Pilatus U, et al. Phosphorus and proton magnetic resonance 

spectroscopy demonstrates mitochondrial dysfunction in early and advanced Parkinson's 

disease. Brain. 2009;132(Pt 12):3285-97.  

67. Mullin S, Smith L, Lee K, et al. Ambroxol for the Treatment of Patients With Parkinson 

Disease With and Without Glucocerebrosidase Gene Mutations: A Nonrandomized, 

Noncontrolled Trial. JAMA Neurol. 2020;77(4):427-434.  

68. Chong R, Wakade C, Seamon M, Giri B, Morgan J, Purohit S. Niacin Enhancement for 

Parkinson's Disease: An Effectiveness Trial. Front Aging Neurosci. 2021;13:667032.  

69. Wang Q, Luo Y, Ray Chaudhuri K, Reynolds R, Tan EK, Pettersson S. The role of gut 

dysbiosis in Parkinson's disease: mechanistic insights and therapeutic options. Brain. 

2021;144(9):2571-2593.  



38 
 

70. Liang Y, Cui L, Gao J, Zhu M, Zhang Y, Zhang H-L. Gut Microbial Metabolites in 

Parkinson’s Disease: Implications of Mitochondrial Dysfunction in the Pathogenesis and 

Treatment. Molecular Neurobiology. 2021;58(8):3745-3758.  

71. Li P, Killinger BA, Ensink E, et al. Gut Microbiota Dysbiosis Is Associated with 

Elevated Bile Acids in Parkinson's Disease. Metabolites. 2021;11(1) 

72. Graham SF, Rey NL, Ugur Z, et al. Metabolomic Profiling of Bile Acids in an 

Experimental Model of Prodromal Parkinson's Disease. Metabolites. 2018;8(4) 

73. Li H, Wang Q, Chen P, Zhou C, Zhang X, Chen L. Ursodeoxycholic Acid Treatment 

Restores Gut Microbiota and Alleviates Liver Inflammation in Non-Alcoholic Steatohepatitic 

Mouse Model. Front Pharmacol. 2021;12(1663-9812):788558.  

74. Tang R, Wei Y, Li Y, et al. Gut microbial profile is altered in primary biliary cholangitis 

and partially restored after UDCA therapy. Gut. 2018;67(3):534-541.  



39 
 

 

Figure 1: Consort flowchart of enrollment, allocation and follow-up assessments 

performed. Analysis used an intention-to-treat population therefore all patients randomised 

were included in the analysis dataset.  Details of key secondary outcome assessments are 

included to demonstrate data completeness.  
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Figure 2: Impact of UDCA upon serum bile acid profiles.  As assessed using analysis of 

ultra-performance liquid chromatography linked to mass spectrometry serum bile acid profiling 

data. (A) PCA scores plot, all participants at all time points. (B) OPLS-DA scores plot, placebo 

vs UDCA-treated patients at week 12. (C) Discriminatory metabolomic analysis via S-plot, 

placebo vs UDCA-treated patients at week 12; metabolites at top right of plot are those enriched 

in UDCA vs placebo week 12 serum samples. Other detected bile acids are in grey with further 

detail on these bile acids shown in the supplementary information (D) Relative abundance plot 

of key bile acids of interest.  Features in top right of S-plot are bile acids elevated in serum of 

UDCA vs placebo participants at week 12; features in bottom left of S-plot are bile acids 

elevated in serum of placebo vs UDCA participants at week 12.  For (B) and (C), placebo, 

n=11; UDCA, n=19.  Abbreviations: GUDCA; glycoursodeoxycholic acid; GUDCA-3-S; 

glycoursodeoxycholic acid-3-sulfate; OPLS-DA: orthogonal projections to latent structures 

discriminant analysis; PCA: principal component analysis; TUDCA: tauroursodeoxycholic 

acid; UDCA: ursodeoxycholic acid; UDCA-3-S: ursodeoxycholic acid-3-sulfate; QC: Quality 

Control.   
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Figure 3: Gait analysis equipment and data processing. (A) Schematic of testing procedure 

with the OPTOgait system in a two-dimensional configuration with a participant wearing 

OPALs sensors on the lower shins, as well as their lower back (denoted by black boxes). (B) 

