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The first studies in humans for a novel investigational molecule are designed to an-
swer questions such as; “does the molecule arrive at the target site?”, “does the mol-
ecule bind its intended receptor?” and “does receptor binding result in the appropri-
ate downstream molecular response?”.4 Phase 1(b) are designed to assess the safety 
and tolerability of a novel investigational molecule, and therefore these clinical trials 
are not designed to effectively measure disease progression and treatment efficacy 
(e.g. “does the therapy actually help the patient?”). The sample size of these trials in 
general and the trials in this thesis specifically range between 20 and 50 participants, 
and the trial duration is considered short. The primary objective of phase 1 clinical 
trials is to assess safety and tolerability in the target population, which justifies this 
small sample size. If designed well, these trials can also provide insights into proof-of-
mechanism as well as proof-of-concept.5 Given the sample size and length, they are 
not powered to measure an effect on disease progression or clinical efficacy. The low 
participant numbers result in higher variability in clinical efficacy measures as well as 
a higher risk for type I and type II errors when performing pharmacodynamic assess-
ments. Consequently, these limitations lead to either overestimation or underestima-
tion of the clinical efficacy of the drug and therefore should be interpreted with cau-
tion during the developmental program. Strategies to partially overcome these diffi-
culties are evaluating interim results during the trial, and looking for dose dependent 
changes, irrespective of statistical significance.6 Insights from proof-of-mechanism or 
proof-of-concept studies can help reduce uncertainty by optimizing dose-ranging in 
later-phase trials. In the following, we will focus specifically on Parkinson’s disease to 
illustrate the challenges and opportunities in later-phase clinical trials.

Challenges and opportunities in later-phase clinical 
trials in Parkinson’s disease
Moving forward from early phase clinical trials, phase 2 and 3 trials are often pow-
ered to demonstrate statistically significant effects on either the total (Movement 
Disorder Society (MDS)) Unified Parkinson’s Disease Rating Scale (UPDRS) score, or 
the total motor score of part 3. A 2024 systematic review reports that a change of only 
between 1/40 and 1/20 points on the score is needed to detect a clinically meaning-
ful change.7 However, multiple factors can influence the measurement of the MDS-
UPDRS, and this variability in MDS-UPDRS scores is challenging to reduce due to daily 
symptom fluctuations, multiple subscales assessing different disease aspects, and 
minimal clinically important values that vary with disease severity, resulting in sub-
stantial error variance.7,8 Therefore, it is challenging to extract a clinically meaningful 
signal due to the noise generated by this variability.

Challenges of clinical trials for neurodegenerative 
disorders

Neurodegenerative disorders are marked by a deliberate loss of neurons and syn-
aptic connections, usually occurring later in life. These disorders include, among 
others, Parkinson’s disease, amyotrophic lateral sclerosis, Alzheimer’s disease, and 
Huntington’s disease.1 Currently, there are therapies approved to treat the symptoms 
of several of these disorders. To date, only a few therapies have been approved that 
are considered to target components of the underlying etiological processes. These 
include lecanemab in Alzheimer’s disease, which targets amyloid-β pathology, and 
riluzole and edaravone in amyotrophic lateral sclerosis, which are thought to modu-
late glutamatergic excitotoxicity and oxidative stress, respectively. These treatments 
may represent an initial step towards disease-modifying therapy to limit disease pro-
gression; however, they are not expected to reverse neuronal loss. Despite these ad-
vances, there are still major challenges in developing disease-modifying therapies, 
particularly due to the complexity of neurodegeneration and the difficulty of inter-
vening at the right time. Consequently, there are currently no therapies approved to 
stop or even slow disease progression in Parkinsonian disorders, which is further de-
scribed in chapter 2. Here, several obstacles encountered in clinical trials for neuro-
degenerative diseases will be discussed, with a focus on Parkinson’s disease, and ex-
plore potential strategies to overcome them.
Ever since scientific research started to be focused on disease-modifying ther-

apies for neurodegenerative disorders, the interval between actual disease onset 
defined by initiation of neurodegeneration and start of clinical symptoms was ac-
knowledged to form a major challenge. For Parkinson’s disease, by the time the dis-
ease manifests clinically, an estimated 35% to 45% of dopamine-producing neurons 
in the substantia nigra have already degenerated.2 A major treatment goal for dis-
ease-modifying therapeutics would be to halt further neuronal degeneration, with 
restoration of degenerated neurons, which is generally regarded to be impossible. 
Because of this, it is thought that it is crucial to intervene early, potentially even 
at a presymptomatic stage, as this would allow investigational compounds to tar-
get as many neuronal cells as possible to preserve. However, for sporadic forms of 
Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral sclerosis, there 
are currently no validated tests for early or presymptomatic diagnosis, making such 
early intervention inherently challenging. This contrasts with Huntington’s disease, 
for which genetic testing allows for identification of individuals at risk before symp-
tom onset.3
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well water consumption, exposure to industrial chemicals, and heavy metals, have 
also been implicated.24,25 Based on an individual’s genetic profile (which may in-
clude not only causal mutations but also multiple variants that confer smaller or 
larger degrees of risk) as well as environmental exposures, different molecular 
mechanisms are thought to underlie disease development in different patient sub-
groups.21 Therefore, the selection of a particular subgroup of patients with disease 
biology in line with the mechanism of action of an investigational compound be-
comes increasingly important in the design of a clinical trial.

Biomarkers related to disease progression
This complexity in underlying disease mechanisms due to genetic and environmen-
tal heterogeneity is also shown in the clinical presentation of patients. The variability 
in clinical disease presentation, such as tremor dominant versus bradykinesia dom-
inant, complicates the selection of appropriate biomarkers to measure disease pro-
gression.26 This heterogeneity causes difficulties in detecting the efficacy of a treat-
ment, which is predominantly a primary objective in phase 2 and 3 trials. Trials have 
included validated clinical, radiological and wet biomarker endpoints and account 
for genetic status and patient related factors in the analysis.27,28 For example, the 
phase 3 trial of lecanemab, an approved disease-modifying therapy for Alzheimer’s 
disease, included both a clinical and radiological endpoint to assess disease mod-
ification.29 A promising strategy to improve the sensitivity of detecting treatment 
effects is the collection of longitudinal, continuous, remote biomarker data, allow-
ing for a more individualized tracking of disease progression over time, and the use 
of machine learning to analyze data from several sources.30 This approach reduces 
the impact of short-term variability, considerably increases the resolution to detect 
treatment effects compared to clinical rating scales and provides a more accurate 
representation of disease progression.30 Potential biomarkers are wearable sensors 
for Parkinson’s disease, such as smartwatch to measure movement and sleep behav-
ior. 31–33 Once the disease has manifested, the rate of progression is also variable be-
tween subjects.34 More rapid progression in Parkinson’s disease is usually predict-
ed by older age at onset, more rapidly declining cognitive and motor function, and 
the presence of rapid eye movement sleep behavior disorder.35 Genetic and envi-
ronmental factors contribute to this heterogeneity as well, influencing disease onset 
and rate of progression.9,36,37 In chapter 3, we describe a phase 0 trial in which we 
investigate fatty acids as a biomarker for stearoyl-CoA-desaturase inhibitors. A clini-
cal trial investigating a stearoyl-CoA-desaturase inhibitor is subsequently evaluated 
in chapter 4.

Selecting the appropriate trial population is crucial for the success of clinical trials, 
especially in diseases with diverse etiological mechanisms like Parkinson’s disease. 
Increasing evidence emerges that different underlying etiological mechanisms can 
lead to the same clinical phenotype of a hypokinetic rigid syndrome.9 Parkinson’s 
disease pathogenesis involves multiple interconnected mechanisms, with alpha-
synuclein aggregation thought to be central to the disease. Misfolded alpha-synucle-
in forms toxic oligomers that propagate pathology and impair mitochondrial func-
tion, contributing to oxidative stress and neuronal damage.10,11 Mitochondrial dys-
function is implicated in both idiopathic and familial cases, with genetic mutations 
affecting mitophagy-related proteins such as parkin.12 Impaired protein clearance via 
the ubiquitin-proteasome system and autophagy-lysosome pathway leads to alpha-
synuclein accumulation, further exacerbating neurodegeneration.13 Additionally, 
neuroinflammation, driven by microglial activation and immune system dysregula-
tion, plays a role in disease progression.14 A striking example of the disease’s hetero-
geneity is that the classical view of alpha-synuclein as central to Parkinson’s disease 
pathology does not hold true for a minority of patients – specifically those with certain 
genetic mutations (e.g., LRRK2 or PRKN).15 Although these individuals present with 
the clinical phenotype of Parkinson’s disease and may exhibit nigrostriatal degener-
ation, they notably lack alpha-synuclein inclusions.15 Genetic factors are known to 
play a primary, causal role in approximately 5% to 10% of Parkinson’s disease cases, 
particularly involving mutations in GBA1, SNCA, LRRK2, and PARK2.16,17 However, it is 
likely that genetic contributions extend beyond these monogenic forms, with modi-
fying variants and yet-undiscovered loci influencing disease risk and phenotype in a 
larger subset of patients. As seen in for example amyotrophic lateral sclerosis, the ge-
netic landscape is likely more complex than currently understood, with both known 
and yet-undiscovered genetic modifiers playing roles of varying magnitude in many 
patients.18
In addition to genetic factors, environmental differences contribute to the het-

erogeneity. While less well understood, environmental factors also influence dis-
ease development and progression. Epidemiological studies have linked rural liv-
ing, farming, and pesticide exposure to an increased risk of Parkinson’s disease.19,20 
Emerging evidence suggests that pesticide exposure may lead to changes in epigen-
etic markers, particularly in DNA methylation patterns.21 Specific pesticides, such 
as paraquat and rotenone, are chemically similar to 1-methyl-4-fenyl-1,2,3,6-tetra-
hydropyridine, also known as MPTP, a toxic compound for mitochondria. These pes-
ticides have been associated with Parkinson’s disease, and can also be used to rep-
licate its pathology in animal models.22,23 Other environmental factors, including 
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disease progression.46,48,49 For example, pTau217 detects Alzheimer’s Disease (based 
on amyloid-beta positivity on PET-scans) with a 95% sensitivity and specificity and 
detects longitudinal changes in these patients.49 Several plasma biomarkers have 
been compared to radiologic markers, such as amyloid plaques in Alzheimer’s dis-
ease. Specifically, the plasma Aβ42/Aβ40 ratio can accurately detect amyloid plaques 
by positron emission tomography.48 However, the actual relationship with brain con-
centrations is only measurable post-mortem.48 For Parkinson’s disease, blood-based 
biomarkers are currently not yet available to aid in diagnosis or to predict disease 
course.

Translating animal models to human data

Another challenge arises from the translation of animal models to human data. 
Although animal models have provided insights into the underlying mechanisms and 
have been important in preclinical drug development, there are inherent differenc-
es between these models and the human disease condition.50,51 Neurodegenerative 
disorders are the result of complex biological processes, and replicating the full spec-
trum of the symptoms and disease progression in animal models is not often pos-
sible.50,51 Moreover, the response to potential therapies can differ significantly be-
tween species, and the factors driving disease progression in humans may not be re-
flected accurately in animal models.50,51 Also, most animal studies are exploratory in 
nature and therefore have very low statistical power due to the small sample size. A 
few solutions have been proposed recently to improve animal research, and to add 
information on the relative levels of evidence for the hypothesis of the trial.52–55 In 
the context of this thesis, all investigational medicinal products administered in the 
studies described, were previously tested in a translational animal models, the re-
sults of which were described in the investigators brochure that supported the clini-
cal development.
In conclusion, neurodegenerative disorders, including Alzheimer’s and Parkin-

son’s disease, are characterized by progressive neuronal loss. Early intervention is 
likely to be crucial but is complicated by the uncertainty of actual pathophysiolog-
ical disease onset and by the variability in disease progression, making it difficult 
to design clinical trials that accurately measure treatment efficacy. Small sample 
sizes in early-phase trials lead to statistical challenges, while heterogeneity in dis-
ease presentation complicates the selection of appropriate biomarkers. Well-de-
signed early phase clinical studies incorporating target engagement and pathway 
engagement biomarkers can partly overcome these challenges. Further advances 
in biomarker research, such seed amplification assays and wearable sensors, offer 

Alpha-synuclein seed amplification assay

An interesting biomarker is the seed amplification assay, which is used in the clinical 
study that will be described in chapter 5. It was developed as a diagnostic tool used 
to detect misfolded proteins through their prion properties, particularly in neurode-
generative disorders.38 The assay works by adding the misfolded proteins, also called 
seeds, from body fluid from patients with a specific disorder to a solution containing 
normal monomeric proteins. Under assay conditions, the seeds cause the normal 
proteins to misfold and aggregate, amplifying a measurable signal. Therefore, this 
amplification allows for the detection of very low levels of pathologically misfolded 
proteins.39 Specifically for Parkinson’s disease, the alpha-synuclein seed amplifica-
tion assay has been validated as a diagnostic tool with a sensitivity and specificity up 
to 95% and 98% respectively, and can distinguish between healthy persons, partici-
pants with Parkinson’s disease and with multiple system atrophy.40,41 Also, the assay 
provides information about the molecular heterogeneity and detects prodromal indi-
viduals before diagnosis, although long term data is still needed to validate this assay 
for a quantitative purposes.42 In chapter 5, we describe a phase 1b trial in which this 
assay has been used to measure the target engagement of an investigational com-
pound quantitively. Interestingly, the Food and Drug Authority has issued a ‘Letter of 
Support’ to encourage the use of the assay in drug development and is expected to 
be used more frequently in the future.

Accessing the central nervous system

The central nervous system compartment is not easily accessible for sampling flu-
ids or tissue for pharmacokinetic or pharmacodynamic assessments. This raises the 
challenge of measuring disease progression based on biomarkers and understand-
ing how these biomarkers translate between the peripheral compartment, primari-
ly blood, and the central nervous system. The blood-brain barrier prevents the free 
passage of most molecules between the central nervous system and blood compart-
ments.43 This is one of the several factors that explain why brain derived biomark-
ers are usually detected at considerably lower levels in blood, compared to the ce-
rebrospinal fluid.44 For example, the concentration of neurofilament light chain, a 
general marker of neurodegeneration, is approximately 10 to 15-times higher in ce-
rebrospinal fluid than in plasma.45,46 Also, patients with neurodegenerative disor-
ders have generally higher levels of neurofilament light chain in cerebrospinal fluid, 
compared to healthy controls.47 For Alzheimer’s disease, recent advances in bio-
markers have allowed blood based differentiation between healthy and diseased 
states and have enabled the detection of blood-based biomarkers that correlate with 
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the modulation of metabolic pathways to innovative immunotherapies. By examin-
ing both the current overview of therapies as well as presenting new clinical findings, 
this work contributes to the ongoing search for therapies that slow or halt neurode-
generative disease progression.

additional improvements in demonstrating target engagement or tracking disease 
progression respectively. However, challenges remain in translating findings from 
animal models to humans, necessitating better experimental designs and transla-
tional approaches.

Treating non-motor complaints in Parkinson’s disease

For Parkinson’s disease, current symptomatic therapies primarily reduce the motor 
symptoms. Non-motor complaints, however, make up a significant part of the dis-
ability and reduction in quality of life due to Parkinson’s disease. In general, there 
are treatment options for various non-motor symptoms originating from the central 
nervous system or peripherally.56 Non-motor complaints include cognitive dysfunc-
tion, anxiety, gastro-intestinal symptoms, depression and sleep disorders.57–59 The 
most prevalent complaint is depression, which occurs in 50% of the patients at some 
point during the disease, and is usually treated with standard antidepressants.56,60 
Cognitive disfunction is also frequently observed, with 40 percent of patients experi-
encing mild cognitive impairments.61 There are currently no treatment options spe-
cifically designed to reduce cognitive dysfunction.
Participants with Parkinson’s disease have an increased risk of cognitive dys-

function and dementia, influenced by age, motor symptoms, genetics, and predic-
tive biomarkers like basal ganglia atrophy and elevated alpha-synuclein levels.62–66 
Beta-agonistic acting drugs have been identified as potential therapies to improve 
cognitive dysfunction. These drugs could enhance activity in the locus coeruleus, 
the center of adrenergic function in the central nervous system, by activating beta 
adrenergic receptors. This activation increases neuronal excitability and modu-
lates the release of noradrenaline to other brain regions, influencing arousal, at-
tention, and stress responses. 67 In chapter 6, we describe a phase 1 trial that eval-
uates the effects of three beta-agonistic acting drugs on the cognition of partici-
pants with Parkinson’s disease. Likewise, antidiabetic medication such as piogli-
tazone has been identified as a potential drug to modify cognitive dysfunction.66

This thesis
Neurodegenerative disorders such as Parkinson’s disease and related synucleinopa-
thies pose a growing challenge, with limited effective treatments that can modify the 
underlying disease process. Although lecanemab has been approved by the Food 
and Drug Administration as disease modifying treatment for Alzheimer’s disease, the 
clinical benefits are marginal for individual patients. This thesis aims to explore novel 
therapeutic approaches for disease modification in Parkinson’s disease, ranging from 
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provide a comprehensive synthesis of the existing literature on disease-modifying 
therapy for Parkinsonian disorders, focusing on interventions that have shown prom-
ise in clinical settings.

Methods
Prior to initiating data collection, we registered our review protocol on International 
Prospective Register of Systematic Reviews (PROSPERO) (ID: CRD42023382886). 
Reporting follows the 2020 Preferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) guidelines.  

Search strategy and selection criteria 

For this systematic review without meta-analysis, studies were eligible if they includ-
ed study results from clinical trials with a drug that was considered disease modi-
fying, with healthy volunteers and/or patients with Parkinson’s disease, Lewy body 
dementia, multiple system atrophy, progressive supranuclear palsy, or corticobasal 
syndrome up to May 1st, 2025. A disease-modifying therapy was considered a drug 
that would slow the natural progression of the disorder. We included both clinical 
trials as well as population studies. We excluded preclinical studies, (systematic) re-
views, meta-analysis, case reports, non-English articles and studies without a dis-
ease-modifying therapy. Duplicates and trial registers were also removed. Data from 
unpublished studies were identified and included, if available.  
Four electronic databases were searched, including PubMed, Embase, Web of 

Science, and the Cochrane Library. Reference lists in review articles identified during 
this search, and the final included articles were checked to identify additional poten-
tially eligible studies. The search strategy contained terms related to the intervention 
and the population (see Supplement 1 for the full search strategy).  

Data analysis 

Two reviewers (PE and LS) assessed articles independently by title and abstract, and if 
needed also the article, by using the online Rayyan.io tool. Thereafter, in case of con-
flicts, a third reviewer (PK) independently determined the final decision to include or 
exclude. No formal heterogeneity test was performed, but the included studies were 
assessed for risk of bias on individual study level during the interpretation of the re-
sults. Articles were grouped based on their therapeutic effect.  
Due to journal guidelines limiting the number of references cited in the main text, 

we selected 150 references to include based on their direct relevance to the key find-
ings and discussion points of this review. The remaining 65 references, which were 
deemed supportive but not essential for in-text citation, have been provided as 

Introduction
Parkinsonian disorders, including Parkinson’s disease and Lewy Body Dementia, are 
progressive neurodegenerative conditions characterized by the gradual loss of neu-
rons. In Parkinson’s disease, the primary loss occurs in dopaminergic neurons, lead-
ing to both motor and non-motor symptoms. In Lewy Body Dementia, the affect-
ed neurons include both dopaminergic and cholinergic types, resulting in a broader 
range of symptoms such as cognitive decline, visual hallucinations, and fluctuations 
in alertness and attention. While symptomatic treatments can provide relief, there is 
a growing emphasis on developing disease-modifying therapies aimed at slowing or 
halting the underlying neurodegenerative processes. A disease-modifying therapy is 
defined as one that treats the pathogenic mechanisms of disease to prevent disease 
progression, or a sustained reduction in symptoms and disease activity beyond the 
temporary effects of other interventions.1
The pathophysiology of Parkinsonian disorders revolves around the aggregation 

of alpha-synuclein protein, a hallmark feature of the disease.2,3 Alpha-synuclein can 
undergo conformational changes leading to the formation of oligomers, which grad-
ually progress into insoluble fibrils. These fibrils exhibit prion-like properties, mean-
ing they can induce misfolding in normal proteins and propagate their abnormal 
structure. This expansion of aggregates facilitates cell-to-cell spread within the cen-
tral nervous system. The consequences of alpha-synuclein aggregation extend be-
yond mere protein misfolding, impacting crucial cellular processes. Dysfunctional 
lysosomal and age-associated glymphatic clearance mechanisms fail to degrade or 
clear misfolded alpha-synuclein efficiently leading to accumulation within neurons. 
Mitochondrial dysfunction follows, compromising cellular energy metabolism and 
exacerbating oxidative stress. Neuroinflammation is triggered as a response to ag-
gregated alpha-synuclein, further exacerbating neuronal damage. Consequently, 
these pathological processes contribute to neuronal degeneration and eventual loss 
of function. Notably, similar alpha-synuclein aggregation pathology is implicated in 
Lewy body dementia, albeit with differences in disease presentation and progression. 
Additionally, other neurodegenerative diseases such as multiple system atrophy also 
involve alpha-synuclein aggregation, albeit with distinct pathophysiological and clin-
ical manifestations. Understanding the shared and unique mechanisms underlying 
alpha-synuclein aggregation in Parkinsonian’s disorders is crucial for the develop-
ment of effective disease-modifying therapies.
In recent years, an increasing number of studies have investigated various thera-

peutic interventions with the potential to modify the course of the Parkinsonian dis-
orders, especially Parkinson’s disease.4,5 However, no disease-modifying therapy for 
any Parkinsonian disorder has been approved up to this date. This review aims to 
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(5–140, 39–140, 65–140, 66–140, 68–140, 71–140) and C-terminal truncations (1–139, 
1–135, 1–133, 1–122, 1–119, 1–115, 1–110, and 1–103). However it seems that specifically 
the truncation of the C-terminal leads to the formation of aggregation-prone species.
Several therapies targeting alpha-synuclein directly have been evaluated or are 

currently being evaluated in clinical trials. These include small molecules that inhibit 
alpha-synuclein misfolding, aggregation or translation, as well as active and passive 
immunotherapies aimed at enhancing the clearance of alpha-synuclein.
The most advanced small molecule is buntanetap, which suppresses the trans-

lation of messengerRNAs involved in the production of neurotoxic, aggregation-
prone proteins. After demonstrating safety (the molecule carried the name posiphen 
back then), buntanetap was investigated in a 25-day study in 54 patients with early 
Parkinson’s disease and 14 with Alzheimer’s disease.13,14 The study showed a sta-
tistically significant improvement compared to baseline of the Movement Disorder 
Society (MDS) - Unified Parkinson’s Disease Rating Scale (UPDRS) total and part III 
scores for two dose levels. However, these improvements were not dose-dependent, 
and no significant differences were found between the highest dose levels and pla-
cebo. In addition, the study found non-significant reductions in several biomarkers, 
including total alpha-synuclein in cerebrospinal fluid (CSF). Based on these results a 
phase 3 study in early Parkinson’s disease has since been initiated and completed. 
The results are not yet published, but in a press release it was announced that the 
highest dose level significantly improved the MDS-UPDRS Part II, III and total scores, 
with especially pronounced effects in patients with postural instability and gait dif-
ficulties. Furthermore, buntanetap was able to stop cognitive decline in all patients 
and improved cognition in patients with a MMSE score between 20 and 26 with nor-
mal ranges of 24 to 30. It was hypothesized that the improvements over a short du-
ration of treatment were due to buntanetap’s ability to rescue and restore neuronal 
function. Whether these results will reshape our current understanding of the poten-
tial disease modification in Parkinson’s disease will depend on a more rigorous eval-
uation of these findings once the peer-reviewed publication is available.
Two other small molecules, UCB0599 and anle138b, were evaluated in placebo-

controlled phase 1 trials for their ability to inhibit pathological alpha-synuclein ag-
gregation.15,16 UCB0599 prevents the initial misfolding and aggregation of alpha- 
synuclein on lipid membranes whereas Anle138b destabilizes toxic oligomers pre-
vents the formation of oligomer pores in membranes and blocks the prion-like prop-
agation of alpha- synuclein aggregation. Both agents were well tolerated in up to 68 
healthy volunteers, and UCB-0599 also showed a favorable safety profile in 31 patients 
with Parkinson’s disease. UCB-0599, rebranded as minzasolmin, was later tested in a 
proof-of-concept study of 18 months in 450 patients with early Parkinson’s disease. 

Supplemental Material to ensure transparency and allow interested readers full ac-
cess to the evidence base underpinning our analysis.

Results
Monoamine oxidase-B inhibitors levodopa and dopamine agonists 

Monoamine oxidase-B inhibitors levodopa and dopamine agonists have been exten-
sively studied as both symptomatic and disease-modifying therapies as our search 
identified 62 trials. Historically there were concerns that levodopa accelerated dis-
ease progression prompting trials of dopamine agonists as levodopa-sparing ther-
apies and studying their suggested neuroprotective properties. More recently in 
2004 the Unified Parkinson’s Disease Rating Scale (UPDRS) results of the ELLDOPA 
study suggested a potential disease-modifying effect of Levodopa yet neuroimaging 
showed a potential neurotoxic effect. This led to the LEAP study of 2019 that showed 
that treatment with levodopa in combination with carbidopa had no disease modify-
ing effect nor was disease progression exacerbated. Moreover to date all phase 3 clini-
cal trials with MAO-B inhibitors or dopamine agonists have failed to demonstrate dis-
ease modifying effects in Parkinsonian disorders such as the LEAP study of 2019. Due 
to the amount of trials (n = 62) as well as the lack of effects details of the trials were 
not included in Table 1.

Alpha-synuclein therapies

The soluble, disordered, monomeric protein alpha-synuclein is abundant in presyn-
aptic neurons and is implicated in several important aspects of neuronal function-
ing. (Figure 2) The primary structure of alpha-synuclein includes three regions: the 
basic N-terminal domain (residues 1–60), which forms an alpha helix when bound 
to negatively charged membranes; the hydrophobic non-amyloid-β-component do-
main (residues 61-95), which is prone to aggregation and fibril formation; and the 
flexible C-terminal domain (residues 96–140), which is rich in negatively charged resi-
dues and interacts with cations and polyamines.7–9 The functional description of al-
pha-synuclein epitopes highlights the contrasting roles of the N- and C-termini. The 
N-terminus promotes aggregation and interactions with membranes and chaper-
ones, while the C-terminus acts as an auto-chaperone inhibiting aggregation.10,11 
While the N-terminus has therapeutic potential, the C-terminus engages in transient 
long-range interactions with the N-terminal region, maintaining alpha-synuclein in a 
compact, soluble conformation. The C-terminus disrupts these interactions, leading 
to a more extended, aggregation-prone structure.12 There is no consensus on which 
terminus has the most potential as a target. Moreover a total of  14 distinct truncation 
variants of alpha-synuclein have been identified including N-terminal truncations 
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evaluating cinpanemab in 398 patients with Parkinson’s disease over a 112-week peri-
od did not meet its primary objective, a change in clinical scores on the MDS-UPDRS.20 
Similarly, imaging of the dopamine transporter via single-photon emission comput-
ed tomography yielded no treatment-related differences. Due to the lack of efficacy, 
the trial was terminated early. Post-hoc analyses raised concerns about the suitabil-
ity of imaging endpoints such as dopamine transporter scans and structural mag-
netic resonance imaging (MRI) for assessing disease progression beyond 96 weeks.23 
These modalities were limited by nonlinear symptom progression, increased drop-
out rates, and a higher likelihood of patients initiating symptomatic therapy. In ad-
dition, the authors emphasized that changes in total alpha-synuclein levels in early 
Parkinson’s disease primarily reflect proximal pharmacodynamic effects and may not 
correlate with long-term disease modification, particularly in the absence of dose-
consistent changes in CSF. No further clinical development of the investigational ther-
apy is ongoing.
When comparing investigational therapies, prasinezumab and cinpanemab aim 

to inhibit alpha-synuclein aggregation. While cinpanemab primarily binds aggre-
gated forms via the N-terminus, prasinezumab can target monomers, oligomers 
and aggregated forms via the C-terminus. This could explain the difference in po-
tential therapeutic effect as prasinezumab might act earlier in the aggregation pro-
cess compared to cinpanemab. In December 2024, a press release stated that prasi-
nezumab had not met its primary endpoint in the PADOVA study but showed favor-
able trends across multiple secondary and exploratory outcomes. Both the PADOVA 
and PASADENA studies are continuing to assess the long-term potential therapeutic 
effect of prasinezumab.
Other passive immunization therapies include MEDI1341, Lu AF82422 and exi-

davnemab.24–26 All are human monoclonal antibodies with preferential binding to 
a broad spectrum of aggregated alpha-synuclein. For MEDI1341 there is no peer-re-
viewed article available, however a 2023 conference abstract showed that there was a 
dose-dependent suppression of free alpha-synuclein in the CSF of 25 Parkinson’s dis-
ease patients after 3 monthly infusions. Both Lu AF82422 and exidavnemab reduced 
free-to-total alpha-synuclein ratios in a dose-dependent manner in Parkinson’s dis-
ease patients in phase 1 studies, and Lu AF82422 also reduced CSF free-to-total al-
pha-synuclein ratios at the highest dose level. Currently, Lu AF82422 is being investi-
gated as amlenetug in multiple system atrophy patients, although top line findings 
stated that amlenetug failed to show a statistical effect compared to placebo. For ex-
idavnemab, a phase 2 trial in Parkinson’s disease patients is ongoing. Notably, exi-
davnemab has received orphan drug designation from the US FDA for the treatment 
of multiple system atrophy. MEDI1341 is currently investigated as TAK-341 in a phase 

According to a late-2024 press release, the trial did not meet its endpoints, includ-
ing the primary outcome of disease progression based on the combined MDS-UPDRS 
parts I to III score. Anle138b has been evaluated in a phase 1b study in Parkinson’s dis-
ease patients, but no results are reported yet (NCT04685265). The ongoing TOPAS-MSA 
study assesses the safety and efficacy of anle138b (TEV-56286) in 200 patients with 
multiple system atrophy over 27 months.
In addition to small molecules, which aim to interfere with alpha-synuclein syn-

thesis or aggregation, another major therapeutic strategy involves leveraging the im-
mune system to target alpha-synuclein more directly. A passive immunotherapy that 
is still being assessed in two open-label extension studies is prasinezumab. This is a 
humanized monoclonal antibody with a high affinity for C-terminus region of both 
aggregated alpha-synuclein and monomers. It was first evaluated in the PASADENA 
study and its primary endpoint (change from baseline in total scores on the MDS-
UPDRS) was not met.17 Similarly, no significant differences were observed in imaging 
of nigrostriatal terminal degeneration using dopamine transporter scans. However, 
a post-hoc analysis in patients with faster disease progression suggested less wors-
ening in the MDS-UPDRS part III in the prasinezumab group compared to placebo.18 
A long-term follow up was conducted as an open-label extension of the PASADENA 
study.19 Both the early-start and delayed-start groups showed reduced clinical pro-
gression in the MDS-UPDRS part II scores and in part III scores in both the OFF and ON-
state compared to patients enrolled in the Parkinson’s Progression Markes Initiative 
(PPMI) observational study. Therefore, prasinezumab may be effective specifically 
in Parkinson’s disease patients with faster disease progression. However, interpre-
tation is limited by methodological constraints, including the use of 80% confidence 
intervals and the absence of a concurrent placebo group. This study remains ongo-
ing. In parallel, the PADOVA trial was launched to evaluate the investigational ther-
apy in early-stage Parkinson’s disease patients. Topline results presented during 
MDS 2025 showed that although the PADOVA study did not meet its primary endpoint 
prasinezumab demonstrated signals of slowing disease progression in early-stage 
Parkinson’s disease when added to effective symptomatic therapy supporting con-
tinued investigation in future trials.
Another passive immunotherapy is cinpanemab, a human-derived monoclonal 

antibody with a high affinity for the N-terminus of aggregated alpha-synuclein. A 
phase 1 study showed increases in the total plasma alpha-synuclein levels in a dose-
dependent manner in 18 Parkinson’s disease patients, which suggested proof of bio-
logical activity as binding to alpha-synuclein prolongs its half-life by limiting clear-
ance.20–22 In contrast, CSF levels remained unchanged, which aligns with the predom-
inance of monomeric over aggregated alpha-synuclein in CSF. A phase 2 trial (SPARK) 
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In multiple system atrophy patients, rifampicin and epigallocatechin gallate did not 
modify disease progression measured as by the Unified Multiple System Atrophy 
Rating Scale.33,34 While rifampicin, an alpha-synuclein fibril inhibitor, was consid-
ered safe, epigallocatechin gallate, an alpha-synuclein oligomer modulator (400 mg, 
three times daily) led to liver toxicity in 20 patients, and there were 4 deaths, while 
in the placebo group there were 5 instances of liver toxicity and there were 2 deaths. 
An explanation for the high mortality in both groups has not been provided. No tri-
als are currently ongoing.
Despite several efforts, alpha-synuclein remains a challenging therapeutic tar-

get, with most investigational therapies showing limited or no clinical efficacy in 
Parkinson’s disease or multiple system atrophy. Buntanetap showed preliminary im-
provements in motor and cognitive symptoms in early Parkinson’s disease patients, 
especially those with gait issues. Other agents demonstrated peripheral or cen-
tral pharmacodynamic activity, but these effects did not consistently translate into 
meaningful clinical outcomes. Notably, cinpanemab and prasinezumab both showed 
target engagement, yet only prasinezumab yielded exploratory evidence of benefit in 
patients with faster progressing disease. In multiple system atrophy, none of the ther-
apies evaluated to date, including rifampicin, epigallocatechin gallate, and Lu AF82422 
(amlenetug), have demonstrated disease modifying effects. Together, these findings 
underscore the need for more selective patient stratification and robust biomarker 
strategies to guide the future development of alpha-synuclein–targeted therapies.

Glucocerebrosidase therapies

The glucocerebrosidase 1 gene (GBA1) encodes lysosomal glucocerebrosidase 
(GCase), a pivotal enzyme in the degradation of glucosylceramide (GluCer) into glu-
cose and ceramide. GBA1 mutations influence GCase activity and have been strong-
ly associated with the risk of developing Parkinson’s disease in genome-wide asso-
ciation studies.35 Decreased GCase activity is thought to impair lysosomal function 
and has been linked to heightened alpha-synuclein aggregation.36 This aggrega-
tion, coupled with impaired lysosomal function, may contribute to neuronal dam-
age and apoptosis, particularly in dopaminergic neurons of the substantia nigra.36 
Consequently, augmenting GCase levels or replacing dysfunctional GCase emerges 
as a potential strategy to modify the progression in Parkinsonian disorders. Several 
trials are currently ongoing.
The most advanced molecule is ambroxol, an inhibitory chaperone that promotes 

the trafficking of mutant GCase from the endoplasmic reticulum to the lysosome 
by binding to the enzyme’s active site, inducing a conformational change that fa-
cilitates its transport.37,38 After demonstrating safety in patients with Gaucher’s dis-
ease and Parkinson’s disease with GBA1 mutations over 19 months, ambroxol was 

2 trial including only multiple system atrophy patients, assessing effects on disease 
severity measured by the unified multiple system atrophy rating scale over 52 weeks.
While passive immunization depends on recurrent administration of monoclonal 

antibodies, active immunization leverages the immune system to generate a long-
lasting immune response consisting of a variety of antibodies targeting a predefined 
epitope. Three investigational therapies are in development that elicit an antibody 
response against various epitopes in the C-terminal: PD01A, PD03A and UB-312.27–32 
Specifically, PD01A targets the 118-126 region, PD03A targets the 110-130 region, and 
UB-312 targets the 97-135 region.
PD01A and PD03A use different short peptides as antigenic components. In a 36-

week placebo-controlled study involving 30 individuals with multiple system atrophy, 
neither therapy showed a significant improvement in clinical scores. In Parkinson’s 
disease, PD01A was studied in a 128-week, single-blinded, non-placebo-controlled 
trial in 24 patients, while PD03A was tested in a 36-week, placebo-controlled study in 
36 patients. PD01A led to a 89% serum seroconversion rate and PD03A to a 58% se-
roconversion rate. Furthermore, there was a 0.3% CSF to serum ratio for PD01A com-
pared to a 0.1% ratio for PD03A. Therefore, it seems that PD01A generated a higher an-
tibody response. In both trials, there was no effect on part III of the MDS-UPDRS, and 
no effect on imaging for PD03A, and no effect on several CSF biomarkers for PD01A, 
including total alpha-synuclein. However, a post-hoc analysis revealed a 51 percent 
reduction in oligomeric alpha-synuclein at the highest tested dose of PD01A, an indi-
cation of central target engagement. Currently, a phase 2 trial with ACI-7104.056, an 
optimized formulation of PD01A, is ongoing. A press-release in November 2024 an-
nounced that it was safe and well tolerated and induced anti-alpha-synuclein anti-
bodies, though no pharmacodynamic results were shared.
The UB-312 early phase trial included seed amplification assay to detect misfold-

ed, self-propagating alpha-synuclein aggregates in CSF. This assay, performed direct-
ly on CSF, involves adding recombinant alpha-synuclein to the fluid in a reaction mix-
ture and subjecting it to cycles of shaking and resting at body temperatures. The for-
mation of aggregates is then tracked by monitoring thioflavin fluorescence, which in-
creases as misfolded protein seeds trigger further aggregation. In Parkinson’s disease 
patients, UB-312 delayed the seeding kinetics of the alpha-synuclein seed amplifica-
tion assay compared to placebo, which could be interpreted as evidence for target en-
gagement. No differences were observed on the MDS-UPDRS part III. A post-hoc analy-
sis suggested that patients with detectable alpha-synuclein antibodies in CSF showed 
greater improvements in activities of daily living (MDS-UPDRS part II), compared to 
those without antibody detection. Given the small sample size and short trial dura-
tion, these findings are considered exploratory. Currently, there are no trials ongoing.
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using MRgFUS in combination with microbubbles.47 The procedure was considered 
safe and well tolerated; however, two of the four patients experienced transient wors-
ening or emergence of dyskinesia. No group-level efficacy analysis was performed. A 
phase 1/2 study is currently ongoing in Parkinson’s disease, assessing safety as well 
as the feasibility of the procedure over 12 months.
Therapies targeting GCase offer a promising disease modifying approach for 

Parkinson’s disease, particularly in patients carrying GBA1 mutations. These strate-
gies aim to restore lysosomal function and reduce alpha-synuclein accumulation, a 
key pathological hallmark of the disease. Ambroxol, the most advanced candidate, 
has shown target engagement and clinical improvement in early-phase trials, al-
though placebo-controlled data are pending. BIA 28-6156 revealed unexpected met-
abolic effects together with questionable CNS penetration, highlighting the complex-
ity of modulating GCase activity in the brain. The use of MRgFUS to deliver recombi-
nant GCase represents an innovative and feasible approach, though safety and effi-
cacy remain under investigation. While all therapies have demonstrated initial safety 
and tolerability, robust efficacy data from ongoing randomized, controlled trials will 
be critical to determine their potential to alter disease progression.

