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Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by loss of dopaminergic 

neurons in the substantia nigra, and accumulation of iron and alpha-synuclein; it follows a 

characteristic pattern throughout the nervous system. Despite, decades of successful preclinical 

neuroprotective studies, no drug has then shown efficacy in clinical trials. Considering this 

dilemma, we have reviewed and organized solutions of varying importance that can be 

exclusive or additive and outline approaches to help generate successful development of 

neuroprotective drugs for PD: 1) select patients in which the targeted mechanism is involved in 

the pathological process associated with the monitoring of target engagement; 2) combine 

treatments that target multiple pathways; 3) establish earliest interventions and develop better 

prodromal biomarkers; 4) adopt rigorous methodology and specific disease-relevant designs for 

disease-modifying clinical trials; 5) customize drug with better brain biodistribution; 6) 

prioritize repurposed drugs as a first line approach; 7) adapt preclinical models to the targeted 

mechanisms with translational biomarkers to increase their predictive value.
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Introduction 

Parkinson’s disease (PD) is a complex neuropsychiatric disorder.1,2 It is a progressive and 

topographically extensive neurodegenerative disease, with a classical pathological hallmark 

that involves dopaminergic neuron regulated cell death, notably in the substantia nigra pars 

compacta (SNpc). It is associated with iron accumulation, oxidative stress, nitrosative stress, 

lipid peroxidation, neuro-inflammation, glutamate excitotoxicity, mitochondrial deficits, 

lysosome and proteasome alteration with protein misfolding notably of alpha synuclein (α-syn) 

with aggregates.3-5  

Many preclinical studies have identified efficient therapeutic strategies that work well in animal 

models of PD, but so far, none of them has been confirmed to be effective in clinical trials in 

patients (Figure 1). Consequently, many pharmaceutical and biotechnology companies have 

been reluctant to enter or even remain in the field of PD drug development. One conceivable 

fundamental problem for the repetitive failure to convert positive pre-clinical results into 

therapeutic success might be that PD does not consist of a single disorder, but rather, it consists 

of a syndrome that shares only weak biologic commonalities and thus requires a careful 

molecular and clinical triage.6 

Another major difficulty in developing clinical trials for neuroprotection is the fact that the 

brain is not accessible for in vivo neuronal counts, and therefore there are no tools in the clinic 

capable of monitoring neuroprotection. Consequently, the term “disease modifier” was 

introduced in the field (Figure 2). The concept of a disease modifying agent implies that it is 

able to demonstrate a tangible impact on molecular mechanisms known to be involved in the 

degenerative process. Currently, many of these cannot be fully demonstrated in patients due to 

limitations in brain accessibility, and the lack of suitable biochemical imaging markers. In this 

review, we identify and discuss seven current limiting factors of neuroprotective strategies and 

propose solutions for each of these to help develop efficient treatments aiming at reducing the 

rate of downward trajectory of disease progression in PD (Figure 3). Importantly, these 

solutions are not of equal importance, some of them being exclusive and others additive. 

Search strategy and selection criteria

To the best of our knowledge, there is no review describing the strategies required for a 

translational development of a treatment for neuroprotection in PD. References for this review 
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were identified by searches of PubMed between 1969 and July 2020. The search terms were 

guided by two strategies: 1) recent reviews on each topic and 2) examples to illustrate the 

concepts and the solutions. 

Challenge 1: PD is not just “heterogeneous” or “complex” but a syndrome.   

PD belongs to the wide range of complex multifactorial and polygenic disorders influenced 

both by genetic and environmental factors, and is very likely a combination of both in a large 

proportion of PD patients. Less than 10% of PD cases have a monogenic origin. The known 

causal mutations affect 15 genes and explain only about 30% of monogenic (and 3–5% of 

sporadic) cases.6 Moreover, the monogenic forms display a variable penetrance, variable 

expression and a very long pre-symptomatic phase, suggesting that other causal and risk factors 

are involved in the pathogenesis. Unbiased genome-wide association studies (GWAS) have 

demonstrated a role of more common genetic variants, leading to the concept of ‘graded risk’, 

which is a continuum from Mendelian mutations, low frequency disease-causing mutations, 

and common polymorphisms with an associated strong-to-low impact on the disease expression 