Angular velocity signals recorded using the lumbar sensor during the walking test used to 
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define the turns within the data. Acceleration and angular velocity are then used during active 

walking to generate temporal, intensity, and regularity quality measures of gait. Comparison 

of gait parameters from baseline to week 48 in the two treatment groups (12 on UDCA 30 

mg/kg vs 6 on placebo) demonstrated that PD patients on UDCA took more steps per minute 

(increased cadence) (C), with reduced amount of time between each heel strike of the same 

foot (stride time) (D) and reduced stride time variability (E) as well as reduced stance time (F) 

and stance time variability (G). For C-G purple diamond and error bars signify median and 

interquartile range as gait analysis data was not normally distributed, P values show 

significance for group differences as assessed by the Wilcoxon signed rank test.   
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Figure 4: 31Phosphorus Magnetic Resonance voxel localisation, example spectra and 

results. Sagittal (A), coronal (B) and axial (C) images demonstrating 14x14 CSI spectroscopic 

grid positioning for the midbrain voxels. Voxel placement ensures the substantia nigra will be 

included within the voxel of interest. Voxels of interest from each acquisition are highlighted 

in yellow. (D) Example spectrum obtained from the midbrain of a participant in the placebo 

group. This spectrum has been phased and apodised to aid visualisation with phosphocreatine 

frequency shifted to 0ppm. Change from baseline to week 48 in key 31P-MRS parameters from 

the midbrain for; (E) ΔGATP, (F) ADP concentration, (G) inorganic phosphate and pH (H). For 

E-H purple diamond and error bars signify mean ± standard deviation and P values are for the 

significance of the estimated treatment coefficient with UDCA as assessed by linear regression. 

UDCA n=16, placebo n=9 except panel (E) where placebo n=8 due to excluded magnesium 

value prior to unblinding required for calculation of ΔGATP.  PME=phosphomonoesters, PDE= 

phosphodiesters, Pi= inorganic phosphate, PCr= phosphocreatine, γ-ATP= gamma adenosine 

triphosphate, α-ATP= gamma adenosine triphosphate, β-ATP= gamma adenosine triphosphate, 

ΔGATP = Gibbs free energy of ATP hydrolysis.  
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Table 1. Demographic and clinical features 

  UDCA (n=20) Placebo (n=11) p-value 

Age (years) Mean ± SD 56.3 ± 7.6 61.9 ± 8.28 
0.0762a 

 Range 40-74 53-73 

Sex Male (%) 14 (70) 5 (45.5) 
0.3385b 

(n, %) Female (%) 6 (30) 6 (54.5) 

Disease Duration (months) 
Mean ±SD 16.3 ± 11.7 22.1 ± 7.2 

0.0989a 
Range 2.3 - 41.5 10.7 – 32.7 

Family History of PD in a first 
degree relative (n, %) 

Present 1 (5) 2 (18.2) 
0.5803b 

Absent 19 (95) 9 (81.8) 

Modified Hoehn &Yahr  

(n, %) 

Stage 1 5 (25) 2 (18.2) 

0.7725b Stage 1.5 2 (10) 2 (18.2) 

 Stage 2 13 (65) 7 (63.6) 

Predicted Risk of Rapid 
Disease Progression 

Mean ±SD 0.31 ± 0.16 0.28 ± 0.21 
0.6902a 

Range 0.09 – 0.77 0.10 – 0.69 

atested with two-sample t-test with Welch’s correction 
btested with Pearson’s Chi-squared test 
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Table 2. Details of Adverse Treatment Reactions 

System Organ Class 
Adverse Treatment 
Reactiona  UDCA (n=20) Placebo (n=11) 

Gastrointestinal disorders  

Abdominal distension 1 (5.0%) 1 (9.1%) 

Abdominal pain 1 (5.0%) 1 (9.1%) 

Constipation 1 (5.0%) 1 (9.1%) 

Diarrhoea 5 (25.0%) 1 (9.1%) 

Dry mouth 0 (0.0%) 1 (9.1%) 

Gastroesophageal reflux 
disease 

0 (0.0%) 1 (9.1%) 

Nausea 2 (10.0%) 0 (0.0%) 

Salivary hypersecretion 1 (5.0%) 0 (0.0%) 

Metabolism and nutrition 
disorders 

Abnormal loss of weight 1 (5.0%) 0 (0.0%) 