Glucagon-Like Peptide-1 receptor therapies

Glucagon-like peptide 1 receptor (GLP-1R) agonists have recently emerged as a poten-
tial disease-modifying therapy for Parkinsonian disorders. These therapies, original-
ly developed for diabetes management, have exhibited neuroprotective properties 
in preclinical studies.48,49 The potential neuroprotective effect of GLP-1R activation is 
attributed to its ability to protect against cytokine-mediated apoptosis and to stim-
ulate neurogenesis, providing a promising avenue for targeted intervention in the 
underlying neurodegenerative processes.48,49 Currently, exenatide and similar mol-
ecules are under investigation.
Exenatide is a synthetic analogue of exendin-4, a naturally occurring analogue of 

human GLP-1. After demonstrating safety in two phase 1 trials and showing a statistical-
ly significant effect on the MDS-UPDRS part III off-score at 60 weeks as well as enhanc-
ing pathways related to brain insulin in a phase 2 study, exenatide was further evalu-
ated in a 96-week phase 3 trial in 194 Parkinson’s disease patients.50–54 In contrast to 
the earlier findings, the phase 3 trial did not demonstrate any benefit of exenatide over 
placebo on the MDS-UPDRS part III off-score or on any secondary outcome measures, 
including MDS-UPDRS subset scores and striatal binding ratios. No differential effects 
were observed in subgroup analyses based on age or BMI. The phase 2 and 3 study 
populations were demographically comparable, and plasma and CNS exenatide con-
centrations were consistent across studies (11.3 pg/mL and 11.7 pg/mL, respectively). 

investigated in a 19-month open-label phase 2 trial involving 24 patients with moder-
ate Parkinson’s disease (Hoehn and Yahr stage less than 3).39,40 Ambroxol led to an in-
crease in CSF GCase and alpha-synuclein levels compared to baseline, while CSF tau 
and GluCer levels remained unchanged. The increased CSF GCase levels were sug-
gestive of target engagement, and the authors hypothesized that the increased CSF 
alpha-synuclein may reflect enhanced extracellular export from the brain parenchy-
ma. Clinically, a reduction in total MDS-UPDRS scores was observed, primarily driv-
en by improvements in part III. However, interpretation is limited by the open-label 
design and the absence of a placebo group. Currently, several trials are ongoing in 
Parkinson’s disease: the GREAT phase 2/3 trial in patients with a GBA1 mutation assess-
ing effects on the MDS-UPDRS part III score over 60 weeks, the ASPro-PD phase 3 trial 
assessing the change in MDS-UPDRS part I to III over 104 weeks, a phase 1/2 trial as-
sessing the safety and tolerability of high-dose (up to 1.2 gram per day) ambroxol over 
52 weeks, the phase 2 AiM-PD trial assessing central nervous system (CNS) and CSF 
penetration, and two phase 2 trials including the AMBITIOUS trial assessing effects on 
cognition and dementia over 52 weeks. Also, currently ongoing is the ANeED phase 2 
study in patients with prodromal or early dementia with Lewy bodies.
BIA 28-6156, previously known as LTI-291, is an allosteric modulator of GCase 

designed to enhance the activity of both wild-type and mutant enzyme variants. 
Following demonstration of central nervous system penetration and a favorable 
safety profile in healthy individuals, BIA 28-6156 was evaluated in a 28-day study in-
volving 40 Parkinson’s disease patients with GBA1 mutations.41,42 Treatment re-
sulted in a significant but transient increase in four of five intracellular glucosylce-
ramide isomers within peripheral blood mononuclear cells. No corresponding chang-
es were detected in glucosylceramide levels in plasma or CSF, and there was no ob-
served correlation between intracellular and plasma levels. These findings were un-
anticipated, as activation of glucocerebrosidase was expected to reduce glucosyl-
ceramide levels. The authors proposed that the increase in systemic ceramide and 
glucosylceramide concentrations may lead to feedback inhibition of de novo syn-
thesis, a process known to be sensitive to ceramide levels.43–46 Also, the CSF to 
plasma ratios was below 0.02, which could also explain the lack of effect in CSF. 
Currently, the phase 2 ACTIVATE trial is ongoing in patients with a GBA1 mutation, 
assessing efficacy in delaying clinical meaningful motor progression over 78 weeks.
Recombinant GCase is also being explored as a form of supplementation. Magnetic 

resonance–guided focused ultrasound (MRgFUS) is an emerging technique that en-
ables transient, localized permeabilization of the blood-brain barrier, allowing for an-
atomically targeted delivery of therapeutics. In a proof-of-concept, open-label phase 
1 study, recombinant GCase was administered to four Parkinson’s disease patients 
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various doses of nilotinib, with a slight improvement in some CSF biomarker levels 
at 300 mg but concluded that nilotinib showed no advantage in improving motor 
outcomes.65 Currently, there are no trials ongoing.
CEP-1347, an inhibitor of mixed lineage kinases, was evaluated in a 24-month phase 

2 trial including 806 Parkinson’s disease patients not yet requiring dopaminergic ther-
apy, following demonstration of safety in a phase 1 study.66,67 A preplanned interim 
analysis at 21 months showed futility, with 57% of patients in the placebo group and 
59% to 65% of patients receiving 10 to 50 mg CEP-1347 reaching the primary endpoint 
of disability requiring dopaminergic therapy, and no effect observed on UPDRS scores 
or striatal dopamine transporter uptake. Despite earlier positive findings in in vitro 
and in vivo MPTP-induced models in rodents and nonhuman primates, the authors 
attribute the lack of efficacy to limited relevance of mixed lineage kinase pathways 
in human Parkinson’s disease or compensatory activation of alternative cell-death 
mechanisms. There are currently no trials ongoing.
Tideglusib, a glycogen synthase kinase-3 inhibitor targeting tau pathology in pro-

gressive supranuclear palsy, was safe in phase 1 but did not improve disease sever-
ity or other clinical outcomes in a 52-week phase 2 trial involving 146 patients.68–70 
Notably, an MRI substudy revealed significantly slower progression of brain atrophy 
in the treatment group, despite the absence of clinical benefit. According to the au-
thors this effect is unlikely to be a false-positive due to selection bias, as MRI findings 
were consistent across brain regions and baseline characteristics were balanced. The 
authors suggest that MRI may have been more sensitive than clinical scales in detect-
ing treatment effects. Currently, there are no trials ongoing.
Four investigational therapies have been evaluated in phase 1 trials. DNL201 (also 

known as BIIB122) a small-molecule LRRK2 inhibitor, and terazosin, a phosphoglyc-
erate kinase 1 stimulator, were both safe and well tolerated, and both demonstrated 
proof of target engagement.71,72 However, both studies were limited by short dura-
tions (28 days for DNL201 and 12 weeks for terazosin) and small sample sizes (28 and 13 
patients, respectively). The LRRK2-PD phase 2 trial is ongoing in patients with a LRRK2 
mutation to assess the safety of BIIB122 over 12 weeks. For terazosin, a phase 2 trial 
is ongoing assessing the gait of Parkinson’s disease patients, as well as the TZ-DLB 
phase 2 trial assessing safety and brain adenosine triphosphate levels in Lewy body 
dementia patients. Interestingly, a phase 3 trial with BIIB122 was discontinued due 
to the trial’s long timeline and complexity, according to a press release. Risvodetinib 
and vodobatinib are selective inhibitors of activated non-receptor Abelson tyrosine 
kinases. While phase 1 trials indicated a favorable safety profile for both investigation-
al therapies, press releases reported that neither demonstrated clinical efficacy, and 
there are currently no ongoing trials.73,74

Although the phase 3 findings did not support a disease modifying effect of exenatide, 
the authors plan post-hoc analyses to explore potential explanations. These analy-
ses will also investigate whether subgroups defined by biochemical profiles, such as 
mildly elevated glycated haemoglobin A1c levels, show distinct clinical, target engage-
ment, or biochemical responses to exenatide. There are currently no trials ongoing.
Lixisenatide, a modified version of exenatide with higher affinity for GLP-1R, showed 

a statistically significant improvement in MDS-UPDRS part III scores in the ON-state 
in a 12-month phase 2 trial involving 126 Parkinson’s disease patients.55 In contrast, 
NLY01, a brain-penetrant pegylated analogue, did not demonstrate improvement in 
MDS-UPDRS part III scores in the OFF-state in a 36-week phase 2 trial including 255 
Parkinson’s disease patients.56 Currently there are no trials ongoing.

Kinase inhibitor therapies

Kinase inhibitors show promise as disease-modifying therapy by targeting dysregu-
lated signaling pathways linked to neurodegeneration. By selectively inhibiting spe-
cific kinases associated with oxidative stress, neuroinflammation, and mitochondrial 
dysfunction, these inhibitors may attenuate molecular signaling pathways leading to 
neuronal degeneration.57–59 Additionally, their ability to modulate cellular processes, 
including autophagy and protein aggregation, enhances their potential as disease-
modifying therapies.57–59 Through this targeted approach, kinase inhibitors offer a 
novel avenue for developing therapeutic strategies to interrupt the neurodegenera-
tive trajectory of Parkinsonian disorders.
Nilotinib is a multikinase inhibitor that selectively targets Abelson and discoi-

din domain receptors. After demonstrating safety in an open-label phase 1 study 
involving Parkinson’s disease and Lewy body dementia patients, nilotinib was fur-
ther investigated in two randomized, placebo-controlled phase 2 trials, each with 
approximately 75 patients and a duration of 6 to 12 months.60–64 Both trials reported 
acceptable safety profiles, although the study by Pagan et al. showed a significant 
increase in severe adverse events, including falls, hip fractures, urinary tract infec-
tions, and orthostatic hypotension, which were attributed to Parkinson’s disease-
related factors, while the study by Simuni et al. did not observe this. Exploratory 
biomarkers in the study by Pagan et al. suggested treatment-related changes in CSF 
levels of Triggering Receptor Expressed on Myeloid Cells 2 (TREM2), a receptor in-
volved in microglial activation, as well as homovanillic acid and 3,4-dihydroxyphen-
ylacetic acid. However, these effects were observed using 90 percent confidence in-
tervals and did not exhibit a dose-dependent pattern. Simuni et al.’s study did not 
replicate these findings, and neither study found any effect on (MDS-)UPDRS scores. 
A 2022 meta-analysis of both trials reported favorable safety and tolerability across 
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Melatonin has been proposed as a potential disease-modifying therapy in 
Parkinson’s disease due to its antioxidant properties and its ability to counteract al-
pha-synuclein-induced cytotoxicity.88–90 In a 12-week placebo-controlled phase 2 
trial including 51 patients, melatonin significantly reduced high-sensitivity C-reactive 
protein levels by 0.94 mg/L compared to placebo, although the absolute difference 
at 12 weeks (4.3 mg/L for placebo vs. 3.5 mg/L for melatonin) suggests limited clin-
ical relevance.91 Among secondary outcomes, only the UPDRS part I score, cover-
ing nonmotor symptoms such as sleep disturbances, depression, and anxiety, im-
proved significantly, as did sleep quality and mood-related scores; however, no ef-
fects were observed on UPDRS total or part III scores. Melatonin also led to statisti-
cally significant reductions in biomarkers associated with its antioxidant activity, in-
cluding total antioxidant capacity and growth-stimulating hormone. A 2023 meta-
analysis pooled data from five clinical trials investigating melatonin in Parkinson’s 
disease, including the previously mentioned study and four trials focused on sleep 
disturbances.92 The analysis found that melatonin significantly slowed Parkinson’s 
disease progression when administered at doses of 10 mg/day or more for at least 12 
weeks and reported beneficial effects on both motor symptoms and sleep. However, 
as sleep quality itself can influence motor function, these effects may be interrelat-
ed. The so-called “sleep benefit” (an improvement in motor function upon waking) 
occurs in over 40% of Parkinson’s disease patients and is thought to result from en-
hanced dopaminergic function due to increased dopamine storage during sleep.93 
Currently, there are no trials ongoing.
CNM-Au8 is a catalytic nanotherapeutic that promotes the oxidation of nicotin-

amide adenine. thereby increasing intracellular levels of oxidized nicotinamide ad-
enine and adenosine triphosphate. In the 12-week non-placebo-controlled phase 
2 REPAIR-PD and REPAiR-MS trials including 13 Parkinson’s disease and 11 multiple 
sclerosis patients, CNM-Au8 increased the brain nicotinamide adenine oxidation 
ratio by 10.4% from baseline as measured by 7 Tesla 31 phosphorous magnetic res-
onance spectroscopy in a pooled analysis, although this effect was not statistically 
significant at the group level.94 Notably, the nicotinamide adenine oxidation ratio re-
turned to pre-treatment levels after cessation, supporting a treatment-related effect. 
Despite limitations including small sample size, short duration, and absence of a pla-
cebo group, the results were deemed positive for further development in the phase 2 
VISIONARY-MS trial in 150 multiple sclerosis patients. A 2024 press release stated that 
CNM-Au8 improved both visual acuity and performance on the symbol digit modali-
ty test, a marker of cognition, over 144 weeks compared to placebo. Currently, no tri-
als are ongoing.

Kinase inhibitors have shown potential as disease-modifying therapies for Parkinson’s 
disease by targeting pathways linked to neurodegeneration, such as oxidative stress, 
neuroinflammation, and mitochondrial dysfunction. To date, no kinase inhibitors 
have managed to meet the primary endpoints in phase 2 or phase 3 trial.

Neurotrophic factor related therapies

Neurotrophic factor therapy holds promise as a disease-modifying therapy for 
Parkinsonian disorders by promoting the survival and function of dopaminergic neu-
rons in the brain. By delivering neurotrophic factors directly to affected brain regions, 
these therapies aim to counteract the progressive degeneration of dopaminergic 
neurons. Additionally, neurotrophic factor therapy may stimulate neuronal growth 
and repair, offering potential long-term benefits in slowing or halting the neurode-
generative process.
Isradipine, a dihydropyridine calcium-channel blocker approved for hyperten-

sion, has been investigated for Parkinson’s disease by inhibiting plasma membrane 
CAV-1 L-type calcium channels. After demonstrating safety in a phase 1 trial and poten-
tial disease modifying effects in a phase 2 trial, isradipine did not affect Parkinson’s 
disease progression over a 36-month period in a phase 3 trial with 336 patients, nor 
did it impact any secondary outcomes.75–79 The authors suggest that the selected 
dose of 5 mg twice daily might have been too low, as it was based on tolerability 
data of the phase 2 study and not on pharmacodynamic target or pathway engage-
ment data. Additionally, the absence of a method to directly measure calcium-chan-
nel engagement in humans raises the possibility of lower brain bioavailability than 
observed in preclinical models. No ongoing trials are currently ongoing.
Glial-cell-derived neurotrophic factor (GDNF) and its structural and functional ana-

logue, neurturin, have been investigated as investigational therapies for Parkinson’s 
disease. Both GDNF and neurturin are delivered using an adeno-associated virus 
type-2 (AAV2) vector, which has been genetically engineered to express and secrete 
the human gene for these neurotrophic factors. In all trials, AAV2-GDNF or neurturin 
(also known as CERE-120) were delivered either by surgery, MRI-guided infusion or di-
rect injection.80–87 In the phase 1 trials, both therapies were considered safe and well 
tolerated, although their effects on disease progression were inconsistent. In subse-
quent phase 2 trials lasting between 6 and 24 months with approximately 50 patients 
per trial, neither GDNF nor neurturin showed any impact on UPDRS part III scores. 
Currently, the REGENERATE-PD phase 2 trial in moderate stage Parkinson’s disease 
is ongoing, assessing the effect of AAV2-GDNF on normalized on and off time over 18 
months.
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function. Melatonin showed modest effects on non-motor symptoms and inflam-
matory markers, with meta-analyses suggesting benefits at higher doses, with re-
sults possibly mediated by sleep-related improvements. Nicotinamide riboside and 
erythropoietin showed neuroprotective signals in early trials, but larger studies are 
needed. KM-819, a FAF1 inhibitor, is currently under investigation in a phase 2 trial. 
Davunetide failed to show benefit in progressive supranuclear palsy, possibly due to 
poor CNS penetration. While several therapies have demonstrated safety and biolog-
ical activity, robust evidence of disease modification remains lacking, underscoring 
the need for further controlled trials.

Glutathione therapies

Oxidative stress is implicated in Parkinson’s disease, contributing to dopaminergic 
neuron degeneration. Insufficient production of the antioxidant glutathione (GSH) is 
an early event in Parkinson’s disease progression. Postmortem analysis of substantia 
nigra tissue from Parkinson’s disease patients revealed that GSH is depleted early.107 
There is also a correlation between whole blood glutathione concentrations and clini-
cal severity of Parkinson’s disease.108 Therefore, GSH supplementation could be a po-
tential treatment strategy in Parkinsonian disorders.
GSH was found to be safe and well tolerated across four early-phase studies using 
intranasal, intravenous, or oral supplementation in Parkinson’s disease patients 
(approximately 10 to 30 patients, with a duration of 4 weeks to 3 months).109–112 
Intranasal GSH was further evaluated in a 3-month phase 2 trial with 45 patients, 
showing no significant effect on UPDRS total or motor subscores compared to place-
bo.113 However, the highest dose (600 mg/day) showed improvement from baseline, 
possibly due to increased CNS GSH concentrations observed only at this dose. The au-
thors suggest this could reflect that intranasal administration only increases CNS GSH 
levels by a limited margin. However, magnetic resonance spectroscopy data showed 
evidence that intranasal administration of glutathione resulted in a rapid and signif-
icant increase in brain GSH levels without a corresponding rise in blood levels, sug-
gesting direct uptake through nose-to-brain pathways.114 These findings support the 
intranasal route as a noninvasive method for targeted delivery to the central nervous 
system. Interestingly, whole blood GSH concentrations declined across all groups, 
which the authors attributed to general study participation. No ongoing trials are cur-
rently ongoing.

GM1 ganglioside therapies

GM1-ganglioside (GM1), an endogenous neural membrane molecule prevalent in the 
brain and nervous system, is being explored as a potential disease-modifying therapy 

Preclinical studies have demonstrated neuroprotective effects of nicotinamide ribo-
side in Parkinson’s disease.95 In a 30-day phase 1 trial including 30 patients, oral ad-
ministration of nicotinamide riboside was safe and well tolerated, increased cere-
bral nicotinamide adenine levels, and upregulated transcriptional pathways related 
to mitochondrial, lysosomal, and proteasomal function in blood and skeletal mus-
cle.96 Additionally, nicotinamide riboside reduced inflammatory cytokine levels in 
both serum and CSF. Despite these promising findings, the study was limited by its 
short duration and small sample size, and no trials are currently ongoing.
Recombinant human erythropoietin, commonly used to treat anemia in various 

conditions, has shown potential neuroprotective effects in Parkinson’s disease.97 
Two small, five-week, open-label proof-of-concept studies demonstrated that sub-
cutaneous and intravenous administration was safe and well tolerated, with mixed 
effects on motor and non-motor symptoms. The smaller study showed statistical-
ly significant improvements in total UPDRS and motor scores (off-state) in 10 pa-
tients, while the larger study only reported improvements in non-motor scores in 26 
patients.98,99 A subsequent randomized, placebo-controlled phase 1 trial confirmed 
safety and tolerability but did not assess disease modification.100 Given the limita-
tions in sample size, duration, and lack of placebo in earlier studies, further trials are 
needed to confirm potential neuroprotective effects. Currently, no trials are ongoing.
Fas associated factor 1 (FAF1), a protein linked to Fas-mediated apoptosis, is upregu-
lated in Parkinson’s disease brains, and reducing its expression in animal models in-
hibits cell death, making it a promising therapeutic target.101–103 KM-819, an oral in-
hibitor of FAF1, was safe and tolerable as single dose in healthy participants in a phase 
1 clinical trial.104 Currently a phase 2 trial assessing the safety, tolerability and effect 
on activities of daily living of multiple doses in healthy elderly and Parkinson’s disease 
patients is ongoing. A 2023 press release stated that multiple doses were safe and tol-
erated in healthy elderly.
For progressive supranuclear palsy, davunetide was investigated for its ability to 

ameliorate deposition of hyperphosphorylated, insoluble forms of tau. After demon-
strating safety in a 12-week phase 2 trial in 144 mild cognitive impairment patients, 
davunetide was investigated in a 52-week phase 3 trial with 213 patients with pro-
gressive supranuclear palsy.105,106 Davunetide did not have an effect on the prima-
ry objective, namely disability severity measured by two rating scales, or any other 
secondary endpoint. The authors were unsure if sufficient concentrations entered 
the CNS to exert an effect due to the lack of pharmacokinetic data in this trial and 
the lack of CNS biomarkers for davunetide. There are currently no trials ongoing.
Neurotrophic factor therapy represents a promising avenue for disease modifi-

cation in Parkinsonian disorders by supporting dopaminergic neuron survival and 
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in sample size, study duration, and absence of placebo controls, further research is 
needed to confirm potential neuroprotective effects. Currently, no trials are ongoing.
Allogeneic and mesenchymal stem cells have also been studied following periph-

eral administration in two small-scale (approximately 20 patients), open-label tri-
als.124,125 Both approaches were safe and well tolerated and appeared to improve 
motor and non-motor symptoms in Parkinson’s disease. As with previous studies, 
these trials were limited by small sample sizes, short duration, and lack of placebo 
control, underscoring the need for further research to confirm potential neuropro-
tective effects. Currently for Parkinson’s disease only, two phase 2 trials are ongoing 
assessing the effect of mesenchymal stem cells on MDS-UPDRS scores over 52 to 78 
weeks, and three phase 1 trials assessing the safety and efficacy of nasally adminis-
tered mesenchymal stem cells over 1 to 4 years.

Anti-inflammatory therapies

Anti-inflammatory therapy may function as a disease-modifying therapy for 
Parkinsonian disorders by targeting neuroinflammation, a key component of its 
pathogenesis. By suppressing inflammatory responses in the brain, anti-inflamma-
tory agents could potentially halt or slow down the progression of dopaminergic neu-
ron degeneration.126,127 Additionally, reducing neuroinflammation may mitigate oxi-
dative stress and protein aggregation, further attenuating neurodegeneration.126,127
Sargramostim enhances regulatory T-cell function to reduce neuroinflammation 

and protect dopaminergic neurons.128,129 In an open-label 12 month trial with a 30 
month extension in five Parkinson’s disease patients, sargramostim was safe and well 
tolerated, increased regulatory T cell counts, and had no effect on UPDRS part II and 
part III scores.130 A placebo controlled 56 day phase 1 trial confirmed these findings in 
17 patients.131 No biomarkers representing central nervous system effects of the ther-
apy were measured. Given the small sample size and short duration, the absence of 
UPDRS changes was anticipated; larger and longer studies are needed to assess ef-
fects on disease progression. Two larger phase 1 trials in Parkinson’s disease on safety 
and tolerability are currently completed, without public results available.
Intravenous immunoglobulin was investigated for multiple system atrophy in a 

6-month open-label phase 1 trial involving 9 patients.132 Treatment was safe and well 
tolerated and was associated with reduced disease severity on the unified multiple 
system atrophy rating scale, compared to an external control group. C-reactive pro-
tein levels, considered a marker of systemic inflammation in this trial, did not change 
significantly, likely due to two participants experiencing viral infections at the final 
visit. Excluding these cases, average C-reactive protein levels decreased compared 
to baseline. Although limited by sample size, duration, and the lack of placebo, 

for Parkinson’s disease. GM1 prevents dopaminergic cell damage in Parkinson’s dis-
ease by stabilizing neurotrophic factor receptors, maintaining alpha-synuclein in a 
non-aggregating form, and promoting autophagy.115 Additionally, GM1 is implicated 
in maintaining mitochondrial health, supporting cellular energy production, and re-
ducing oxidative stress associated with Parkinson’s disease pathology.115 Therefore, 
GM1 could be a promising therapeutic agent for Parkinson’s disease.
GM1 was investigated in multiple trials led by Jay S. Schneider between 1995 and 

2015. After demonstrating safety and mixed efficacy results from phase 1 trials and a 
5-year open-label extension, GM1 was assessed in a 120-week phase 2 trial using an 
early versus delayed start design in 77 Parkinson’s disease patients.116–120 During the 
first 24 weeks, GM1 significantly improved UPDRS motor scores in both on and off states 
compared to placebo, possibly due to functional enhancement of residual dopami-
nergic neurons. After the delayed start group started with GM1 at week 24, the early 
start group continued to show sustained benefit, with motor scores remaining below 
baseline by treatment end. In contrast, the delayed group experienced only symptom-
atic improvements, though both groups differed significantly from placebo. During 
the washout period, symptoms worsened in all participants. An additional analysis 
indicated a slower decline in striatal dopamine transporter binding in GM1-treated pa-
tients. These findings suggest that long-term GM1 treatment may slow disease pro-
gression, although the study’s small sample size is a limitation, and symptoms wors-
ened in all participants during washout, which could suggest a more symptomatic ef-
fect. Currently, a phase 1 trial is ongoing in which the safety is investigated of talineur-
en, a combination of GM1 and a proprietary lipid formulation assembled as liposomes.

Stem cell therapies

Stem cell therapy could slow Parkinsonian disorder progression by replacing dam-
aged neurons, particularly in the substantia nigra where dopamine-producing cells 
are lost. It is thought that these stem cells differentiate into mature neurons, replen-
ishing depleted dopamine levels crucial for motor function, or may offer neuropro-
tection by modulating inflammation and releasing trophic factors supporting exist-
ing neurons. This multifaceted approach could foster regeneration and provide a sup-
portive environment, offering a potential avenue for disease modification and im-
proved patient outcomes in Parkinsonian disorders.
Stem cell therapy has been explored in three small-scale (all less than 20 patients), 

open-label phase 1 trials in Parkinson’s disease, involving transplants of peripher-
al nerve grafts, human embryonic stem cells, and induced pluripotent stem cell-de-
rived dopaminergic progenitors.121–123 All studies demonstrated safety and tolerabil-
ity, though results on motor and non-motor symptoms were mixed. Due to limitations 
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and inflammation.159,160 In a 6-month phase 2 trial with 60 Parkinson’s disease pa-
tients, the UPDRS total score was statistically significantly lower in celecoxib group 
compared to placebo, as well as serum biomarkers related to the oxidative stress and 
neuroinflammation.161 More specifically, the authors argue that celecoxib may offer 
neuroprotection in Parkinson’s disease by inhibiting cyclooxygenase-2 inhibitor me-
diated inflammation, reducing toxic alpha-synuclein aggregation, increasing brain-
derived neurotrophic factor expression to support neuronal survival, and enhancing 
antioxidant responses through nuclear factor erythroid 2–related factor 2 activation. 
No further trials are currently ongoing.
Thiazolidinedione has been approved for type II diabetes, but could potential-

ly act as disease-modifying therapy for Parkinson’s disease. By activating the per-
oxisome proliferator-activated receptor γ, pioglitazone might provide neuroprotec-
tion by inhibiting microglia and astrocyte activation and inhibiting the production of 
pro-inflammatory cytokines and nitric oxide.162 Two population studies in diabetic 
cohorts found mixed evidence linking glitazone use to reduced Parkinson’s disease 
incidence.163,164 Pioglitazone was evaluated in a 44-week phase 2 trial involving 210 
Parkinson’s disease patients but showed no effect on total UPDRS scores or peripheral 
biomarkers including proliferator–activated receptor γ coactivator-1α, a downstream 
target of engagement.165,166 The authors attribute the lack of efficacy due to the rela-
tively short study duration or the possibility that peripheral biomarkers do not accu-
rately reflect CNS drug levels. There are currently no trials ongoing.
Depression affects approximately 40 to 50 percent of Parkinson’s disease patients 

and worsens disability and quality of life. Some antidepressants may have disease 
modifying potential, with preclinical studies showed that paroxetine and fluoxetine 
protected against dopaminergic neuron loss, and a population study linked tricyclic 
antidepressants, especially amitriptyline, to delayed dopaminergic treatment, with-
out changes in UPDRS scores.167,168 Lithium was evaluated in a 24-week open-label 
phase 1 trial in 19 patients.169 It was safe and well tolerated, with the medium dose 
45 milligram showing the strongest effect on blood and MRI markers of disease pro-
gression. Non-dose-dependent findings were likely due to formulation and individu-
al variability. No trials are currently ongoing
Memantine, a N-methyl D-aspartate receptor antagonist approved for Alzheimer’s 

disease, modulates glutamatergic signaling and protects against glutamate-induced 
toxicity.170 It was studied in a 24-week phase 2 trial with open-label extension and a 
36-month phase 2 trial, each involving approximately 72 patients with Parkinson’s dis-
ease dementia or Lewy body dementia. In the shorter trial, 27 percent of memantine-
treated patients improved on the clinical global impression scale versus none on pla-
cebo, though 57 percent experienced symptom recurrence after washout compared 

intravenous immunoglobulin decreased systemic inflammation and reduced dis-
ease severity, and therefore the results may warrant further investigation. No trials 
are currently ongoing.
Vinpocetine, a semisynthetic derivative of vincamine, has demonstrated anti-

inflammatory and neuroprotective effects in vitro by inhibiting NF-kappaB activa-
tion and cytokine production.133 In a 14-day placebo-controlled phase 1 trial with 89 
Parkinson’s disease patients, vinpocetine reduced inflammatory markers including 
IL-8 and IL-10 and improved cognitive function on the mini mental state examina-
tion.134 Although the improved cognitive function is likely more a symptomatic ef-
fect due to the short study duration, this could be a signal of target engagement. No 
trials are currently ongoing.

Repurposed drugs

Several drugs have been investigated as disease-modifying therapy for Parkinsonian 
disorders. The majority of the drugs have failed to demonstrate either an effect on dis-
ease progression in phase 2 or were only investigated in phase 1 trials.135–145 Below, 
we have highlighted a few interesting trials.
There is mixed evidence that rheumatoid arthritis has been associated with a high-

er risk of Parkinson’s disease, and the use of a disease-modifying therapies for rheu-
matoid arthritis may explain this association.146–149 Minocycline acts as an anti-in-
flammatory independent of its antimicrobial activity, while creatine supports mito-
chondrial function by stabilizing cellular energy through phosphocreatine-mediat-
ed regeneration of adenosine triphosphate.150,151 After demonstrating non-futility in 
a 12-month futility phase 2 trial with 207 Parkinson’s disease patients in a combined 
trial, minocycline and creatine were subsequently evaluated for disease modifying 
effects in separate phase 3 trials.152–154 The 5-year NET-PD phase 3 trial of creatine in 
955 Parkinson’s disease patients was terminated early for futility based on results of 
a planned interim analysis of measures of function, activities of daily living, ambula-
tion, cognition, and quality of life. The 1-year MEMSA phase 3 trial of minocycline in 
63 multiple system atrophy did not show an effect on motor function or progression 
rate. No phase 3 trial of minocycline was conducted in Parkinson’s disease, and no 
trials are currently ongoing.
Several population studies have investigated the effect of non-steroidal anti-in-

flammatory drugs (NSAID), with mixed results reported. Some showed reduced 
Parkinson’s disease incidence with non-aspirin NSAIDs, while others found no effect 
or even an increased dementia risk. Cognition was not excessively impaired in pa-
tients with Lewy body dementia.155–158 Preclinical data showed that celecoxib, a se-
lective cyclooxygenase-2 inhibitor, could attenuate Parkinson’s disease symptoms 
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endpoints in phase 2 and are no longer in active development. No candidates have 
been progressed for the other disorders. The diversity in the mode of action of these 
disease-modifying therapies offers promising avenues, often substantiated by tar-
get engagement evidenced through biomarkers. However, translating these promis-
ing preliminary results into tangible improvements in motor function remains a chal-
lenge for most new disease-modifying therapies.
Most aforementioned clinical trials incorporate the MDS-UPDRS as a clinical 

marker for disease modification in Parkinson’s disease, encompassing both bio-
marker and treatment effect aspects. However, the MDS-UPDRS predominantly re-
flects dopaminergic system influence, with motor symptoms (parts II and III) and 
motor complications (part IV) receiving greater emphasis than non-motor symp-
toms (part I).174 The annual change in UPDRS ranges between 6 to 12 points initial-
ly, with a general estimate of 4.7 points per year.175,176 A mean change of +2 points 
in the MDS-UPDRS part III score after one year may signify clinically significant dis-
ease progression slowing, based on a sample size of 142 with 90% power.176 Notably, 
many described disease-modifying therapies do not directly target the dopami-
nergic system or MDS-UPDRS score. Nevertheless, all disease-modifying therapies 
share the objective of slowing Parkinson’s disease progression, where the MDS-
UPDRS serves as a pertinent clinical biomarker, providing comprehensive clinical 
status information.
Therefore, the manuscript authors would like to stress that blood or CSF-based 

biomarker-driven research is pivotal in advancing drug development by enabling 
precise diagnostics, prognostics, and therapeutic interventions.177 Blood or CSF bio-
markers facilitate the identification of disease subtypes, allowing for tailored treat-
ment plans that enhance efficacy and minimize adverse effects. This approach im-
proves patient outcomes and optimizes resources by avoiding one-size-fits-all treat-
ments. Moreover, biomarkers can accelerate drug development by serving as surro-
gate endpoints in clinical trials, thus reducing time and costs. Their role in early dis-
ease detection and monitoring response to treatment underscores their value in clin-
ical practice.
Looking ahead, the landscape of disease-modifying therapies for Parkinson’s dis-

ease appears promising. We anticipate that more therapeutic candidates will prog-
ress to phase 3 clinical trials, driven by advances in biomarker research and a deeper 
understanding of the disease’s pathophysiology. This progression reflects a growing 
optimism within the scientific community that the first disease modifying treatments 
will soon be registered. Such breakthroughs would mark a significant milestone in 
Parkinson’s care, offering hope for improved patient outcomes and potentially alter-
ing the disease’s natural course.

to 25 percent on placebo. According to the authors of the trial, this deterioration upon 
drug withdrawal was a drug effect that is not yet evident. In the longer trial, meman-
tine significantly improved survival, particularly in patients who initially responded to 
treatment, while UPDRS scores remained unchanged. The authors hypothesize that 
symptomatic improvement may have led to better physical health and lower mor-
tality, such as fewer infections, thromboses, or falls, or that responder status reflects 
a generally better prognosis. However, the absence of similar effects in the placebo 
group argues against these interpretations. A phase 3 trial in 50 Parkinson’s disease 
patients has been completed, focusing on cognitive outcomes and alpha-synuclein 
transmission measured by MRI, but results are not yet available.
Riluzole, an N-methyl D-aspartate receptor antagonist approved for amyotrophic 

lateral sclerosis, was evaluated in phase 1 trials involving 20 Parkinson’s disease pa-
tients over 6 months and 10 multiple system atrophy patients over 4 weeks.171,172 
Both studies demonstrated safety and tolerability, but no differences in UPDRS scores 
were observed compared to placebo. Given the small sample sizes, short durations, 
and exploratory design, larger trials are needed to determine any potential neuropro-
tective effects. No trials are currently ongoing.
In conclusion, while population studies suggest that NSAIDs, rheumatoid arthritis 

treatments, and antidiabetic drugs may lower the risk of developing Parkinson’s dis-
ease, clinical trials have not confirmed these effects. Notably, memantine and rilu-
zole, both approved for other neurodegenerative conditions, have shown more en-
couraging findings, though definitive evidence from clinical trials is still awaited. This 
may reflect a closer alignment of the underlying disease mechanisms in Parkinsonian 
disorders with those of Alzheimer’s disease and amyotrophic lateral sclerosis, rather 
than with pain, rheumatoid arthritis, or diabetes.