and progression.7-11 A similar level of complexity of provenance applies to our understanding 

of the environmental toxic causes of PD.12 Exposure to pesticides have been reported to increase 

the risk of developing PD, especially for farmers employing organo-chloride chemicals,13-15 

exposure to MPTP16, and intoxication by n-hexane,17 atypical French Caribbean 

Parkinsonism.18 Noteworthy, most of these environmental compounds are inhibitors of 

mitochondrial complex 1, which suggests this as a specific pathway of neurodegeneration. This 

complicated situation might be made even more complex due to the behavioral consumption of 

substances during one’s lifetime that might themselves also alter PD progression. Indeed, the 

risk of developing PD has been shown to be lower in smokers than in non-smokers,19,20, or in 

individuals treated by anti-inflammatory drugs such as Ibuprofen.21 Consequently, it is 

important to consider the various etiologies and risk factors of PD on one hand whilst, on the 

other hand, also actively consider the positive and negative risk factors that influence the rate 

of disease progression. A major limitation of most neuroprotective PD clinical trials is that the 

precise etiology of the disease, and the prior individual environmental exposures of the patients 

recruited into these studies, remains unknown.

Solution 1: To develop clinical trials on patients with known etiology and risk factors 

In a diabetic patient, no one would prescribe anti-diabetic drugs without considering the 

patient’s dependency on taking insulin. However, it is exactly this type of mistake we are 
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making in the field of PD by including patients with mixed etiologies in neuroprotection trials. 

There is now a clear need for changing the strategy and performing clinical trials on well-

characterized populations of patients. Despite the small number of patients with a genetic origin 

of their disease, clinical trials should be developed on populations of patients with identical 

mutations. Furthermore, the diagnosis of PD should be validated by combining specific clinical 

criteria (MDS)22,23 and imaging of dopamine depletion for inclusion criteria of de novo 

patients.24,25 This is especially important in carriers of PD causative mutations, as they might 

still be in a presymptomatic stage of the disease. Furthermore, because in patients with identical 

mutations the clinical and pathological expression of the disease might vary,7,9 selecting more 

homogenous subpopulations according to the rate of progression of the disease and prognosis 

factors should be the gold standard. Indeed, in de novo patients, probable predictors of more 

rapid motor decline and disability could be used - such as higher age at onset, baseline motor 

impairment with higher postural instability, and gait disorders score (non-tremor dominant 

subtype), cognitive impairment and depression.26,27 However, specific criteria validated with a 

rigorous approach on large cohorts are still lacking.28    

Even patients with exactly the same mutation can display different phenotypes. This is very 

likely due to different environmental exposures during life, as well as incomplete penetrance. 

Thus, the concept of ‘graded risk’ developed from genetic research needs to associate the 

environment causes and risk factors. The genetic approaches that identify very rare causative 

mutations underlying monogenic forms and common variants with small effects need to be 

associated with questionnaires and biological samples for environmental factors,12-19 the co-

morbidities, and the antiparkinsonian and other treatments. By comparing large cohorts of 

patients and controls, machine learning and deep learning might allow stratifying the various 

subpopulations according to the risk factors of developing PD with omics and epigenetic 

analyses to develop the future biomarkers of patient stratification for upcoming trials.8 The 

same strategy needs to be developed on longitudinal cohorts of patients with respect to the 

accurate selection of trial end points of disease progression, or time to chosen milestones, or 

the novel weighted composite endpoint (PDCORE)29.

Altogether, a better characterization of the patients in terms of the causes and the factors of their 

disease progression will lead to a better stratification and to reduce patient variability in order 

to improve the statistical accuracy of the outcomes and end-points measured (Figure 3). 

