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ABSTRACT: Background: Rescue of mitochondrial
function is a promising neuroprotective strategy for
Parkinson’s disease (PD). Ursodeoxycholic acid (UDCA)
has shown considerable promise as a mitochondrial res-
cue agent across a range of preclinical in vitro and
in vivo models of PD.
Objectives: To investigate the safety and tolerability of
high-dose UDCA in PD and determine midbrain target
engagement.

Methods: The UP (UDCA in PD) study was a phase II,
randomized, double-blind, placebo-controlled trial of
UDCA (30 mg/kg daily, 2:1 randomization UDCA
vs. placebo) in 30 participants with PD for 48 weeks. The
primary outcome was safety and tolerability. Secondary
outcomes included 31-phosphorus magnetic resonance
spectroscopy (31P-MRS) to explore target engagement
of UDCA in PD midbrain and assessment of motor pro-
gression, applying both the Movement Disorder Society
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Unified Parkinson’s Disease Rating Scale Part III (MDS-
UPDRS-III) and objective, motion sensor-based quantifi-
cation of gait impairment.
Results: UDCA was safe and well tolerated, and only
mild transient gastrointestinal adverse events were
more frequent in the UDCA treatment group. Midbrain
31P-MRS demonstrated an increase in both Gibbs free
energy and inorganic phosphate levels in the UDCA
treatment group compared to placebo, reflecting
improved ATP hydrolysis. Sensor-based gait analysis
indicated a possible improvement of cadence (steps per
minute) and other gait parameters in the UDCA group
compared to placebo. In contrast, subjective assessment

applying the MDS-UPDRS-III failed to detect a difference
between treatment groups.
Conclusions: High-dose UDCA is safe and well tolerated
in early PD. Larger trials are needed to further evaluate
the disease-modifying effect of UDCA in PD. © 2023 The
Authors. Movement Disorders published by Wiley Period-
icals LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: ursodeoxycholic acid; UDCA;
neuroprotection; supervised gait analysis; 31P-MR
spectroscopy

Introduction

Mitochondrial dysfunction was first identified in spo-
radic Parkinson’s disease (PD) and has since been impli-
cated in all forms of familial PD.1,2 Rescue of
mitochondrial function has therefore been proposed as
a promising neuroprotective strategy.3,4

Our group undertook the first screen of an entire com-
pound 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.5,6 We subse-
quently confirmed the mitochondrial rescue effect of UDCA
in mechanistically stratified sporadic PD patient tissue.7

Other groups have independently reported a beneficial
effect of both UDCA and its taurine conjugate
tauroursodeoxycholic acid (TUDCA) in toxin-induced cell
culture models as well as in the classical 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)- and rotenone-induced
rodent models of PD.8-14 UDCA appears to exert its neuro-
protective effect via improved mitochondrial function and
transport as well as ameliorated autophagic flux, involving
the AMPK/mTOR and PINK1/Parkin pathways.14

UDCA has been licensed to treat primary biliary cho-
langitis at the dose of 15 mg/kg for >30 years. Its excel-
lent safety and tolerability profile makes it ideally
suited for the drug repurposing strategy.15,16

Pharmacokinetic studies in patients with amyotrophic
lateral sclerosis (ALS) confirmed blood–brain barrier
penetrance of UDCA, especially at higher doses.17 In
2015, the international Linked Clinical Trials Initiative
(iLCT) named UDCA as its most highly prioritized neu-
roprotective 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, randomized, placebo-controlled trial of 30 mg/kg
of UDCA in early PD, the UP Study. The primary out-
come of our study was safety and tolerability of UDCA
in PD. We also applied phosphorus-31 magnetic reso-
nance spectroscopy (31P-MRS) to provide evidence of

mechanistic target engagement for UDCA in PD mid-
brain tissue, including the substantia nigra as the key
site of PD pathology.18,19 In addition, we combined
‘gold standard’ clinical rating scales with sensor-based
objective gait analysis to explore the effect of UDCA
versus placebo on PD motor progression. We also
assessed the effect of high-dose UDCA medication on
bile acid composition throughout the trial and under-
took genetic screening for pathogenic mutations in
Mendelian-inherited PD genes and risk variants in
glucocerebrosidase (GBA).