Conclusion

In recent years, there has been a surge in the development of disease-modifying 
therapies for Parkinson’s disease, with between 55 and 60 new candidates year-
ly in the years 2020 to 2024.4,5,173 However, a similar surge is not seen for the other 
Parkinsonian disorders. Despite this influx of new investigational treatments for 
Parkinson’s disease, success in clinical trials has been elusive and no disease-mod-
ifying therapy has been registered up to this date. Several therapies have reached 
phase 3 clinical development for Parkinson’s disease, including buntanetap (an anti-
alpha-synuclein therapy), ambroxol (a GCase enhancer), exenatide (a GLP1 receptor 
agonist), prasinezumab , and cinpanemab (both anti-alpha-synuclein monoclonal 
antibodies). Of these, buntanetap showed improvements in motor function during 
phase 2 studies. However, prasinezumab and cinpanemab did not meet their primary 



4343

References

1	 Busse WW, Melén E, Menzies-Gow AN. Holy Grail: the jour-
ney towards disease modification in asthma. European 
Respiratory Review; 31.

2	 Menon S, Armstrong S, Hamzeh A, et al. Alpha-Synuclein 
Targeting Therapeutics for Parkinson’s Disease and Related 
Synucleinopathies. Front Neurol 2022; 13: 852003.

3	 Marques O, Outeiro TF. Alpha-synuclein: from secretion to 
dysfunction and death. Cell Death Dis 2012; 3: e350.

4	 McFarthing K, Buff S, Rafaloff G, et al. Parkinson’s Disease 
Drug Therapies in the Clinical Trial Pipeline: 2023 Update. J 
Parkinsons Dis 2023; 13: 427–439.

5	 McFarthing K, Rafaloff G, Baptista M, et al. Parkinson’s 
Disease Drug Therapies in the Clinical Trial Pipeline: 2022 
Update. J Parkinsons Dis 2022; 12: 1073–1082.

6	 Verschuur CVM, Suwijn SR, Boel JA, et al. Randomized 
Delayed-Start Trial of Levodopa in Parkinson’s Disease. N 
Engl J Med 2019; 380: 315–324.

7	 Bartels T, Ahlstrom LS, Leftin A, et al. The N-terminus of 
the intrinsically disordered protein α-synuclein triggers 
membrane binding and helix folding. Biophys J 2010; 99: 
2116–2124.

8	 Giasson BI, Murray I V, Trojanowski JQ, et al. A hydropho-
bic stretch of 12 amino acid residues in the middle of alpha-
synuclein is essential for filament assembly. J Biol Chem 
2001; 276: 2380–2386.

9	 Eliezer D. The mysterious C-terminal tail of alpha-synuclein: 
nanobody’s guess. J Mol Biol 2013; 425: 2393–2396.

10	 Levitan K, Chereau D, Cohen SIA, et al. Conserved 
C-terminal charge exerts a profound influence on the aggre-
gation rate of α-synuclein. J Mol Biol 2011; 411: 329–333.

11	 Hoyer W, Cherny D, Subramaniam V, et al. Impact of the 
acidic C-terminal region comprising amino acids 109-140 on 
alpha-synuclein aggregation in vitro. Biochemistry 2004; 43: 
16233–16242.

12	 Zhang C, Pei Y, Zhang Z, et al. C-terminal truncation mod-
ulates α-Synuclein’s cytotoxicity and aggregation by pro-
moting the interactions with membrane and chaperone. 
Commun Biol 2022; 5: 798.

13	 Fang C, Hernandez P, Liow K, et al. Buntanetap, a Novel 
Translational Inhibitor of Multiple Neurotoxic Proteins, 
Proves to Be Safe and Promising in Both Alzheimer’s and 
Parkinson’s Patients. J Prev Alzheimers Dis 2023; 10: 25–33.

14	 Maccecchini ML, Chang MY, Pan C, et al. Posiphen as a 
candidate drug to lower CSF amyloid precursor protein, 
amyloid-β peptide and τ levels: target engagement, tolera-
bility and pharmacokinetics in humans. J Neurol Neurosurg 
Psychiatry 2012; 83: 894–902.

15	 Smit JW, Basile P, Prato MK, et al. Phase 1/1b Studies of 
UCB0599, an Oral Inhibitor of α-Synuclein Misfolding, 
Including a Randomized Study in Parkinson’s Disease. Mov 
Disord 2022; 37: 2045–2056.

16	 Levin J, Sing N, Melbourne S, et al. Safety, tolerability and 
pharmacokinetics of the oligomer modulator anle138b with 
exposure levels sufficient for therapeutic efficacy in a mu-
rine Parkinson model: A randomised, double-blind, place-
bo-controlled phase 1a trial. EBioMedicine 2022; 80: 104021.

17	 Pagano G, Taylor KI, Anzures-Cabrera J, et al. Trial of 
Prasinezumab in Early-Stage Parkinson’s Disease. N Engl J 
Med 2022; 387: 421–432.

18	 Pagano G, Taylor KI, Anzures Cabrera J, et al. Prasinezumab 
slows motor progression in rapidly progressing early-stage 
Parkinson’s disease. Nat Med 2024; 30: 1096–1103.

19	 Pagano G, Monnet A, Reyes A, et al. Sustained effect of 
prasinezumab on Parkinson’s disease motor progression 
in the open-label extension of the PASADENA trial. Nat Med 
2024; 30: 3669–3675.

20	 Lang AE, Siderowf AD, Macklin EA, et al. Trial of Cinpanemab 
in Early Parkinson’s Disease. N Engl J Med 2022; 387: 
408–420.

21	 Brys Laura; Hung, Serena; Ellenbogen, Aaron; Penner, 
Natalia; Yang, Minhua; Welch, Mackenzie; Koenig, Erica; 
David, Eric; Fox, Tara; Makh, Shavy; Aldred, Jason; 
Goodman, Ira J.; Blake, Pepinsky R; Liu, YuTing; Graham, 
Danielle; Weihofen, Andreas; Cedarba MF. Randomized 
phase I clinical trial of anti-α-synuclein antibody BIIB054. 
Mov Disord 2019; 34: 1154–1163.

22	 Brys M, Fanning L, Hung S, et al. Randomized phase I clinical 
trial of anti-α-synuclein antibody BIIB054. Mov Disord 2019; 
34: 1154–1163.

23	 Hutchison RM, Fraser K, Yang M, et al. Cinpanemab in Early 
Parkinson Disease: Evaluation of Biomarker Results From 
the Phase 2 SPARK Clinical Trial. Neurology 2024; 102: 
e209137.

24	 Schofield DJ, Irving L, Calo L, et al. Preclinical development 
of a high affinity α-synuclein antibody, MEDI1341, that can 
enter the brain, sequester extracellular α-synuclein and at-
tenuate α-synuclein spreading in vivo. Neurobiol Dis 2019; 
132: 104582.

25	 Boström E, Bachhav SS, Xiong H, et al. Safety, Tolerability, 
and Pharmacokinetics of Single Doses of Exidavnemab 
(BAN0805), an Anti-α-Synuclein Antibody, in Healthy 
Western, Caucasian, Japanese, and Han Chinese Adults. J 
Clin Pharmacol 2024; 64: 1432–1442.

26	 Buur L, Wiedemann J, Larsen F, et al. Randomized Phase I 
Trial of the α-Synuclein Antibody Lu AF82422. Mov Disord 
2024; 39: 936–944.

27	 Meissner Anne Pavy-Le; Foubert-Samier, Alexandra; 
Galabova, Gergana; Galitzky, Monique; Kutzelnigg, 
Alexandra; Laurens, Brice; Lührs, Petra; Medori, Rossella; 
Péran, Patrice; Sabatini, Umberto; Vergnet, Sylvain; 
Volc, Dieter; Poewe, Werner; Schneeberger, WG; T. A 
Phase 1 Randomized Trial of Specific Active α-Synuclein 
Immunotherapies PD01A and PD03A in Multiple System 
Atrophy. Mov Disord 2020; 35: 1957–1965.

28	 Volc D, Poewe W, Kutzelnigg A, et al. Safety and immunoge-
nicity of the α-synuclein active immunotherapeutic PD01A 
in patients with Parkinson’s disease: a randomised, single-
blinded, phase 1 trial. Lancet Neurol 2020; 19: 591–600.

29	 Volc Werner; Kutzelnigg, Alexandra; Lührs, Petra; Thun-
Hohenstein, Caroline; Schneeberger, Achim; Galabova, 
Gergana; Majbour, Nour K.; Vaikath, Nishant N.; El-Agnaf, 
Omar M. A.; Winter, Dorian; Mihailovska, Eva; Mairhofer, 
Andreas; Schwenke, Carsten; Sta DP. Safety and immunoge-
nicity of the α-synuclein active immunotherapeutic PD01A 
in patients with Parkinson’s disease: a randomised, single-
blinded, phase 1 trial. Lancet Neurol 2020; 19: 591–600.

30	 Poewe W, Volc D, Seppi K, et al. Safety and Tolerability of 
Active Immunotherapy Targeting α-Synuclein with PD03A 
in Patients with Early Parkinson’s Disease: A Randomized, 
Placebo-Controlled, Phase 1 Study. J Parkinsons Dis 2021; 
11: 1079–1089.

31	 Yu HJ, Thijssen E, van Brummelen E, et al. A Randomized 
First-in-Human Study With UB-312, a UBITh® α-Synuclein 
Peptide Vaccine. Mov Disord 2022; 37: 1416–1424.

32	 Eijsvogel P, Misra P, Concha-Marambio L, et al. Target en-
gagement and immunogenicity of an active immunothera-
peutic targeting pathological α-synuclein: a phase 1 place-
bo-controlled trial. Nat Med 2024; 30: 2631–2640.

33	 Li J, Zhu M, Rajamani S, et al. Rifampicin inhibits alpha-
synuclein fibrillation and disaggregates fibrils. Chem Biol 
2004; 11: 1513–1521.

34	 Lorenzen N, Nielsen SB, Yoshimura Y, et al. How 
epigallocatechin gallate can inhibit α-synuclein oligomer 
toxicity in vitro. J Biol Chem 2014; 289: 21299–21310.

35	 Blauwendraat C, Reed X, Krohn L, et al. Genetic modifiers of 
risk and age at onset in GBA associated Parkinson’s disease 
and Lewy body dementia. Brain 2020; 143: 234–248.

36	 Moors TE, Morella ML, Bertran-Cobo C, et al. Altered TFEB 
subcellular localization in nigral neurons of subjects with 
incidental, sporadic and GBA-related Lewy body diseases. 
Acta Neuropathol 2024; 147: 67.

37	 Bendikov-Bar I, Maor G, Filocamo M, et al. Ambroxol 
as a pharmacological chaperone for mutant 
glucocerebrosidase. Blood Cells Mol Dis 2013; 50: 141–145.

38	 Luan Z, Li L, Higaki K, et al. The chaperone activity and 
toxicity of ambroxol on Gaucher cells and normal mice. 
Brain Dev 2013; 35: 317–322.

39	 Istaiti M, Revel-Vilk S, Becker-Cohen M, et al. Upgrading the 
evidence for the use of ambroxol in Gaucher disease and 
GBA related Parkinson: Investigator initiated registry based 
on real life data. Am J Hematol 2021; 96: 545–551.

40	 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: 427–434.

41	 den Heijer JM, Kruithof AC, van Amerongen G, et al. A 
randomized single and multiple ascending dose study 
in healthy volunteers of LTI-291, a centrally penetrant 
glucocerebrosidase activator. Br J Clin Pharmacol 2021; 87: 
3561–3573.

42	 den Heijer JM, Kruithof AC, Moerland M, et al. A Phase 1B 
Trial in GBA1-Associated Parkinson’s Disease of BIA-28-
6156, a Glucocerebrosidase Activator. Mov Disord 2023; 38: 
1197–1208.

43	 Kopytova AE, Rychkov GN, Nikolaev MA, et al. Ambroxol 
increases glucocerebrosidase (GCase) activity and 
restores GCase translocation in primary patient-derived 
macrophages in Gaucher disease and Parkinsonism. 
Parkinsonism Relat Disord 2021; 84: 112–121.

44	 Lansbury P. The Sphingolipids Clearly Play a Role in 
Parkinson’s Disease, but Nature Has Made it Complicated. 
Mov Disord 2022; 37: 1985–1989.

45	 Boer DEC, van Smeden J, Bouwstra JA, et al. 
Glucocerebrosidase: Functions in and Beyond the 
Lysosome. J Clin Med; 9. Epub ahead of print March 2020. 
DOI: 10.3390/jcm9030736.

46	 Kitatani K, Idkowiak-Baldys J, Hannun YA. The sphingolipid 
salvage pathway in ceramide metabolism and signaling. 
Cell Signal 2008; 20: 1010–1018.

47	 Meng Y, Pople CB, Huang Y, et al. Putaminal Recombinant 
Glucocerebrosidase Delivery with Magnetic Resonance-
Guided Focused Ultrasound in Parkinson’s Disease: A Phase 
I Study. Mov Disord 2022; 37: 2134–2139.

48	 Perry T, Haughey NJ, Mattson MP, et al. Protection and 
reversal of excitotoxic neuronal damage by glucagon-like 
peptide-1 and exendin-4. J Pharmacol Exp Ther 2002; 302: 
881–888.

49	 Perry T, Lahiri DK, Chen D, et al. A novel neurotrophic 
property of glucagon-like peptide 1: a promoter of nerve 
growth factor-mediated differentiation in PC12 cells. J 
Pharmacol Exp Ther 2002; 300: 958–966.

50	 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: 1664–1675.

51	 Aviles-Olmos I, Dickson J, Kefalopoulou Z, et al. Exenatide 
and the treatment of patients with Parkinson’s disease. J 
Clin Invest 2013; 123: 2730–2736.

52	 Athauda D, Gulyani S, Karnati H kumar, et al. Utility 
of Neuronal-Derived Exosomes to Examine Molecular 
Mechanisms That Affect Motor Function in Patients 
With Parkinson Disease: A Secondary Analysis of the 

Exenatide-PD Trial. JAMA Neurol 2019; 76: 420–429.
53	 Vijiaratnam N, Girges C, Auld G, et al. Exenatide once weekly 

over 2 years as a potential disease-modifying treatment 
for Parkinson’s disease: protocol for a multicentre, 
randomised, double blind, parallel group, placebo 
controlled, phase 3 trial: The ‘Exenatide-PD3’ study. BMJ 
Open 2021; 11: e047993.

54	 Vijiaratnam N, Girges C, Auld G, et al. Exenatide once a week 
versus placebo as a potential disease-modifying treatment 
for people with Parkinson’s disease in the UK: a phase 3, 
multicentre, double-blind, parallel-group, randomised, 
placebo-controlled trial. The Lancet 2025; 405: 627–636.

55	 Meissner WG, Remy P, Giordana C, et al. Trial of Lixisenatide 
in Early Parkinson’s Disease. N Engl J Med 2024; 390: 
1176–1185.

56	 McGarry A, Rosanbalm S, Leinonen M, et al. Safety, 
tolerability, and efficacy of NLY01 in early untreated 
Parkinson’s disease: a randomised, double-blind, placebo-
controlled trial. Lancet Neurol 2024; 23: 37–45.

57	 Ko HS, Lee Y, Shin J-H, et al. Phosphorylation by the c-Abl 
protein tyrosine kinase inhibits parkin’s ubiquitination 
and protective function. Proc Natl Acad Sci U S A 2010; 107: 
16691–16696.

58	 Saporito MS, Thomas BA, Scott RW. MPTP activates c-Jun 
NH(2)-terminal kinase (JNK) and its upstream regulatory 
kinase MKK4 in nigrostriatal neurons in vivo. J Neurochem 
2000; 75: 1200–1208.

59	 Saporito MS, Brown EM, Miller MS, et al. CEP-1347/KT-
7515, an inhibitor of c-jun N-terminal kinase activation, 
attenuates the 1-methyl-4-phenyl tetrahydropyridine-
mediated loss of nigrostriatal dopaminergic neurons In 
vivo. J Pharmacol Exp Ther 1999; 288: 421–427.

60	 Pagan FL, Wilmarth B, Torres-Yaghi Y, et al. Long-Term 
Safety and Clinical Effects of Nilotinib in Parkinson’s 
Disease. Mov Disord 2021; 36: 740–749.

61	 Pagan FL, Hebron ML, Wilmarth B, et al. Pharmacokinetics 
and pharmacodynamics of a single dose Nilotinib in 
individuals with Parkinson’s disease. Pharmacol Res 
Perspect 2019; 7: e00470.

62	 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: 312–320.

63	 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: 309–317.

64	 Pagan F, Hebron M, Valadez EH, et al. Nilotinib Effects in 
Parkinson’s disease and Dementia with Lewy bodies. J 
Parkinsons Dis 2016; 6: 503–517.

65	 Xie X, Yuan P, Kou L, et al. Nilotinib in Parkinson’s disease: A 
systematic review and meta-analysis. Front Aging Neurosci 
2022; 14: 996217.

66	 Mixed lineage kinase inhibitor CEP-1347 fails to delay 
disability in early Parkinson disease. Neurology 2007; 69: 
1480–1490.

67	 Group PS. The safety and tolerability of a mixed lineage 
kinase inhibitor (CEP-1347) in PD. Neurology 2004; 62: 
330–332.

68	 Höglinger GU, Huppertz H-J, Wagenpfeil S, et al. Tideglusib 
reduces progression of brain atrophy in progressive 
supranuclear palsy in a randomized trial. Mov Disord 2014; 
29: 479–487.

69	 Tolosa E, Litvan I, Höglinger GU, et al. A phase 2 trial of 
the GSK-3 inhibitor tideglusib in progressive supranuclear 
palsy. Movement Disorders 2014; 29: 470–478.

70	 del Ser T, Steinwachs KC, Gertz HJ, et al. Treatment of 
Alzheimer’s disease with the GSK-3 inhibitor tideglusib:  
a pilot study. J Alzheimers Dis 2013; 33: 205–215.

Early phase clinical studies with disease-modifying therapies in Parkinson’s disease Chapter 2  Disease-modifying therapies in Parkinsonian disorders42



4545

71	 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.

72	 Jennings D, Huntwork-Rodriguez S, Henry AG, et al. 
Preclinical and clinical evaluation of the LRRK2 inhibitor 
DNL201 for Parkinson’s disease. Sci Transl Med 2024; 14: 
eabj2658.

73	 Werner MH, Olanow CW, McGarry A, et al. A Phase I, 
Randomized, SAD, MAD, and PK Study of Risvodetinib in 
Older Adults and Parkinson’s Disease. J Parkinsons Dis 
2024; 14: 325–334.

74	 Walsh RR, Damle NK, Mandhane S, et al. Plasma and cere-
brospinal fluid pharmacokinetics of vodobatinib, a neuro-
protective c-Abl tyrosine kinase inhibitor for the treatment 
of Parkinson’s disease. Parkinsonism Relat Disord 2023; 108: 
105281.

75	 Isradipine Versus Placebo in Early Parkinson Disease: A 
Randomized Trial. Ann Intern Med 2020; 172: 591–598.

76	 Venuto CS, Yang L, Javidnia M, et al. Isradipine plasma phar-
macokinetics and exposure-response in early Parkinson’s 
disease. Ann Clin Transl Neurol 2021; 8: 603–612.

77	 Simuni T, Borushko E, Avram MJ, et al. Tolerability of isra-
dipine in early Parkinson’s disease: a pilot dose escalation 
study. Mov Disord 2010; 25: 2863–2866.

78	 Phase II safety, tolerability, and dose selection study of is-
radipine as a potential disease-modifying intervention in 
early Parkinson’s disease (STEADY-PD). Mov Disord 2013; 28: 
1823–1831.

79	 Surmeier DJ, Nguyen JT, Lancki N, et al. Re-Analysis of the 
STEADY-PD II Trial-Evidence for Slowing the Progression of 
Parkinson’s Disease. Mov Disord 2022; 37: 334–342.

80	 Bartus RT, Baumann TL, Siffert J, et al. Safety/feasibili-
ty of targeting the substantia nigra with AAV2-neurturin in 
Parkinson patients. Neurology 2013; 80: 1698–1701.

81	 Marks WJJ, Bartus RT, Siffert J, et al. Gene delivery of AAV2-
neurturin for Parkinson’s disease: a double-blind, ran-
domised, controlled trial. Lancet Neurol 2010; 9: 1164–1172.

82	 Rocco MT, Akhter AS, Ehrlich DJ, et al. Long-term safety of 
MRI-guided administration of AAV2-GDNF and gadoteridol 
in the putamen of individuals with Parkinson’s disease. Mol 
Ther 2022; 30: 3632–3638.

83	 Marks WJJ, Baumann TL, Bartus RT. Long-Term Safety of 
Patients with Parkinson’s Disease Receiving rAAV2-Neur-
turin (CERE-120) Gene Transfer. Hum Gene Ther 2016; 27: 
522–527.

84	 Warren Olanow C, Bartus RT, Baumann TL, et al. Gene de-
livery of neurturin to putamen and substantia nigra in 
Parkinson disease: A double-blind, randomized, controlled 
trial. Ann Neurol 2015; 78: 248–257.

85	 Marks WJJ, Ostrem JL, Verhagen L, et al. Safety and tolera-
bility of intraputaminal delivery of CERE-120 (adeno-associ-
ated virus serotype 2-neurturin) to patients with idiopath-
ic Parkinson’s disease: an open-label, phase I trial. Lancet 
Neurol 2008; 7: 400–408.

86	 Nutt JG, Burchiel KJ, Comella CL, et al. Randomized, dou-
ble-blind trial of glial cell line-derived neurotrophic factor 
(GDNF) in PD. Neurology 2003; 60: 69–73.

87	 Patel NK, Bunnage M, Plaha P, et al. Intraputamenal infu-
sion of glial cell line-derived neurotrophic factor in PD: a 
two-year outcome study. Ann Neurol 2005; 57: 298–302.

88	 Saravanan KS, Sindhu KM, Mohanakumar KP. Melatonin 
protects against rotenone-induced oxidative stress in 
a hemiparkinsonian rat model. J Pineal Res 2007; 42: 
247–253.

89	 Thomas B, Mohanakumar KP. Melatonin protects against 
oxidative stress caused by 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine in the mouse nigrostriatum. J Pineal Res 
2004; 36: 25–32.

90	 Antolín I, Mayo JC, Sainz RM, et al. Protective effect 
of melatonin in a chronic experimental model of 
Parkinson’s disease. Brain Res 2002; 943: 163–173.

91	 Daneshvar Kakhaki R, Ostadmohammadi V, Kouchaki 
E, et al. Melatonin supplementation and the effects on 
clinical and metabolic status in Parkinson’s disease: A 
randomized, double-blind, placebo-controlled trial. Clin 
Neurol Neurosurg 2020; 195: 105878.

92	 Iftikhar S, Sameer HM, Zainab. Significant potential 
of melatonin therapy in Parkinson’s disease – a meta-
analysis of randomized controlled trials. Front Neurol 
2023; 14: 1265789.

93	 Tandberg E, Larsen JP, Karlsen K. Excessive daytime 
sleepiness and sleep benefit in Parkinson’s disease: a 
community-based study. Mov Disord 1999; 14: 922–927.

94	 Ren J, Dewey RB 3rd, Rynders A, et al. Evidence of brain 
target engagement in Parkinson’s disease and multiple 
sclerosis by the investigational nanomedicine, CNM-Au8, 
in the repair phase 2 clinical trials. J Nanobiotechnology 
2023; 21: 478.

95	 Schöndorf DC, Ivanyuk D, Baden P, et al. The NAD+ 
precursor nicotinamide riboside rescues mitochondrial 
defects and neuronal loss in iPSC and fly models of 
Parkinson’s disease. Cell Rep 2018; 23: 2976–2988.

96	 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: 396-407.e6.

97	 Sargin D, Friedrichs H, El-Kordi A, et al. Erythropoietin 
as neuroprotective and neuroregenerative treatment 
strategy: comprehensive overview of 12 years of 
preclinical and clinical research. Best Pract Res Clin 
Anaesthesiol 2010; 24: 573–594.

98	 Pedroso I, Bringas ML, Aguiar A, et al. Use of Cuban 
recombinant human erythropoietin in Parkinson’s 
disease treatment. MEDICC Rev 2012; 14: 11–17.

99	 Jang W, Park J, Shin KJ, et al. Safety and efficacy of 
recombinant human erythropoietin treatment of non-
motor symptoms in Parkinson’s disease. J Neurol Sci 
2014; 337: 47–54.

100	 García-Llano M, Pedroso-Ibáñez I, Morales-Chacón L, 
et al. Short-term Tolerance of Nasally-administered 
NeuroEPO in Patients with Parkinson Disease. MEDICC 
Rev 2021; 23: 49–54.

101	 Ryu SW, Kim E. Apoptosis induced by human Fas-
associated factor 1, hFAF1, requires its ubiquitin 
homologous domain, but not the Fas-binding domain. 
Biochem Biophys Res Commun 2001; 286: 1027–1032.

102	 Betarbet R, Anderson LR, Gearing M, et al. Fas-
associated factor 1 and Parkinson’s disease. Neurobiol 
Dis 2008; 31: 309–315.

103	 Sul J-W, Park M-Y, Shin J, et al. Accumulation of 
the parkin substrate, FAF1, plays a key role in the 
dopaminergic neurodegeneration. Hum Mol Genet 2013; 
22: 1558–1573.

104	 Shin W, Lim KS, Kim MK, et al. A first-in-human study to 
investigate the safety, tolerability, pharmacokinetics, 
and pharmacodynamics of KM-819 (FAS-associated 
factor 1 inhibitor), a drug for Parkinson’s disease, 
in healthy volunteers. Drug Des Devel Ther 2019; 13: 
1011–1022.

105	 Boxer AL, Lang AE, Grossman M, et al. Davunetide 
in patients with progressive supranuclear palsy: a 
randomised, double-blind, placebo-controlled phase 
2/3 trial. Lancet Neurol 2014; 13: 676–685.

106	 Morimoto BH, Schmechel D, Hirman J, et al. A 
Double-Blind, Placebo-Controlled, Ascending-Dose, 
Randomized Study to Evaluate the Safety, Tolerability 

Early phase clinical studies with disease-modifying therapies in Parkinson’s disease44 Chapter 2  Disease-modifying therapies in Parkinsonian disorders

and Effects on Cognition of AL-108 after 12 Weeks 
of Intranasal Administration in Subjects with Mild 
Cognitive Impairment. Dement Geriatr Cogn Disord 2013; 
35: 325–339.

107	 Sian J, Dexter DT, Lees AJ, et al. Alterations in glutathione 
levels in Parkinson’s disease and other neurodegenerative 
disorders affecting basal ganglia. Ann Neurol 1994; 36: 
348–355.

108	 Mischley LK, Standish LJ, Weiss NS, et al. Glutathione as a 
Biomarker in Parkinson’s Disease: Associations with Aging 
and Disease Severity. Oxid Med Cell Longev 2016; 2016: 
9409363.

109	 Coles LD, Tuite PJ, Öz G, et al. Repeated-Dose Oral 
N-Acetylcysteine in Parkinson’s Disease: Pharmacokinetics 
and Effect on Brain Glutathione and Oxidative Stress. J Clin 
Pharmacol 2018; 58: 158–167.

110	 Monti DA, Zabrecky G, Kremens D, et al. N-Acetyl Cysteine 
May Support Dopamine Neurons in Parkinson’s Disease: 
Preliminary Clinical and Cell Line Data. PLoS One 2016; 11: 
e0157602.

111	 Sechi G, Deledda MG, Bua G, et al. Reduced intravenous 
glutathione in the treatment of early Parkinson’s disease. 
Prog Neuropsychopharmacol Biol Psychiatry 1996; 20: 
1159–1170.

112	 Mischley LK, Leverenz JB, Lau RC, et al. A randomized, 
double-blind phase I/IIa study of intranasal glutathione in 
Parkinson’s disease. Mov Disord 2015; 30: 1696–1701.

113	 Mischley LK, Lau RC, Shankland EG, et al. Phase IIb Study of 
Intranasal Glutathione in Parkinson’s Disease. J Parkinsons 
Dis 2017; 7: 289–299.

114	 Mischley LK, Conley KE, Shankland EG, et al. Central 
nervous system uptake of intranasal glutathione in 
Parkinson’s disease. NPJ Parkinsons Dis 2016; 2: 16002.

115	 Chowdhury S, Ledeen R. The Key Role of GM1 Ganglioside in 
Parkinson’s Disease. Biomolecules; 12. Epub ahead of print 
January 2022. DOI: 10.3390/biom12020173.

116	 Schneider JS, Sendek S, Daskalakis C, et al. GM1 ganglioside 
in Parkinson’s disease: Results of a five year open study. J 
Neurol Sci 2010; 292: 45–51.

117	 Schneider JS, Gollomp SM, Sendek S, et al. A randomized, 
controlled, delayed start trial of GM1 ganglioside in treated 
Parkinson’s disease patients. J Neurol Sci 2013; 324: 
140–148.

118	 Schneider JS, Cambi F, Gollomp SM, et al. GM1 ganglioside 
in Parkinson’s disease: Pilot study of effects on dopamine 
transporter binding. J Neurol Sci 2015; 356: 118–123.

119	 Schneider JS, Roeltgen DP, Rothblat DS, et al. GM1 
ganglioside treatment of Parkinson’s disease: an open pilot 
study of safety and efficacy. Neurology 1995; 45: 1149–1154.

120	 Schneider JS, Roeltgen DP, Mancall EL, et al. Parkinson’s 
disease: improved function with GM1 ganglioside treatment 
in a randomized placebo-controlled study. Neurology 1998; 
50: 1630–1636.

121	 van Horne CG, Quintero JE, Slevin JT, et al. Peripheral nerve 
grafts implanted into the substantia nigra in patients with 
Parkinson’s disease during deep brain stimulation surgery: 
1-year follow-up study of safety, feasibility, and clinical 
outcome. J Neurosurg 2018; 129: 1550–1561.

122	 Sawamoto N, Doi D, Nakanishi E, et al. Phase I/II trial 
of iPS-cell-derived dopaminergic cells for Parkinson’s 
disease. Nature. Epub ahead of print 2025. DOI: 10.1038/
s41586-025-08700-0.

123	 Tabar V, Sarva H, Lozano AM, et al. Phase I trial of 
hES cell-derived dopaminergic neurons for Parkinson’s 
disease. Nature. Epub ahead of print 2025. DOI: 10.1038/
s41586-025-08845-y.

124	 Boika A, Aleinikava N, Chyzhyk V, et al. Mesenchymal 
stem cells in Parkinson’s disease: Motor and nonmotor 

symptoms in the early posttransplant period. Surg Neurol 
Int 2020; 11: 380.

125	 Schiess M, Suescun J, Doursout M-F, et al. Allogeneic 
Bone Marrow-Derived Mesenchymal Stem Cell Safety 
in Idiopathic Parkinson’s Disease. Mov Disord 2021; 36: 
1825–1834.

126	 Gao F, Liu Y, Li X, et al. Fingolimod (FTY720) inhibits 
neuroinflammation and attenuates spontaneous 
convulsions in lithium-pilocarpine induced status 
epilepticus in rat model. Pharmacol Biochem 
Behav; 103. Epub ahead of print 2012. DOI: 10.1016/j.
pbb.2012.08.025.

127	 Kihara Y, Jonnalagadda D, Zhu Y, et al. Ponesimod inhibits 
astrocyte-mediated neuroinflammation and protects 
against cingulum demyelination via S1P1-selective 
modulation. FASEB Journal 2022; 36: 1–13.

128	 Machhi J, Kevadiya BD, Muhammad IK, et al. Harnessing 
regulatory T cell neuroprotective activities for 
treatment of neurodegenerative disorders. Mol 
Neurodegener 2020; 15: 32.

129	 Olson KE, Kosloski-Bilek LM, Anderson KM, et al. Selective 
VIP Receptor Agonists Facilitate Immune Transformation 
for Dopaminergic Neuroprotection in MPTP-Intoxicated 
Mice. J Neurosci 2015; 35: 16463–16478.

130	 Olson KE, Abdelmoaty MM, Namminga KL, et al. An open-
label multiyear study of sargramostim-treated Parkinson’s 
disease patients examining drug safety, tolerability, and 
immune biomarkers from limited case numbers. Transl 
Neurodegener 2023; 12: 26.

131	 Gendelman HE, Zhang Y, Santamaria P, et al. Evaluation of 
the safety and immunomodulatory effects of sargramostim 
in a randomized, double-blind phase 1 clinical Parkinson’s 
disease trial. NPJ Parkinsons Dis 2017; 3: 10.

132	 Novak P, Williams A, Ravin P, et al. Treatment of multiple 
system atrophy using intravenous immunoglobulin. BMC 
Neurol 2012; 12: 131.

133	 Zhang L, Yang L. Anti-Inflammatory Effects of Vinpocetine 
in Atherosclerosis and Ischemic Stroke: A Review of the 
Literature. Molecules 2015; 20: 335–347.

134	 Ping Z, Xiaomu W, Xufang X, et al. Vinpocetine regulates 
levels of circulating TLRs in Parkinson’s disease patients. 
Neurol Sci 2019; 40: 113–120.

135	 Yoritaka A, Kawajiri S, Yamamoto Y, et al. Randomized, 
double-blind, placebo-controlled pilot trial of reduced 
coenzyme Q10 for Parkinson’s disease. Parkinsonism Relat 
Disord 2015; 21: 911–916.

136	 Shults CW, Oakes D, Kieburtz K, et al. Effects of 
coenzyme Q10 in early Parkinson disease: evidence of 
slowing of the functional decline. Arch Neurol 2002; 59: 
1541–1550.

137	 Payne T, Appleby M, Buckley E, et al. A Double-Blind, 
Randomized, Placebo-Controlled Trial of Ursodeoxycholic 
Acid (UDCA) in Parkinson’s Disease. Mov Disord 2023; 38: 
1493–1502.

138	 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: 744–750.

139	 A multicenter randomized controlled trial of remacemide 
hydrochloride as monotherapy for PD. Parkinson Study 
Group. Neurology 2000; 54: 1583–1588.

140	 Zhou H, Ye M, Xu W, et al. DL-3-n-butylphthalide therapy for 
Parkinson’s disease: A randomized controlled trial. Exp Ther 
Med 2019; 17: 3800–3806.

141	 Linetsky E, Abd Elhadi S, Bauer M, et al. Safety and 
Tolerability, Dose-Escalating, Double-Blind Trial of Oral 
Mannitol in Parkinson’s Disease. Front Neurol 2021; 12: 
716126.



142	 Hartmann A, Müllner J, Meier N, et al. Bee Venom for the 
Treatment of Parkinson Disease – A Randomized Controlled 
Clinical Trial. PLoS One 2016; 11: e0158235.

143	 Cacabelos R, Carrera I, Alejo R, et al. Pharmacogenetics 
of Atremorine-Induced Neuroprotection and Dopamine 
Response in Parkinson’s Disease. Planta Med 2019; 85: 
1351–1362.

144	 Chagas MHN, Zuardi AW, Tumas V, et al. Effects 
of cannabidiol in the treatment of patients with 
Parkinson’s disease: an exploratory double-blind trial. J 
Psychopharmacol 2014; 28: 1088–1098.

145	 Devos D, Moreau C, Devedjian JC, et al. Targeting chelatable 
iron as a therapeutic modality in Parkinson’s disease. 
Antioxid Redox Signal 2014; 21: 195–210.

146	 Sung YF, Liu FC, Lin CC, et al. Reduced Risk of Parkinson 
Disease in Patients With Rheumatoid Arthritis: A 
Nationwide Population-Based Study. Mayo Clin Proc 2016; 
91: 1346–1353.

147	 Rugbjerg K, Friis S, Ritz B, et al. Autoimmune disease and 
risk for Parkinson disease: a population-based case-control 
study. Neurology 2009; 73: 1462–1468.

148	 Chang C-C, Lin T-M, Chang Y-S, et al. Autoimmune 
rheumatic diseases and the risk of Parkinson disease: a 
nationwide population-based cohort study in Taiwan. Ann 
Med 2018; 50: 83–90.

149	 Bacelis J, Compagno M, George S, et al. Decreased Risk of 
Parkinson’s Disease After Rheumatoid Arthritis Diagnosis: 
A Nested Case-Control Study with Matched Cases and 
Controls. J Parkinsons Dis 2021; 11: 821–832.

150	 Ryan ME, Ashley RA. How do tetracyclines work? Advances 
in dental research 1998; 12: 149–151.

151	 O’Dell JR, Blakely KW, Mallek JA, et al. Treatment of early 
seropositive rheumatoid arthritis: a two-year, double-
blind comparison of minocycline and hydroxychloroquine. 
Arthritis Rheum 2001; 44: 2235–2241.

152	 A randomized, double-blind, futility clinical trial of creatine 
and minocycline in early Parkinson disease. Neurology 
2006; 66: 664–671.