Challenge 2: Targeting single pharmacological pathways is not efficient
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The mechanisms leading to neurodegeneration in PD include multiple pathways.3-5 Ultimately, 

neurons die by regulated cell death. However, 14 separate types of cell death have now been 

defined.55 Apoptosis, ferroptosis, necroptosis, autophagy and parthanatosis (target of rapamycin 

(mTOR) poly (ADP-ribose) (PAR) polymerase-1 (PARP-1)) appear to be particularly relevant 

for PD.56-59 Yet, further studies are required to better characterize the exact types of cell death 

that are most relevant in PD neurodegeneration. Importantly, recent research in cancer has 

demonstrated that, while there are distinct individual forms of cell death involved, they also 

display key connections between them, notably between ferroptosis, autophagy and 

parthanatosis.60,61 In addition, whether these molecular and cellular interactions represent a 

cause or a consequence of neurodegeneration in PD still needs clarification. An important issue 

for developing efficient neuroprotective trials is to determine whether the molecular changes 

involved actually belong to the same molecular pathways or instead to parallel pathways (i.e. 

different pathways). Of course, a broad action on several pathways will largely increase the 

chance of success.

Solution 2: Identify all PD-relevant pathways of cell death and combine treatments that 

target multiple pathways 

Identifying the interactions between the molecular and cellular changes seen in PD is a key 

requirement in terms of informing how best to establish robust neuroprotection. Of course, if 

they belong to the same pathway blocking the deleterious mechanism, whether upstream or 

downstream to these molecular targets, this will result in the same protective effect and a single 

drug might therefore likely be highly efficient. On the other hand, if they belong to parallel 

pathways, then blocking one of these will not result in neuroprotection since the deleterious 

effects of the other pathway will still contribute to the neurodegenerative process. It has been 

exemplified in experimental models of PD that mitochondrial complex 1 deficiency and 

proteasome dysfunction belong to parallel pathways.62 Thus, if this is similarly true in human 

pathology, then disease-modifying clinical trials will require a combination of two or more 

drugs, and thereby targeting multiple pathways involved in neurodegeneration. Alternately, one 

might consider using drugs with a pleiotropic action, or using an appropriate combination of 

drugs. Yet, drug agencies still require proof of efficacy of each single drug – as monotherapies 

-  before approving the development of any combinations of these drugs. But such a multi-drug 

strategy has already been proven to be highly successful in the fields of cancer, HIV and 

tuberculosis. Future neuroprotective strategies in PD should similarly test combinations of 

drugs selected on the basis of the various relevant mechanisms of cell death in any given 
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subtype of PD. This strategy has recently started in amyotrophic lateral sclerosis with a 

combination of two drugs already in use (sodium phenylbutyrate and tauroursodeoxycholic 

acid).63 However, this strategy will not overcome the problem of whether any of the pathways 

targeted are truly at play in the population recruited for those trials.

Challenge 3: Neuroprotective interventions are initiated too late in the course of the 

disease

Most clinical trials are started a few years after the onset of symptoms, partly to ensure all 

enrolled patients have a reliable diagnosis of PD. Yet, imaging studies of dopaminergic markers 

have estimated there is a preclinical period of 15 to 20 years in younger, and 10 years in older, 

PD patients.30 By the time motor symptoms appear, patients have, lost 80 percent of their striatal 

dopamine, corresponding to 50% loss of dopaminergic neurons in the substantia nigra.31,32 

Additionally, neuropathological examinations have, years before the SNpc is affected, shown 

lesions in the olfactory bulb, mesenteric plexus, brainstem including locus coeruleus, and raphe 

nucleus.16,33 Finally, the neurodegenerative process might by itself engage a self-perpetuating 

phenomenon as shown in the human subjects intoxicated by MPTP. Thus, it is clear that late 

therapeutic intervention obviously decreases the chance of success. 

Solution 3: To establish early interventions and develop better prodromal biomarkers  

The prodromal phase is theoretically the best period to start any neuroprotective treatment, and 

it should ideally be initiated before any important damage of the nigro-striatal pathway has 

occurred corresponding to the first stages (1 and 2) of Braak’s classification.33 However, there 

are two major limitations. i) The spectrum of symptoms during these early Braak’s stages 

remains complex and very variable among patients.34,35 ii) Some individuals recruited during 

the prodromal phase may not express the disease, or may only develop it very late. This calls 

for a search of better diagnosis biomarkers (wet, dry, wearable) during the prodromal phase of 

the disease, and incorporating likelihood ratios with age and gender (of developing overt PD), 

and improved predictive algorithms generated by big data approaches to predict the likelihood 

of progression into the symptomatic phase.35-38 

Until now de novo patients have constituted the best population for neuroprotective trials, with 

the aim that the remaining dopaminergic neurons can be saved.39-42 Furthermore, at this stage, 

there is no interference of dopaminergic treatment on the analysis of any neuroprotective effect. 