Methods
Study Design and Participants

A comprehensive protocol for this trial has previously
been published.20 The full trial protocol is also pro-
vided in Data S1: Supplement 1. In brief, The UP Study
(Trial registration: EudraCT no. 2018–001887-46) was
a phase II, two-center, double-blind, randomized,
placebo-controlled trial of 30 mg/kg of UDCA in
recent-onset PD (≤3 years since diagnosis according to
Queen Square Brain Bank Criteria) with sustained
(>3 months) motor response to dopaminergic medica-
tion. UDCA was administered orally for 48 weeks with
a subsequent 8-week washout phase to 31 participants
with a 2:1 randomization of drug versus placebo.
Changes in the dose of the symptomatic dopaminergic
medication by the treating physician were permissible.
The trial was conducted at two sites – Sheffield Teach-
ing Hospitals (STH) and University College London
Hospitals (UCLH) – and was approved by the East of
England Ethics Committee (Protocol ID: 18/EE0280).
STH acted as sponsor of the study (STH18493). All
participants provided written informed consent prior to
any study-related activities in accordance with the Dec-
laration of Helsinki.
Following a screening visit to confirm eligibility, par-

ticipants attended six further visits: baseline (start of
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treatment period), weeks 12, 24, 36, 48 (end of treat-
ment period), and week 56 (end of washout period).
Treatment with either UDCA or placebo was com-
menced at a dose of 250 mg per day and increased by
250 mg every 3 days until the target weight-dependant
dose of 30 mg/kg was achieved. Placebo and UDCA
were provided by PRO.MED.CS Praha a.s. and matched
with no identifiable differences in taste, appearance, or
smell. PRO.MED.CS Praha a.s. did not have any input
into trial design, protocol development, or delivery.

Outcomes
The primary outcome was to compare the safety and

tolerability of UDCA at 30 mg/kg to placebo in PD as
indicated by the following: number of serious adverse
events (SAEs), number of adverse treatment reactions,
and number of participants who completed the study. At
each visit, safety monitoring was performed, and adverse
events (AEs) were reviewed and assessed for severity and
likely relationship to UDCA. Compliance was assessed
by counting the number of investigational medicinal
product (IMP) capsules returned and expressed as (IMP
dispensed – IMP returned)/IMP prescribed.
The predefined secondary outcomes included:

(1) changes of bioenergetic metabolite estimates derived
from 31P-MRS in the midbrain; (2) changes in the super-
vised gait analysis; and (3) changes in the Movement
Disorder Society Unified Parkinson’s Disease Rating
Scale Part III (MDS-UPDRS-III). Changes for all second-
ary outcomes were assessed from baseline to week 48 in
the UDCA versus placebo group, and both the super-
vised gait analysis and the MDS-UPDRS were under-
taken in the practically defined “OFF” medication state.
Exploratory outcomes included the change of

MDS-UPDRS-III in the practically defined “OFF”
medication state at other time points (weeks 48–56 and
baseline to week 56). We also recorded the levodopa
equivalent dosage (LED), MDS-UPDRS-I-IV in the
“ON” state, Montreal Cognitive Assessment (MoCA),
Montgomery–Asberg Depression Rating Scale (MADRS),
Non-Motor Symptom Questionnaire (NMSQ), and the
39-item Parkinson’s Disease Questionnaire (PDQ-39)
quality-of-life questionnaire.21-26 Whenever COVID-19
restrictions prevented face-to-face review of participants,
clinical assessments were conducted remotely over video.
A summary of the safety monitoring and clinical assess-
ment study procedures are provided in Figure S1 and
Supplement 2.1: Data S2.

Sample Collection, Gait Analysis, and 31P-MRS
Imaging

Genetic and bile acid analyses were undertaken in all
participants. Further detail is provided in Supplement
2.1 and 2.2. Sensor-based gait analysis was undertaken

at the Clinical Research Facility of the STH study site
only for STH-recruited participants due to COVID-19.
Gait outcomes included spatiotemporal metrics and

gait quality measures related to intensity, regularity and
variability.27-29 The experimental design of the gait
analysis is depicted in Data S2: Supplementary Figure 2
with further detail in Supplement 2.3.
All participants in the trial were invited for 31P-MRS

scans both at baseline and week 48 at the STH site.
Further details of 31P-MRS acquisition and analysis are
provided in Figure 1 and Supplement 2.4.

Statistical Analysis
Statistical analyses were by intention-to-treat (ITT).