153	 Dodel R, Spottke A, Gerhard A, et al. Minocycline 1-year 
therapy in multiple-system-atrophy: effect on clinical 
symptoms and [(11)C] (R)-PK11195 PET (MEMSA-trial). Mov 
Disord 2010; 25: 97–107.

154	 Investigators WG for the NET in PD (NET-P. Effect of Creatine 
Monohydrate on Clinical Progression in Patients With 
Parkinson Disease: A Randomized Clinical Trial. JAMA 2015; 
313: 584–593.

155	 Etminan M, Carleton BC, Samii A. Non-steroidal anti-inflam-
matory drug use and the risk of Parkinson disease: a retro-
spective cohort study. J Clin Neurosci 2008; 15: 576–577.

156	 Wahner AD, Bronstein JM, Bordelon YM, et al. Nonsteroidal 
anti-inflammatory drugs may protect against Parkinson 
disease. Neurology 2007; 69: 1836–1842.

157	 Becker C, Jick SS, Meier CR. NSAID use and risk of Parkinson 
disease: a population-based case-control study. Eur J 
Neurol 2011; 18: 1336–1342.

158	 Dregan A, Chowienczyk P, Armstrong D. Patterns of anti-
inflammatory drug use and risk of dementia: a matched 
case-control study. Eur J Neurol 2015; 22: 1421–1428.

159	 Dassati S, Schweigreiter R, Buechner S, et al. Celecoxib 
promotes survival and upregulates the expression of 
neuroprotective marker genes in two different in vitro 
models of Parkinson’s disease. Neuropharmacology 2021; 
194: 108378.

160	 Kaizaki A, Tien L-T, Pang Y, et al. Celecoxib reduces brain 
dopaminergic neuronaldysfunction, and improves 
sensorimotor behavioral performance in neonatal 
rats exposed to systemic lipopolysaccharide. J 
Neuroinflammation 2013; 10: 818.

161	 Khrieba MO, Hegazy SK, Mustafa W, et al. Repurposing 
celecoxib as adjuvant therapy in patients with Parkinsonian 
disease: a new therapeutic dawn: randomized controlled 
pilot study. Inflammopharmacology 2024; 32: 3729–3738.

162	 Storer PD, Xu J, Chavis J, et al. Peroxisome proliferator-
activated receptor-gamma agonists inhibit the activation 
of microglia and astrocytes: implications for multiple 
sclerosis. J Neuroimmunol 2005; 161: 113–122.

163	 Brauer R, Bhaskaran K, Chaturvedi N, et al. Glitazone 
Treatment and Incidence of Parkinson’s Disease among 
People with Diabetes: A Retrospective Cohort Study. PLoS 
Med 2015; 12: e1001854.

164	 Wu H-F, Kao L-T, Shih J-H, et al. Pioglitazone use and 
Parkinson’s disease: a retrospective cohort study in Taiwan. 
BMJ Open 2018; 8: e023302.

165	 Pioglitazone in early Parkinson’s disease: a phase 2, 
multicentre, double-blind, randomised trial. Lancet Neurol 
2015; 14: 795–803.

166	 Simon DK, Simuni T, Elm J, et al. Peripheral Biomarkers of 
Parkinson’s Disease Progression and Pioglitazone Effects. J 
Parkinsons Dis 2015; 5: 731–736.

167	 Chung YC, Kim SR, Jin BK. Paroxetine Prevents Loss of 
Nigrostriatal Dopaminergic Neurons by Inhibiting Brain 
Inflammation and Oxidative Stress in an Experimental 
Model of Parkinson’s Disease. The Journal of Immunology 
2010; 185: 1230–1237.

168	 Chung YC, Kim SR, Park J-Y, et al. Fluoxetine prevents 
MPTP-induced loss of dopaminergic neurons by inhibiting 
microglial activation. Neuropharmacology 2011; 60: 
963–974.

169	 Guttuso TJ, Shepherd R, Frick L, et al. Lithium’s effects on 
therapeutic targets and MRI biomarkers in Parkinson’s 
disease: A pilot clinical trial. IBRO Neurosci Rep 2023; 14: 
429–434.

170	 Danysz W, Parsons CG. The NMDA receptor antagonist 
memantine as a symptomatological and neuroprotective 
treatment for Alzheimer’s disease: preclinical evidence. Int 
J Geriatr Psychiatry 2003; 18: S23–S32.

171	 Seppi K, Peralta C, Diem-Zangerl A, et al. Placebo-
controlled trial of riluzole in multiple system atrophy. Eur J 
Neurol 2006; 13: 1146–1148.

172	 Jankovic J, Hunter C. A double-blind, placebo-controlled 
and longitudinal study of riluzole in early Parkinson’s 
disease. Parkinsonism Relat Disord 2002; 8: 271–276.

173	 McFarthing K, Buff S, Rafaloff G, et al. Parkinson’s Disease 
Drug Therapies in the Clinical Trial Pipeline: 2024 Update. J 
Parkinsons Dis 2024; 14: 899–912.

174	 Goetz CG, Leurgans S, Raman R, et al. Objective changes in 
motor function during placebo treatment in PD. Neurology 
2000; 54: 710–714.

175	 Simuni T, Siderowf A, Lasch S, et al. Longitudinal Change 
of Clinical and Biological Measures in Early Parkinson’s 
Disease: Parkinson’s Progression Markers Initiative Cohort. 
Mov Disord 2018; 33: 771–782.

176	 Holden SK, Finseth T, Sillau SH, et al. Progression of MDS-
UPDRS Scores Over Five Years in De Novo Parkinson Disease 
from the Parkinson’s Progression Markers Initiative Cohort. 
Mov Disord Clin Pract 2018; 5: 47–53.

177	 Vissers MFJM, Heuberger JAAC, Groeneveld GJ. Targeting 
for Success: Demonstrating Proof-of-Concept with 
Mechanistic Early Phase Clinical Pharmacology Studies for 
Disease-Modification in Neurodegenerative Disorders. Int J 
Mol Sci; 22. Epub ahead of print February 2021. DOI: 10.3390/
ijms22041615.

Early phase clinical studies with disease-modifying therapies in Parkinson’s disease46

Chapter 3

Fatty acids as potential biomarkers  
of stearoyl-CoA desaturase inhibition: 
variation in healthy participants and 

Parkinson’s disease patients

Published in Biomarkers in Neuropsychiatry

Pepijn (P.P.N.M.) Eijsvogel,a,b Andriy (A.A.) Gorbenko,a,b Dan (D.F.) Tardiff,c  
Michelle (M) Skupien,d Ken (K) Rhodes,e Robert (R.H.) Scannevin,f Yalcin (Y.) Yavuz,a  
Emilie (E.M.J.) van Brummelen,g Brigitte (B.) Robertson,h Philip (P.H.C.) Kremer,a,b  

Geert Jan (G.J.) Groenevelda,b

a. Centre for Human Drug Research, Leiden, The Netherlands. 
b. Leiden University Medical Centre, Leiden, The Netherlands. 

c. CAMP4 Therapeutics, Cambridge, MA, Unites States 
d. Walden Biosciences, Cambridge, MA, United States 
e. Bristol Myers Squibb, Cambridge, MA, United States 
f. Verge Genomics, San Francisco, CA, United States 
g. Johnson and Johnson, Leiden, Netherlands 

h. Adial Pharmaceuticals, Glen Allen, VA, United States



Early phase clinical studies with disease-modifying therapies in Parkinson’s disease48 Chapter 3 F atty acids in Parkinson's disease

Introduction
Abnormally aggregated alpha-synuclein is a principal component of Lewy bodies, 
a pathological hallmark of Parkinson’s disease. Stearoyl-CoA desaturase (SCD) is an 
endoplasmic reticulum enzyme that catalyses the biosynthesis of monounsaturated 
fatty acids from saturated fatty acids that are either synthesized de novo or derived 
from the diet.1 Humans express two δ-9 desaturase genes designated SCD-1 and SCD-
5, with the former exhibiting nearly ubiquitous expression and the latter being re-
stricted primarily to the brain and pancreas.1
It has been demonstrated in multiple in vitro2,3 and in vivo4,5 studies that inhib-

itors of the enzyme SCD decreases cellular levels of monounsaturated fatty acids, 
which decreases toxicity associated with accumulation of alpha-synuclein, and 
improves cell survival. The precise mechanism of action has not yet been entirely 
defined.6 Possibly, a toxic increase in fatty acid desaturation could be directly re-
versed by SCD inhibition. Alternatively, reduced fatty acid desaturation could di-
rectly antagonize toxic effects of alpha-synuclein on membrane properties or traf-
ficking. Lastly, reduced fatty acid desaturation could ameliorate a direct toxic inter-
action of alpha-synuclein with membranes.6
The extent of SCD inhibition in plasma can be quantified using the fatty acid de-

saturase index (FA-DI), which is the ratio of unsaturated to saturated fatty acids,7 and 
has been demonstrated for SCD1 in the liver.8 For C16 FA-DI, the ratio consists of fatty 
acids C16:0 (saturated) and C16:1n7 (unsaturated), and for C18 FA-DI, the ratio con-
sists of C18:0 (saturated) and C18:1n9 (unsaturated). Preclinically, changes in plasma 
C16 and C18 FA-DI after SCD inhibition correlate strongly with changes in brain FA-DI, 
such that it can be hypothesized that the plasma FA-DI is a surrogate biomarker for 
drug-induced changes in brain FA-DI.5 It should be noted that could only apply to 
the specific dosing route used; alternative routes may result in less plasma–brain 
concordance. Strong SCD inhibition may also affect levels of fatty acid profiles in the 
tissues where SCD is expressed, as well as in plasma. It is hypothesized that chang-
es in the levels of these secondary fatty acids may play a role in the adverse effects 
associated with constitutive SCD inhibition, notably dryness in the skin and eyes.7 
However, for FA-DI, the inter- and intra-subject variability in both healthy partici-
pants and participants with Parkinson’s disease are currently unknown. To evalu-
ate whether FA-DI could indeed be relevant markers of target engagement, a first 
step is to investigate the intra-subject variability in FA-DI levels in plasma over the 
course of a day and between days within each subject among both populations.
It has been demonstrated that food increases the variability of C18 FA-DI in 

healthy participants compared to fasted state.9 In Parkinson’s disease, it was shown 

Abstract
This study aimed to assess the naturally occurring variation in plasma fatty acids in 
healthy participants and participants with Parkinson’s disease.
Alpha-synuclein plays a major role in Parkinson’s disease. Inhibition of stearoyl-

CoA desaturase (SCD) reduces levels of mono-unsaturated C16 and C18 fatty acids, 
which are involved in alpha-synuclein toxicity in vitro and in vivo. The ratio of mono-
unsaturated to saturated fatty acids (fatty acid desaturase index (FA-DI)) in plasma 
after SCD-inhibition correlates with effects on brain FA-DI. However, the FA-DI nor-
mal values and the inter- and intra-day variation in participants with Parkinson’s 
disease and healthy participants is unknown.
Ten participants with Parkinson’s disease (54 –73 years) and ten age-matched 

healthy participants were included. On three consecutive days, fatty acids fractions 
and concentrations were measured throughout the day. Outcomes are expressed 
as estimated mean, and the coefficient of variation (CV%) in percentage.
For C16 FA-DI, the inter-subject CV% was 20.7% in healthy participants, and 37.7% 

in participants with Parkinson’s disease. The intra-subject CV% over days was 14.0% 
in healthy participants, and 14.2% in participants with Parkinson’s disease, and 
within days 5.1% in healthy participants, and 5.9% in participants with Parkinson’s 
disease. For C18 FA-DI, the inter-subject CV% was 14.8% in healthy participants, and 
16.0% in participants with Parkinson’s disease. The intra-subject CV% over days 
was 11.0% in healthy participants, and 8.6% in participants with Parkinson’s dis-
ease, and within days 8.4% in healthy participants, and 6.7% in participants with 
Parkinson’s disease.
The observed extent of variability in healthy participants and participants with 

Parkinson’s disease support C16 and C18 FA-DI as suitable biomarkers to demon-
strate target engagement in plasma, of for example SCD-inhibitors, in both healthy 
participants and participants with Parkinson’s disease.
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Sample Collection and Biomarker Assay

For fatty acid measurements, 2 mL of blood was collected in a K2EDTA tube via an in-
travenous catheter placed in an antecubital vein in the arm and placed on ice until 
processing. The sample was centrifuged within 30 minutes of collection for 10 minutes 
at 2000 G at 4 °C and plasma was stored at -80 °C. The samples were drawn on days 
1 through 3. For healthy participants, the samples were drawn at 08.00, 10.00, 12.00, 
14.00, 17.00 and 19.00, with a 0.5-hour window. For participants with Parkinson’s dis-
ease, the samples were drawn at 10.00, 12.00, 14.00 and 17.00 with a 0.5-hour window.
The following profile was assessed for the fatty acid measurements, however 

only the FA-DI and associated fatty acids will be described in the results. For the in-
dividual fatty acids, results were provided as concentration (ng/mL) and as fraction 
of the total amount of fatty acids.
•	 C16 FA-DI (the ratio between C16:1n7 and C16:0)
•	 C18 FA-DI (the ratio between C18:1n9 and C18:0)
•	 Saturated fatty acids: C14:0, C16:0, C18:0, C20:0, C22:0, C24:0
•	 Unsaturated fatty acids: C16:1n7t, C16:1n9, C16:1n7, C18:1t, C18:1n7, C18:1n9, 
C18:2n6t, C18:2n6, C18:3n6, C20:1n9, C18:3n3, C20:2n6, C20:3n6, C20:4n6, 
C20:5n3, C24:1n9, C22:4n6, C22:5n6, C22:5n3, C22:6n3

Samples were analyzed by OmegaQuant (Sioux Falls, South Dakota, United States 
(USA)) as previously described.11

Data Collection

Demographic and clinical data, including age, height, weight, gender, ethnicity and 
Hoehn and Yahr rating (participants with Parkinson’s disease only) were collected for 
each participant at one site in the Netherlands (Centre for Human Drug Research, 
Leiden, the Netherlands). There were no important changes to the methods after trial 
commencement.

Statistical Analysis

Baseline characteristics, including continuous variables like age, height, weight, gen-
der, ethnicity, and body mass index, were summarized using descriptive statistics for 
each study group.
Descriptive statistics were calculated for baseline triglyceride levels, stratified 

by health status (healthy participants versus participants with Parkinson’s dis-
ease). Means and ranges for gender, age and triglyceride levels were compared 
across groups to assess baseline similarity. To evaluate potential group differences 

that patients with a heterozygous glucocerebrosidase mutation had lower levels of 
specific fatty acids, such as C16:0, and lower levels of total fatty acids, compared 
to both idiopathic participants with Parkinson’s disease and control subjects.10 
Determining the variability of these fatty acids is essential to evaluate the target 
engagement of drugs aimed at influencing FA-DI and SCD, and thereby potential-
ly attenuating alpha-synuclein toxicity and altering disease progression rate of 
Parkinson’s disease.
The objective of this study was to evaluate the variability in plasma fatty acid 

concentrations, focusing on C16 FA-DI and C18 FA-DI and their associated fatty acids 
in healthy participants and participants with Parkinson’s disease, in order to assess 
whether these may serve as markers of target engagement of the effects of drugs 
targeting these processes in healthy participants and participants with Parkinson’s 
disease.

Material and methods
Study Population

The study was performed in two gender and aged matched groups. The first group 
consisted of healthy participants aged between 35 and 80 years. The second group 
consisted of participants with Parkinson’s disease aged 40 to 75 years and with a 
Hoehn and Yahr grade of 1-4. Each of the groups consisted of 10 participants and the 
participants from both groups were age-matched with a range of ± five years. As this 
is an exploratory study, no sample size calculation was performed. For a phase 0 bio-
marker study, 10 participants per group is commonly accepted.
The main exclusion criteria were clinically significant laboratory or physical ex-

amination abnormalities during screening, any clinically significant medical condi-
tion, except the presence of Parkinson’s disease-related abnormalities for the pa-
tients or being on a diet composed of relevantly altered amounts of fat, protein, 
or carbohydrates, that may affect triglycerides and fatty acids levels. Participants 
were recruited from a patient database as well as via advertisements between 18-
Nov-2019 and 27-Jan-2020. The study was conducted between 28-Nov-2019 and 
05-feb-2020.
Healthy participants received a standardized meal approximately 1.5 to 2 hours 

prior to the 10.00 and 14.00 measurements and a snack approximately 1.5 to 2 
hours prior to the 19.00 measurement. participants with Parkinson’s disease had 
a non-standardized meal at home at least 1 hour prior to the 10.00 measurement 
and received a standardized meal approximately 1.5 to 2 hours prior to the 14.00 
measurement.
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with Parkinson’s disease (20.0%). All 10 participants in both cohorts were included in 
the analysis. All participants with Parkinson’s disease used dopamine agonists. None 
of the participants used concomitant medication that could impact lipid balance.

Influence of age and gender on triglyceride levels

Age and baseline triglyceride levels were comparable across all four groups (healthy 
participants-male, healthy participants-female, Parkinson’s disease patient-male, 
Parkinson’s disease patient-female) with similar means and ranges observed (Table 
1). To confirm that there were no statistically significant differences in baseline triglyc-
eride levels between groups, a Kruskal-Wallis test was performed, which revealed no 
statistically significant group differences (H = 0.63, p = 0.89). Additionally, a linear re-
gression analysis showed that neither age (p = 0.31) nor gender (p = 0.93) statistically 
significantly influenced triglyceride levels. These findings support the decision not to 
stratify further by age or gender in subsequent analyses, given the small sample size 
and comparable baseline characteristics.

FA-DI

We observed notable variations in the coefficient of CV% across different subject 
groups and fatty acid derivatives. Specifically, for C16 FA-DI, the inter-subject CV% was 
found to be 20.7% in healthy participants and 37.7% in participants with Parkinson’s 
disease, highlighting distinct metabolic profiles between the two cohorts (Figure 1 
and Table 2). Moreover, the intra-subject CV% exhibited variations over days, with val-
ues of 14.0% and 14.2% in healthy participants and participants with Parkinson’s dis-
ease, respectively, indicating differential metabolic stability within each group (Table 
2). Notably, the within-day CV% for C16 FA-DI was lower in healthy participants (5.1%) 
compared to participants with Parkinson’s disease (5.9%), underscoring potential 
physiological differences in fatty acid metabolism (Table 2).
Similarly, for C18 FA-DI, we observed differing inter-subject CV% values of 14.8% 

in healthy participants and 16.0% in participants with Parkinson’s disease, suggest-
ing distinct metabolic responses to this fatty acid derivative among the two sub-
ject groups (Figure 2 and Table 2). Intra-subject CV% values over days also dem-
onstrated variability, with 11.0% and 8.6% in healthy participants and participants 
with Parkinson’s disease, respectively, and within-day CV% of 8.4% in healthy par-
ticipants and 6.7% in participants with Parkinson’s disease (Table 2). These findings 
emphasize the intricate interplay between fatty acid metabolism and disease state.
Pooling data from healthy participants and participants with Parkinson’s dis-

ease revealed no statistically significant difference in the fed versus fasted state for 

in triglyceride levels by age and gender, a Kruskal-Wallis test was performed across 
four groups (healthy participants-male, healthy participants-female, Parkinson’s 
disease patient-male, Parkinson’s disease patient-female), as well as a linear regres-
sion analysis with baseline triglyceride level as the dependent variable and age and 
gender as independent variables.
For all individual mono-unsaturated fatty acid concentrations related to C16 and 

C18 (C16:1n7t, C16:1n9, C16:1n7, C18:1t, C18:1n7, C18:1n9), the ratio compared to the un-
saturated fatty acid (C16:0 or C18:0) was calculated as well.
Repetitively measured endpoints related to fatty-acid profiles were summa-

rized, and if needed, log-transformed for statistical analysis. Inter- and intra-sub-
ject variability was derived from mixed effects models. To assess the variability, 
the overall estimated mean and 95% confidence interval (95%CI) was used to de-
termine the coefficient of variability (CV%).
None of the statistical tests were corrected for inflated alpha due to multiple 

testing since the study had an exploratory nature. All statistical analyses were con-
ducted with SAS 9.4 for Windows or newer (SAS Institute Inc., Cary, NC, USA).

Ethical Considerations

The study was conducted under ethical principles that have ethical origins in the 
Declaration of Helsinki according to the Dutch Medical Research in Human Subjects 
Act. The study was performed in compliance with Good Clinical Practice. The proto-
col of this study was submitted to and reviewed by the independent ethics committee 
(Stichting Beoordeling Ethiek Biomedisch Onderzoek [PO Box 1004, 9400 BA Assen, 
The Netherlands]). The committee approved the protocol on 04 November 2019. The 
study did not commence before formal approval was granted. The trial was registered 
under NL71599.056.19 at the Dutch Health Care Authority.

Results
Baseline characteristics

Baseline demographic characteristics of the healthy participants and participants 
with Parkinson’s disease were comparable (Table 1). The mean (standard deviation) 
age was 62 years (7.7) in the healthy participants and 62 years (7.0) in participants 
with Parkinson’s disease. In both groups, 10% of the participants were considered 
of Asian ethnicity, and 90% were considered of white ethnicity. The Hoehn and Yahr 
staging was 2 (unilateral involvement only) for 5 participants with Parkinson’s disease 
(50.0%), 3 (bilateral involvement without balance impairment) for 3 participants with 
Parkinson’s disease (30.0%), and 4 (mild to moderate involvement) for 2 participants 
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Calculated ratios

In Table 2 we present the calculated ratio of each mono-unsaturated fatty acid to the 
corresponding saturated fatty acid.
C16:1n7 was the most abundant, with a ratio of 0.070 in healthy participants and 

0.085 in participants with Parkinson’s disease (Table 2). For C16:1n7t, the ratios were 
0.007 and 0.010, and for C16:1n9, the ratio were 0.019 and 0.020, respectively (Table 
2). The distinction between C16:1n7 and C16:1n7t lies in the stereochemistry of the 
double bond. C16:1n7 contains a cis double bond, which induces a bend or “kink” in 
the hydrocarbon chain due to the spatial orientation of the hydrogen atoms on the 
same side of the double bond. In contrast, C16:1n7t possesses a trans double bond, 
where the hydrogen atoms are on opposite sides, resulting in a more linear and ex-
tended molecular conformation.
For C18, C18:1n9 was the most abundant, with a ratio of 3.521 in healthy partici-

pants and 3.710 in participants with Parkinson’s disease (Table 2). For C18:1n7, the 
ratios were 0.216 and 0.208, and for C18:1t, the ratios were 0.062 and 0.052, respec-
tively (Table 2).

Discussion and conclusion
The objective of this study was to evaluate naturally occurring levels and variation in 
plasma fatty acids, focusing on C16 FA-DI and C18 FA-DI in healthy participants and par-
ticipants with Parkinson’s disease, in order to assess whether these may have potential 
as biomarkers for future clinical trials involving SCD-inhibitors in both populations. In 
this study we observed that for C16 and C18 FA-DI, the inter- and intra-subject coeffi-
cients of variation were low. Noteworthy, the inter-subject CV% of the C16:1n7 concen-
tration and fraction in participants with Parkinson’s disease was high compared to the 
other fatty acids. In early-phase clinical trials, understanding target engagement is im-
portant, particularly in a first in human study.12,13 These effects help explain how a drug 
interacts with the body and its target molecules, providing valuable insights into dos-
ing, efficacy, and safety, but also assessing the physiological or biochemical respons-
es induced by a drug.12,13 In this context, biomarkers for target engagement are dis-
tinctive, as they are specific to these responses and serve as indicators of drug activity 
or proof of mechanism.12–18 Unlike conventional biomarkers, which can encompass 
a broad range of measurable biological entities, biomarkers for target engagement 
are needed to reflect the drug’s specific mechanism of action, aiding in early assess-
ment of its intended effects in patients.12–18 First in patient studies further emphasize 
the importance of proving the mechanism of action, enabling researchers to validate 
these effects and pave the way for subsequent phases of clinical development.12,13

both C16 FA-DI (p = 0.749) and C18 FA-DI (p = 0.758), indicating consistent metabolic 
responses across nutritional conditions (Figure 1, Figure 2 and Table 2).
Further analysis revealed distinct estimated means for C16 FA-DI and C18 FA-DI 

in healthy participants and participants with Parkinson’s disease. Specifically, the 
estimated mean (95% CI) for C16 FA-DI was 0.071 (0.057 – 0.085) in healthy partici-
pants and 0.081 (0.057 – 0.106) in participants with Parkinson’s disease (Table 2). For 
C18 FA-DI, the estimated mean (95% CI) was 3.495 (3.025 – 3.966) in healthy partici-
pants and 3.683 (3.157 – 4.208) in participants with Parkinson’s disease (Table 2). For 
C16 FA-DI, there was no statistically significant difference between healthy partici-
pants and patients with Parkinson’s disease overall (p = 0.426) or specifically on Day 
1 (p = 0.403), Day 2 (p = 0.407) or Day 3 (p = 0.524). Similarly for C18 FA-DI, there was 
no statistically significant difference between healthy participants and patients 
with Parkinson’s disease overall (p = 0.570) or specifically on Day 1 (p = 0.423), Day 
2 (p = 0.473) or Day 3 (p = 0.908). These results underscore the importance of con-
sidering both subject group and specific fatty acid derivatives when investigating 
metabolic dynamics, providing valuable insights into the underlying physiological 
mechanisms.

Concentrations and fractions

In Table 2 we present the variability of individual fatty acid concentrations and frac-
tions involved in the FA-DI. Inter-subject coefficient of variation (CV%) for concentra-
tions ranged between 13.8% and 23.7% in healthy participants and between 17.7% and 
52.9% in Parkinson’s disease patients. Intra-subject CV% over days ranged between 
10.3% and 20.1% in healthy participants and between 10.0% and 20.8% in participants 
with Parkinson’s disease. Within days, the intra-subject CV% ranged between 10.0% 
and 16.8% in healthy participants and between 10.6% and 14.9% in participants with 
Parkinson’s disease. Summary graphs and tables and variability data for all individu-
al fatty acid concentrations are available in supplemental material.
Similarly, for individual fatty acid fractions, inter-subject and intra-subject vari-

ability over days and within days are provided in Table 2. Inter-subject CV% ranged 
between 5.4% and 23.5% in healthy participants and between 6.5% and 40.8% in 
participants with Parkinson’s disease. Intra-subject CV% over days ranged between 
4.5% and 14.4% in healthy participants and between 3.4% and 14.8% in participants 
with Parkinson’s disease. Within days, the intra-subject CV% ranged between 2.8% 
and 5.4% in healthy participants and between 2.6% and 5.4% in participants with 
Parkinson’s disease. Summary graphs and tables and variability data for all individ-
ual fatty acid fractions are provided as supplemental material.
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acid levels as well. However, as the population that participates in an early phase 
clinical trial, whether healthy participants or participants with Parkinson’s disease, 
will not have had a standardized diet for months or years, the cause of the variabil-
ity is irrelevant. The magnitude of the variability determines the usefulness of the 
biomarker. Also, fatty acids were measured in plasma only, and may not reflect lev-
els in the brain accurately. Lastly, the number of participants in the trial was only 10 
per group, therefore more data should confirm these results.
In conclusion, the observed concentrations and extent of variability of fatty 

acids in healthy participants and participants with Parkinson’s disease support C16 
and C18 FA-DI as suitable biomarkers to demonstrate target engagement of SCD 
inhibitors in both healthy participants and participants with Parkinson’s disease.

In the context of biomarkers, a low CV% is generally considered to be below 10-20%. 
This suggests that the biomarker measurements are relatively stable and consistent, 
which is important in assessing the reliability and precision of the biomarker in a par-
ticular study or context. E.g. for the neuroendocrine tumour mRNA genomic biomark-
er (NETest) in blood, the CV% is less than 5%, and therefore an excellent test to diag-
nose neuroendocrine tumors.19 In contrast, for endothelial function within 48 hours 
after cardiac surgery, a CV% between 24% and 48% was not correlated with the en-
dothelial function, as measured by serum endocan levels.20 Therefore, maintaining 
a CV% below 20% may allow to observe discernible effects, while a higher CV% could 
decrease the usefulness of the biomarker.
Using the variability data of the C16 FA-DI, we can calculate the minimal effect 

size for changes in FA-DI that can robustly be found in study involving an SCD inhib-
itor, given different sample sizes. Based on the square root of the intra- and inter-
subject CV% of C16 FA-DI (the standard deviation of the response variable), there 
is an 80% probability for a one-sided 0.05 significance level if the observable dif-
ference in C16 FA-DI is 0.017 units for a study with 20 healthy participants. The ob-
servable difference ranges from 0.026 units for 10 participants with Parkinson’s dis-
ease, to 0.017 units for 100 participants with Parkinson’s disease and to 0.007 units 
for 500 participants with Parkinson’s disease. The estimated mean (95%CI) in our 
study was 0.081 (0.057 – 0.106) for participants with Parkinson’s disease. Based on 
preclinical trials, it is hypothesized that a 20 to 50% decrease in brain C16 FA-DI may 
be efficacious in reducing alpha-synuclein aggregation.6,11,21 Therefore, the esti-
mated difference that can be observed seems to be in line with the estimated de-
crease that may be required based on preclinical data. The observed extent of vari-
ability of fatty acids in healthy participants and participants with Parkinson’s dis-
ease support C16 FA-DI as suitable biomarkers to demonstrate target engagement, 
of SCD inhibitors in clinical trials, in both healthy participants and participants with 
Parkinson’s disease. For C18 FA-DI, the CV% is similar to C16 FA-DI, and therefore sim-
ilar conclusions can be drawn.
There are several possible limitations to this study. Firstly, fatty acids can be 

measured in various media, including erythrocytes, plasma and adipose tissues. 
Fatty acids levels in adipose tissue may reflect dietary intake over the years22 and 
levels in erythrocyte in months,23 whereas plasma fatty acids levels are known to be 
a marker of a shorter time span, approximately over the course of two weeks.7,18,24 
Therefore, the observed circadian variability in these fatty acids may be reflective 
of the dietary habits of the subjects. More specifically, the breakfast was not com-
pletely standardized, which may have led to additional variability in plasma fatty 
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Figure 1  Mean (standard deviation) of plasma C18 FA-DI (the ratio between C18:1n9 and C18:0) during 
each of the three days in healthy participants and Parkinson’s disease patients. Healthy participants 
received a meal approximately 1.5 to 2 hours prior the 10.00 and 14.00 measurements and a snack approximately 1.5-2 
hours prior to the 19.00 measurement. Parkinson’s disease patients had a meal at home at least 1 hour prior to the  
10.00 measurement and received a meal approximately 1.5 to 2 hours prior to the 14.00 measurement. There was no 
statistically significant difference between healthy participants and patients with Parkinson’s disease overall (p = 0.570) 
or specifically on Day 1 (p = 0.423), Day 2 (p = 0.473) or Day 3 (p = 0.908).
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Table 1 D emographic characteristics for healthy participants and participants with Parkinson’s 
disease. 

Group

Healthy participants Participants with  
Parkinson’s disease

All Subjects

Number per group 10 10 20

Age (years) 62 (7.7) 62 (7.0) 62 (7.2)

Height (cm) 177.2 (11.1) 174.13 (12.1) 175.6 (11.4)

Weight (kg) 72.33 (9.25) 79.58 (9.74) 75.95 (9.96)

BMI (kg/m2) 23.1 (2.3) 26.3 (3.3) 24.7 (3.2)

Gender (female) 4 (40.0%) 4 (40.0%) 8 (40.0%)

Female (%) 4 (40.0%) 4 (40.0%) 8 (40.0%)

Race

 Asian 1 (10.0%) 1 (10.0%) 2 (10.0%)

 White 9 (90.0%) 9 (90.0%) 18 (90.0%)

Triglyceride level (mmol/L) 1.16 (0.28) 1.17 (0.56) 1.17 (0.43)

Male 1.20 (0.29) 1.20 (0.70) 1.12 (0.30)

Female 1.10 (0.30) 1.14 (0.35) 1.20 (0.51)

Hoehn & Yahr

1. Asymptomatic / healthy subject 10 (100%) 0 10 (50.0%)

2. Unilateral involvement only 0 5 (50.0%) 5 (25.0%)

3. Bilateral involvement without balance 
impairment

0 3 (30.0%) 3 (15.0%)

4. Mild to moderate involvement 0 2 (20.0%) 2 (10.0%)

Concomitant medication use

Statins 0 0 0

Dopamine agonist 0 10 (100%) 10 (50%)

Beta-blockers 0 0 0

Thiazide diuretics 0 0 0

Hormone-replacement therapy 0 0 0

Values are mean (standard deviation) or n (%). There were no meaningful differences between treatment groups.  
Abbreviations: BMI = Body Mass Index.

Figure 2  Mean (standard deviation) of plasma C18 FA-DI during each of the three days in healthy 
participants and participants with Parkinson’s disease. Healthy participants received a meal approximately 
1.5 to 2 hours prior the 10.00 and 14.00 measurements and a snack approximately 1.5-2 hours prior to the 19.00 
measurement. participants with Parkinson’s disease had a meal at home at least 1 hour prior to the 10.00 measurement 
and received a meal approximately 1.5 to 2 hours prior to the 14.00 measurement. 
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Table 2 I nter- and intra-subject variability and coefficient of variation for fatty acid desaturase 
indices, fatty acids concentrations and proportions, for both healthy participants and participants 
with Parkinson’s disease. Estimated means are provided to put the variability in perspective. Only fatty acids that 
are part of a fatty acid desaturase index are reported. All individual fatty acids are provided as supplementary data. 

Parameter Group Esti-
mated 
Mean

Calculated ratio  
compared to  
saturated  

concentration  
(either C16:0  
or C18:0)

95%  
Confidence  
Interval

Inter-subject  
variability  
and CV%

Intra-subject  
variability  

CV% over days

Intra-subject  
variability  

CV% within day

Lower 
limit

Upper 
limit

Varia
bility

CV%  
(%)

Varia
bility

CV%  
(%)

Varia
bility

CV%  
(%)

Fatty acids concentration (ng/mL) and FA-DI in plasma

C16 FADI  
in plasma

HS 0.071 N.A. 0.057 0.085 2.15E-04 20.7% 9.90E-05 14.0% 1.30E-05 5.1%

PD 0.081 N.A. 0.057 0.106 9.39E-04 37.7% 1.34E-04 14.2% 2.30E-05 5.9%

C16:0  
concentration in  
plasma (ng/ml)

HS 766 N.A. 672 860 11169 13.8% 9762 12.9% 7087 11.0%

PD 630 N.A. 501 758 27272 26.2% 5782 12.1% 6618 12.9%

C16:1n7  
concentration in  
plasma (ng/ml)

HS 54 0.070 41 66 162 23.7% 117 20.1% 32.380 10.6%

PD 53 0.085 31 75 794 52.9% 123 20.8% 32.068 10.6%

C16:1n7t 
concentration in 
plasma (ng/ml)

HS 5.694 0.007 4.601 6.786 1.359 20.5% 1.289 19.9% 0.874 16.4%

PD 5.991 0.010 3.871 8.112 7.845 46.7% 1.182 18.1% 1.243 18.6%

C16:1n9 
concentration in 
plasma (ng/ml)

HS 14 0.019 12 17 11 23.1% 3.906 13.8% 2.934 12.0%

PD 13 0.020 10 16 15 30.4% 2.749 13.1% 2.362 12.2%

C18 FADI 
in plasma

HS 3.495 N.A. 3.025 3.966 0.266 14.8% 0.147 11.0% 0.086 8.4%

PD 3.683 N.A. 3.157 4.208 0.347 16.0% 0.101 8.6% 0.061 6.7%

C18:0 
concentration in  
plasma (ng/ml)

HS 237 N.A. 208 266 1291 15.2% 600 10.3% 562 10.0%

PD 191 N.A. 163 218 1141 17.7% 360 10.0% 408 10.6%

C18:1n7 
concentration in  
plasma (ng/ml)

HS 51 0.216 45 58 55 14.5% 33 11.3% 41 12.5%

PD 40 0.208 32 48 104 25.6% 25 12.7% 22 11.8%

C18:1n9 
concentration in 
plasma (ng/ml)

HS 833 3.521 675 992 35945 22.7% 20143 17.0% 19637 16.8%

PD 707 3.710 552 862 36624 27.1% 11807 15.4% 11177 14.9%

C18:1t 
concentration in 
plasma (ng/ml)

HS 15 0.062 11 18 11 23.2% 16 27.3% 9 20.7%

PD 10 0.052 6 14 25 50.3% 7 26.9% 8 27.9%

Parameter Group Esti-
mated 
Mean

Calculated ratio  
compared to  
saturated  

concentration  
(either C16:0  
or C18:0)

95%  
Confidence  
Interval

Inter-subject  
variability  
and CV%

Intra-subject  
variability  

CV% over days

Intra-subject  
variability  

CV% within day

Lower 
limit

Upper 
limit

Varia
bility

CV%  
(%)

Varia
bility

CV%  
(%)

Varia
bility

CV%  
(%)

Fatty acids fraction in plasma

C16:0 fraction  
in plasma

HS 0.221 N.A. 0.210 0.232 1.41E-04 5.4% 1.01E-04 4.5% 4.80E-05 3.1%

PD 0.209 N.A. 0.192 0.227 4.79E-04 10.4% 6.00E-05 3.7% 4.80E-05 3.3%

C16:1n7 fraction 
in plasma

HS 0.016 N.A. 0.012 0.019 1.40E-05 23.5% 5.00E-06 14.4% 1.00E-06 4.8%

PD 0.017 N.A. 0.011 0.023 4.80E-05 40.8% 6.00E-06 14.8% 1.00E-06 5.4%

C16:1n7t 
composition in 
plasma (%)

HS 0.002 N.A. 0.001 0.002 0.00E+00 18.2% 0.00E+00 16.2% 0.00E+00 12.8%

PD 0.002 N.A. 0.001 0.002 1.00E-06 37.2% 0.00E+00 13.1% 0.00E+00 11.6%

C16:1n9 composition 
in plasma (%)

HS 0.004 N.A. 0.004 0.004 0.00E+00 10.8% 0.00E+00 6.0% 0.00E+00 4.1%

PD 0.004 N.A. 0.004 0.005 0.00E+00 13.4% 0.00E+00 6.3% 0.00E+00 4.3%

C18:0 fraction in 
plasma

HS 0.068 N.A. 0.065 0.072 1.50E-05 5.7% 1.10E-05 4.9% 4.00E-06 2.8%

PD 0.064 N.A. 0.061 0.068 1.70E-05 6.5% 5.00E-06 3.4% 3.00E-06 2.6%

C18:1n7 composition 
in plasma (%)

HS 0.015 N.A. 0.013 0.016 4.00E-06 12.7% 1.00E-06 5.4% 0.00E+00 3.9%

PD 0.013 N.A. 0.012 0.015 4.00E-06 14.1% 1.00E-06 6.8% 0.00E+00 4.3%

C18:1n9 fraction in 
plasma

HS 0.238 N.A. 0.216 0.259 5.83E-04 10.2% 2.71E-04 6.9% 2.13E-04 6.1%

PD 0.233 N.A. 0.207 0.260 1.01E-03 13.6% 2.64E-04 7.0% 1.31E-04 4.9%

C18:1t composition 
in plasma (%)

HS 0.004 N.A. 0.003 0.005 0.00E+00 16.7% 1.00E-06 20.3% 0 14.4%

PD 0.003 N.A. 0.002 0.004 2.00E-06 38.8% 0.00E+00 17.9% 0.00E+00 16.0%

Abbreviations: CI = Confidence interval; CV% = coefficient of variability; HS = Healthy participants group; N.A. = Not Applicable 
fwor ratio calculation; PD = Parkinson’s disease group.