However, it is difficult to recruit de novo patients for several reasons. 1)  There is a risk of 
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including atypical forms and lack of dopamine depletion. 2) There is a higher patient dropout 

rate because patients are stressed, or in denial, after receiving their diagnosis, and may poorly 

tolerate the lack of symptomatic treatment.42-45 Another alternative is to perform the trials on 

early PD patients (within the first 3 years after diagnosis) because they receive a stable, 

moderate-dose regimen of dopaminergic drugs and could still benefit from an intervention that 

would reduce the rate of disease progression. Furthermore, these patients are easy to recruit and 

allow studying the interactions between the neuroprotective compound and dopamine agonists 

and/or L-dopa.42-45 

The ideal population of patients to include in neuroprotective trials are those characterized by 

a genetic trait, or by a biomarker that would confirm the diagnosis during the presymptomatic 

phase and that can demonstrate the molecular susceptibility to the mechanism of the drug to 

which it is exposed. Asymptomatic carriers of mutations causative of PD represent the best 

population to study. Yet, in such patients, the onset of the symptoms is very difficult to predict. 

One strategy would consist of performing neuroprotective trials in these patients a few years 

before the mean age of onset in such a specific population. The read-out of these types of 

neuroprotective studies would then be the “delayed time to transition” to the symptomatic 

phase. Yet, such patients are relatively rare and inclusion difficulties might prevent extensive 

clinical trials unless run as a global effort. Furthermore, because of the variability in the duration 

of the asymptomatic phase due to variable penetrance of the genes involved, such initiatives 

might also require long study durations, thereby increasing their cost.6,42-45 

Because of the difficulties in performing clinical trials in inherited forms of PD, neuroprotective 

approaches should also be tested in sporadic cases. To do this, there is a need for diagnostic 

biomarkers during the prodromal phase of the disease. Many studies have attempted to identify 

such wet and dry biomarkers.6,38,40,42,43,45-48 Among those candidates, α-synuclein (α-syn) is 

regarded by many as the most promising.6,33,41 However, PD is usually associated with 

abnormal accumulation of several other types of misfolded proteins, notably β-amyloid and tau, 

which co-occur with α-syn.6,33,41 Moreover, Lewy pathology is not necessarily found in all 

forms of PD (e.g. some leucine-rich repeat kinase 2 (LRRK2) patients, and most of the Parkin-

related cases).6,48 Furthermore, even in cases with clear synucleinopathies, there is no dose-

dependent correlation between Lewy pathology, cell loss and clinical features.49,50 

Consequently, α-syn represents a convenient pathologic biomarker but may not be pathogenic 

with the exception of α-syn–related genetic PD patient subtypes.51-54 Moreover, α-syn 
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determination in fluids or peripheral tissues cannot be the sole surrogate biomarker of PD 

because its concentration is modified by complex physiopathological responses within the 

body, as well as being modified by the consequences of PD neurodegeneration. Further studies 

are required to analyze the dynamic expression and deposition of α-syn during PD disease 

progression, ideally using a translational approach. 

Challenge 4: The methodology of clinical trials is not adapted to progressive long-term 

neurodegeneration

The design of disease-modifying, neuroprotective clinical trials in PD patients is very 

challenging for several reasons. First, there is no reference drug, nor any clinical trial design, 

that has ever shown efficiency for neuroprotection. This might be due to the lack of efficacy of 

the tested drugs and/or from poor clinical trial designs, or both. This problem is even more 

complex in PD because the tested medications might have both a symptomatic and a 

neuroprotective effect. Second, biomarkers of neuroprotection are still lacking and it is 

therefore difficult to determine on rational scientific grounds whether or not the drug being 

tested is actually reaching its biological target and is thereby having a positive effect at a cellular 

level. Thus, clinical trials mostly rely on clinical outcomes. However, the clinical symptoms 

are, themselves, not very sensitive to be able to demonstrate meaningful change since they do 

not progress rapidly enough to measure accurately, at least not over the study durations, 

typically 1 year, chosen for most neuroprotective clinical trials in PD patients. Third, even with 

well-validated scales such as UPDRS, drug testing of putative neuroprotective agents is not 

typically performed in a real-life environment. Finally, the global handicap (i.e. motor, 

cognitive and behavior), also including the rather more variable non-motor symptoms, needs to 

be considered. All of this, calls for new designs of neuroprotection trials in PD.