Some assessments were delayed due to the COVID pan-
demic; sensitivity analyses were performed for each anal-
ysis excluding data collected outside of the planned
assessment window. All results presented are using the
full analysis dataset unless stated otherwise. SAEs and
adverse treatment reactions are presented descriptively;
in summaries individual AEs (by preferred term) are
counted once per participant at the worst severity. We
considered the rate of SAEs reported in the exenatide
trial in PD to be tolerable and acceptable (ie, 20%). If
no SAEs were found in the group receiving UDCA
(n = 20) then the likelihood that the true SAE rate is less
than 20% is 0.990778 (ie, there is a less than 1% chance
that the true SAE rate is ≥20%).30 The study was not
powered to detect differences in the secondary or explor-
atory endpoints and therefore the interpretation of
observed differences and confidence intervals (CIs) takes
priority over statistical significance conferred by P-values
and no adjustment is made for multiple testing.
Demographic and clinical assessment data were sum-

marized using relevant summary statistics. Multivariate
statistical analysis of serum bile acid profiling data was
performed using SIMCA 17.0 (MKS Umetrics AB) and
Pareto-scaled, log-transformed data. Between-group dif-
ferences for changes in clinical parameters were
assessed using t-tests for continuous data. Between-
group differences in gait analysis parameters from base-
line to week 48 were compared using Mann–Whitney
U tests as data did not appear to be normally distrib-
uted. The change in 31P-MRS parameters from baseline
to week 48 was compared between groups using t-tests
for each metabolite in turn with further exploratory
analysis using linear regression. Additional information
on the statistical analysis is also included in Supple-
ments 2.2–2.4. We also refer to the full Statistical Anal-
ysis Plan (SAP, Data S3: Supplement 3); preplanned
analysis was carried out using SAS v9.4.

Data Sharing
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 partici-
pants assessed at STH and 11 at UCLH.20 Two partici-
pants were excluded due to a MoCA score <25. In total
31 participants were randomized, 11 to placebo and
20 to 30 mg/kg of UDCA daily, titrated to target dose
over approximately 8 weeks. Full details of cohort
enrollment are shown in Figure 2. Demographic and
clinical characteristics are summarized in Table 1.
The mean age of the UDCA treatment group was

approximately 5 years younger than the mean age of

the placebo group (56.3 vs. 61.9 years), prompting us
to undertake additional ANCOVA analysis to allow for
a possible effect of the lower age in the UDCA treat-
ment group (see later).

Genetic Analysis and Serum Bile Acid Analysis
None of the trial participants carried pathogenic

mutations in monogenic PD genes or pathogenic risk
variants of GBA. Following commencement of treat-
ment with UDCA, marked enrichment for UDCA and
its conjugates glycoursodeoxycholic acid (GUDCA) and
TUDCA compared to baseline were found at all visits
during the treatment period. Bile acid profiles returned

FIG. 1. 31Phosphorus magnetic resonance spectroscopy (31P-MRS) voxel localization, example spectra, and results. Sagittal (A), coronal (B), and axial
(C) images demonstrating spectroscopic grid positioning for the midbrain voxels. (D) Example spectrum obtained from the midbrain of an UP Study
participant. Change from baseline to week 48 in key 31P-MRS parameters from the midbrain for (E) ΔGATP and (F) inorganic phosphate; purple diamond
and error bars signify mean � standard deviation; P-values depicted on each panel above the bar are for the significance of the estimated treatment
coefficient with ursodeoxycholic acid (UDCA) as assessed by linear regression. UDCA n = 16, placebo n = 9 except panel (E) where placebo n = 8 due
to an excluded magnesium value prior to unblinding required for calculation of ΔGATP. PME, phosphomonoesters; Pi, inorganic phosphate; PDE, pho-
sphodiesters; PCr, phosphocreatine; γ-ATP, gamma adenosine triphosphate; α-ATP, gamma adenosine triphosphate; β-ATP, gamma adenosine tri-
phosphate; ΔGATP, Gibbs free energy of ATP hydrolysis; UDCA, ursodeoxycholic acid. [Color figure can be viewed at wileyonlinelibrary.com]
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to levels comparable to baseline values at week 56 fol-
lowing the 8-week washout. No changes compared to
baseline were seen at any time point in placebo-treated
patients. Detailed results of the bile acid analysis are
provided in Supplement 2.2 and Data S2: Supplemen-
tary Figure 3.