Supplemental materials
Analysis table providing inter- and intra-subject variability for all individual fatty acid 
concentrations and compositions, and FA-DI. Summary graphs and tables for all in-
dividual fatty acid concentrations and compositions, and FA-DI. 

[continuation Table 2]
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Abstract
Parkinson’s disease is a progressive neurodegenerative disorder for which no thera-
pies currently exist that can modify the course of the disease. YTX-7739 was a novel, 
orally administered compound that inhibits the enzyme stearoyl-CoA desaturase, 
which plays a role in the formation of fatty acids associated with the toxicity of the 
protein alpha-synuclein (a hallmark of Parkinson’s pathology).
This paper presents results from two clinical studies in healthy volunteers: one 

with single increasing doses and one with multiple increasing doses. YTX-7739 was 
administered in doses ranging from 5 to 400 milligrams (single dose) and from 15 to 
25 milligrams per day for up to 28 days (multiple dose). The compound was well tol-
erated, and no serious adverse events were reported.
Pharmacokinetic analysis showed a highly variable absorption, a clear food ef-

fect and cerebrospinal fluid penetration. Target engagement was demonstrated by 
a significant reduction in the ratio of unsaturated to saturated plasma fatty acids. 
No significant changes were observed in cerebrospinal fluid, likely due to low base-
line levels and the absence of cells in this fluid.

Introduction
Parkinson’s disease is a progressive neurodegenerative disorder that affects both 
motor function and cognition. The core pathology of Parkinson’s disease is degener-
ation of the dopaminergic neurons in the midbrain (substantia nigra, pars compacta). 
Available pharmacological therapies are symptomatic and aimed at either temporar-
ily replenishing dopamine or mimicking the action of dopamine such as with the do-
pamine precursor levodopa. Currently, there are no disease-modifying therapies for 
Parkinson’s Disease. Parkinson’s disease is distinguished by abnormally aggregated 
oligomeric alpha-synuclein, a principal component of Lewy bodies, a pathological 
hallmark of the disease.1,2 The neuronal cell loss occurs in association with the for-
mation of intraneuronal Lewy inclusion bodies consisting of alpha-synuclein protein 
aggregates. Non-pathogenic alpha-synuclein is concentrated in nerve terminals and 
plays a role in neurotransmitter release and synaptic plasticity.
It has been demonstrated in vivo that unsaturated fatty acids promote oligo-

merization of alpha-synuclein,3–6 which is a key feature of Parkinson’s disease. 
Furthermore, fatty acid-binding proteins, which are members of a superfamily 
and are essential in fatty acid trafficking, were reported to trigger alpha-synucle-
in oligomerization in neurons and glial cells and to target the mitochondrial outer 
membrane, thereby causing mitochondrial loss.7 The brain contains six saturated 
fatty acids: myristic acid, palmitic acid (C16:0), stearic acid (C18:0), arachidic acid, 
behenic acid, and lignoceric acid.8 Elevated levels of C16:0 were found in the frontal 
cortex of participants with Parkinson’s disease and Lewy Body Dementia,9,10 with 
equal levels in Alzheimer’s Disease compared to healthy controls.11 The ratio of un-
saturated to saturated 16- and 18-carbon fatty acids are the fatty acid desaturation 
indices (FA-DI); C16 FA-DI and C18 FA-DI. Previous research found differences in natu-
rally occurring levels in plasma fatty acids and ceramide, as well as variation in their 
metabolism, in healthy participants and participants with Parkinson’s disease.12–16 
The observed concentrations and extent of variability of fatty acids in healthy par-
ticipants and participants with Parkinson’s disease supported C16 and C18 FA-DI as 
suitable biomarkers to demonstrate target engagement of stearoyl-CoA desaturase 
(SCD) inhibitors in both healthy participants and participants with Parkinson’s dis-
ease (not yet published data).
It has been demonstrated in multiple in vitro studies that inhibitors of the en-

zyme SCD decreased cellular levels of monounsaturated fatty acids, reduced toxic-
ity associated with accumulation of alpha-synuclein, and increased cell survival.17 
Profiling data demonstrates that SCD1 has widespread expression throughout the 
body with highest levels in the liver and adipose tissues.18 SCD5 expression is more 
restricted and, with highest levels in the brain and pancreas.19 In vitro and in vivo 
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inhibition of SCD5 and SCD1 reduces production of monounsaturated fatty acids 
(palmitoleic and oleic acids, respectively).20 YTX-7739 is a novel, orally active inhibi-
tor of SCD enzymatic activity. A yeast indirect growth assay showed preferential in-
hibition of the SCD5 isoenzyme compared to the SCD1 isozyme (unpublished data).
In this paper, we summarize the results from both the single ascending dose 

(SAD) study in healthy participants, as well as the multiple ascending dose (MAD) 
study in healthy participants. We aim to explore the safety, tolerability, and phar-
macokinetic properties of YTX-7739, as well as target engagement on C16 and C18 
FA-DI after administration of YTX-7739.

Methods
Both clinical studies were conducted at a single site in the Netherlands (Centre 
for Human Drug Research (CHDR), Leiden) in accordance with the International 
Conference for Harmonization of Technical Requirements for Pharmaceuticals for 
Human Use, Good Clinical Practice, and the principles of the Declaration of Helsinki. 
The protocols and study materials were approved by independent ethics committee 
(Stichting Beoordeling Ethiek Biomedisch Onderzoek, Assen, NL, and all subjects pro-
vided their written informed consent before participation.
When applicable, subjects were required to eat a high-fat breakfast or low calor-

ic breakfast 30 minutes prior to study drug administration. The high-fat breakfast 
included approx. 1,000 kilocalories, of which approx. 56% was fat in line with FDA 
guidelines. The low caloric breakfast included between 280 and 441 kcals, of which 
approx. 9% to 37% was fat. Differences in caloric properties of the breakfast were 
caused due to providing different breakfast options for the subjects.

Study design
SAD in healthy participants

The first in human study (NL8258) was conducted between 13-Sep-2019 and 06-Jan-
2021 in healthy male and female subjects (aged 18-45 years). Female subjects of child-
bearing potential were eligible if they agreed to use a highly effective method of bar-
rier contraception for the duration of the study and for at least 90 days after their last 
dose of study treatment. Per protocol, the study consisted of three parts (Figure 1). 
Part A was a randomized, double-blind, placebo-controlled single ascending dose 
study in fasted condition with five cohorts of eight subjects. Subjects in cohorts 4 and 
5 additionally participated in Part B, in which the food effect was investigated). Part C 
was an open label study with two cohorts of eight subjects. Cerebrospinal fluid (CSF) 
was sampled only in the second cohort of Part C via lumbar puncture predose and 
6-hours postdose.

MAD in healthy participants

Following the first in human study, a randomized, double-blind, placebo-controlled, 
multiple dose study (NL9172) was conducted in healthy participants between 04-Sep-
2020 and 27-Feb-2022 (Figure 2). Per protocol, the study consisted of up to four co-
horts of eight healthy male and female subjects (aged 18-55 years). CSF was sampled 
via lumbar puncture predose and on the day after the final dose.

Randomization and treatments administered

Participants were administered three strengths of active, 5 mg, 25 mg and 100 mg 
YTX-7739 or matching placebo capsules. All doses were produced by Aptuit (Verona, 
Italy) Srl, (Evotec company), and were dispensed by the Hospital Pharmacy of Leiden 
University Medical Centre, The Netherlands according to Good Manufacturing 
Practice. Randomization was generated by an independent statistician using SAS 9.4. 
CHDR study physicians enrolled participants and assigned them with a participant 
number, which corresponded to a blinded treatment allocation.

Preclinical data and dose selection

The conducted toxicology studies indicated that the main organs for toxicity were 
eyes, fur and skin, which is consistent with the known pharmacology of YTX-7739. 
Results from toxicology studies have been published previously.21
Doses for the SAD study were derived by a combination of allometric and phar-

macokinetic scaling using data obtained from preclinical animal studies as well as 
the GLP toxicology studies for YTX-7739. The starting dose was set using a 10x safe-
ty margin versus the no-adverse events level derived from the most sensitive toxi-
cology species.
Before advancing to the next cohort, the study team discussed the interim safe-

ty, PK and if available, target engagement data, selected a dose for the next cohort 
in both the SAD and MAD.

SAD in healthy participants

In Part A and B, six subjects were randomized to receive YTX-7739 and two to placebo. 
In Part C, all eight subjects received YTX-7739 in an open label fashion.
In Part A, YTX-7739 or placebo was administered following a 10-hour period of 

fasting with 240 mL of still water. For the fed administration in part B and C, sub-
jects received high-calorie, high-fat meals 30 minutes prior to YTX-7739 administra-
tion according to the Food and Drug Agency (FDA) guidelines.22
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MAD in healthy participants

Based on pre-clinical research, we selected a starting daily dose of 25 mg for the MAD, 
based on pre-clinical and clinical data of the SAD. The calculated starting dose of 
25 mg would result in an expected 50% target reduction of brain C16 FA-DI. Based 
on emerging safety, pharmacokinetic (PK) target engagement data, the additional 
daily dose levels of 15 mg was explored (Figure 2). In both cohorts subjects received 
high-calorie, high-fat meals 30 minutes prior to YTX-7739 administration according 
to the FDA guidelines.22 Six subjects were randomized to receive YTX-7739 and two 
to placebo.

Safety, PK, target engagement assessment and biomarkers

Safety and tolerability outcome measures for both studies consisted of incidence and 
severity of adverse events (AEs), incidence of clinical laboratory abnormalities (he-
matology, chemistry, and urinalysis), vital signs, electrocardiograms.
PK outcomes comprised the measurements of the concentration of YTX-7739 in 

plasma, urine (SAD part A only) and CSF (SAD only cohort 7 and MAD both cohorts) 
using a validated LC-MS/MS method (Ardena/ABL, Assen, The Netherlands). A stan-
dard set of plasma PK parameters were estimated using noncompartmental anal-
ysis, including observed maximum concentration (Cmax), time to reach Cmax (Tmax), 
terminal half-life (t½), Area Under the Curve (AUC), and accumulation ratios (Rac), 
as well as the CSF-to-unbound plasma ratio as an indication for central nervous 
system-penetration.
SCD inhibition by YTX-7739 was quantified by analyzing the reduction in FA-DI and 

individual fatty acid levels in plasma and CSF.

Statistical analysis

The studies were not tested by formal hypothesis due to the exploratory nature. All PK, 
target engagement, and safety data were listed, all data were summarized in tabular 
and/or graphical form, and descriptive statistics were provided, as appropriate, using 
Statistical Analysis Software (SAS) version 9.4 or higher. AEs were coded using the 
Medical Dictionary for Regulatory Activities. Individual plasma, CSF and urine concen-
tration data were analyzed by noncompartimental PK analysis using R 3.5.3 or newer. 
The PK parameters were analyzed for dose proportionality using a power model ap-
proach or an analysis of variance model as appropriate. Log transformation was uti-
lized to stabilize variance, normalize skewed data, and linearize relationships when 
dealing with variables that exhibited multiplicative effects or heavily right-skewed 
distributions. For the target engagement data and exploratory biomarkers, we also 
reported estimated difference (ED), 95% confidence interval (95%CI) and p-value.

Results
Demographic and baseline characteristics
SAD in healthy participants
Healthy participants in the first in human trial were predominantly white. On average, 
44% [range 12.5% to 66.7%] was male, and the mean age was 24.2 years [range 19 to 
39]. Demographics and other baseline characteristics were generally similar among 
treatment arms (Supplementary Table 1).

MAD in healthy participants

Healthy participants were predominantly male and white. Demographics and other 
baseline characteristics were generally similar among treatment arms, except for age. 
The mean age of healthy participants was 30.6 years [range 18 to 53]). Age did not sig-
nificantly differ between active and placebo treatment arms (Supplementary Table 1).

Safety and tolerability
SAD in healthy participants

Single oral doses between 5 mg and 400 mg YTX-7739 were safe and well tolerated in 
Healthy participants. There were no severe adverse events or deaths.
The most frequently reported AEs were headache, fatigue, gastro-intesti-

nal complaints and musculoskeletal symptoms among the subject who received 
YTX-7739 at single dose levels up to 25 mg in the double-blinded part of the study. 
Frequencies of these adverse events were comparable in the placebo group, ex-
cept for gastro-intestinal complaints, which occurred less frequently in the place-
bo group (Supplementary Table 2). We identified no clinically relevant changes in 
blood chemistry, hematology, urinalysis, vital signs or ECG tests after single doses 
of YTX-7739.

MAD in healthy participants

Administration of YTX-7739 at multiple ascending oral daily doses up to 25 mg for up 
to 28 days was generally safe and well tolerated in healthy participants.
There were no deaths or severe adverse events in the dose level cohorts up to 25 mg 
in healthy participants.
Early in the study in cohort A1, treatment was discontinued due to hepatic labo-

ratory findings in 3 healthy participants, of which 2 were administered YTX-7739 25 
mg, and 1 was administered placebo. Treatment in 2 of these 3 healthy participants 
was discontinued due to hyperbilirubinemia and in one (1) healthy subject due to 
concomitant hyperbilirubinemia and increased alanine aminotransferase (ALAT), 
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which was considered unlikely related to YTX-7739 administration after reviewing 
the unblinded results. One of these subjects already had elevated bilirubin levels 
prior to dosing.
The most frequently reported AEs were headache, fatigue, puncture site pain 

(all after lumbar puncture) and post lumbar puncture syndrome among the sub-
jects who received YTX-7739 at any multiple dose level. Frequencies of these ad-
verse events were comparable in the placebo group, except for dry eyes, punc-
ture site pain and myalgia which occurred less frequently in the placebo group 
(Supplementary Table 3).
We identified no clinically relevant changes in blood chemistry, hematology, uri-

nalysis, vital signs or ECG tests after multiple doses of YTX-7739.

Pharmacokinetics
SAD in healthy participants

Absorption was highly variable between individuals. Tmax ranged from 4 to 96 hours 
in fasted subjects. Plasma concentrations increased in a biphasic manner at all dose 
levels in fasted subjects (Table 3 and Figure 3), although this was especially pro-
nounced at the higher dose levels (100 – 400 mg). There was an initial concentration 
peak around 4-6 hours, followed by a decline in concentration until 8-12 hours and a 
subsequent increase in concentration to a second, typically higher, peak concentra-
tion at 24-36 hours in most subjects. The mean half-life following fasted dosing varied 
between 47.3 and 78 hours. Plasma exposure of YTX-7739 following fasted administra-
tion increased approximately dose proportionally in the 10 mg – 100 mg dose range 
and less than dose proportionally in the 100 – 400 mg dose range (Table 3).
Following fasted dosing, the inter-individual variability (%CV) of the Cmax was 

higher in the 10-100 mg dose range compared to the 250 – 400 mg dose range; the 
%CV for the AUC0-last was comparable across all dose levels (Table 3). Administration 
of single doses of YTX-7739 following a high-fat meal in the 5-250 mg dose range 
resulted in monophasic absorption with a median Tmax of 8h, increased Cmax and 
AUClast, and reduced variability, when compared to fasted administration (Table 3). 
Cmax and AUC24H increased dose-proportionally in the 10 – 250 mg dose range, when 
administered following a high-fat meal (Table 3). Administration of 400 mg of YTX-
7739 following a high-fat meal resulted in increased Cmax and AUC24H compared to 
fasted administration. However, the Cmax and AUC24H of 400 mg YTX-7739 adminis-
tered in a fed state were less than dose-proportional and more variable, when com-
pared to fed administration in the 5 – 250 mg dose range (Table 3). The mean CSF-to-
unbound-plasma ratio was 0.849 (0.166) in the 30 mg fed cohort (Table 3).

MAD in healthy participants

Following multiple oral doses of YTX-7739, the median Tmax was 4.01 to 10.06 hours. 
After daily administration of 25 mg, the mean (standard deviation) AUC24H was 26,144 
(8,390) ng*h/mL and Cmax was 1,408 (477) ng/mL at steady state. The variability of 
AUC24H was 32.09% at steady state after daily administration of 25 mg. Steady state 
was reached after Day 15 of daily dosing. (Table 3, Figure 5 and Supplementary Figure 
1). T1/2 ranged from 60 to 121 hours after multiple doses of YTX-7739. The mean CSF-to-
unbound-plasma ratio ranged between 0.74 to 0.85.

Markers of Target engagement and Exploratory Biomarkers

In the SAD study, we observed a significant overall reduction for C16 FA-DI in plasma 
after administration in fed state of 250 mg (p < 0.001) and 400 mg fed (p = 0.002), com-
pared to placebo. Also, we observed a significant overall reduction for C18 FA-DI in the 
250 mg fed treatment group only (p = 0.011).
Following multiple oral doses of YTX-7739, there was a statistically significant re-

duction after daily administration of 25 mg in C16 FA-DI (p < 0.001) and C18 FA-DI (p 
= 0.018), as well as after 15 mg in C16 FA-DI (p = 0.001) and C18 FA-DI (p = 0.001) com-
pared to placebo. There were no significant changes in the fatty acids included in 
the C16 FA-DI (C16:0 and C16:1n7) and C18 FA-DI (C18:0 and C18:1n9) after administra-
tion of multiple oral doses of YTX-7739 (Table 4) . Across both treatment levels, C16:0 
and C18:0 levels did not change statistically significantly (p < 0.05), nor was there 
any trend (0.05 < p < 0.10). There was a statistically significant reduction after ad-
ministration of both dose levels in C16:1n7. However, there was only a statistically 
significant reduction after daily administration of 15 mg in C18:1n9 (p = 0.009), com-
pared to placebo.
In CSF, the same desaturation indices or its associated fatty acids did not change 

significantly following multiple oral doses of YTX-7739 during a treatment period of 
up to 28 days. In the associated fatty acids, there was only a trend towards a sig-
nificant reduction of C18:0 in CSF after administration of YTX-7739 15 mg in healthy 
participants (p = 0.070) (Table 4). Also, we compared the median values C16:0, C18:0, 
C16:1n7 and C18:1n9 levels. All median individual fatty acid levels were much lower 
in CSF compared to plasma. This difference ranged approximately between 109 and 
325-fold (Table 5). The overall treatment effects for the C16 and C18 FA-DI and the in-
cluded fatty acids are noted in Table 4. Following multiple oral doses of YTX-7739, 
there was no statistically significant reduction any of the exploratory biomarkers.
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Discussion
YTX-7739 was in development as an oral SCD-inhibitor with potential disease-modi-
fying effects for the treatment of Parkinson’s disease. At both dose levels of the MAD 
study, YTX-7739 has demonstrated target engagement by decreasing C16 and C18 
FA-DI in plasma compared to placebo in healthy participants. In this study, admin-
istration of YTX-7739 at multiple ascending daily oral doses up to 25 mg for up to 28 
days was generally safe and well tolerated in healthy participants.
In this study, YTX-7739 has demonstrated reductions in FA-DI in plasma in healthy 

participants, which is a measure for target engagement also for participants with 
Parkinson’s disease. There are differences in naturally occurring levels of plasma 
fatty acids and ceramide in healthy participants and participants with Parkinson’s 
disease.12–16 Moreover, levels of C16 and C18 FA-DI are similar between healthy par-
ticipants and participants with Parkinson’s disease.12 In a single individual, C16 and 
C18 FA-DI are stable both within and between days.12
The mean YTX-7739 CSF-to-unbound-plasma ratio ranged between 0.74 and 0.85, 

which indicates robust brain penetration. In contrast to the difference observed in 
plasma, there was no change in C16 and C18 FA-DI between treatment and placebo 
groups in CSF. This finding is similar to preclinical observations for C16 FA-DI in CSF of 
monkeys (C18 not investigated). Presumably, CSF FA-DI correlates less well to cellu-
lar changes following SCD inhibition, as CSF is a cell-free matrix.21 YTX-7739 reduced 
C16 FA-DI in monkey brain tissue after administration of YTX-7739, further supporting 
this explanation.21 C16:0, C18:0, C16:1n7 and C18:1n9 levels were much lower in CSF 
compared to plasma, which is consistent with previous data.27 These lower base-
line levels reduce the sensitivity for the assay to detect a change in treatment ver-
sus placebo groups. Furthermore, it has been demonstrated that the levels of C16:0 
and C18:0 fatty acids in CSF in idiopathic PD (iPD), glucocerebrosidase (GBA) PD, and 
healthy controls do not differ significantly, however C16:1n7 and C18:1n9, the prod-
ucts of SCD, are significantly lower in GBA-PD compared to iPD and healthy controls.28
SCD inhibition prevented alpha-synuclein aggregation in vitro,17,29–31 and devel-

opment of Parkinson’s disease phenotypes in alpha-synuclein mutant and alpha-
synuclein overexpressing mouse models.29 YTX-7739 did not reduce the PD related bio-
markers in healthy participants in this study. It is plausible that these matrices do not 
reflect the intraneuronal environment in the 14 to 28-day time course of this study.32,33
In both the SAD and MAD study, YTX-7739 has demonstrated a significant food 

effect. The absorption in blood of YTX-7739 seems to be limited by both the total 
amount of YTX-7739 in the gut, as well as by the availability of an adequate amount 
of orally ingested fat. Ta
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Table 4 T reatment effect of multiple doses of YTX-7739 on C16 and C18 FA-DI and its associated fatty 
acids in plasma and CSF in healthy participants. For comparison, the estimated mean of the placebo groups 
was added to put the estimated difference in perspective. In plasma, all estimated differences of the individual fatty 
acids were log transformed and therefore presented as percentage. In CSF, the estimated differences of the FA-DI were 
log transformed and therefore presented as percentage. All bold values are statistically significant (p < 0.05). All italic 
values are trends towards a statistically significant difference (0.05 < p < 0.10).

healthy  
participants  
placebo

 15 mg vs placebo  25 mg vs placebo

(Cohort A2, healthy participants,  
28 days)

(Cohort A1, healthy participants  
14 days)

Parameter (index) Estimated mean ED 95% CI p-value ED 95% CI p-value

C16 FA-DI in plasma 0.078 -0.017 -0.025;
 -0.008

0.001 -0.03 -0.039;
 -0.022

<0.001

C16:0 in plasma (ng/mL)* 659.860 -13.0% -28.9%;
 6.6%

0.168 -13.9% -29.8%;
 5.5%

0.140

C16:1n-7 in plasma (ng/mL)* 49.475 -31.5% -49.8%;
 -6.3%

0.020 -47.6% -61.0%;
 -29.6%

<0.001

C18 FA-DI in plasma 3.561 -0.593 -0.93;
 -0.261

0.001 -0.422 -0.764;
 -0.080

0.018

C18:0 in plasma (ng/mL)* 195.934 -7.2% -20.6%;
 8.6%

0.335 -3.2% 17.5%;
 13.4%

0.670

C18:1n-9 in plasma (ng/mL)* 689.217 -23.5% -36.8%;
 -7.2%

0.009 -15.7% -30.8%;
 2.7%

0.086

C16 FA-DI in CSF* 0.015 61.2% -39.6%;
 330.1%

0.288 -32.4% -79.6%;
 124.2%

0.466

C16:0 in CSF (ng/mL) 5.830 -1.750 -4.153;
 0.654

0.132 -0.658 1.961;
 0.654

0.578

C16:1n-7 in CSF (ng/mL) 0.113 -0.002 -0.114;
 0.109

0.966 -0.061 0.054;
 0.109

0.256

C18 FA-DI in CSF* 1.583 27.8% -36%;
 155.2%

0.437 9.9% -41.4%;
 106.1%

0.739

C18:0 in CSF (ng/mL) 3.247 -1.482 -3.114;
 0.151

0.070 -0.106 1.632;
 0.151

0.892

C18:1n-9 in CSF (ng/mL) 5.007 -0.852 -2.678;
 0.975

0.314 -0.204 1.837;
 0.975

0.824

Note: Values with * were log transformed and therefore provided as percentage (%). Abbreviations: CI = Confidence Interval; CSF = 
Cerebrospinal fluid; ED = Estimated Difference; FA-DI = Fatty Acid Desaturase Index.

Table 5  Median (range) of CSF and plasma FADI associated fatty acids and plasma to CSF ratio’s in 
healthy participants.

Median (range) or plasma to CSF ratio

healthy participants (baseline) n = 6

Fatty acid CSF (ng/uL) Plasma (ng/uL) ratio

C16:0 5.319 3.555; 10.715 580.454 527.263; 1113.226 109

C16:1n7 0.160 0.027; 0.054 51.955 35.931; 95.008 325

C18:0 1.436 0.759; 2.981 189.901 150.202; 273.449 132

C18:1n9 5.588 4.042; 13.522 641.061 621.273; 1616.782 115

Abbreviations: CI = Confidence Interval; CSF = Cerebrospinal Fluid; ED = Estimated Difference; FA-DI = Fatty Acid Desaturase Index.

Figure 1 O verview of single dose study (CHDR1911; 7739-01-001). Part A was the double-blind, placebo-
controlled, randomized study; YTX-7739 was administered in fasted state. Part B consisted of 2 cohorts of 16 healthy 
participants, in which the highest dose levels of 250 mg and 400 mg was compared in fasted and fed state. Part C was 
the open label part, and YTX-7739 was administered in fed state.

Abbreviations: n = number; PK = pharmacokinetic.
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Figure 2 O verview of multiple dose study (CHDR1916; 7739-01-002). All participants were administered YTX-
7739 in fed state. Both cohorts A1 and A2 received a high-fat breakfast. 

Abbreviations: n = number; PK = pharmacokinetic.

Figure 3  Mean (SD) plasma YTX-7739 concentration against time following a single oral dose of 10, 
30, 100, 250 and 400 mg YTX-7739 in a fasted state and 5, 10, 30, 250 and 400 mg YTX-7739 in a fed state.  
After administration of a single dose of YTX-7739 in fed and fasted condition on a linear scale per cohort.
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Supplementary Tables

Supplementary Table 1 D emographics of study participants in the single ascending dose and multiple 
ascending dose study of YTX-7739 in healthy participants and participants with Parkinson’s disease.

SAD MAD

Part A Part B  
food effect

Part C Part A

Dose 10 mg 30 mg 100 mg 250 mg 400 mg 5 mg 
 fed

10 mg 
fed

25 mg 
fed

Placebo 15 mg 
fed

25 mg 
fed

Placebo

Number 
of 
subjects

(N=6) (N=6) (N=6) (N=6) (N=6) (N=4) (N=4) (N=8) (N=10) (N=6) (N=6) (N=4)

M/F 2/4 2/4 3/3 2/4 4/2 1/3 2/2 4/4 2/8 2/4 3/3 02-Feb

Age, years

 Mean 24.7 (4.4) 24.8 (2.4) 28 (6.5) 25.3 (2.6)22.5 (4.4)19.8 (1) 25.8 (6.4)23.9 (2.2)22.8 (3.2) 29.5 
(10.1)

26.7 (5.8)29.5 (5.4)

 Median 26 26 26 25 21 20 24 24 23 25 26 31

 Min, max19, 30 21, 27 21, 39 23, 29 19, 31 19, 21 21, 35 20, 27 19, 30 21, 45 19, 34 21, 35

Weight (kg)

 Mean 71.1 (14.4) 62.3 (11.1) 75.1 (8.5) 60.1 (7.7) 76 (11.2) 64.6 
(8.6)

78.8 (8.6)72.2 
(10.5)

69.8 (13.4) 66.13 
(9.06)

74.81 
(11.95)

75.84 
(7.0)

 Median 72.93 59.98 76.28 57.9 72.82 67.25 78.4 72.65 64.48 68.4 78.93 75.65

 Min, max54.10,,89.05 50.30,,80.85 65.15,,86 51.30, 
,74.25

63.10, 
,93.2

52.40, 
71.50

68.70, 
89.50

56.10, 
85.90

54.90,,99.4 54.75, 
78.40

53.05, 
84.40

67.65, 
84.40

Height (cm)

 Mean 173.2 (9.4) 174.1 (11.6) 175.8 (5.1) 167.5 
(5.3)

178.5 
(3.6)

170.5 
(7.6)

176.6 
(10.5)

176.5 
(8.6)

175.3 (9.8) 167.4 
(5.6)

177.7 
(9.9)

170.6 
(8.5)

 Median 174.7 170.2 175.1 168.9 178 168.9 174.9 175.4 171 166.6 179.5 169.8

 Min, max161.6, 184.8 162.4, 189.9 169.4, 
183.3

157.1, 
172.2

174.7, 
183.9

163.2, 
181.1

165.8, 
190.6

165.6, 
187.9

160.6, 192.5 161.7, 
175.8

164.1, 
190.7

160.8, 
182.0

BMI (kg/m2)

 Mean 23.5 (2.9) 20.5 (2.7) 24.5 (3.7) 21.4 (2.3) 23.8 (2.7)22.2 (2.2)25.2 (1.1) 23.1 (1.8) 22.5 (2.1) 23.60 
(2.83)

23.63 
(3.06)

26.03 
(0.30)

 Median 23.4 19.9 24.7 20.7 23.5 22.1 24.8 23.4 22.5 24.1 24.1 26.2

 Min, max20.1, 27.6 18.0, 24.8 19.4, 30.0 20.2, 
26.0

20.6, 27.619.7, 24.8 24.3, 
26.8

19.6, 25.1 18.5, 26.8 19.6, 26.618.5, 26.625.5, 
26.20

Abbreviations: BMI = Body Mass Index; MAD = Multiple Ascending Dose; SAD = Single Ascending Dose.
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Supplementary Table 3 A dverse events per dose level in the multiple dose study in healthy 
volunteers and patients with Parkinson’s disease. Headache, fatigue, puncture site pain (all after lumbar 
puncture) and post lumbar puncture syndrome were the most frequently reported AEs among the subjects who 
received YTX-7739 at any multiple dose level. Frequencies of these adverse events were comparable in the placebo 
group, except for dry eyes, puncture site pain and myalgia which occurred less frequently in the placebo group.

Dose level YTX-7739 15 mg 
(healthy participants)

YTX-7739 25 mg 
(healthy participants)

Placebo 
(healthy participants)

Breakfast type High fat High fat Both

Number of subjects in group N = 6 N = 6 N = 4

System Organ Class/ Events Subjects Events Subjects Events Subjects

Preferred Term N N (%) N N (%) N N (%)

Total 44 5 (83.3) 62 6 (100.0) 15 4 (100.0)

BLOOD AND LYMPHATIC SYSTEM DISORDERS 2 2 (33.3)

Anaemia 2 2 (33.3)

EYE DISORDERS 1 1 (16.7) 5 3 (50.0) 4 3 (50.0)

Asthenopia 1 1 (16.7)

Dry eye 1 1 (16.7) 3 2 (33.3) 3 1 (16.7)

Eye irritation 1 1 (16.7)

Ocular hyperaemia 1 1 (16.7)

GASTROINTESTINAL DISORDERS 6 2 (33.3) 12 4 (66.7)

Abdominal discomfort 3 2 (33.3) 3 2 (33.3)

Constipation 1 1 (16.7)

Diarrhoea 1 1 (16.7) 1 1 (16.7)

Dry mouth 1 1 (16.7)

Lip dry 1 1 (16.7)

Mouth ulceration 1 1 (16.7)

Nausea 5 2 (33.3)

Toothache

Vomiting 1 1 (16.7)

GENERAL DISORDERS &  ADMINISTRATION SITE 
CONDITIONS

6 4 (66.7) 17 5 (83.3) 1 1 (16.7)

Chest discomfort 1 1 (16.7)

Fatigue 1 1 (16.7) 10 5 (83.3)

Feeling cold 1 1 (16.7) 1 1 (16.7)

Feeling hot 3 1 (16.7)

Feeling of relaxation 1 1 (16.7)

Puncture site pain 4 4 (66.7) 2 2 (33.3)

Vaccination site pain

INFECTIONS AND INFESTATIONS 1 1 (16.7)

Corona virus infection 1 1 (16.7)

INJURY, POISONING AND PROCEDURAL COMPLICATIONS 1 1 (16.7) 6 3 (50.0)
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Supplementary Figures

Supplementary Figure 1  Mean (SD) plasma YTX-7739 concentration against time following multiple 
oral doses of 15 and 25 YTX-7739 in fed state in healthy participants. After administration of multiple doses  
of YTX-7739 in fed condition on a linear scale per cohort. Breakfast types were high-fat for both cohorts.

Abbreviations: SD = Standard Deviation; HVs = Healthy Volunteers

Dose level YTX-7739 15 mg 
(healthy participants)

YTX-7739 25 mg 
(healthy participants)

Placebo 
(healthy participants)

Post lumbar puncture syndrome 1 1 (16.7) 6 3 (50.0)

INVESTIGATIONS 2 2 (33.3) 2 2 (33.3)

Alanine aminotransferase increased 1 1 (16.7)

Blood bilirubin increased 2 2 (33.3) 1 1 (16.7)

METABOLISM AND NUTRITION DISORDERS 1 1 (16.7) 1 1 (16.7)

Decreased appetite 1 1 (16.7) 1 1 (16.7)

MUSCULOSKELETAL AND CONNECTIVE TISSUE 
DISORDERS

2 2 (33.3)

Back pain 1 1 (16.7)

Musculoskeletal pain 1 1 (16.7)

NERVOUS SYSTEM DISORDERS 13 4 (66.7) 14 5 (83.3) 2 1 (16.7)

Dizziness 2 1 (16.7)

Dreamy state 1 1 (16.7) 2 1 (16.7)

Dysgeusia 2 1 (16.7)

Headache 7 3 (50.0) 10 5 (83.3)

Paraesthesia 3 2 (33.3)

Somnolence 1 1 (16.7)

Syncope 1 1 (16.7)

PSYCHIATRIC DISORDERS 1 1 (16.7) 2 2 (33.3)

Abnormal dreams 1 1 (16.7)

Insomnia 1 1 (16.7)

RESPIRATORY, THORACIC AND MEDIASTINAL DISORDERS 4 3 (50.0) 1 1 (16.7) 2 1 (16.7)

Dry throat 2 2 (33.3)

Rhinorrhoea 2 2 (33.3) 1 1 (16.7) 2 1 (16.7)

SKIN AND SUBCUTANEOUS TISSUE DISORDERS 9 3 (50.0) 1 1 (16.7)

Alopecia 1 1 (16.7)

Dry skin 6 2 (33.3)

Eczema 1 1 (16.7)

Erythema 1 1 (16.7)

Pruritus 1 1 (16.7)

VASCULAR DISORDERS 1 1 (16.7) 1 1 (16.7)

Orthostatic hypotension 1 1 (16.7) 1 1 (16.7)

[continuation Supplementary Table 2] 
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Abstract
Investigational therapeutics that target toxic species of alpha-synuclein aim to slow 
down or halt disease progression in patients with Parkinson’s disease. Here this 44-
week, randomized, placebo-controlled, double-blind, single-center phase 1 study in-
vestigated safety, tolerability and immunogenicity of UB-312, an active immunother-
apeutic targeting pathological alpha-synuclein, in patients with Parkinson’s disease. 
The primary outcome measures were adverse event frequency and change in anti-
alpha-synuclein antibody titers in blood and cerebrospinal fluid (CSF). Exploratory 
outcomes were changes in clinical scales and biomarker-based target engagement 
as measured by seed amplification assays. Twenty patients were randomized 7:3 (UB-
312:placebo) into 300/100/100 μg or 300/300/300 μg (weeks 1, 5 and 13) intramuscu-
lar prime-boost dose groups. Safety was similar across groups; adverse events were 
mostly mild and transient. Two patients experienced three serious adverse events 
in total, one possibly treatment related; all resolved without sequalae. Anti-alpha-
synuclein antibodies in serum from 12/13 and CSF from 5/13 patients who received 
three UB-312 doses confirmed immunogenicity. Mean serum titers (in log-dilution fac-
tor) increased from baseline by 1.398 and 1.354, and peaked at week 29 at 2.520 and 
2.133, for 300/100/100 μg and 300/300/300 μg, respectively. CSF titers were 0 at base-
line and were 0.182 and 0.032 at week 21, respectively. Exploratory analyses showed 
no statistical differences in clinical scales but a significant reduction of alpha-synu-
clein seeds in CSF of a subset of UB-312-treated patients. These data support further 
UB-312 development. ClinicalTrials.gov:NCT04075318.