Musculoskeletal disorders Arthralgia 1 (5.0%) 0 (0.0%) 

Nervous system disorders 

Parkinson’s Disease 
progression 

0 (0.0%) 1 (9.1%) 

Restless legs syndrome 1 (5.0%) 0 (0.0%) 

Skin and subcutaneous tissue 
disorders 

Pruritis 1 (5.0%) 0 (0.0%) 

Rash 1 (5.0%) 0 (0.0%) 

aAll patients with at least 28 days exposure to study treatment are listed. Only adverse reactions recorded as having a definite, probable or 
possible relationship to trial medication which started on or after first dose are included. Patients are counted once per row but may appear 
in more than one row. 
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Table 3. Results of secondary outcomes 

  

Baseline 
(mean ± SD)  

Week 48 
(mean ± 
SD) 

Week 56 
(mean ± 
SD) 

Change 
from 
baseline to 
week 48 
(mean ± SD) 

Change 
from week 
48 to week 
56 (mean ± 
SD) 

Change 
from 
baseline to 
Week 56 
(mean ± 
SD) 

Clinical Rating Scales 

MDS-UPDRS I 
UDCA  6.6 ± 5.1 6.8 ± 6.1 7.4 ± 5.6 0.5 ± 2.9 0.6 ± 3.6 1.3 ± 3.8 

Placebo 6.0 ± 2.8 6.5 ± 2.7 6.1 ± 3.5 0.7 ± 4.4 -0.7 ± 2.0 -0.1 ± 3.6 

MDS-UPDRS II 
UDCA  5.6 ± 5.5 5.1 ± 5.3 5.5 ± 5.0 -0.4 ± 4.0 0.5 ± 3.7 0.1 ± 4.1 

Placebo 5.1 ± 5.2 5.0 ± 3.1 4.4 ± 3.3 -0.1 ± 2.8 -0.7 ± 3.1 -1.0 ± 3.9 

MDS-UPDRS III 
(“OFF” state) 

UDCA  32.5 ± 11.5 29.5 ± 10.8 26.1 ± 10.3 -1.7 ± 6.7 -3.4 ± 6.4 -5.1 ± 8.8 

Placebo  31.2 ± 7.88 26.4 ± 11.1 25.6 ± 9.5 -5.2 ± 6.5 -0.9 ± 2.88 -5.5 ± 5.7 

MDS-UPDRS III 
(“ON” state) 

UDCA  24.0 ± 11.2 20.3 ± 9.2 20.3 ± 9.2 -1.7 ± 5.4 -0.9 ± 5.0 -2.8 ± 6.8 

Placebo  22.5 ± 8.0 19.3 ± 9.3 19.5 ± 9.0 -3.3 ± 8.3 0.2 ± 8.2 -3.1 ± 6.2 

MDS-UPDRS IV 
UDCA  3.1 ± 2.8 1.9 ± 2.3 2.4 ± 3.1 -1.3 ± 3.1 b* 0.5 ± 2.3 -0.7 ± 3.4 

Placebo 1.2 ± 1.8 1.7 ± 1.7 2.1 ± 2.1 0.5 ± 1.1 b* 0.4 ± 1.3 0.9 ± 1.14 

Levodopa 
Equivalent Daily 
Dosage (mg) 

UDCA  438 ± 198 510 ± 241 512 ± 237 79 ± 124 2 ± 39 81 ± 116 

Placebo 464 ± 123 516 ± 157 541 ± 155 52 ± 82 25 ± 49 77 ± 86 

Montreal 
Cognitive 
Assessmenta 

UDCA  27.4 ± 1.9 28.3 ± 1.3 28.4 ± 1.6 1.1 ± 1.6 0.1 ± 1.1 1.2 ± 1.7 

Placebo 28.3 ± 1.2 28.6 ± 1.4 29.2 ± 0.8 0.4 ± 1.1 0.6 ± 1.3 0.9 ± 1.2 

MADRSa 
UDCA  2.5 ± 2.8 4.1 ± 4.7 4.6 ± 5.3 1.7 ± 3.4 b* 0.5 ± 3.0 2.2 ± 4.9b** 

Placebo 2.9 ± 2.8 2.6 ± 2.6 1.2 ± 1.6 -0.4 ± 1.7 b* -1.4 ± 2.1 -1.7 ± 2.6 b** 

NMS-QUEST 
UDCA  5.6 ± 3.5 6.3 ± 4.1 6.5 ± 4.3 0.9 ± 2.3 0.2 ± 2.4 1.1 ± 2.5 b** 

Placebo 5.4 ± 3.9 5.2 ± 3.2 4.4 ± 2.7 -0.2 ± 1.6 -0.8 ± 1.5 -1.0 ± 1.9 b** 

Sensor-based objective quantification of motor impairment (NB. Data shown here is median and interquartile range) 