Primary Outcome
One participant withdrew after 5 weeks of treatment

due to difficulties swallowing the number of IMP cap-
sules in addition to their regular medication, but not
pharmacological side effects of the IMP as such. This

FIG. 2. CONSORT flowchart of enrollment, allocation, and follow-up assessments performed. Analysis used an intention-to-treat population therefore
all participants randomized were included in the analysis dataset. Details of key secondary outcome assessments are included to demonstrate data
completeness. MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; 31P-MRS, phosphorus-31 magnetic resonance
spectroscopy; UDCA, ursodeoxycholic acid.
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participant was subsequently replaced. The remaining
30 participants all completed the trial, resulting in
a total ITT analysis cohort of 31 trial participants.
Two participants stopped taking the IMP early at
28 weeks (UDCA group) and 30 weeks (placebo
group), respectively (Fig. 2). 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 treat-
ment period (mean � SD; 97.6 � 5.4% in UDCA
vs. 95.2 � 8.4% in placebo).
Two SAEs occurred, both in the same participant on

placebo, namely retroperitoneal hemorrhage leading to
hospital admission and subsequent hospital-acquired
pneumonia. Since we found no SAEs in the UDCA
group in the full ITT population (n = 20), the

likelihood that the true SAE rate for UDCA was less
than 20% is 0.990778.30 Twenty-four adverse reac-
tions (ARs) were observed in 14/31 participants
(10 UDCA and 4 placebo; Table 2). The most frequent
ARs were gastrointestinal symptoms: 5/20 (25.0%) par-
ticipants on UDCA developed mild diarrhea (ie, not
requiring any treatment) with three episodes resolving
within 48 h or less; a further two participants had epi-
sodes that resolved within 72 h. In the placebo group,
1/11 (9.1%) developed diarrhea that resolved within
24 h. Mild nausea (ie, not requiring any treatment)
occurred in 2/20 (10%) of participants taking UDCA;
in one participant this episode resolved within 24 h,
and in the second participant the nausea was of
unspecified duration due to missing data. No other ARs
occurred in the UDCA treatment group at a frequency
of more than 1 of the 20 participants. Blood monitor-
ing performed at all face-to-face visits revealed no clini-
cally significant changes in any blood tests performed
other than one incidental finding of asymptomatic
hyperkalemia (5.6 mmol/L), present at baseline prior to
commencement of treatment in the UDCA group and
one isolated increase in alkaline phosphatase (194 IU/L)
after retroperitoneal hemorrhage (week 36, placebo
group) with subsequent normalization.

Secondary Outcomes
Evidence of target engagement was assessed using

31P-MRS to determine the effect of the IMP on the bio-
energetic profile in the midbrain (including the sub-
stantia nigra; Fig. 1A–C). A typical 31P-MRS spectrum
is depicted in Figure 1D. In total, 25 participants under-
went 31P-MRS before and after treatment (UDCA
n = 16, placebo n = 9). Mean midbrain Gibbs free
energy of ATP hydrolysis (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. 1E). 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 exam-
ined. The observation of an increase in mean mid-
brain Pi by +0.02 (95% CI 0.00, 0.04) in the UDCA
group and reduction 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. 1F) is in keeping
with increased hydrolysis of ATP in the UDCA treat-
ment group. None of the other 31P-MRS-derived param-
eters changed significantly (Data S2: Supplementary
Table 1).
Objectively measured changes in motor impairment

before and after treatment using a quantitative

TABLE 1 Demographic and clinical characteristics

Characteristic UDCA (n = 20) Placebo (n = 11)

Age (years)

Mean � SD 56.3 � 7.6 61.9 � 8.28

Range 40–74 53–73

Sex (n, %)

Male 14 (70) 5 (45.5)

Female 6 (30) 6 (54.5)

BMI (kg/m2)

Mean � SD 26.4 � 3.23 24.9 � 3.54

Range 20.9–31.8 18.1–32.4

Disease duration (months)

Mean � SD 16.3 � 11.7 22.1 � 7.2

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)

Absent 19 (95) 9 (81.8)

Modified Hoehn &Yahr (n, %)

Stage 1 5 (25) 2 (18.2)