Introduction
Parkinson’s disease (PD) is characterized by progressive deterioration of motor, cog-
nitive, behavioral, and autonomic function.1 Mechanisms of dopaminergic cell loss 
in PD are not fully understood; however, alpha-synuclein has a central role in neu-
rodegeneration. Expressed primarily in presynaptic terminals, alpha-synuclein is in-
volved in synaptic vesicle trafficking and modulation, and neurotransmitter regula-
tion.2,3 Duplications, point mutations or single nucleotide polymorphisms in SNCA, 
encoding alpha-synuclein, contribute to PD susceptibility; the mutated forms of the 
protein have altered structural configurations that promote pathological aggrega-
tion.4,5 While such mutations are rare, alpha-synuclein aggregates in the form of Lewy 
bodies (LB) are common neuropathological hallmarks of PD. Moreover, preformed fi-
brils of alpha-synuclein can induce formation of LB-like inclusions and cellular dys-
function in cell-based assays and preclinical animal models.3,6 Together, these data 
strongly suggest that targeting pathological, aggregation-prone forms of alpha-synu-
clein has therapeutic potential.
There are no approved disease-modifying therapies for PD. Passive and active 

immunotherapies targeting alpha-synuclein (that is, delivery of monoclonal anti-
bodies or vaccination to raise an endogenous immune response, respectively) can 
ameliorate alpha-synuclein pathology and functional deficits in mouse models of 
PD, and both approaches are now in clinical development.7–9 These approaches 
have exhibited promising results in phase 1 clinical trials.7,8,10,11 Two phase 2 clini-
cal trials recently failed to demonstrate efficacy of monoclonal antibodies against 
alpha-synuclein,12,13 but as was experienced in Alzheimer’s disease , early failure to 
demonstrate clinical efficacy does not necessarily invalidate the therapeutic target 
or investigational drug.14 Trial design is crucial and elements such as appropriate 
patient selection, choice of clinical scales, and inclusion of relevant biomarkers re-
quire careful refinement. The importance of biomarkers to test target engagement 
in Alzheimer’s disease drug development was illustrated with validation of amy-
loid positron emission tomography imaging to monitor effects on brain patholo-
gy,15 which accelerated decision making in many anti-amyloid drug development 
programs. However, convincing biomarkers of target engagement to support clini-
cal trials in patients with PD have so far been lacking.
Successful vaccination against endogenous targets requires overcoming im-

mune tolerance to generate a humoral antibody response, while avoiding T-cell-
mediated cytotoxicity; both are dependent on how the relevant epitope is present-
ed to the immune system. A novel vaccine carrier platform utilizing proprietary 
synthetic T-helper peptides linked to target epitopes demonstrated potential to 
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achieve these aims, inducing a targeted B-cell humoral response without T-cell-
mediated toxicity.16 UB-312 was selected from over 60 synthetic peptide immuno-
gens, and has demonstrated high immunogenicity in preclinical studies across spe-
cies (unpublished data). Notably, antibodies induced by UB-312 selectively target-
ed pathological oligomeric and fibrillar alpha-synuclein forms, binding specifical-
ly to alpha-synuclein inclusions in postmortem brain sections from patients with 
PD, dementia with LBs, and multiple system atrophy (MSA).17 Furthermore, UB-312-
derived antibodies exhibited neuroprotective effects in vitro, reduced alpha-synu-
clein in the brain and the gut, and prevented motor function deficits in a transgenic 
synucleinopathy mouse model.18
In Part A of this phase 1 study, escalating doses of UB-312 were tested versus 

placebo in healthy volunteers aged 40 to 85 years, as previously reported.19 UB-312 
was considered safe and well tolerated up to 300/300/300 mg three-dose ‘prime–
boost’ regimen, with most adverse events being mild and transient. UB-312 trig-
gered dose- and time-dependent antibody production, with anti-alpha-synuclein 
antibodies detectable in both serum and cerebrospinal fluid (CSF) for all partici-
pants receiving the 300/300/300 mg prime–boost UB-312 regimen, and an average 
CSF/serum ratio of 0.2%. Serum and CSF alpha-synuclein concentrations were not 
altered by treatment, consistent with preferential binding of UB-312-derived anti-
bodies to pathological forms of alpha-synuclein and poor binding to monomeric 
alpha-synuclein.17 The 300/100/100 mg and 300/300/300 mg prime–boost dose reg-
imens were selected based on safety and immunogenicity profile for further evalu-
ation in patients with PD.
This phase 1 study Part B was designed to assess the safety, tolerability and im-

munogenicity of the two chosen UB-312 regimens in patients with PD. To address the 
unmet need of a biomarker for target engagement by immunotherapies in clinical 
trials in patients with PD, we also investigated use of the alpha-synuclein seed am-
plification assay (aSyn-SAA), which is able to detect small amounts of pathological 
alpha-synuclein and is increasingly used to support diagnosis of PD.20 Application 
of alpha-synuclein-SAA to the assessment of target engagement by UB-312-induced 
antibodies was an exploratory biomarker endpoint. Other exploratory outcome 
measurements included cognitive and PD-related clinical efficacy assessment.

Results
Patient disposition

Recruitment occurred from 27 October 2021 to 06 April 2022. Among 41 participants 
screened, 15 were ineligible based on inclusion/exclusion criteria, and four withdrew 

after screening (Fig. 1). Between 11 January 2022 and 27 April 2022, 21 participants 
were randomized to either UB-312 or placebo, and one was planned as reserve par-
ticipant. One participant was excluded before the first vaccination due to an elevated 
C-reactive protein level. Twenty participants received the first and second injection, 
and 19 received the third; one participant in the 300/100/100 mg cohort did not, due to 
a serious adverse event (SAE). All participants completed the follow up visit. The mod-
ified intention-to-treat (mITT) population consisted of all 20 participants. The per-
protocol (PP) population comprised 20 participants up to week 13; after one partici-
pant did not receive the third vaccination the PP population was 19 of 20 participants. 
Baseline characteristics were comparable between groups, including Hoehn and Yahr 
(H&Y) stage and PD duration in years (Table 1).

Primary outcomes: safety, tolerability and immunogenicity

Headache, local pain after lumbar puncture, and fatigue were the most frequently 
reported treatment-emergent adverse events (TEAEs) (Table 2). TEAEs appeared to 
occur equally after administration of UB-312 (14 of 14 participants) and placebo (5 of 6 
participants) (Table 2). Most TEAEs were considered either mild or moderate after ad-
ministration of UB-312, comparable to placebo. Three SAEs were reported, of which 
one—a deep venous thrombosis of the left leg 50 days after the second administra-
tion of UB-312 300/100/100 mg—was considered possibly related, due to the timing 
of onset. There were no safety signals in assessments including electrocardiogram 
(ECG), vital signs, and blood and urine assessments. There was no difference in either 
physician or participant reported tolerability within 7 days after each administration 
of UB-312 compared with placebo. No postvaccination brain magnetic resonance im-
agings (MRI) were performed.
UB-312 vaccination generated robust and time-dependent serum antibodies 

against the C-terminal epitope aSyn97-135, with titers peaking at week 29 and re-
maining greater than baseline values at week 45 (Fig. 2A).
The definition of seroconversion was met for 5 of 6 participants after administra-

tion of 300/100/100 mg, and all 7 participants after administration of 300/300/300 mg 
who received all three doses of UB-312, for an overall seroconversion rate of 12/13.
Epitope-specific anti-alpha-synuclein antibodies were also detectable in CSF, in 

a total of 5/13 participants who received all three doses; 4 of 6 in the 300/100/100 µg 
group and 1 of 7 in the 300/300/300 mg group. After peaking at week 21 (Fig. 2B), CSF 
titers at week 45 were measurable in only two participants. UB-312 vaccination did 
not lead to the generation of antibodies against full length alpha-synuclein com-
pared with placebo.
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Exploratory outcomes

Total scores of the Montreal Cognitive Assessment (MoCA) and the Movement Disorder 
Society–Unified Parkinson’s Disease Rating Scale (MDS–UPDRS) part II (MDS–UPDRS-
II) and part III (MDS–UPDRS-III) were generally stable during the study, with no statis-
tical differences between groups (Supplementary Figs. 1 and 2).
Postimmunization IgG fractions and affinity purified antibodies isolated from 

sera of healthy volunteers collected in Part A of this study demonstrated strong 
binding to aggregated alpha-synuclein (MSA-derived, PD-derived and recombinant-
derived aggregates) and low binding to recombinant monomeric alpha-synuclein 
(Extended Data Fig. 1a). Furthermore, when spiked into a saline solution containing 
alpha-synuclein oligomers or into a CSF sample from a patient with PD, postimmu-
nization IgG fractions readily altered the kinetics of alpha-synuclein aggregation 
(Extended Data Fig. 1b,c).
In Part B, CSF samples were collected at weeks 1 (baseline), 21 and 45, except one 

patient in the 300/100/100 μg group who provided CSF only at baseline, and another 
only at baseline and week 21. Nineteen out of 20 baseline CSF samples tested posi-
tive in the Amprion alpha-synuclein-SAA. Excluding the negative sample, the medi-
an dilution factor was 32.40 (range 197.1) (Fig. 3a), indicating for subsequent analy-
ses an optimal dilution of 1:5 to retain positivity status and prevent natural inhibi-
tors such as lipoproteins from interfering with the alpha-synuclein-SAA seeding ki-
netics21. Individual seed amplification curves obtained at baseline and end of study 
(EoS) are illustrated in Supplementary Figs. 3–5. The patient who provided CSF only 
at baseline and the patient who was negative for alpha-synuclein-SAA were not in-
cluded in the final analysis.
As illustrated in Fig. 3b, the maximum fluorescence (Fmax) assessed longitudinally 

indicated a significant change from baseline (CFB) (F = 6.622 (1.541–22.35), P = 0.009), 
with placebo showing a nonsignificant 2.8% increase, UB-312 (300/100/100 μg) show-
ing a significant 19.8% decrease (P < 0.05) and UB-312 (300/300/300 μg) showing a 
nonsignificant 15.2% decrease at week 45. At week 45, Fmax was significantly lower in 
patients treated with UB-312 300/100/100 μg versus placebo (P < 0.05). Interestingly, 
from a qualitative standpoint, one patient in the 300/300/300 μg group was alpha-
synuclein-SAA positive at baseline and end of treatment, but alpha-synuclein-SAA 
negative at the end of study.

Post hoc analyses

An unplanned post hoc analysis to evaluate whether the reduction of Fmax was re-
lated to CSF antibody titers (Fig. 3c,d) showed it was indeed more pronounced and 

statistically significant in individuals with detectable CSF antibody titers (as measured 
at week 21, n = 5) than those without (n = 13) at week 21 (time effect: F = 12.77 (1.73–
26.82), P = 0.0002; treatment × time effect: F = 6.755 (2–31), P = 0.0037). Interestingly, a 
significant difference in CSF levels of pS129-alpha-synuclein was also observed be-
tween patients with or without detectable CSF antibodies (Fig. 4), further support-
ing an effect of UB-312 on pathological alpha-synuclein. Similarly, while there was 
no significant difference between treatment groups on the MDS–UPDRS-II and MDS–
UPDRS-III (Supplementary Fig. 2), CFB on the MDS–UPDRS-II scale indicated a statisti-
cally significant improvement in individuals with detectable CSF antibody titers com-
pared with other patients (F = 12.94 (1.569–24.32), P = 0.0004; treatment × time effect: 
F = 4.739 (2–31), P = 0.016; Fig. 3e,f).

Discussion
This phase 1 Part B trial in patients with PD met its primary prespecified outcomes 
and showed that UB-312 was generally safe and well tolerated, and generated a time-
dependent increase in anti-alpha-synuclein antibodies in both serum and CSF in pa-
tients with PD. No substantial differences in TEAEs were observed between the UB-312 
groups and the placebo group, with most TEAEs being transient and self-resolving.
In healthy volunteers, UB-312 was generally safe and well tolerated up to a dose 

regimen of 300/300/300 mg without SAEs.19 In the higher dose regimens in healthy 
volunteers, influenza-like symptoms were observed in two participants.19 These 
events were not observed in patients with PD. The frequency and intensity of TEAEs 
were comparable between healthy volunteers and patients with PD, and similar 
TEAEs seemed to occur in both populations (headache, lumbar puncture site pain 
and fatigue). Local injection-site reactions did not increase after subsequent ad-
ministrations, and no severe local reactions were observed (as seen previously with 
other active immunotherapies targeting alpha-synuclein.7,8,10,22 One participant re-
ported a deep venous thrombosis 50 days after administration of a second dose of 
UB-312 for which no etiological cause could be found, and which was therefore con-
sidered possibly related to study drug. Nevertheless, this venous thrombo-embo-
lism does not follow the venous thrombo-embolism events observed after other 
vaccinations, and therefore may not be related.23–25 Further research should inves-
tigate the potential relationship.
In both healthy volunteers and patients with PD, UB-312 vaccination generated 

similar time-dependent serum antibodies against the C-terminal epitope. In healthy 
volunteers, antibody levels were similar to those achieved in other active and pas-
sive immunization studies (i.e., typically requiring serum antibody concentrations  
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of ~10–20 mg/mL for target engagement).7,19 The levels were lower in patients with PD. 
Potentially, this difference could be attributed to comorbidities, 26,27 but a more like-
ly cause may be that redistribution of antibodies to pathological tissues and target-
mediated clearance differs in patients with PD, compared with healthy volunteers, 
which has been demonstrated in preclinical studies.18,28 That is, UB-312 does not 
induce antibodies against normal alpha-synuclein. Higher levels of UB-312-induced 
antibodies in healthy volunteers could therefore result from lack of target-mediat-
ed clearance in this population, in comparison with patients with PD in whom aggre-
gated alpha-synuclein is present in both peripheral and central nervous system tis-
sues. The elicited antibodies could conceivably be sequestered in pathological pe-
ripheral tissues after leaving the blood. Another possibility is that patients with PD 
may have a compromised immune system less able to respond to immunization,29 
which is supported by a recent report suggesting that B-cell numbers in peripher-
al blood are reduced in patients with PD.30 This potential alteration in immune re-
sponse will be investigated in future clinical development studies in patients with PD.
Dosing regimens are less straightforward for active compared with passive im-

munotherapies. Rather than escalating based solely on total amount of drug prod-
uct administered over time, factors including time between administrations and 
the relationship between prime–boost doses can also be varied. The dose-response 
observed in Part A suggested that a low prime dose followed by high boost doses 
may be less immunogenic.19 In Part B, the two selected regimens had the same high 
prime dose, followed by two different boost-dose regimens. Interestingly, the high 
prime dose followed by lower boost doses seemed to be more immunogenic, albeit 
not statistically significant. Clearly, further investigations of different doses and ad-
ditional boosts will be required to better understand the pharmacological response 
to an active immunization against endogenous proteins.
We also investigated the use of aSyn-SAA. Originally developed to detect small 

amounts of pathological misfolded proteins in biological samples,20 aSyn-SAA le-
verages the intrinsic self-replicative nature of misfolded alpha-synuclein aggre-
gates (alpha-synuclein-seeds), which can initiate polymerization of monomeric 
protein. Study samples are combined with excess monomeric alpha-synuclein and 
subjected to cycles of fragmentation and elongation, which can amplify the bio-
marker to detectable levels.31 aSyn-SAA has demonstrated excellent sensitivity and 
specificity for detection of pathological forms of alpha-synuclein in CSF from pa-
tients with PD,32–34 can discriminate CSF samples from patients with PD, patients 
with MSA and healthy individuals,35 and is becoming progressively accepted as a 
supporting tool for diagnosis of PD.

To our knowledge, this is the first report showing a positive effect of an investiga-
tional therapy on the aSyn-SAA signal. UB-312-induced antibodies, purified from im-
munized healthy volunteers, preferentially bound aggregated alpha-synuclein and 
delayed the seeding kinetics of alpha-synuclein whether in a CSF sample from a pa-
tient with PD or in a solution containing recombinant aggregates of alpha-synucle-
in. We found that active immunization with UB-312 was associated with reductions 
in the aSyn-SAA signal in CSF as measured by Fmax, which can be interpreted as a 
sign of in vivo target engagement. The reduction indicates that the Alpha-synuclein 
seeds are not recruiting the whole pool of alpha-synuclein monomers that were 
spiked in, and could be the result of reduced number of alpha-synuclein seeds, type 
of seeds, and/or a reduction of a specific pool of seeds more prone to aggregate. The 
Fmax readings were stable between triplicate measurements from individual patients 
(Supplementary Figs. S4–S6). Interestingly, one patient who had aSyn-SAA positivi-
ty at baseline no longer did at end of study, after treatment with UB-312 300/300/300 
mg. Moreover, that the MDS-UPDRS-II scores also improved in patients with CSF an-
tibody titers, in line with the change in aSyn-SAA signal, is intriguing, though anec-
dotal given the small cohort size. A much larger trial will be required to show clini-
cal efficacy. It is also important to note that aSyn-SAA has not yet been validated as 
a quantitative measure, and the rate of conversion from a reduction in Fmax to re-
duction in misfolded synuclein is unknown, as fluorescence is measured in arbitrary 
units. However, in the absence of a valid biomarker of target engagement, these data 
suggest a potential route to quantifiable assessment of an effect of treatment on pa-
thology in future clinical trials, using an assay that is already increasingly deployed 
in a diagnostic setting.
There are several limitations to this study. First, the sample size was small; 13 pa-

tients with PD completed vaccination with UB-312. However, it is not an abnormal-
ly low number for a first-in-patient study.36,37 Second, demographic characteris-
tics were comparable between groups, and all patients were on stable medication 
for PD before enrolling. Nevertheless, as the study aimed to determine antibody 
responses to vaccination, this relatively homogeneous population was deemed 
suitable. Patients were not screened for aSyn-SAA positivity or genetic predispo-
sitions, biomarkers that might facilitate selection of a relevant patient population 
for alpha-synuclein-targeted therapies. We also did not evaluate lipoprotein levels 
in the CSF to confirm stability and lack of interference with alpha-synuclein aggre-
gation;21 however, the dilution factor of 1:5 was sufficient to avoid this effect, and 
it is unlikely that any CSF constituents could have influenced the signal only at the 
end of the study. Additionally, CSF antibodies could be detected using a titer assay; 
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however, CSF antibody concentrations were all below the lower limit of quantifica-
tion. A difference in processing or analysis method could potentially contribute to 
this discrepancy between the two assays. Either way, our results suggest that an-
tibodies in CSF must reach detectable levels to have an effect on aSyn-SAA. Future 
dose optimization will be needed to achieve greater CSF antibody titer exposures 
and to confirm the effects of UB-312 on aSyn-SAA.
UB-312 is not the only immunotherapy targeting alpha-synuclein to enter clinical 

development in PD; clinical data have been published for active and passive immu-
notherapies.8,11,12,13 Compared with passive immunization therapy, which typically 
requires frequent administration at high costs, vaccination is likely to offer great-
er accessibility and convenience, requiring administration only every 3 – 12 months 
after the priming regimen to sustain an antibody response.38 This minimized burden 
of administration and visits to a clinic is particularly advantageous for patients with 
advanced PD. Regardless of approach, this study of UB-312, which is to be corrobo-
rated in future phases of clinical development, is the first to assess an immunother-
apeutic effect on pathological forms of alpha-synuclein as measured by aSyn-SAA.
In conclusion, this first-in-patient trial of an active immunotherapeutic targeting 

aggregated alpha-synuclein in patients with PD met its primary outcomes of safety, 
tolerability and immunogenicity. UB-312 was observed to safely overcome immune 
tolerance, inducing antibodies specific against pathological forms of alpha-synu-
clein and importantly able to cross the blood brain barrier. The results are consis-
tent with conclusions from Part A of the phase 1 study, and with preclinical studies. 
Together, these data support continued development of UB-312 as a disease-modi-
fying treatment for PD. Future trials should focus on optimizing dose and antibody 
exposure in CSF over longer treatment periods, and further assess the safety and 
efficacy of UB-312 in synucleinopathies.
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Figure 1 P atient disposition. Enrolled patients were randomized to placebo (n = 6), UB-312 300/100/100 μg (n = 7) 
and UB-312 300/300/300 μg (n = 7) treatment groups. The PP population comprised 20 participants up to week 13 and 19 
thereafter.

Figure 2 E pitope-specific anti-alpha-synuclein antibody titers in blood and CSF. UB-312 or placebo were 
administered at weeks 1, 5 and 13. a, Serum antibody titers increased predominantly after the third vaccination. The 
definition of seroconversion was met in 12/13 participants receiving all three doses (5/6 in 300/100/100 mg group and 
7/7 in 300/300/300 mg group). Increases were more pronounced in the 300/100/100 mg treatment cohort compared 
to the 300/300/300 mg treatment cohort. Samples were analyzed in duplicate and data are expressed as logDF 
mean + s.d. b, CSF antibody titers were more pronounced in the 300/100/100 μg treatment group compared with the 
300/300/300 μg cohort; levels were detectable in 4/6 and 1/7 participants, respectively. Samples were analyzed in 
duplicate and data are expressed as logDF mean + s.d. Numbers per group: placebo, n = 6; 300/100/100 μg, n = 7 up to 
week 13 and thereafter n = 6 until week 45; 300/300/300 μg, n = 7. logDF, log-dilution factor.
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Figure 3 E valuation of alpha-synuclein seeds in CSF samples from patients with PD. a, CSF samples 
collected before treatment (baseline) were serially diluted and tested in the alpha-synuclein-SAA (n = 20). Data 
presented are maximal dilution factor achieved before losing the signal in the alpha-synuclein-SAA; the bar represents 
median ± 95% CI. b, Maximum fluorescence (%CFB, mean ± s.e.m.) in CSF samples collected at baseline, week 21 and 
week 45 in patients treated with placebo (n = 6), UB-312 300/100/100 μg (n = 6, one patient provided CSF only at baseline 
and is excluded) or UB-312 300/300/300 μg (n = 6, one individual who was alpha-synuclein-SAA negative at baseline 
is excluded) showed a significant difference between placebo and 300/100/100 μg (two-way ANOVA, time × treatment 
interaction, P = 0.0343). c, A comparison of the maximum fluorescence (%CFB, mean ± s.e.m.) in CSF samples collected 
at baseline, week 21 and week 45 showed a significant difference (two-way ANOVA, time × treatment interaction, 
P = 0.0037) between individuals with (n = 5) versus without (n = 13) detectable antibody titers. d, Maximum fluorescence 
at EoS (%CFB means of three technical replicates per individual; bar represents median ± 95% CI) shows a significant 
between-group difference (two-tailed unpaired t-test, P = 0.0094). e, A comparison in CFB (mean ± s.e.m.) in MDS–UPDRS-II  
score showed a significant difference (unpaired t-test, time × group interaction, P = 0.016) between patients with (n = 5) 
versus without (n = 13) detectable CSF antibody titers. The subcomponent that showed the greatest difference in this 
change was ‘Getting out of bed, getting out of a car or standing up from a low chair’ (Supplementary Table 1). A two-
way ANOVA with a mixed-effect model was followed by within-group analysis per Benjamini, Krieger and Yekitieli. f, 
A comparison in the CFB (mean ± s.e.m.) in MDS–UPDRS-III score between patients with (n = 5) versus without (n = 13) 
detectable CSF antibody titers. A two-way ANOVA was used as per e. In a–f, *P < 0.05 and **P < 0.01. CI, confidence interval.

Figure 4 L evels of pS129-alpha-synuclein in the CSF of patients with detectable CSF antibodies after 
immunization with UB-312. CSF samples were analyzed in duplicate using immunomagnetic reduction as described 
in the methods, in patients with (n = 5) and without (n = 13) detectable CSF antibody titers. Data are expressed as 
percent CFB, mean ± s.e.m. A Bonferroni multiple comparisons test confirmed a significant difference between groups 
at EoS, *P = 0.0154.
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Table 2 S ummary of all TEAEs per treatment cohort and pooled UB-312 cohorts. Specific TEAEs are 
listed by total number of events (N), as well as number and percentage (N (%)) of participants reporting the specific 
adverse event. Headache, local pain after lumbar puncture, and fatigue were the most frequently reported TEAEs after 
vaccination with UB-312. TEAEs appeared to occur equally after administration of UB-312 (14 of 14 participants) and 
placebo (5 of 6 participants).

UB-312 Placebo

Treatment cohort 300/100/100 mg 300/300/300 mg Pooled

Number of participants 7 7 14 6

System Organ Class/  
Preferred Term

Events Partici-
pants

Events Partici-
pants

Events Partici-
pants

Events Partici-
pants

N N (%) N N (%) N N (%) N N (%)

ANY EVENTS 59 7 (100.0) 42 7 (100.0) 101 14 (100.0) 20 5 (83.3)

CARDIAC DISORDERS 1 1 (14.3) 2 1 (14.3) 3 2 (14.3) 2 1 (16.7)

Arrhythmia ·· ·· ·· ·· ·· ·· 1 1 (16.7)

Atrial fibrillation ·· ·· ·· ·· ·· ·· 1 1 (16.7)

Palpitations 1 1 (14.3) 2 1 (14.3) 3 2 (14.3) ·· ··

EYE DISORDERS 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Vision blurred 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

GASTROINTESTINAL DISORDERS 2 2 (28.6) 2 1 (14·3) 4 3 (21·4) 1 1 (16.7)

Diarrhea 2 2 (28.6) 1 1 (14.3) 3 3 (21.4) ·· ··

Nausea ·· ·· 1 1 (14.3) 1 1 (7.1) 1 1 (16.7)

GENERAL DISORDERS AND ADMINISTRATION 
SITE CONDITIONS

8 4 (57.1) 4 2 (28.6) 12 6 (42.9) 5 3 (50.0)

Chest pain 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Fatigue 4 3 (42.9) 1 1 (14.3) 5 4 (28.6) 2 1 (16.7)

Injection site pain 3 2 (28.6) 1 1 (14.3) 4 3 (21.4) 3 2 (33.3)

Malaise ·· ·· 2 1 (14.3) 2 1 (7.1) ·· ··

INFECTIONS AND iNFESTATIONS 9 4 (57.1) 10 5 (71.4) 19 9 (64.3) 1 1 (16.7)

Acute sinusitis ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

COVID-19 2 2 (28.6) 2 2 (28.6) 4 4 (28.6) ·· ··

Gastroenteritis ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Pharyngitis ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Pneumonia 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Post-acute COVID-19 syndrome 1 1 (14.3) 1 1 (14.3) 2 2 (14.3)

Respiratory tract infection ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Rhinitis ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Upper respiratory tract infection 2 2 (28.6) 1 1 (14.3) 3 3 (21.4) 1 1 (16.7)

Urinary tract infection 1 1 (14.3) 1 1 (14.3) 2 2 (14.3) ·· ··

Urosepsis 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Viral infection 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

INJURY. POISONING AND PROCEDURAL 
COMPLICATIONS

8 6 (85.7) 1 1 (14.3) 9 7 (50) 3 2 (33.3)

Clavicle fracture 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Concussion 1 1 (14.3) ·· ·· 1 1 (7.1) 1 1 (16.7)

Table 1 D emographic baseline data in all participants and per treatment cohort. Baseline characteristics 
were comparable between study groups, including H&Y stage and duration of PD. aMeasured prevaccination on day 1.

All participants UB-312
300/100/100 mg

UB-312
300/300/300 mg

Placebo

N 20 7 7 6

Age, years
Mean (SD)
Min; Max

64.1 (9.9)
44; 83

67.4 (12.3)
44; 83

63.4 (9.0)
50; 75

61.0 (8.0)
51; 73

Height, cm
Mean (SD)
Min; Max

177.8 (7.9)
159.8; 192.2

177.4 (4.8)
169.4; 182.0

176.1 (10.3)
159.8; 188.7

180.1 (8.4)
166.1; 192.2

Weight, kg
Mean (SD)
Min; Max

 
79.7 (10.5)
62.0; 101.6

 
81.5 (10.3)
69.3; 101.6

 
75.6 (11.1)
62.0; 96.3

 
82.3 (10.3)
66.2; 90.9

BMI, kg/m2
Mean (SD)
Min; Max

 
25.2 (2.9) 
19.7; 30.7

 
25.9 (2.6)
22.8; 30.7

 
24.4 (3.1)
20.8; 29.4

 
25.4 (3.1)
19.7; 28.1

Sex, n (%)
Female
Male

 
4 (20.0) 
16 (80.0)

 
1 (14.3) 
6 (85.7)

 
2 (28.6) 
5 (71.4)

 
1 (16.7) 
5 (83.3)

Race, n (%)
White

 
20 (100)

 
7 (100)

 
7 (100%)

 
6 (100)

Hoehn & Yahr,* n (%)
0  (Asymptomatic)
1  (Unilateral involvement only)
2  (Bilateral involvement without 
    balance impairment)
3  (Mild to moderate involvement)

 
0 (0)
2 (10.0) 
16 (80.0)

2 (10.0)

 
0 (0)
0 (0) 
7 (100)

0 (0)

 
0 (0) 
2 (28.6) 
4 (57.1)

1 (14.3)

 
0 (0) 
0 (0) 
5 (83.3)

1 (16.7)

MDS-UPDRS part II total score*
Mean (SD)
Min; Max

10.5 (6.23)
1; 27

14.1 (6.77)
6; 27

8.4 (5.38)
1; 15

8.5 (5.32)
1; 16

MDS-UPDRS part III total score*
Mean (SD)
Min; Max

33.5 (15.37)
8; 60

37.1 (14.72)
23; 62

37.4 (19.92)
8; 60

24.7 (5.28)
18; 31

MoCA total score*
Mean (SD)
Min; Max

27.1 (2.17)
21; 30

26.9 (2.12)
23;29

27.0 (2.71)
21; 29

27.5 (1.87)
25; 30

Parkinson duration, years
Mean (SD)
Min; Max

 
6.8 (4.3)
1; 16

 
7.4 (3.8)
2;13

 
7.6 (5.4)
2; 16

 
5.0 (3.5)
1; 11

Anti-Parkinson drugs, n (%)
Levodopa
Dopamine agonists
MAO-B inhibitors

 
18 (90.0)
10 (50.0)
0 (0)

 
7 (100)
5 (71.4)
0 (0)

 
5 (71.4)
3 (42.9)
0 (0)

 
6 (100)
2 (33.3)
0 (0)

*Measured pre-vaccination on day 1 / BMI, Body Mass Index; MAO-B, monoamine oxidase B inhibitor; MDS-UPDRS, Movement 
Disorder Society – Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment; SD, Standard Deviation.
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Methods
Study Design

This was a phase 1, single-center, randomized, double-blind, placebo-controlled 
clinical trial (Part B) conducted at the Centre for Human Drug Research (CHDR), the 
Netherlands, in accordance with the Declaration of Helsinki and International Council 
for Harmonisation Good Clinical Practice guidelines. Independent ethics approval for 
the protocol was granted by the Beoordeling Ethiek Biomedisch Onderzoek, Assen, 
the Netherlands, and all participants provided written informed consent. Participants 
received an allowance for participation and were reimbursed for travel expens-
es. There were no important protocol changes after trial commencement. Samples 
from the healthy volunteer cohort from Part A of the study (methods previously pub-
lished19) were used in biomarker analyses. Study details are available at ClinicalTrials.
gov, NCT04075318.

Participants

Recruitment to Part B used an existing database and advertisements. Males (n = 16) 
and females (n = 4) (sex/gender was determined based on self-report and collected on 
the case report form) with a diagnosis of PD (as confirmed by a treating general practi-
tioner or neurologist, and including dopaminergic deficiency (see below)), H&Y Stage 
≤III at screening, aged 40–85 years, with a body mass index (BMI) of 18–32 kg m−2, who 
were postmenopausal, surgically sterile or using adequate contraception, with no 
clinical abnormalities based on medical history, physical examination, clinical labo-
ratory evaluations and 12-lead ECGs were eligible if they were expected to be able to 
undergo all study procedures. As part of the screening, a baseline MRI was performed 
to exclude patients with structural brain abnormalities, and a dopamine transport-
er (DaT) scan was performed if no historic DaT scan was available to confirm the loss 
of dopaminergic activity as part of the PD diagnosis. Participants were allowed to 
use concomitant medication for PD or other comorbidities if the regimen was sta-
ble before first injection (from 30 days before first study drug administration for per-
mitted antiparkinsonian medications or 60 days for monoamine oxidase B inhibi-
tor (MAO-B) inhibitors), and expected to remain stable throughout the study. An un-
scheduled MRI could be requested per the investigator’s judgment for safety evalua-
tion. Participants were excluded if they had clinical abnormalities or history of medi-
cal, neurological or psychiatric conditions that the investigator judged might compro-
mise their safety or scientific value of the study; acute or chronic infection with human 
immunodeficiency virus, hepatitis C virus or hepatitis B virus; history or evidence of 

UB-312 Placebo

Treatment cohort 300/100/100 mg 300/300/300 mg Pooled

Number of participants 7 7 14 6

System Organ Class/  
Preferred Term

Events Partici-
pants

Events Partici-
pants

Events Partici-
pants

Events Partici-
pants

Muscle strain ·· ·· ·· ·· ·· ·· 1 1 (16.7)

Post lumbar puncture syndrome 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Local pain after lumbar puncture 4 4 (57.1) 1 1 (14.3) 5 5 (35·7) 1 1 (16.7)

Skin laceration 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

INVESTIGATIONS 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Blood pressure systolic increased 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

METABOLISM AND NUTRITION DISORDERS ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Hypercholesterolemia ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

MUSCULOSKELETAL AND CONNECTIVE 
TISSUE DISORDERS

8 2 (28.6) 2 2 (28.6) 10 4 (28.6) ·· ··

Myalgia 7 2 (28.6) 2 2 (28.6) 9 4 (28.6) ·· ··

Plantar fasciitis 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

NERVOUS SYSTEM DISORDERS 14 6 (85.7) 13 7 (100.0) 27 13 (92.9) 4 4 (66.7)

Carpal tunnel syndrome ·· ·· ·· ·· 1 1 (16.7)

Dizziness 2 2 (28.6) 1 1 (14.3) 3 3 (21.4) ·· ··

Headache 10 5 (71.4) 10 6 (85.7) 20 11 (78.6) 3 3 (50.0)

Presyncope 1 1 (14.3) 1 1 (14.3) 2 2 (14.3) ·· ··

Sedation ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Somnolence 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

PSYCHIATRIC DISORDERS 1 1 (14.3) 2 2 (28.6) 3 3 (21.4) ·· ··

Insomnia 1 1 (14.3) 1 1 (14.3) 2 2 (14.3) ·· ··

Stress ·· ·· 1 1 (14.·3) 1 1 (7.1) ·· ··

RENAL AND URINARY DISORDERS ·· ·· ·· ·· ·· ·· 1 1 (16.7)

Renal cyst ·· ·· ·· ·· ·· ·· 1 1 (16.7)

RESPIRATORY THORACIC AND MEDIASTINAL 
DISORDERS

1 1 (14.3) 2 2 (28.6) 3 3 (21.4) 1 1 (16.7)

Cough ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Dyspnea 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Epistaxis ·· ·· ·· ·· 1 1 (16.7)

Sneezing ·· ·· 1 1 (14.3) 1 1 (7.1) ·· ··

Skin And Subcutaneous Tissue Disorders 2 1 (14.3) ·· ·· 2 1 (7.1) 1 1 (16.7)

Erythema 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Photosensitivity reaction ·· ·· ·· ·· ·· ·· 1 1 (16.7)

Rash 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

VASCULAR DISORDERS 3 3 (42.9) 3 3 (42.9) 6 6 (42.9) 1 1 (16.7)

Deep vein thrombosis 1 1 (14.3) ·· ·· 1 1 (7.1) ·· ··

Orthostatic hypotension ·· ·· 3 3 (42.9) 3 3 (21.4) 1 1 (16.7)

Peripheral venous disease 2 2 (28.6) ·· ·· 2 2 (14.3) ·· ··

[continuation Table 2]
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antibodies. CSF was collected using CHDR standard operating procedures, pro-
cessed on ice, analyzed for white and red blood cell counts, protein, glucose, albu-
min and hemoglobin within 2 h of collection, and discarded if red blood cells were 
present. Within 60 min of collection, CSF samples were aliquoted and frozen imme-
diately on dry ice, and then stored upright at −80 °C. Antibodies against full length 
alpha-synuclein and against the C-terminal epitope, alpha-synuclein antibodies 
against components of the vaccine (CpG1 and the T-helper peptide) and free and 
total alpha-synuclein in blood were sampled at every study visit. Cytokines in blood 
were sampled at weeks 1, 5, 13 and 21. T cell enzyme-linked immunosorbent spot in 
peripheral blood mononuclear cells was sampled at weeks 1 and 17. Human leuko-
cyte antigen in blood was sampled at week 1.
The MoCA and the MDS–UPDRS parts II and III, including H&Y classification, were 

done at weeks 1 (preadministration), 21 and 45. An individual H&Y classification was 
also conducted at screening. All MDS–UPDRS assessments were performed in the 
ON state. Before the actual assessments, the assessor confirmed verbally with the 
patient if the patient was indeed in the ON state.
Participants were provided with a paper diary for self-recording of solicited 

local vaccination-site reactions (that is, pain, tenderness, erythema/redness and 
induration/swelling) and systemic reactions (that is, fever, nausea/vomiting, di-
arrhea, headache, fatigue, myalgia and illness) during a 7-day period after each 
administration.