Solution 4:  To adopt rigorous methodology and specific disease-relevant designs for PD 

neuroprotective clinical trials

It is clear that greater attention must be paid in selecting the most appropriate clinical trial 

design, with either an adaptation of a well-tested design, or new approach depending on any 

suspected possibility or likelihood that the neuroprotective drug under investigation may also 

have a concomitant symptomatic effect.6,42-45 (Figure 3) Adaptive trials have been also 

proposed as a version of the responder trial.71 A first discovery phase includes a broad 

population with several subtypes followed by a validation phase considering only the best 

patient responders. Master protocols, including “basket trials”, “umbrella trials”, and “platform 
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trials”, use a trial network with shared infrastructure and are designed with multiple sub-studies 

to evaluate one or more investigational drugs in one or more disease subtypes.72,73 Following 

the same idea, multi-arm, multi-stage (MAMS) trials have been recently proposed to test many 

potential therapies currently in the pipeline in parallel (multi-arm), transitioning seamlessly 

through various phases (multi-stage), i.e., from a phase II safety and efficacy study to a phase 

III trial, with the help of a platform.74 While they are attractive, they come from the oncology 

field where the simultaneous therapeutic use of multiple drugs is already validated and accepted 

by regulatory authorities, which is far from the current case for PD. 

The demonstration of the reduction of an already slow disease progression is very challenging 

since it requires a long-term study during which the symptomatic dopaminergic requirements 

of patients are frequently changing, and this can greatly confuse the interpretation of 

neuroprotective results. Regarding the duration of the trial, if a symptomatic treatment is not 

introduced or modified, a period between 6 to 12 months represents a reasonable and practical 

compromise between having sufficient time to observe a neuroprotective effect and the 

relatively limited number of patient dropouts set against an attrition of study subjects that 

inevitably continues to increase over longer trial durations. For example, a study duration of 6 

months in de novo patients was associated with a drop-out rate of 10-15% in the ADAGIO 

trial.75 Conversely, a 9-month period would have a greater chance of clinical success but at the 

expense of a higher drop-out rate in de novo patients.45

The current MDS-UPDRS clinical scales are not designed to assess subtle modifications of 

disease progression. This low sensitivity to monitor change requires a very large population of 

patients to be followed for long periods of time, and this is very challenging for Phase II trial 

purposes. Using a biomarker as a primary outcome measure is an interesting alternative for an 

early phase II study. Objective and continuous measures offer a different perspective, with 

wearable technologies provide specific and rigorous quantification that could become efficient 

biomarkers of motor handicap in real life spanning over several days, such as, connected 

actimetry76 and connected soles for a continuous recording of gait and balance.   

Challenge 5: Targeting the central nervous system (CNS) represents a pharmacological 

challenge  

Another major challenge relates to the poor blood-brain-barrier (BBB) penetration of many 

candidate neuroprotective drugs. The competitive and variable drug penetration in the brain 

parenchyma leads to low and unpredictable bio-distribution in the CNS with additional 
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confounding interference from dietary foods and drug interactions etc. Furthermore, for most 

of the drugs there is no measurement of its concentration in the brain parenchyma, nor of its 

engagement with its biological target in neurons. Thus, clinicians currently only rely on clinical 

scales or, in the best cases, also on various available imaging parameters of the brain.

The issue of BBB drug penetration might also be challenging due to blood vessel modifications 

associated with the disease process or the medication77,78 

Solution 5: To customize drug with better and more selective brain accessibility

Pharmacokinetic studies with drug concentration measurements should be associated in both 

preclinical and clinical studies. Yet, this is complex because cerebrospinal fluid (CSF) is not 

accessible on a repetitive basis and only gives a biased measurement of the drug concentration 

in the brain region targeted by the drug. Furthermore, sampling of both CSF and blood as a 

function of time after administration provides an estimate the precision of which will depend 

on the number of samples over time. The association of brain tissue and clinical measures - 

respectively in both the experimental models and the patients - should ideally allow the 

establishment of an algorithm to help select the best dose and regimen in humans.