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

Range 0.09–0.77 0.10–0.69

Note: Summary of demographic and clinical features for trial participants in the
UDCA versus placebo arm.
Abbreviations: BMI, body mass index; PD, Parkinson’s disease; SD, standard devi-
ation; UDCA, ursodeoxycholic acid.
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supervised, sensor-based gait analysis approach was
only available for STH participants due to COVID-19
(12/19 in the UDCA group and 6/11 in the placebo

group). Cadence (steps per minute) increased in the
UDCA group (median change +1.5 step/min) but
decreased in the placebo group between baseline and
48 weeks (median change �4.5 step/min, group-
difference P = 0.0253; Fig. 3). Of note, there was no
correlation between changes in cadence and changes in
LED (see Data S2: Supplementary Fig. 4). Additionally,
consistent with the improvement in cadence we
observed small but significant reductions in absolute
stride time and stance time, as well as stride time vari-
ability and stance time variability in the UDCA group
compared to placebo (see Data S2: Supplementary
Fig. 2). The observed changes in gait parameters, while
of interest, need to be interpreted with caution due to
the small magnitude of changes and overall small
cohort size (see Discussion). Further details of the gait
analysis results are shown in Supplement 2.3 and Sup-
plementary Table 2.
MDS-UPDRS-III scores in the practically defined

“OFF” state improved 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). To investigate any effect of age on
these results an ANCOVA model including an age
covariate was fitted, with results consistent with the
preplanned analysis detailed earlier (mean difference
3.45, 95% CI �2.15, 9.04, P = 0.2165).

FIG. 3. Supervised gait analysis. Comparison of changes in cadence
from baseline to week 48 (placebo n = 6, ursodeoxycholic acid [UDCA]
n = 12). Data are shown at the individual level with each line rep-
resenting a different participant. Cadence improved in the UDCA group
(median change +1.5 step/min) but deteriorated in the placebo group
(median change �4.5 step/min). This was significant at the group level
(P = 0.0253) as assessed with the Mann–Whitney U test. [Color figure
can be viewed at wileyonlinelibrary.com]

TABLE 2 Adverse treatment reactions

System organ class Adverse treatment reactiona UDCA (n = 20) (n (%)) Placebo (n = 11) (n (%))

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)

Diarrhea 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 Pruritus 1 (5.0) 0 (0.0)

Rash 1 (5.0) 0 (0.0)

aAll participants 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 medica-
tion which started on or after first dose are included. Participants are counted once per row but may appear in more than one row. Adverse treatment reactions observed in more
than one trial participant are highlighted in bold text.
Abbreviation: UDCA, ursodeoxycholic acid.
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Exploratory Outcomes
Both the comparison of MDS-UPDRS-III “OFF”

scores between week 48 versus week 56 and between
baseline versus week 56 were non-significant. The mean
MDS-UPDRS-III scores in the “ON” state showed simi-
lar patterns from baseline to week 48, weeks 48–56,
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. Changes in LED were
not normally distributed, the median change in LED
from baseline to week 48 was 0 in both the UDCA
group and the placebo group. Eight (40%) patients in
the UDCA group had no change in their LED and
7 (64%) in the placebo group also had no change. Of
the remaining patients in the UDCA group, 2 (10%)
had a reduction in LED, 7 (35%) had an increase and
1 (5%) had missing data; in the placebo group all
4 (36%) remaining patients had an increase in LED.
We observed a small but significant increase in the

MADRS scores in the UDCA group compared to pla-
cebo from baseline to both week 48 (treatment estimate
2.05 points, 95% CI 0.15, 3.94, P = 0.0353) and week
56 (treatment estimate 3.94 points, 95% CI 1.14, 6.74,
P = 0.0075); however, overall scores remained low in
the UDCA group (week 48 mean � SD 4.1 � 4.7 and
week 56 mean � SD 4.6 � 5.3) and well below the cut
off of 14/15 points likely to indicate a depressive disor-
der.31 We also acknowledge the minor worsening in the
NMSQ score in the UDCA treatment group from base-
line to week 56 (treatment estimate 2.11 points, 95%
CI 0.37, 3.84, P = 0.0193) but not from baseline to
week 48. However, scores at week 56 (mean � SD
6.5 � 4.3) remained consistent with previously reported
scores in mild PD (mean � SD, 8.0 � 5.3).25 These data
and all other exploratory clinical outcomes are summa-
rized in Supplement 2.5 and Supplementary Table 3.