Outcomes

The primary endpoints were to evaluate the safety and tolerability as determined by 
the assessment of TEAEs, safety blood and urine tests, neurological and physical ex-
aminations, ECG, and immunogenicity as determined by anti-alpha-synuclein anti-
bodies in blood and CSF. The exploratory objectives for the study including Part A 
were to determine the immunogenicity of UB-312 against components of the vaccine, 
and differences in total alpha-synuclein and free alpha-synuclein in blood and CSF, 
while exploratory outcomes specific to Part B comprised effects on MDS-UPDRS and 
MoCA, and target engagement by aSyn-SAA. Bioanalytical and biomarker methods 
were previously fully described.19

Antibody purification

Sera collected pre- or postimmunization from the healthy volunteer cohort were 
pooled using 200 μl per sample. Protein A plus spin columns (Thermo Fisher, 89960) 
were equilibrated with protein A IgG binding buffer (Thermo Fisher, 21001) at room 

an autoimmune disorder; history of anergy; and history of allergy or any confirmed al-
lergic reactions. Participants were also ineligible if they had participated in any clini-
cal trial with monoclonal antibodies or vaccines directed at alpha-synuclein, had any 
other known or suspected cause of Parkinsonism besides idiopathic PD; had history 
or evidence at screening of PD-related freezing episodes, falls or orthostatic hypoten-
sion; had a DaT scan inconsistent with dopamine transporter deficit; or had any neu-
rological disease other than PD.

Randomization and blinding

Eligible participants were randomized by code (SAS version 9.4) to UB-312 or placebo 
within treatment cohort 1 (300/100/100 μg or placebo), cohort 2 (300/300/300 μg) or 
placebo) by an independent statistician, without restrictions or stratifications, in con-
secutive order and numbered according to treatment cohort. Both cohorts consisted 
of ten participants and were randomized 7:3 (UB-312:placebo). Individual randomiza-
tion codes were placed in a single sealed envelope, labeled ‘emergency decoding ’en-
velopes’ and kept in a safe cabinet at the clinical site.
Syringes with either UB-312 or placebo were prepared by an independent, un-

blinded pharmacist at the Leiden University Medical Centre. Both had an identical 
white, opaque appearance. Participants and clinical staff at the site were blinded 
to the treatment during the clinical conduct of the study.

Procedures

UB-312 or placebo was administered intramuscularly in the deltoid muscle on weeks 
1, 5 and 13, and return visits were planned on weeks 2, 6, 9, 14, 21 (considered end 
of treatment), 29, 37 and 45 (considered EoS). A review of concomitant medication, 
TEAEs and vital signs were done at every visit. Physical and neurological assessments 
were done at weeks 1, 5, 13, 21, 29, 37 and 45. A triplicate of ECG was done at weeks 1, 
5 and 13 (both 45 min preadministration, as well as 6 h postadministration) and week 
21. Safety blood and urine tests including full blood count, coagulation, electrolytes, 
liver and renal function, C-reactive protein and erythrocyte sedimentation rate were 
assessed at weeks 1, 5, 13, 17 and 21, and if applicable, all results were available be-
fore the administration. A pregnancy test was done at weeks 1, 5 and 13 (all preadmin-
istration). A urine drug test and alcohol breath test were done at week 1 only, pread-
ministration. A safety telephone contact was conducted the day after each adminis-
tration of UB-312 or placebo.
CSF was sampled at weeks 1 (preadministration), 21 and 45, and was used both 

to assess safety as well as free and total alpha-synuclein and anti-alpha-synuclein 
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6.5, 0.1% sarkosyl and 2 1/8’ silicone nitride beads (Tsubaki Nakashima). To assess 
the optimal dilution, CSF samples were threefold serially diluted in synthetic CSF 
(Amprion, S2022) up to 1:729 and evaluated in the assay. For the assessment of al-
pha-synuclein-SAA kinetics, CSF samples underwent a single fivefold dilution in 
synthetic CSF and were tested in triplicate.

Dot blot analyses

First, 2 µl of purified alpha-synuclein protein either from recombinant or patient-
derived preparations were spotted onto nitrocellulose membranes (Amersham 
Biosciences) and air dried for 30 min at room temperature. Patient-derived prepara-
tions were obtained from CSF samples that were submitted to two rounds of ampli-
fication in the alpha-synuclein-SAA, as described above. Membranes were blocked 
with 5% w/v nonfat dry milk in Tris-buffered saline–Tween 20 (20 mM Tris, pH 7.2, 
150 mM NaCl and 0.05% (v/v) Tween 20) at room temperature for 2 h. After block-
ing, the membranes were probed with either a pan anti-alpha-synuclein antibody 
(BD Bioscience, 610787), an oligomer-specific anti-alpha-synuclein antibody (clone 
MJFR-14-6-4-2, Abcam, ab209538), IgG fractions or affinity purified antibodies isolat-
ed from sera at week 17 postimmunization. Species-relevant horseradish peroxidase-
conjugated secondary antibodies (1:5,000) were then applied and blots were visu-
alized using the enhanced chemiluminescence plus western blotting detection kit 
(Amersham Biosciences).

Measurements of pS129-alpha-synuclein in CSF samples

CSF samples were collected as described above. The concentrations of CSF pS129-al-
pha-synuclein were measured using the Phospho-a-Synuclein S129 kit from MagQu 
(MagQu, MF-PS1-0060) and immunomagnetic reduction (IMR). Before measurement, 
CSF samples were thawed on ice and reagents were brought to room temperature. 
CSF was first diluted 20 times with PBS. Thereafter, 60 ml of diluted CSF sample were 
added to 60 ml of IMR reagent for IMR analysis. Each sample was assessed in dupli-
cates using an IMR analyzer (XacPro-S, MagQu).

Statistical Analysis

The sample size was considered adequate to characterize the safety, tolerabili-
ty and dose–response profile of UB-312’s immunogenicity, based on data from Part 
A in healthy volunteers. The trial was not powered for statistical comparisons be-
tween regimens, and results presented for safety and immunogenicity analyses are 
descriptive.

temperature followed by centrifugation at 1,000g for 1 min. Sera samples were ap-
plied to the column and incubated at room temperature with end-over-end mixing for 
10 min. Columns were then placed in a new 50 ml collection tube and centrifuged for 
1 min at 1,000g. Columns were then washed 3× by adding 10 ml of binding buffer and 
centrifuged for 1 min. Next, 500 μl of neutralization buffer (Thermo Fisher, 89948) was 
added to three 50 ml collection tubes. Columns were then placed into one of the col-
lection tubes and 5 ml of elution buffer (Thermo Fisher, 21004) was added to the col-
umn and centrifuged for 1 min into the first of the three collection tubes with neutral-
ization buffer. Spin columns were transferred to another tube that contains neutral-
ization buffer, saving the collected solution as the first elution fraction. These steps 
were repeated to obtain three fractions. Pooled IgG fractions were then buffer ex-
changed and concentrated using an Amicron Ultra-15 centrifugal filter 50 kDa molec-
ular weight cutoff (Millipore Sigma, UFC905024) per the manufacturer’s instructions. 
For affinity purification, epitope-specific peptide-linked columns were washed with 
wash buffer 3× at room temperature. Sample IgG fractions were then added and in-
cubated at room temperature, gently mixing end-over-end. Immunodepleted sam-
ples were then collected and set aside to evaluate potential residual binding efficien-
cy. The column was then washed 6× with 2 ml of wash buffer. Samples were eluted 
by centrifuging into a clean tube with neutralization solution 5× with 2 ml of elution 
buffer. Affinity purified antibodies were then buffer exchanged as described above 
for IgG fractions.

Seed amplification assay

The alpha-synuclein-SAA methodology was performed according to Shahnawaz et 
al.34 Briefly, human CSF samples (40 µl) were added to the wells of an opaque 96-
well plate (Costar, 3916). Thereafter, seed-free alpha-synuclein at a concentration of 
1 mg ml−1 in 100 mM piperazine-N,N’-bis(2-ethanesulfonic acid (PIPES), pH 6.5 and 
500 mM NaCl was added to each well in the presence of 5 μM of thioflavin T at a final 
volume of 200 μl. Samples were subjected to cyclic agitation (1 min at 500 r.p.m. fol-
lowed by 29 min without shaking) at 37 °C on a SpectraMax Gemini EM Microplate 
Reader (Molecular Devices). The increase in thioflavin T fluorescence was monitored 
at excitation of 435 nm and emission of 485 nm periodically.
To determine the optimal dilution across samples and for the evaluation of the 

kinetic parameters after UB-312 immunization, SAA was performed as described 
in Concha-Marambio et al.31, with modifications. The assay included 40 µl of sam-
ple and 60 µl of reaction mixture for a final 100 µl reaction comprising 0.3 mg ml−1 
of recombinant alpha-synuclein (Amprion, S2020), 500 mM NaCl, 100 mM PIPES pH 
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analysis using the method of Benjamini, Krieger and Yekitieli. Unpaired t-tests were 
used to compare differences between groups at each time point. Data are present-
ed as means ± s.e.m.
Safety and statistical programming were conducted with SAS 9.4 for Windows 

(SAS Institute Inc.). Exploratory biomarker analyses were conducted with GraphPad 
Prism 10.1.1 for macOS (GraphPad Software).
There was an independent medical monitor. There was no data monitoring com-

mittee. This trial is registered with ClinicalTrials.gov: NCT04075318.

No interim analysis was planned for Part B. An analysis of immunogenicity and se-
lected safety data for Part B was performed when the last patient in Part B complete 
the end of treatment (week 21) visit. The study continued as planned. The study team 
remained blinded to the treatment of individual patients until the end of the study.
Safety and tolerability were analyzed based on the safety population, defined 

as all participants randomized and exposed to at least one vaccination, identical 
to the mITT population. Analyses of immunogenicity and pharmacodynamic end-
points were performed by treatment allocation based on the PP population (all par-
ticipants who received all planned vaccinations, up to the point of a protocol vio-
lation, if applicable, fulfilled all entry criteria and had no critical or major protocol 
deviations). There were no critical or major protocol deviations.
Baseline data were described by summary statistics of the mITT and PP popula-

tions. Immunogenicity and pharmacodynamic endpoints included in the analysis 
were concentrations of anti-alpha-synuclein (full length and C-terminal epitope); 
anti-CpG1 and anti-T-helper peptide antibodies; inflammatory markers; T cell en-
zyme-linked immunosorbent spot assay results; free and total alpha-synuclein in 
CSF and blood; and the total scores for MoCA, MDS–UPDRS part II and part III.
For immunogenicity, the seroconversion rate was provided as the percentage 

of participants that had no measurable (under the lower limit of quantification) full 
length and C-terminal epitope-specific anti-alpha-synuclein antibody levels before 
the first vaccination and subsequently developed quantifiable antibodies after the 
first vaccination.
Full length anti-alpha-synuclein antibody concentration data were provided by 

one individual laboratory (QPS). Data for the epitope-specific anti-alpha-synuclein 
antibodies were provided by two laboratories. QPS provided antibody concentra-
tions in ng ml−1 and Vaxxinity Laboratories provided antibody titers in log-dilution 
factor, which are provided in the results.
For exploratory outcomes, changes in Fmax (relative fluorescence units), MDS–

UPDRS and MoCA were analyzed. To analyze Fmax, samples were run in triplicate and 
average values utilized. Percentage CFB was calculated per individual from their 
week 1 value. For MDS–UPDRS-II and MDS–UPDRS-III, CFB was calculated per individ-
ual as the difference in score from their week 1 value. MoCA was summarized. An un-
planned post hoc analysis was performed to evaluate Fmax, pS129-alpha-synuclein, 
MDS–UPDRS-II and MDS–UPDRS-III differences in individuals with and without de-
tectable CSF antibody titers. A two-way analysis of variance (ANOVA) with a mixed-
effect model, due to one missing sample at week 45, was used with time and treat-
ment as factors. A significant time effect (P < 0.05) was followed by a within-group 
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Abstract
Noradrenergic signaling declines in Parkinson’s disease (PD) following locus coerule-
us neurodegeneration. Epidemiologic studies demonstrate that β-acting drugs slow 
PD progression.
The primary objective was to compare the safety and effects of 3 β-adrenoceptor 

(β-AR) acting drugs on central nervous system (CNS) function after a single dose in 
healthy participants, and evaluate the effects of multiple doses of β-AR acting drugs 
in healthy participants and participants with Parkinson’s disease.
In Part A, healthy participants received single doses of 32mg salbutamol, 160µg 

clenbuterol, 60mg pindolol and placebo administered in a randomized, 4-way 
cross-over study. In Part B (randomized cross-over) and Part C (parallel, 2:1 ran-
domized), placebo and/or clenbuterol (20μg on Day 1, 40μg on Day 2, 80μg on Days 
3-7) were administered. CNS functions were assessed using the NeuroCart test bat-
tery, including pupillometry, adaptive tracking and recall tests.
Twenty-seven healthy participants and 12 participants with Parkinson’s dis-

ease completed the study. Clenbuterol improved and pindolol reduced the adap-
tive tracking and immediate verbal recall performance. Clenbuterol and salbuta-
mol increased and pindolol decreased pupil-to-iris ratios. Clenbuterol was select-
ed for Parts B and C.
In Part B, clenbuterol significantly increased performance in adaptive tracking 

with a tendency toward improved performance in immediate and delayed verbal 
recall. In Part C trends toward improved performance in immediate and delayed 
verbal recall were observed in participants with Parkinson’s disease. Typical car-
diovascular peripheral β2-AR effects were observed with clenbuterol.
This study demonstrates the pro-cognitive effects of clenbuterol in healthy par-

ticipants with similar trends in participants with Parkinson’s disease. The mecha-
nism of action is likely activation of β2-ARs in the CNS.

Introduction
The adrenergic system plays a crucial role in regulating physiological processes such 
as heart rate, blood pressure, and metabolism via two transmitters, adrenaline and 
noradrenaline that also play important stimulatory roles in central nervous system 
(CNS) function.1 Recent research has suggested that early dysfunction of the adren-
ergic system of the brain arising from the locus coeruleus may contribute to the de-
velopment and progression of neurodegenerative disorders such as Parkinson’s dis-
ease (PD) and Alzheimer’s disease.2–7
Parkinson’s disease is a common, progressive, and debilitating neurodegener-

ative disorder classically characterized by both motor and non-motor symptoms. 
Motor symptoms include tremor, rigidity, bradykinesia, and postural and balance 
disorders. There is a growing appreciation of the burden and poor medical manage-
ment of non-motor symptoms, including cognitive dysfunction, neuropsychiatric 
symptoms, autonomic dysfunction, sleep disorders, and sensory dysfunction.8-19
Neuroanatomical staging studies show that neurodegeneration in the locus coe-

ruleus occurs very early in PD.20,21 Consistent with this, positron emission tomogra-
phy studies with 11C-MeNER, a highly selective tracer for noradrenaline transport-
ers, shows reduced binding, and by inference, reduced density of noradrenergic 
axon projections in the brain of participants with PD compared with age-matched 
healthy controls.22 Consequently, decline of this locus coeruleus projection system 
may be causally associated with loss of cognition, mood, and brain health, and re-
vitalizing the influence of adrenergic receptor stimulation represents a potentially 
important pharmacological approach for the treatment of PD symptoms and dis-
ease progression.
Several pharmacoepidemiologic studies suggest that chronic treatment with 

β-adrenoceptor (β-AR) acting drugs is associated with a significantly reduced inci-
dence of PD.23–28 Additional data also suggest that the effect of β-AR acting drugs 
may generalize to other neurodegenerative disorders such as AD.29,30 The concept 
is further supported by evidence of pro-cognitive and/or disease modifying effects 
of β-AR acting drugs in rodent models of neurodegenerative diseases. 31–33
This study investigated the effects of three β-AR acting drugs—salbutamol (also 

known as albuterol), pindolol, and clenbuterol—on CNS function in both healthy 
participants and participants with PD. Since it is not clear which β-AR subtype is 
likely to be the ideal one to target for the treatment of neurodegenerative disorders, 
this study investigated β-AR acting drugs that have a distinct pharmacology from 
one another and are able to cross the blood-brain barrier. Salbutamol is a potent 
β2-AR agonist with modest CNS absorption, normally used as short acting β-agonist 
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to treat pulmonary disorders. Pindolol acts as a β2-AR antagonist and a β1-AR par-
tial agonist with moderate to high CNS absorption. Clenbuterol is a selective β2-AR 
agonist with high CNS absorption, normally used as long acting β-agonist to treat 
pulmonary disorders (unpublished data).27,34–36 The study aimed to (a) character-
ize and compare the effects of these three agents with placebo on CNS function and 
safety parameters such as adverse events and effects on heart rate and blood pres-
sure after a single oral dose; (b) assess the safety and CNS effects of multiple doses 
of one agonist selected from observations in the single-dose cohort in healthy par-
ticipants; and (c) similarly evaluate the safety and CNS effects in a small cohort of 
participants with PD.

Material and Methods
Participants

This 3-part, randomized, placebo-controlled study was conducted at a single site in 
the Netherlands in accordance with the International Conference for Harmonization 
of Good Clinical Practice, the principles of the Declaration of Helsinki (1964) and ethi-
cal principles as referenced in EU Directive 2001/20/EC. The protocol and all study ma-
terials were approved by the Medical Research Ethics Committee of the BEBO founda-
tion (Assen, the Netherlands) and prospectively registered in the Dutch Trial Register 
(number NL8002), and all volunteers provided their written informed consent before 
participation. The study was conducted between September 2019 and March 2020 at 
a single site in the Netherlands (Centre for Human Drug Research, Leiden). The study 
was completed when the planned enrolment had been reached and all enrolled par-
ticipants completed the scheduled study assessments.

Inclusion and exclusion criteria

In Part A and Part B, male or female healthy participants 35 – 60 years of age were eli-
gible to participate if they weighed ≥ 50 kg, with BMI 18-35 kg/m,2 and were free from 
clinically significant abnormalities based on medical history, physical examination, 
12-lead electrocardiogram (ECG), and laboratory tests (serum chemistry, hematolo-
gy, coagulation, urine drug screen, and urinalysis). Use of any prescription- or over-
the-counter medication or herbal supplements were excluded, except paracetamol/
acetaminophen up to 4g/day, oral contraceptives, and hormone replacement ther-
apy. In Part C, male or female patients with PD 40 – 75 years of age with a confirmed 
diagnosis of PD (defined as bradykinesia in addition to resting tremor, rigidity, or im-
pairment of postural reflexes with no known or suspected cause), were eligible if they 
were assessed to be at Hoehn & Yahr stage ≤ 3, had a mini-mental status examination 

score ≥26 and no clinically significant abnormalities based on medical history, phys-
ical examination, ECG, and laboratory tests as deemed by the investigator. In these 
participants, use of dopamine agonists or catechol-O-methyltransferase inhibitors 
for treatment of PD was allowed if stable for ≥60 days and stable use (≥ 3 months) of 
medications for treatment of e.g., hypertension, dyslipidemia blood pressure, and 
vitamin E (up to 400 IU daily), estrogens, aspirin (81-300 mg daily).37-39 Use of adren-
ergic agents was not permitted during the study except for β-AR blockers for treat-
ment of tremors which were discontinued at least 48 hours prior to NeuroCart testing. 
Pregnant or nursing women were excluded from participation in all parts of this study. 
Participants or their partners, unless confirmed sterile or postmenopausal, were re-
quired to use a condom or two effective birth control methods during penile-vaginal 
intercourse throughout the study.

Dose selection

In Part A, healthy participants were randomly assigned to receive single oral doses 
of salbutamol (32 mg), clenbuterol (160 μg), pindolol (20 mg in the first five healthy 
participants and 60 mg in the subsequent healthy participants) and placebo in 1 of 
4 treatment sequences (using a William’s square, 4 period crossover design) with a 
washout period of approximately 7 days between doses. The doses selected for the 
three active drugs conform with the upper ranges of daily allowed doses/exposures 
approved for use in humans for treatment of pulmonary or cardiovascular diseas-
es.40–42 The decision to increase the dose of pindolol was based on emerging obser-
vations in a separate study, in which pindolol had no effect on cerebral blood flow in 
any of the brain regions of interest analyzed using Arterial Spin Labeling (unpublished 
data). Also, in this study, pindolol was tolerated well up to 20 mg (unpublished data). 
Commercially available oral tablets of salbutamol (4 mg tablets, GlaxoSmithKline), 
clenbuterol (Spiropent tablets, 20 μg; Boehringer Ingelheim), and pindolol (10 mg 
tablets, Teva Canada) and placebo were administered.
After interim review of safety and CNS data from Part A, one of the three act-

ing drugs, clenbuterol was selected to be administered in the subsequent parts of 
the study (Part B and Part C). Based on the long plasma half-life of clenbuterol, an 
oral dose of up to 80 μg clenbuterol hydrochloride daily for 7 days was selected as 
this was anticipated to deliver a steady-state plasma concentration similar to the 
exposure achieved in Part A following a single dose of 160 μg clenbuterol hydro-
chloride. In Part B, 16 healthy participants received 80 µg clenbuterol and placebo 
in a double-blind, 2-period crossover design. Healthy participants were random-
ized 1:1 to the treatment sequence (active-then-placebo, vs placebo-then-active). 
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Clenbuterol hydrochloride was up titrated over the dosing period as follows: 20 μg 
on Day 1, 40 μg on Day 2 and 80 μg on Day 3 to Day 7. The two treatment periods were 
separated by a washout period of at least 14 days. Finally, in Part C of this study, 12 
participants with PD were randomized 8:4 to receive 80 µg clenbuterol or place-
bo, administered once daily for 7 days. Clenbuterol hydrochloride was up titrated 
over the dosing period as follows: 20 μg on Day 1, 40 μg on Day 2 and 80 μg on Day 
3 to Day 7. The final study visit was completed 7 (±2) days after the last study drug 
administration.

Randomization and blinding

For all parts of this study, randomizations codes were generated using SAS version 
9.1.3 (SAS Institute Inc. Cary, NC, USA; 2004) by a statistician who was otherwise not 
involved in this study. Parts A and B were conducted in a double-blind fashion, while 
Part C of the study was single-blind (investigator blinded). In Part A, an unblinded 
physician administered the different tablets to the healthy participants who were 
blindfolded during drug administration to avoid recognition. Participants, study staff 
and investigators who evaluated safety and treatment effects were blind to treat-
ment assignment; randomization codes were known only to the unblinded pharma-
cist who dispensed study medications and an unblinded physician who administered 
the doses.

Outcome measurements

In all parts of the study, safety and tolerability (including adverse events (AEs) vital 
signs, electrocardiograms, physical examinations, routine clinical chemistry, and 
hematology assessments), plasma drug concentrations and pharmacokinetics, and 
CNS effects were evaluated. CNS effects were measured using the NeuroCart test bat-
tery, a validated set of tests used to measure the CNS effects of drugs in a standard-
ized manner.43 The tests included in the NeuroCart test battery and their related CNS 
domains are described in Table 1. The NeuroCart test battery included the following 
tests: saccadic eye movement, smooth pursuit, adaptive tracking, body sway, pupil 
size, visual verbal learning test, Stroop color-word interference task, visual analogue 
scale (VAS) Bond and Lader, VAS Bowdle, and pharmaco-electroencephalography.
In addition in Part C, subjects were also provided with a smartwatch (Withings, 

Withings Steel HR France) to measure heart rate during night and day, and poly-
somnography (Trackit Mk3, Lifelines, USA) was used to measure the effect on sleep, 
including number of awakenings, R latency, sleep latency, time in bed, total sleep 
time, duration of N1, N2, N3 and R sleep, and sleep efficiency.

Safety was evaluated throughout the study by routine assessments of adverse events, 
blood levels of potassium and glucose, ECG (Marquette 2000 or 5500, GE Healthcare, 
USA), and vital signs including supine blood pressure and pulse rate, respiratory 
rate, and temperature. Plasma drug concentrations were measured using LC/MS-MS 
methods and drug pharmacokinetics were evaluated using standard non-compart-
mental analyses.

Statistical analysis

This was an exploratory study and therefore, we did not perform a formal sample size 
estimation. The sample size was based on practical considerations and is standard 
for this type of study.43 The study collected data on pharmacodynamic parameters 
for each subject, visit, and time point of treatment. Mixed model analysis of covari-
ance and analysis of variance were used to determine whether there were significant 
treatment effects on pharmacodynamic parameters, heart rate, and blood pressure. 
The models included factors such as treatment, time, and period, as well as random 
factors such as subject. Also, the Kenward-Roger approximation and the restricted 
maximum likelihood method was used to estimate model parameters and report-
ed treatment effects with the estimated difference (ED) compared to placebo of the 
least squared means (LSM), 95% confidence intervals (95%CI), and p-values. P-values 
<0.05 were assessed as statistically significant. These ED, LSM and p-values will be 
reported in the results section. In Part A, specific contrasts were also calculated to 
compare the effects of specific treatments to a placebo. Parameters were initially an-
alyzed without transformation, but if the data suggest otherwise, log transformation 
was applied. Residual Q-Q plots were produced to check the assumption of normal-
ity of the error term in the mixed effects models. This was done by visual inspection 
and the Shapiro-Wilk test statistic.
Pharmacodynamic, pharmacokinetic and safety analyses were performed with 

SAS 9.4 for Windows (SAS Institute Inc. Cary, NC, USA, 2013). All available data were 
included in the analyses with no imputation of missing data and no correction for 
multiplicity. Data from Part A was evaluated prior to the initiation of the other parts 
of the study to inform which β-AR drug to take forward into Part B and Part C.

Results
Disposition and demographics

A total of 79 healthy participants were screened for participation in the first 2 parts of 
this study, of whom 35 were enrolled. A total of 35 healthy participants received at least 
1 dose of the study drug, and 27 completed the scheduled dosing and assessments. In 
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Part C, 23 participants with PD were screened for participation, of whom 13 were en-
rolled. All 12 participants with PD were administered all doses during the study and 
completed the study. The numbers of participants who were screened, enrolled, and 
withdrawn/completed each of the 3 parts of the study is summarized in Figure 1. The 
demographic characteristics of participants enrolled in this study are summarized in 
Table 2. No important differences were noted between treatment groups within each 
part, except for a difference in age groups as expected from the enrolment criteria 
between healthy participants in Parts A and B, and participants with Parkinson’s dis-
ease in Part C.

Pharmacodynamic effects
Part A

In Part A, administration of a single dose of clenbuterol to healthy participants sig-
nificantly increased the number of correctly recalled words during the first immedi-
ate recall trial test (ED of the LSM 1.30 [95%CI 0.10; 2.60], N=15, p = 0.04, Figure 2A) in-
creased the number of correctly recalled positive words during the delayed recall test 
(ED of the LSM 8.79 [95%CI 0.17; 17.41], p = 0.05, Figure 2B) increased the performance 
in the adaptive tracking test during the first 4 hours (ED of the LSM 2.23 [95%CI 0.51; 
3.95], p = 0.01, Figure 2C), increased the pupil/iris ratio in both the left eye (ED of the 
LSM 0.02 [95%CI 0.01; 0.04], p = 0.01, Figure 2D) and the right eye (ED of the LSM 0.02 
[95%CI 0.01; 0.04], p = 0.01), and decreased the smooth pursuit parameter of saccad-
ic eye movements albeit non-significantly (ED of the LSM -0.97% [95%CI -3.10; 1.15]). 
In these participants, responses following administration of a single dose of salbu-
tamol were qualitatively similar to clenbuterol, although a significant effect was ob-
served only in the immediate word recall test (ED of the LSM 1.3 [95%CI 0.1; 2.6], p 
= 0.03, Figure 1). Conversely, among the subset of participants (N=10) who received 
60 mg pindolol, there was a tendency towards worse performance in the cognitive 
tasks, while the pupil/iris ratio was significantly decreased in the left eye (ED of the 
LSM -0.03 [95%CI -0.05; -0.02], p < 0.01), and the right eye (ED of the LSM -0.03 [95%CI 
-0.05; -0.02], p < 0.01). Also, saccadic eye movement during smooth pursuit was sig-
nificantly decreased (ED of the LSM -3.19 [95%CI -5.68; -0.71], p = 0.01). Data for the 5 
participants who received 20 mg pindolol are not presented but generally consistent 
with the observations with 60 mg pindolol. In the presence of each of the three active 
drugs administered in Part A, there was a decrease in the number of correct respons-
es in incongruent trials compared to placebo which was statistically significant with 
clenbuterol (ED of the LSM -0.2 [95%CI -0.40; -0.00], p = 0.04).

Part B

As with the single-dose assessments, a general, albeit non-significant, improvement 
in visual verbal learning tests was observed in healthy participants who received once-
daily oral clenbuterol hydrochloride for 7 days in Part B (20 μg on Day 1, 40 μg on Day 2 
and 80 μg on Day 3 to Day 7, Figure 3A). In addition, a significant improvement in per-
formance was observed in the adaptive tracking test over the first 4 hours after dosing 
on Day 7 (ED of the LSM 1.58% [95%CI 0.22; 2.94], p = 0.03, Figure 3B), compared to pla-
cebo. Also, administration of clenbuterol significantly increased parieto-occipital del-
ta-power with eyes open (ED of the LSM 11.10% uV2 [95%CI 5.20%; 17.30%], p = 0.01) and 
closed (ED of the LSM 9.50% uV2 [95%CI 3.20%; 16.10%], p = 0.01), compared to placebo.

Part C

Unlike in the larger, crossover cohorts in Parts A and B of this study, evaluation of 
the effects of treatment in participants with PD enrolled in Part C of the study was 
significantly confounded by the small sample size, especially in the placebo group 
(N=4) of this parallel-group assessment. Nonetheless, a tendency toward increased 
recall and recognition of words was observed (ED of the LSM for number of words cor-
rect over all test days in immediate word recall [trial 1] 1.10 [95%CI -2.80; 5.10], and 
delayed word recall 0.90 [95%CI -3.30; 5.10]) albeit without attaining statistical sig-
nificance. Administration of clenbuterol did not have significant effects on EEG fre-
quency bands. Polysomnography evaluations in Part C showed that administration 
of clenbuterol in participants with PD significantly decreased the time before waking 
up after sleep onset compared to placebo (ED of the LSM -68.59 min [95%CI -135.55; 
-1.635], p = 0.05).

Safety and Pharmacokinetics

Clenbuterol, salbutamol and pindolol have been approved for use in humans for sev-
eral decades, and the safety profile observed for these drugs was similar to previously 
reported experience. The treatment emergent AEs that were reported most frequent-
ly while receiving the β2-AR acting drugs, salbutamol or clenbuterol, were typical for 
the drug class: headache, tremor, palpitations, tachycardia, fatigue, nausea, and diz-
ziness.44 The most commonly reported adverse events with the β2-AR antagonist/
β1-AR partial agonist, pindolol, were headache, dizziness and nausea.
Of the 43 healthy participants or participants with PD who were enrolled and 

received active drug, 5 healthy participants discontinued due to AEs, most fre-
quently dizziness, nausea, vomiting, cold sweat, headache, paraesthesia, muscular 
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weakness, palpitations, somnolence, tremor, and/or fatigue while on salbutamol 
or clenbuterol. One healthy subject withdrew from study due to adverse events of 
syncope, somnolence, nausea, cold sweat while receiving pindolol. All withdrawn 
healthy participants recovered from the adverse events within seven days without 
intervention. No deaths or serious AEs were observed. Paracetamol was occasion-
ally used as concomitant medication for headache or malaise.
Also, in keeping with the β2-AR agonist mechanism of action, increases in su-

pine heart rate were observed following repeat administration of 80 μg clenbuterol 
to healthy participants over multiple measurements during Days 4 through 7 com-
pared to placebo (ED of the LSM 11.50 bpm [95%CI 8.00; 14.90], p = 0.01), with a mod-
est increase in systolic blood pressure compared to placebo (ED of the LSM 1.80 
mmHg [95%CI 0.40; 3.20], p = 0.02) and no effect on diastolic blood pressure (ED of 
the LSM -0.2 mmHg [95%CI -2.7; 2.2], p = 0.83). Similarly, significant increases in su-
pine heart rate were observed with clenbuterol compared with placebo in partici-
pants with PD during waking hours (ED of the LSM 13.30 bpm [95%CI 8.20; 18.40], p = 
0.01 on Day 7) as well as during sleep (ED of the LSM in the median percentile of 11.10 
bpm [95%CI 7.05; 15.15], p = 0.01, across all dosing days), without significant chang-
es in supine systolic (ED of the LSM -4.4 mmHg [95%CI -16.9; 8.1], p = 0.45) or diastolic 
blood pressure (ED of the LSM -3.7 mmHg [95%CI -10.7; 3.3], p = 0.27).
Plasma drug concentrations were measured by LC/MS-MS and submitted to 

non-compartmental analyses for determination of pharmacokinetic parameters, 
including the observed time to maximal plasma concentration (Tmax) and half-file. 
The observations generally conformed with published values. After administration 
of 160 μg clenbuterol hydrochloride, the Tmax was 3 hours and longer, and half-life 
longer than could be estimated based on the amount of samples in the study (prior 
studies report > 30 hour half-lives for clenbuterol).45 After administration of 32 mg 
salbutamol, Tmax was 6-7 hours and half-life was 1-2 hours. After administration of 
60 mg pindolol, Tmax was 1 hour and half-life was 4 hours.