Another need is to improve drug penetration into the brain by customizing drugs with better 

penetration characteristics, or by developing prodrugs that will easily cross the BBB. Indeed, 

oral administration is obviously the easiest, but not the best, method of drug delivery for brain 

diseases. Transnasal delivery is also noninvasive and easy to operate and should be considered 

for intermittent administration of small molecules or small volumes of drug.79 Only small and 

lipophilic drugs can readily penetrate into the brain. In the situation where a very effective 

neuroprotective drug poorly penetrates the BBB, then several options might be usefully 

considered to help improve its brain penetration. The first option for small molecules is to 

increase their lipidation, or to reduce their size, keeping only the active neuroprotective 

fragment. Another interesting option is to use a lipophilic prodrug.80,81 Nanoparticles represent 

another chemical modification to increase BBB permeability (Figure 3).82,83    

If, despite chemical modification, the drug does not penetrate into the brain parenchyma then 

instead, direct delivery in the brain might be considered.84 The procedure involving intrathecal 

administration of baclofen or painkillers has been reported to be effective, reversible, and safe 

in thousands of patients.85 The safety of brain infusion of growth factors has also generated 

promising results despite a lack of efficacy for neuroprotection.86 With such procedures, high 
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local drug and personalized concentrations can be achieved with no or minimal systemic 

adverse events. 

Developments using physical, chemical and biological methods to open the BBB have also 

emerged recently. For example, focused ultrasound (FUS) has been shown to be safe and very 

efficient. Such approaches represent an interesting alternative for intermittent administration of 

drugs with long lasting effects.87,88 Co-administration of or substances acting on the efflux 

carriers, and transporters, can also theoretically increase drug penetration.84

Challenge 6: Neuroprotection represents a very long and risky drug development

Developing a new drug is always very long (an average of 14.2 years), very expensive (US 

$802 million) and challenging.89 

Solution 6: To reduce the risk of drug development for PD

Additional safeguards need to be developed with combined efforts both from academic partners 

and the drug industry. Prioritizing the development of repurposed drugs represents an attractive 

approach for neuroprotection in PD. Drugs already on the market for other therapeutic 

indications have the advantage of being already used for humans, and helpfully already have a 

well-known safety profile. Because of the extensive experience with these compounds they are 

generally also straightforward to test in preclinical models. Generally, their pharmacokinetic 

and pharmacodynamic characteristics are known, but the issues of brain penetration and 

adaptation of the dosage to the CNS might not be trivial. In terms of intellectual property, a new 

patent of an old drug for a new indication or formulae typically allows increasing the time for 

development for use in another indication. Target validation and lead molecule optimization 

can then be developed based upon this safe, first-in-class, repurposed drug. 

Another way of reducing the risk for drug development in neuroprotection is based on the fact 

that a few drugs may have shown efficacy in animals, and then also shown encouraging 

results in humans, but were subsequently abandoned because of their toxicity in a very small 

number of patients. Yet, even if a drug does not have an ideal safety profile, rigorous 

monitoring can allow testing it in clinical trials. Deferiprone is currently being clinically 

assessed for conservative iron chelation despite a rare risk of agranulocytosis (<0.8%).90,91  

Challenge 7: Animal models of PD are not predictive of clinical efficacy
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No molecule that has demonstrated positive in vitro, and in vivo, effects on neuroprotection 

has displayed any neuroprotective effect in clinical trials.42,64

Solution 7: To adapt preclinical models of PD and research design to the clinical 

situation

One of the reasons for the lack of predictive value of any of the PD animal models is the fact 

that these models cannot recapitulate the clinical situation. Animal models can inform about 

mechanisms of therapy but not about patient selection for that therapy. This is why one should 

associate, in a translational manner, dry and wet biomarkers of the targeted mechanisms both 

in the models, and in humans, to ascertain neuroprotection. 

The prediction of neuroprotection requires human, non-oncogenic, cell models including 

LUHMES, primary dopaminergic neuron culture, patient-derived Inducible Pluripotent Stem 

cells and three-dimensional brain organoids65. 

Several in vivo models have been generated through neurotoxin-based or genetic-based 

approaches in rodents, or non-human primates, to demonstrate and validate neuroprotection. 