Discussion

The UP Study has confirmed that UDCA at a dose of
30 mg/kg is safe and extremely well tolerated in PD
with no SAEs and only mild, transient side effects
reported in the UDCA treatment group (primary out-
come). This is reflected by the high compliance rate
(mean of 97.6%) of those participants in the UDCA-
treated group who completed the full treatment dura-
tion. 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.32,33

We acknowledge that the excellent safety profile of
UDCA in this study needs to be confirmed in larger tri-
als. Although rare SAEs cannot be ruled out, due to the
sample size, given the lack of SAEs observed in a

sample of 20 UDCA patients the estimated probability
of an SAE rate of 14% or more (approximately 1 in 7)
in larger trials is less than 5%. Further, high-dose UDCA
(≥30 mg/kg daily) has been trialed in other conditions
such as ALS and primary sclerosing cholangitis with
reassuring safety data in similar sized cohorts.17,34,35

Non-significant improvements of MDS-UPDRS-III
“OFF” scores over the treatment period were observed
in both the UDCA and the placebo group, but were
more marked 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 gener-
ally small and similar in both treatment arms. The mar-
ked placebo effect may have reduced our ability to
detect a clear treatment effect, as observed in other PD
neuroprotection trials.36

To address the inherent shortcomings of clinical rat-
ing scales to quantify motor progression in PD we
included supervised, sensor-based objective quantifica-
tion of motor impairment as a secondary trial outcome.
This demonstrated a reduction in cadence and an asso-
ciated increase in both stride time, stance time, and
their variabilities in the placebo treatment group. The
longitudinal deterioration of these measures in the pla-
cebo group is comparable with previous studies of
PD.37-40 In contrast, we observed either an improve-
ment in the UDCA treatment group or comparatively
less worsening in gait over the treatment period. Impor-
tantly, this improvement was not correlated with LED.
Whilst encouraging, these changes in gait parameters
were mostly small, should therefore be interpreted with
caution, and need to be validated in larger trials.
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 the
MDS-UPDRS-III is comprised of comparatively crude
gait-related assessments.
Conceptually, the proof of target engagement is a

key aspect of early proof-of-concept studies for
any compound but has been lacking for many PD
neuroprotection studies. Elevated (ie, less negative)
31P-MRS-measured ΔGATP has previously been
observed in mitochondrial cytopathies and is therefore
consistent with mitochondrial dysfunction.41 Adminis-
tration of coenzyme Q10 in mitochondrial cytopathies
resulted in an improvement (lowering) of ΔGATP, pro-
viding evidence of target engagement in muscle tissue.42

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 in the midbrain, resulting in improved mito-
chondrial function. Sathe and coworkers also reported
31P-MRS-based evidence of target engagement for
UDCA in PD in a small, open-label pilot study.43 How-
ever, a different imaging protocol focusing on the
occipital cortex was applied, ΔGATP was not calculated
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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 ongoing proof-of-concept studies
for mitochondrial rescue compounds in PD.44-46

There are limitations to our trial. The latter part of
our UP Study was compromised by the COVID-19 pan-
demic. 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 excluded PD patients
with a more advanced age (>75 years) to limit the
impact of additional comorbidities on secondary out-
come measures such as the gait analysis. Further, the
UDCA treatment group consisted of more males and
had a shorter disease duration than the placebo group.
Although unlikely, we cannot exclude that these limita-
tions may have impacted secondary outcome results.
Additionally, the gait analysis was only conducted in a
subset of trial participants due to COVID-related issues;
most changes observed were small and await confirma-
tion in larger trials and should therefore be interpreted
with caution.
The action of UDCA might be pleiotropic and is yet

to be fully elucidated. Changes in the PD gut micro-
biome are associated with alterations in the bile acid
pool.47 Intriguingly, reductions of (endogenous) UDCA
and TUDCA have been reported in an experimental
model of prodromal PD; in addition, UDCA treatment
partially restores the gut microbial profile in other con-
ditions.48-50 A beneficial effect of UDCA in PD may
therefore not be limited to mitochondrial rescue but
also an additional, as yet speculative, effect on the
microbiome and the gut–brain axis.
As stated earlier, the UP Study was not formally

powered to confirm or refute a neuroprotective effect of
UDCA. Subsequent, considerably larger, and more
expensive phase IIb/III studies will be required to con-
firm 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 future tri-
als of UDCA in PD and significantly de-risk the
required major investment for a definitive study.
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