Discussion
Degeneration of the locus coeruleus neurons likely contributes to the loss of cog-
nitive function in diseases such as Parkinson’s disease and Alzheimer’s disease.46,47 
Although a role of the locus coeruleus in attention, learning and memory has been 
known for over 50 years, the specific adrenergic receptor(s) that produce these ef-
fects are not well-established.48 This study sought to evaluate the effects of two po-
tent β2-AR acting drugs (clenbuterol and salbutamol) and a non-selective β1-AR ag-
onist/β2-AR antagonist (pindolol) on CNS measures with the aim to select a drug for 

future trials investigating the potential to reduce cognitive dysfunction in PD. In this 
study, we observed enhancements in working memory, attention, visuomotor coor-
dination and pupil/iris ratios among healthy participants with the CNS penetrating 
β2-AR acting drug, clenbuterol. Responses to salbutamol were similar to clenbuter-
ol, but weaker in magnitude, presumably due to its lower CNS absorption, while the 
effects were not observed for the β1-AR agonist/β2-AR antagonist, pindolol. These 
findings suggest that centrally acting β2-AR agonists may improve cognitive function 
in individuals affected by neurodegenerative diseases like PD. In addition, we dem-
onstrated the safety of single and repeat doses of clenbuterol in healthy participants 
and participants with PD.
The observations in the present study are in line with a prior study in approx-

imately 40 healthy participants, in which salbutamol produced pro-cognitive ef-
fects on emotional memory and attention (unpublished data, NCT01957293).23 The 
observations are additionally consistent with the pro-cognitive effects of direct 
stimulation of β-ARs using clenbuterol and indirect stimulation using the norepi-
nephrine reuptake inhibitor, atomoxetine, in a rat model of visuospatial attention.49 
However, this is the first study in humans to compare different β-AR properties, in-
cluding β1- vs β2 selectivity, and CNS absorption to enable identification of the key 
properties for a potential future drug for treating cognitive decline. While significant 
improvements in immediate word recall were observed with both clenbuterol and 
salbutamol, the improvements in other cognitive tasks that were observed with 
clenbuterol but not salbutamol suggest that penetration into the CNS may contrib-
ute to the broader range of observed effects. The contrasting tendency of pindolol 
to worsen performance in word recall and adaptive tracking lend further support to 
the hypothesized pro-cognitive role of β2-AR activation, as pindolol is an antagonist 
at this receptor and may be blocking endogenous stimulation.50 However, wheth-
er the latter effect may also be the result of partial agonism of β1-AR, or some other 
nonselective mechanism cannot be concluded definitively from the present study.
The data from Part A suggest that CNS-penetrating β2-AR acting drugs may me-

diate the effects of locus coeruleus innervation on memory and alertness. This in-
formed the decision to evaluate clenbuterol in Part B and Part C of this study. The 
observed effects of a single dose of clenbuterol in Part A were corroborated fol-
lowing once-daily administration of clenbuterol to healthy participants for 1 week 
in Part B. Specifically, there was a trend towards improved performance in the im-
mediate and delayed word recall tests, and statistically significant improvement in 
performance in the adaptive tracking task. Similar evaluation of the effects of clen-
buterol in patients with PD in Part C was confounded by sample size, especially in 
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the placebo comparator arm (N=4). In addition, motor deficits in the PD population 
may impact measurement of response, especially in tasks with greater motor in-
volvement such as the adaptive tracking task. Since cognitive impairment varies 
not only with disease severity but also between different neurodegenerative dis-
eases, presumably reflecting the different brain regions, pathways and cell types 
involved, we cannot expect a single drug target to rescue all cognitive domains.51 
In the case of clenbuterol, some of the improvements in performance of cognitive 
tasks may reflect effects on attention and alertness, while non-neuronal chang-
es in metabolism, inflammation and perfusion mediated by β2-adrenergic recep-
tors expressed on astrocytes and microglia may provide more sustained benefit.52
In Part A of this study, the two β2-AR agonists, clenbuterol and salbutamol, re-

sulted in qualitatively similar effects on cognition in healthy participants, including 
significant improvements in the immediate verbal recall test, and a tendency to-
ward improved performance in delayed verbal recall. Performance in visual verbal 
tests has been correlated with short-term memory and is known to be improved 
after administration of caffeine.53–55 In addition, clenbuterol significantly improved 
performance in the adaptive tracking task. The adaptive tracking test is a marker of 
drug effects on coordination and vigilance.56,57 The performance during the adap-
tive tracking test is worsened by sedatives such as diazepam and temazepam,58,59 
and increased by psychoactive drugs such as meta-chlorophenyl piperazine.60 In 
keeping with its lower absorption into the CNS, the observed effects of salbutamol 
in this study were qualitatively similar but typically more modest compared with 
those of clenbuterol.36 In contrast, the effects of pindolol were directionally differ-
ent from clenbuterol and salbutamol, including worsening of performance in the 
immediate and delayed verbal recall tests as well as in adaptive tracking.
When administered in single or repeat doses, the peripheral effects observed 

for clenbuterol were similar to those often reported for the β2-AR agonist drug 
class.61,62 The most frequently reported AEs by healthy participants were palpita-
tions and tremor with increases in mean supine heart rate of more than 10 bpm that 
led to 5 withdrawals and that likely impacted the evaluations of cognition under-
taken in this study. There were no withdrawals of participants with Parkinson’s dis-
ease. Chronic dosing with clenbuterol, as would be anticipated if used for treatment 
of cognitive decline due to PD or Alzheimer’s disease, will necessitate better control 
of these effects in the periphery, e.g., by using strategic co-administration of a se-
lective β2-AR antagonist that achieves minimal penetration into the CNS. However, 
this needs to be confirmed in future trials.
This study had some limitations. Firstly, this study involved a small number of 

participants with Parkinson’s disease, which may not fully represent the diverse pa-
tient populations that will ultimately use the drug. Consequently, the findings may 
not accurately predict how clenbuterol will affect patients with various medical con-
ditions or demographics. Secondly, this study assessed the short-term effects of the 
treatment. Similar effects on the long term will need to be corroborated in a follow-
up study. Additionally, the controlled environment of this study may not fully reflect 
real-world conditions, which is inherent to an early phase clinical study. Factors such 
as patient compliance, concomitant medications, and environmental influences can 
affect drug outcomes differently.
Taken together, the observations from this study identify the β2-AR as a candi-

date receptor that may result in pro-cognitive effects. Moreover, the superior ef-
fects of the CNS-penetrating drug, clenbuterol, compared with salbutamol reveal 
the potential utility of selective, CNS-penetrant β2-AR agonism, especially if the ag-
onistic effect can be limited to the brain. These data support further investigation 
of the effects of clenbuterol on measures of cognition and alertness in patients with 
a neurodegenerative disease such as PD, especially under conditions where the pe-
ripheral effects of β2-AR agonism are controlled.
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Figure 1  Flowchart Showing Disposition of All Consenting Participants

Figure 2 Eff ects of Single Doses of Clenbuterol, Salbutamol and Pindolol on Immediate Word Recall, 
Delayed Word Recall, Adaptive Tracking and Pupil/Iris Ratio in Part A

Abbreviations: LS = Least Square; CI = Confidence Interval. Data for the cohort of healthy participants in Part A who received 
a single dose of placebo, clenbuterol (160 μg, N=16), salbutamol (32 mg, N=17) and pindolol (60 mg, N=10) in a randomized 
sequence separated by an approximately 7-day washout. LS mean (95%CI) differences between drug and placebo are plotted 
for repeat observations over the first 4 hours after dosing on Day 1 for immediate word recall (trial 1, A), delayed word recall (B), 
adaptive tracking (C) and left pupil-to-iris ratio (D).

Figure 3 Eff ects of Repeat, Once-Daily Oral Doses of Clenbuterol (80 μg) in Healthy participants in 
Immediate Word Recall (A) and Adaptive Tracking (B) in Part B

Abbreviations: LS = Least Square; CI = Confidence Interval. Data for the cohort of 14-15 healthy participants in Part B who received 
placebo and clenbuterol (up-titrated over the dosing period from 20 μg on Day 1, 40 μg on Day 2 and 80 μg on Days 3-7) in a 7-day 
crossover are presented. LS mean (95%CI) differences between clenbuterol and placebo are plotted for repeat observations at 1, 
2, and 8 hours after dosing on Days 1, 4 and 7 for the number of correct responses for the immediate word recall (trial 1), delayed 
word recall and delayed word recognition (B), and repeat observations over the first 4 hours after dosing on Days 1, 4 and 7 for 
adaptive tracking (B).
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Table 1 N eurocart test battery, EEG and related CNS domains

NeuroCart test Targeted function and Description of the test Related CNS areas

Saccadic eye 
movement

Alertness, vigilance 58,63
The measurement of saccadic eye movements, specifically saccadic peak 
velocity, is highly sensitive for assessing sedation​​. Saccadic eye movements are 
captured using a moving dot displayed on a computer screen. Parameters such 
as latency, saccadic peak velocity, and inaccuracy of saccades were measured 
and analysed.

Superior colliculus, 
substantia nigra, 
amygdala

Smooth  
pursuit

Visuomotor coordination 58,63
In the case of smooth pursuit eye movements, the target moved at frequencies 
ranging from 0.3 to 1.1 Hz, in increments of 0.1 Hz. The amplitude of target 
displacement corresponded to a rotation of 22.5 degrees for both sides of the 
eyeball. Four cycles were recorded for each stimulus frequency. The duration of 
time during which the eyes tracked the target in smooth pursuit was calculated 
for each frequency and expressed as a percentage of the stimulus duration. The 
average percentage of smooth pursuit across all stimulus frequencies was used 
as a parameter.

Midbrain

Adaptive tracking Attention, visuomotor coordination 64
The adaptive tracking test was conducted using custom equipment and 
software, which was developed by Hobbs and Strutt, according to specifications 
of Borland and Nicholson. Analysis involved the average performance and 
standard deviation of scores over a 3.5-minute period, excluding the initial 
0.5-minute run-in time. The task required the subject to track a moving circle 
on the screen by controlling a joystick to keep a dot within the target circle. 
Performance was deemed to be successful if the participant tracked the target 
at high speeds, while failure occurred when the velocity for tracking the target 
was low.

Neocortex, basal nuclei, 
brain stem, cerebellum

Body sway Motor coordination, postural balance 65
Postural stability was assessed using a body sway meter, which measured body 
movements in a single plane to determine postural stability. The measurement 
of body sway was conducted using a pot string meter based on the Wright 
ataxiameter. A string was attached to the subject’s waist, capturing all body 
movements over a specific time period and quantifying them as millimetres of 
sway. The total measurement duration for body sway was two minutes.

Cerebellum, brain stem

Pupil size Brain stem function.
A digital camera was used to measure the size of subject’s pupils at different 
time points. One picture was taken from both eyes simultaneously, and the ratio 
between the pupil- and iris diameter was measured.

Brain stem,
medulla oblongata

Visual verbal 
learning test  
(VVLT)

Episodic memory.
Subjects that perform the VVLT were presented 30 words in three consecutive 
word trials, i.e. word learning test. Each trial ended with a free recall of 
the presented words (Immediate Recall) test to determine acquisition 
and consolidation of information). Approximately 2.5 hours after start of 
the first trial, the subjects were asked to recall as many words as possible 
(Delayed Recall – this test measures active retrieval from long term memory). 
Immediately thereafter, the subjects underwent memory recognition test, which 
consisted of 15 presented words and 15 ‘distractors’ (Delayed Recognition-
testing memory storage). A different word list was presented to each subject 
during the different occasions, in this way a subject was presented with a new 
word list each measurement.

Hippocampus

NeuroCart test Targeted function and Description of the test Related CNS areas

Stroop color-word 
interference task

A two-trial version of the colour-word Stroop task was presented to the test 
subjects. In the first trial, 6 coloured items were presented at random. The 
subjects were asked to respond as fast and as accurately as possible by pressing 
the keys 1, 2 or 3 on the number pad with the index finger, middle finger and 
ring finger of the dominant hand, corresponding with the correct answer. In 
the second trial, which appeared directly after the first trial, 34 colour and 
word pairs were presented randomly to the subject, forming either congruent 
or incongruent matches. The subjects were again asked to respond as fast as 
possible by pressing the keys 1, 2 or 3 on the numpad, corresponding with the 
correct answer. Three colours were shown, which are green, red and blue. The 
coloured items were presented in a random order.

Visual  
Analogue  
Scale (VAS)  
Bond and  
Lader

Alertness, mood, calmness 66
Participants were asked to indicate with a mouse click on the computer screen 
how they felt on sixteen visual analogue scales from which the following 3 
main factors were calculated as described by: alertness (from nine scores), 
contentedness (often called mood; from five scores), and calmness (from two 
scores).

Cortex, prefrontal cortex

Visual  
Analogue  
Scale (VAS) 
Bowdle

Feeling high, internal and external perception 67–69
Potential subjective psychotomimetic (psychedelic) effects of antiglutamatergic 
agents can be evaluated using specific VAS. Bowdle Psychotomimetic Effects 
Scores consisted of thirteen 10 cm visual analogue lines ranging from 0 (‘not at 
all’) to 100 mm (‘extremely’), addressing various abnormal states of mind. The 
Bowdle VAS was administered electronically and took approximately 2 minutes 
to complete.

Cortex, prefrontal cortex, 
amygdala

Pharmaco-
electro_
encephalo- 
graphy (pEEG)

CNS actions of pharmacological substances 70
Resting-state pEEG recordings were conducted on subjects with open and 
closed eyes for 5 minutes each. Subjects were instructed to avoid staring, head 
and eye movements, and suppress eye blinks while facing a featureless wall. 
pEEG was recorded using a 40-channel system, with electrode placement 
following the international 10-20 system. Ocular artifacts were detected using 
vertical and horizontal pEEG recordings. The recorded signals were processed 
by applying filters, calculating power spectrum density, and analysing specific 
electrode sites of interest.

All brain
regions

CNS = Central Nervous System; pEEG = pharmaco-electroencephalography; VAS=visual analogue scale; VVLT = Visual Verbal 
Learning Test

[continuation Table 1]
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table 2 D emographic characteristics of all participants who received study drug

Healthy participants PD: multiple dose

Part A: single dose Part B: multiple 
dose

Part C – overall Part C – clenbuterol Part C – placebo

N 19 16 12 8 4

Age (years) 49.0 (4.7) 51.6 (6.7) 63.4 (6.6) 64.1 (6.1) 62 (8.3)

Height (cm) 178.47 (9.03) 177.74 (9.98) 177.93 (9.57) 180.55 (5.59) 172.68 (14.43)

Weight (kg) 81.52 (14.84) 84.53 (10.97) 77.68 (8.07) 78.656 (6.753) 75.73 (11.16)

BMI (kg/m2) 25.46 (3.35) 26.84 (3.55) 24.56 (1.98) 24.16 (2.34) 25.35 (0.58)

Gender, male (%) 68.4 56.3 83.3 100 50

MMSE n.a. n.a. 29.3 (0.8) 29.2 (0.9) 29.3 (0.77)

Hoehn and Yahr n.a. n.a. 1.7 (0.9) 1.8 (0.7) 1.5 (1.3)

BMI = Body Mass Index; MMSE = Mini-Mental State Examination. n.a. = not applicable; PD = Parkinson’s disease / Results are 
either presented as mean (standard deviation), or percentages.
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Summary of this thesis

This thesis describes the investigation of novel therapeutic strategies for Parkinson’s 
disease and related disorders, with a focus on disease-modifying therapies. By sys-
tematically reviewing the literature on current disease-modifying therapies in de-
velopment, describing metabolic and neurobiological targets, and evaluating novel 
pharmacological interventions, this thesis describes both the challenges and poten-
tial near-future breakthroughs in the field. Key findings include the validation of plas-
ma fatty acids as biomarkers for target engagement, the modulation of alpha-synu-
clein pathology through immunotherapy, and the cognitive effects of beta-adrenore-
ceptor modulation. Together, these studies contribute to a deeper knowledge of clin-
ical trials on disease-modifying therapies for Parkinson’s disease.
In chapter 2, we reviewed the status of disease-modifying therapies for 

Parkinson’s disease, Lewy body dementia, multiple system atrophy, progressive 
supranuclear palsy, and corticobasal syndrome. This review highlighted the vast 
number of molecules under investigation converse to the limited number of ap-
proved drugs. Among the candidates currently in phase 3 trials for Parkinsonian dis-
orders, several therapies have reached phase 3 clinical development for Parkinson’s 
disease, including buntanetap (an anti-alpha-synuclein therapy), ambroxol (a glu-
cocerebrosidase enhancer), prasinezumab (an anti-alpha-synuclein monoclonal 
antibody), and cinpanemab (another anti-alpha-synuclein monoclonal antibody). 
Notably and interestingly, a 2024 press release states that in the phase 3 trial bun-
tanetap improved Movement Disorder Society (MDS) Unified Parkinson’s Disease 
Rating Scale (UPDRS) total, part 2, part 3, and the combined part 2 and 3 scores, 
compared to placebo and baseline.68 A peer-reviewed publication in a scientific 
journal was not yet available at the time of writing.
As target engagement biomarkers are pivotal for adequately profiling the dose-

response curve in clinical studies, studies validating biomarkers can be performed 
prior to inclusion of that biomarker in a clinical trial. In chapter 3, we demonstrate 
that plasma fatty acids have a low intra-subject variability in both healthy partici-
pants as well as participants with Parkinson’s disease in a phase 0 study. It has been 
demonstrated in vitro and in vivo that fatty acids are involved in alpha-synuclein 
toxicity via stearoyl-CoA-desaturase.69–71 Our study provides evidence supporting 
the use of plasma fatty acids as a biomarker to demonstrate target engagement of 
a stearoyl-CoA-desaturase inhibitor in early phase clinical trials.

In the study described in chapter 4, we investigated YTX-7739, a novel stearoyl-
CoA-desaturase inhibitor, in both healthy participants as well as participants with 
Parkinson’s disease Parkinson’s disease. While this novel medicine could be con-
sidered a remarkable candidate target to slow disease progression in Parkinson’s 
disease, the effects of fatty acids in alpha-synuclein toxicity has been well estab-
lished.69–71 Building on our findings from chapter 3, we evaluated whether targeting 
stearoyl-CoA-desaturase could modulate plasma fatty acid levels in vivo. We demon-
strate that YTX-7739 successfully reduces plasma fatty acids and is generally well tol-
erated and safe in both populations.
In the study described in chapter 5, we investigated UB-312, an active immuno-

therapeutic targeting pathological alpha-synuclein in participants with Parkinson’s 
disease.72 An active immunotherapy has multiple advantages over passive immu-
notherapy such as greater accessibility and convenience, and multiple efforts are 
underway to develop such therapies. In healthy participants, UB-312 was consid-
ered safe and well tolerated up to a certain dose level, but dose escalation was limit-
ed due to the development of influenza-like symptoms in the higher dose ranges.73 
In participants with Parkinson’s disease, UB-312 was considered generally safe and 
well tolerated, without the development of influenza-like symptoms. Importantly, 
UB-312 generated anti-alpha-synuclein antibodies in both serum and cerebrospinal 
fluid, and an exploratory analysis showed a significant reduction of alpha-synucle-
in seed amplification in cerebrospinal fluid of a subset of UB-312-treated patients, 
suggesting preliminary evidence of target engagement.72 There were no statistical 
differences in clinical rating scales.
In the study described in chapter 6, we investigated the effects of beta-adrenore-

ceptor acting drugs on the central nervous system in both healthy participants and 
participants with Parkinson’s disease.74 Shifting focus in the thesis from disease-
modifying strategies to a more symptomatic treatment, we explored the poten-
tial enhancement of cognition by beta-adrenoreceptor modulation. In this study, 
we compared beta-adrenoreceptor full- and partial agonists with different levels 
of central nervous system penetration. Clenbuterol was the most promising drug 
and was considered safe and well tolerated in all participants. Interestingly, we ob-
served pro-cognitive effects in healthy participants, as measured by increased per-
formance in adaptive tracking and word recall tests. Although similar trends were 
noted in the participants with Parkinson’s disease, these did not reach statistical 
significance, likely due to the small sample size.
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Summary and future outlook

Slowing the progression of neurodegenerative disease with pharmacological inter-
ventions has proven to be a hard nut to crack. For example, despite advances in re-
search, no disease-modifying therapy for Parkinson’s disease has yet received regu-
latory approval. For Alzheimer’s disease, approved therapies have minor clinical rel-
evance at moderate risks for complications. Key issues remain our incomplete under-
standing of molecular mechanisms of the disease and the underlying etiological fac-
tors, as well as poor translatability of animal models, making the development of ef-
fective treatments difficult.
The complexity of Parkinson’s disease pathophysiology stems from the intricate 

interplay of genetic, molecular, and environmental factors, many of which remain 
poorly understood.75,76 Therefore, a trial population included based on the clinical 
diagnosis of Parkinson’s disease, is inherently heterogenous from the perspective 
of the molecular etiology. For future trials it could be considered to focus on one 
specific (pathophysiological) subpopulation, for example participants with a gluco-
sylceramidase beta 1, or GBA1, mutation (5 to 15% of the Parkinson’s disease popu-
lation).77 Participants with Parkinson’s disease with variants in the GBA1 gene have 
reduced activity of the glucocerebrosidase protein and tend to be younger and have 
a higher risk for the development of cognitive impairment.78 Another example could 
be to focus on rapid eye movement sleep behavior disorder status, a common sta-
tus and disorder that occurs in 15 to 75% of the participants with Parkinson’s dis-
ease.79 These patients are commonly male and older, and have a longer disease du-
ration, and high motor scores on the UPDRS.79 Eventually, the trial population can 
be selected based on the mechanism of action of the intervention, when multi-
omics approaches allow the identification of patient subgroups with alpha-synu-
clein, neuroinflammatory, mitochondrial or lysosomal pathology as primary driver 
of their disease. Focusing on one specific subpopulation could decrease the hetero-
geneity of clinical trials and increase the chance of demonstrating a clinically sig-
nificant effect of a drug that likely differentially influences disease progression in 
different subpopulations depending on the expression of specific pathophysiology.
Given that Parkinson’s disease arises from multiple converging molecular mech-

anisms, an alternative approach to drug development could involve combination 
treatments. This would allow the targeting of several pathophysiological aspects 
of Parkinson’s disease simultaneously, for example by targeting the development 
of toxic oligomers of alpha-synuclein, improving mitochondrial and/or lysosomal 
function inhibiting neuro-inflammation.

However, combining multiple therapies could introduce scientific, regulatory, and 
operational challenges. From a scientific standpoint, drug combinations may result 
in pharmacokinetic or pharmacodynamic interactions that alter efficacy or safety, 
potentially leading to unexpected adverse effects not observed with individual ther-
apies. Regulatory agencies such as the United States Food and Drug Administration 
and the European Medicines Agency require each combination to be tested indepen-
dently to demonstrate its unique efficacy, identify specific risks, and confirm that all 
components contribute meaningfully to the clinical benefit. From a developmental 
perspective, each added therapy multiplies the number of potential trial scenarios, 
increasing the complexity of study design, lengthening timelines, raising costs, and 
introducing ethical considerations regarding patient exposure to untested combina-
tions. As a result, although rational combination therapy is a compelling approach, 
it necessitates rigorous evaluation to ensure safety and efficacy, and to meet regula-
tory standards.
As described more extensively in Chapter 2, a range of investigational therapies 

are currently under development for Parkinson’s disease, targeting diverse patho-
logical mechanisms. Among the most advanced are buntanetap, ambroxol, and ex-
enatide, all of which have progressed to phase 3 clinical trials. Buntanetap, which 
targets alpha-synuclein translation, showed improvements in motor and cognitive 
symptoms in phase 2, and a phase 3 trial has been completed, though results are 
pending. Ambroxol, which enhances glucocerebrosidase activity and lysosomal 
function, is under investigation in multiple phase 2 and 3 trials, including studies 
focused on participants with GBA-mutations and those with dementia with Lewy 
bodies. Exenatide, a glucagon-like peptide 1 receptor agonist, is also being eval-
uated in a 96-week phase 3 trial after earlier studies suggested motor benefit and 
potential engagement of brain insulin signaling. Other therapies such as prasin-
ezumab and cinpanemab, both monoclonal antibodies targeting alpha-synucle-
in, reached phase 2 trials but did not meet primary endpoints and have not ad-
vanced further. In addition, several earlier-stage therapies are under active inves-
tigation in phase 1 or 2 trials, including DNL201 (also known as BIIB122, a leucine-
rich repeat kinase 2 inhibitor), terazosin (a phosphoglycerate kinase 1 stimulator), 
KM-819 (a Fas-associated factor 1 inhibitor), and CNM-Au8 (a catalytic nanothera-
peutic that promotes the oxidation of nicotinamide adenine dinucleotide and in-
creases intracellular adenosine triphosphate levels). While these candidates have 
shown biological activity or target engagement, most lack definitive evidence of 
clinical efficacy. For other Parkinsonian disorders such as multiple system atrophy 
and progressive supranuclear palsy, clinical development remains limited, and no 
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therapies have progressed beyond early-phase trials. Overall, the therapeutic land-
scape is expanding, but robust, placebo-controlled data from ongoing and future 
trials will be essential to determine which approaches can meaningfully alter dis-
ease progression.
While challenges persist, this thesis provides insights in the development of dis-

ease-modifying therapies for neurodegenerative disorders, specifically Parkinson’s 
disease. Continued innovation, combined with targeted and individualized ap-
proaches, holds promise for addressing both motor and non-motor symptoms of 
Parkinson’s disease with the potential to reduce the rate of progression and there-
by improve patient outcomes.
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Samenvatting van deze thesis

Deze thesis beschrijft het onderzoek naar nieuwe therapeutische strategieën voor de 
ziekte van Parkinson en aanverwante aandoeningen, met een focus op ziekte-mo-
dificerende therapieën. Door systematisch de literatuur te beoordelen over huidige 
ziekte-modificerende therapieën in ontwikkeling, metabole en neurobiologische 
doelwitten te beschrijven, en nieuwe farmacologische interventies te evalueren, wor-
den zowel de uitdagingen als potentiële doorbraken op korte termijn in dit vakgebied 
besproken. Belangrijke bevindingen zijn onder andere de validatie van plasma-vet-
zuren als biomarkers voor target engagement, de modulatie van alfa-synucleïne 
pathologie via immunotherapie, en de cognitieve effecten van bèta-adrenoreceptor 
modulatie. Samen dragen deze studies bij aan een diepere kennis van klinische stu-
dies naar ziekte-modificerende therapieën voor de ziekte van Parkinson.
In hoofdstuk 2 beoordeelden we de status van ziekte-modificerende therapieën 

voor de ziekte van Parkinson, Lewy body dementie, multipele systeematrofie, 
progressieve supranucleaire parese en corticobasale syndroom. Deze review bena-
drukte het grote aantal moleculen dat onderzocht wordt, tegenover het beperkte 
aantal goedgekeurde geneesmiddelen. Onder de kandidaten die zich momenteel in 
fase 3 klinische ontwikkeling bevinden voor Parkinson-achtige aandoeningen, zijn 
er verschillende therapieën voor de ziekte van Parkinson, waaronder buntanetap 
(een anti-alfa-synucleïne therapie), ambroxol (een glucocerebrosidase-verster-
ker), exenatide (een glucagon-like peptide 1 receptor agonist), prasinezumab (een 
anti-alfa-synucleïne monoklonaal antilichaam), en cinpanemab (nog een anti-al-
fa-synucleïne monoklonaal antilichaam). Opmerkelijk is dat volgens een persbericht 
uit 2024 buntanetap in een fase 3-studie verbetering liet zien op de Movement 
Disorder Society (MDS) Unified Parkinson’s Disease Rating Scale (UPDRS) totaal, 
deel 2, deel 3, en de gecombineerde deel 2 en 3 scores, vergeleken met placebo en 
baseline. Een peer-reviewed publicatie in een wetenschappelijk tijdschrift was op 
het moment van schrijven nog niet beschikbaar.
Aangezien biomarkers voor target engagement essentieel zijn voor het ade-

quaat profileren van de dosis-responscurve in klinische studies, kunnen studies ter 
validatie van biomarkers worden uitgevoerd vóór opname in een klinische trial. In 
hoofdstuk 3 tonen we aan dat plasma-vetzuren een lage intra-individuele varia-
biliteit hebben bij zowel gezonde deelnemers als deelnemers met de ziekte van 
Parkinson in een fase 0-studie. In vitro en in vivo is aangetoond dat vetzuren betrok-
ken zijn bij alfa-synucleïne toxiciteit via stearoyl-CoA-desaturase. Onze studie 

levert bewijs ter ondersteuning van het gebruik van plasma-vetzuren als biomar-
ker om target engagement van een stearoyl-CoA-desaturase remmer aan te tonen 
in vroege fase klinische studies.
In de studie beschreven in hoofdstuk 4 onderzochten we YTX-7739, een nieuwe 

stearoyl-CoA-desaturase remmer, bij zowel gezonde deelnemers als deelnemers 
met de ziekte van Parkinson. Hoewel dit nieuwe geneesmiddel als een veelbelo-
vende kandidaat kan worden beschouwd om de ziekteprogressie bij Parkinson te 
vertragen, zijn de effecten van vetzuren op alfa-synucleïne toxiciteit goed vastge-
steld. Voortbouwend op onze bevindingen uit hoofdstuk 3, evalueerden we of het 
richten op stearoyl-CoA-desaturase de plasma-vetzurenniveaus in vivo kon modu-
leren. We tonen aan dat YTX-7739 succesvol plasma-vetzuren verlaagt en over het 
algemeen goed verdragen en veilig is in beide populaties.
In de studie beschreven in hoofdstuk 5 onderzochten we UB-312, een actieve 

immunotherapie gericht op pathologische alfa-synucleïne bij deelnemers met de 
ziekte van Parkinson. Een actieve immunotherapie heeft meerdere voordelen ten 
opzichte van passieve immunotherapie, zoals betere toegankelijkheid en gebruiks-
gemak, en er zijn meerdere inspanningen gaande om dergelijke therapieën te 
ontwikkelen. Bij gezonde deelnemers werd UB-312 als veilig en goed verdragen 
beschouwd tot een bepaalde dosering, maar dosisverhoging werd beperkt door het 
optreden van griepachtige symptomen bij hogere doseringen. Bij deelnemers met 
Parkinson werd UB-312 over het algemeen als veilig en goed verdragen beschouwd, 
zonder het optreden van griepachtige symptomen. Belangrijk is dat UB-312 anti-al-
fa-synucleïne antilichamen genereerde in zowel serum als hersenvocht, en een 
verkennende analyse toonde een significante vermindering van alfa-synucle-
ïne zaad-amplificatie in het hersenvocht van een subset van UB-312-behandelde 
patiënten, wat wijst op preliminair bewijs van target engagement. Er waren geen 
statistisch significante verschillen in klinische beoordelingsschalen.
In de studie beschreven in hoofdstuk 6 onderzochten we de effecten van 

bèta-adrenoreceptor werkende geneesmiddelen op het centrale zenuwstel-
sel bij zowel gezonde deelnemers als deelnemers met de ziekte van Parkinson. 
Door de focus in de thesis te verschuiven van ziekte-modificerende strategieën 
naar meer symptomatische behandeling, onderzochten we de mogelijke verbete-
ring van cognitie door bèta-adrenoreceptor modulatie. In deze studie vergeleken 
we bèta-adrenoreceptor volledige en gedeeltelijke agonisten met verschillende 
niveaus van penetratie in het centrale zenuwstelsel. Clenbuterol was het meest 
veelbelovende geneesmiddel en werd als veilig en goed verdragen beschouwd bij 
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alle deelnemers. Interessant genoeg observeerden we pro-cognitieve effecten bij 
gezonde deelnemers, gemeten door verbeterde prestaties in adaptieve tracking 
en woordherinneringstests. Hoewel vergelijkbare trends werden opgemerkt bij 
deelnemers met Parkinson, bereikten deze geen statistische significantie, waar-
schijnlijk vanwege de kleine steekproefgrootte.

Samenvatting en toekomstperspectief
Het vertragen van de progressie van neurodegeneratieve aandoeningen met farma-
cologische interventies blijkt een bijzonder moeilijke opgave. Ondanks vooruitgang 
in onderzoek is er bijvoorbeeld nog geen ziekte-modificerende therapie voor de 
ziekte van Parkinson goedgekeurd door regelgevende instanties. Voor de ziekte van 
Alzheimer zijn er wel goedgekeurde therapieën, maar deze hebben slechts beperkte 
klinische relevantie en brengen matige risico’s op complicaties met zich mee. 
Belangrijke knelpunten blijven het onvolledige begrip van de moleculaire mechanis-
men van de ziekte en de onderliggende etiologische factoren, evenals de beperkte 
overdraagbaarheid van diermodellen naar de mens, wat de ontwikkeling van effec-
tieve behandelingen bemoeilijkt.
De complexiteit van de pathofysiologie van de ziekte van Parkinson komt voort uit 

de ingewikkelde wisselwerking tussen genetische, moleculaire en omgevingsfacto-
ren, waarvan vele nog onvoldoende begrepen zijn. Daarom is een trialpopulatie die 
wordt geselecteerd op basis van de klinische diagnose van Parkinson per definitie 
heterogeen vanuit moleculair etiologisch perspectief. Voor toekomstige studies zou 
overwogen kunnen worden om te focussen op een specifieke (pathofysiologische) 
subpopulatie, bijvoorbeeld deelnemers met een mutatie in het glucosylceramidase 
beta 1-gen (GBA1), wat voorkomt bij 5 tot 15% van de Parkinsonpopulatie.
Deelnemers met varianten in het GBA1-gen hebben een verminderde activiteit 

van het glucocerebrosidase-eiwit, zijn vaak jonger en hebben een verhoogd risico 
op cognitieve achteruitgang. Een ander voorbeeld is het focussen op de status van 
REM-slaapgedragsstoornis, een veelvoorkomende aandoening die voorkomt bij 
15 tot 75% van de Parkinsonpatiënten. Deze patiënten zijn vaak mannelijk, ouder, 
hebben een langere ziekteduur en hogere motorscores op de UPDRS. Uiteindelijk 
kan de trialpopulatie worden geselecteerd op basis van het werkingsmechanisme 
van de interventie, wanneer multi-omics benaderingen het mogelijk maken om 
patiëntsubgroepen te identificeren waarbij alfa-synucleïne, neuro-inflammatie, 
mitochondriale of lysosomale pathologie de primaire drijvende kracht achter de 
ziekte is. Door te focussen op één specifieke subpopulatie kan de heterogeniteit van 

klinische studies worden verminderd en de kans worden vergroot om een klinisch 
significant effect aan te tonen van een geneesmiddel dat waarschijnlijk verschillend 
werkt afhankelijk van de uiting van specifieke pathofysiologie.
Aangezien de ziekte van Parkinson voortkomt uit meerdere convergerende 
moleculaire mechanismen, zou een alternatieve benadering van geneesmiddelen-
ontwikkeling kunnen bestaan uit combinatietherapieën. Hiermee kunnen meerdere 
pathofysiologische aspecten van de ziekte gelijktijdig worden aangepakt, bijvoor-
beeld door het tegengaan van toxische oligomeren van alfa-synucleïne, het verbeteren 
van mitochondriale en/of lysosomale functie, en het remmen van neuro-inflammatie.
 

Het combineren van meerdere therapieën brengt echter wetenschappelijke, regel-
gevende en operationele uitdagingen met zich mee. Wetenschappelijk gezien 
kunnen geneesmiddelencombinaties leiden tot farmacokinetische of farma-
codynamische interacties die de werkzaamheid of veiligheid beïnvloeden, met 
mogelijk onverwachte bijwerkingen die niet optreden bij individuele therapieën. 
Regelgevende instanties zoals de Amerikaanse FDA en het Europese EMA vereisen 
dat elke combinatie afzonderlijk wordt getest om de unieke werkzaamheid aan te 
tonen, specifieke risico’s te identificeren en te bevestigen dat alle componenten 
daadwerkelijk bijdragen aan het klinisch voordeel. Vanuit ontwikkelingsperspectief 
verhoogt elke extra therapie het aantal mogelijke trialscenario’s, wat de complexi-
teit van het studiedesign vergroot, de tijdlijnen verlengt, de kosten verhoogt en 
ethische overwegingen oproept over blootstelling van patiënten aan niet-geteste 
combinaties. Hoewel rationele combinatietherapie een aantrekkelijke benadering 
is, vereist deze een rigoureuze evaluatie om veiligheid en werkzaamheid te waar-
borgen en te voldoen aan de regelgeving.
Zoals uitgebreider beschreven in hoofdstuk 2, zijn er momenteel diverse expe-

rimentele therapieën in ontwikkeling voor de ziekte van Parkinson, gericht op 
uiteenlopende pathologische mechanismen. De meest gevorderde zijn bunta-
netap, ambroxol en exenatide, die allen fase 3 klinische studies hebben bereikt. 
Buntanetap, dat zich richt op de translatie van alfa-synucleïne, liet in fase 2 verbete-
ring zien in motorische en cognitieve symptomen, en een fase 3-studie is afgerond, 
al zijn de resultaten nog niet bekend. Ambroxol, dat de activiteit van glucocere-
brosidase en lysosomale functie versterkt, wordt onderzocht in meerdere fase 
2- en 3-studies, waaronder studies gericht op deelnemers met GBA-mutaties en 
patiënten met Lewy body dementie. Exenatide, een GLP-1 receptoragonist, wordt 
geëvalueerd in een 96-weken durende fase 3-studie na eerdere aanwijzingen voor 
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motorisch voordeel en mogelijke betrokkenheid van insulinesignalering in de her-
senen. Andere therapieën zoals prasinezumab en cinpanemab, beide monoklonale 
antilichamen gericht op alfa-synucleïne, bereikten fase 2 maar voldeden niet aan de 
primaire eindpunten en zijn niet verder ontwikkeld. Daarnaast zijn er verschillende 
therapieën in een vroeg stadium van ontwikkeling (fase 1 of 2), waaronder DNL201 
(ook bekend als BIIB122, een LRRK2-remmer), terazosine (een PGK1-stimulator), 
KM-819 (een FAS-associatiefactor 1-remmer), en CNM-Au8 (een katalytische nano-
therapeutische die de oxidatie van NAD bevordert en de intracellulaire ATP-niveaus 
verhoogt). Hoewel deze kandidaten biologische activiteit of target engagement 
hebben aangetoond, ontbreekt bij de meeste nog overtuigend bewijs van klinische 
werkzaamheid. Voor andere Parkinson-achtige aandoeningen zoals multipele sys-
teematrofie en progressieve supranucleaire parese blijft de klinische ontwikkeling 
beperkt, en zijn er nog geen therapieën verder gekomen dan vroege fase studies.
Over het geheel genomen breidt het therapeutische landschap zich uit, maar 

robuuste, placebogecontroleerde gegevens uit lopende en toekomstige studies 
zullen essentieel zijn om te bepalen welke benaderingen daadwerkelijk de ziekte-
progressie kunnen beïnvloeden.
Hoewel er nog steeds uitdagingen zijn, biedt deze thesis inzichten in de ontwikke-

ling van ziekte-modificerende therapieën voor neurodegeneratieve aandoeningen, 
in het bijzonder de ziekte van Parkinson. Voortdurende innovatie, gecombineerd 
met gerichte en geïndividualiseerde benaderingen, biedt perspectief om zowel 
motorische als niet-motorische symptomen aan te pakken, met het potentieel om 
de progressiesnelheid te verlagen en daarmee de uitkomsten voor patiënten te 
verbeteren.
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