Cadence 
(step/min) 

UDCA  117.80 
(110.23; 
122.65) 

115.82 (107.90, 
126.52) 

NA 
1.14 (-2.10; 
4.28)c* NA NA 

Placebo 114.75 
(111.85; 
119.15) 

111.43 
(107.69-
124.74) 

NA 
-4.58 (-5.54; 
2.58)c* NA NA 

Stride time (s) 

UDCA 1.04 (0.99; 
1.10)                                                                                                                        

1.04 (0.95, 
1.11) NA 

-0.01 (-0.04; 
0.01)c* NA NA 

Placebo 1.05 (1.02; 
1.07) 

1.08 (1.04, 
1.12) 

NA 0.03 (0.02; 0.04)c* NA NA 

Stride time 
variability (SD) 

UDCA  26.29 (24.70, 
38.32) 

22.19 (20.62, 
31.95) 

NA 
-2.43 (-7.27; -
1.38)c* 

NA NA 

 
Placebo 23.04 (19.81, 

27.98) 
27.90 (25.17, 
31.74) NA 

6.16 (-0.54; -
9.99)c* NA NA 

Stance time (s) 

UDCA  0.62 (0.58, 
0.66)   

0.62 (0.54, 
0.66) NA 

-0.02 (-0.02; 0) c* 
NA NA 

Placebo 0.62 (0.59, 
0.65) 

0.64 (0.62, 
0.65) 

NA 0.02 (0.01; 0.03) c* NA NA 

Stance time 
variability (SD) 

UDCA  24.90 (18.57; 
30.95) 

22.33 (17.16; 
26.38) 

NA 
-2.81 (-4.43; -
0.48) c* 

NA NA 

Placebo 18.49 (15.60; 
21.29) 

26.44 (19.81, 
28.32) NA 

6.48 (3.26; 11.26) 

c* NA NA 

Midbrain 31Phosphorus Magnetic Resonance Spectroscopy 

Total ATP 
UDCA  0.449 ± 0.058 0.418 ± 0.076 NA -0.028 ± 0.089 NA NA 
Placebo 0.429 ± 0.050 0.453 ± 0.061 NA 0.0268 ± 0.077 NA NA 

Total 
Phosphocreatine 

UDCA  0.184 ± 0.023 0.192 ± 0.022 NA 0.0072 ± 0.031 NA NA 

 Placebo 0.194 ± 0.033 0.181 ± 0.025 NA -0.0135 ± 0.040 NA NA 
Total Inorganic 
Phosphate 

UDCA  0.080 ± 0.025 0.101 ± 0.018 NA 0.020 ± 0.037d*** NA NA 

 Placebo 0.08 ± 0.023 0.071 ± 0.028 NA -0.006 ± 0.034d*** NA NA 

ΔGATP 

(kilojoule/mole) 

UDCA  -64.0 ± 2.39 -64.4 ± 2.13 NA -0.672 ± 1.780b,d* NA NA 
Placebo -65.5 ± 3.35 -63.2 ± 1.42 NA 2.145 ± 3.153b,d* NA NA 
UDCA  104.4 ± 55.0 88.7 ± 43.5 NA -1.86 ± 63.3 NA NA 
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ADP 
(micromolar) 

Placebo 
77.7 ± 68.7 116.0 ± 36.6 NA 

3.37 ± 62.2 
NA NA 

aperformed at screening rather than baseline. 

btested with two-sample t-test with Welch’s correction 

ctested with Mann Whitney U test 

dsignificant treatment effect assessed using linear regression  

*indicates significance at the 0.05 level comparing treatment groups 

**indicates significance at the 0.01 level comparing treatment groups 

*** indicates significance at the <0.001 level comparing treatment groups 