Neurotoxin-induced models reproduce some of the key molecular alterations such as complex 

1 deficiency, or proteasomal dysfunction. Chemicals such as 6-hydroxydopamine, MPTP, 

rotenone, annonacine, and paraquat are mainly used to generate these types of PD models. 

Protein accumulation can be generated via overexpression of α-syn. In addition, protein 

aggregation pathology can be triggered by inoculating preformed fibrils of α-syn in the brain.66 

Yet, a limitation of these models is that not all of the molecular changes seen in PD actually 

coexist in a single model. It may be useful, to increase the prediction by associating different 

experimentations in different in vivo models (toxin and genetic hits), to reproduce far better the 

full pathological process as typically seen in PD.66         

Another important issue of neuroprotection trials is that, even for a same mutation, the clinical 

phenotypes of the patients recruited into a trial do vary considerably. Preclinical 

neuroprotection studies should therefore be performed using animals of mixed genetic 

backgrounds, and not on inbreed animals from an identical genetic provenance, but this may 

necessitate an increase in the required number of animals to achieve statistical significance.
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The immune status of animals is also important to monitor because neuroinflammatory 

processes also participate to neuronal degeneration. Indeed, most preclinical studies are 

performed on animals housed in a sterile environment, but PD patients in their daily lives are 

in constant contact with multiple immune stimulating agents. Lipopolysaccharide, a bacterial 

membrane molecule well known for its immune stimulating properties, increases the sensibility 

to parkinsonian toxins in rodents.67 Such a phenomenon might even start very early during life 

as offspring of pregnant rats injected with LPS are also more sensitive to parkinsonian toxins.67 

One should thus consider monitoring carefully the immune status of the animals or perhaps 

even house the animals in standard non-SFP facilities.   

Because PD is in most cases associated with aging, preclinical studies should include old 

animals. Indeed, elderly humans, and old animals, show less neuronal plasticity68 a lower level 

of dopamine metabolism69 and a higher iron content (which increases the pro-oxidant status70), 

and they also display considerably different dose-related effects to drugs given. PD is more 

prevalent in men, but both genders need to be accurately assessed because huge differences 

between them can be observed in terms of dose effects and neuronal degeneration.

The chronicity (months or even years) both of the degenerative process, and of the treatment 

regimen given, as well as the time at which the treatment is first introduced (ideally at time of 

the onset of symptoms) should be accurately reproduced in animal models. 

Finally, good practice standards should be used in preclinical studies just as is the case in the 

clinical studies (Figure 3). Such standards are costly and will dramatically reduce the number 

of studies but will undoubtedly increase their predictability.

Conclusion

We have described a number of critical hurdles that are currently hampering progress towards 

bringing effective neuroprotective therapeutic approaches to slow disease progression in 

patients with Parkinson’s disease, which arguably represents the greatest unmet need in this 

therapeutic area. We do not believe any of these hurdles are intractable and, especially 

considering the wealth of promising new neuroprotective approaches that are currently 

emerging, we have therefore outlined and organized exclusive or additive solutions of varying 

importance to help generate successful development of neuroprotective drugs for PD solutions 

and approaches to help overcome most or all of these hurdles.
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Legends

Figure 1: Past and current therapeutic strategies illustrating the need of biomarkers of 

target engagements 

Main physiopathological mechanisms (orange boxes) with complex and multiple interplays 

(arrows to show that they are in fact all connected), failed past therapeutic strategies (light 

blue boxes), strategies currently in clinical trials (dark blue boxes). (sources:42,92 and 

www.clinicaltrials.gov). None of the past and failed trials matched the therapies tested with 

the suitable molecular biology of the intended recipients. Thus, there is an urgent need of 

biomarkers that can demonstrate the molecular susceptibility to the mechanism of the drugs in 

order to validate target engagement and to assess drug response in patients.

Figure 2: Vocabulary of treatment modalities according to (a) the impact on the neuronal 

count in preclinical models and (b) on the clinical handicap progression in patients.

Figure 3: Seven solutions

Organization of seven interconnected solutions of varying importance that can be exclusive or 

additive and outline approaches to help generate successful development of efficient 

treatments aiming at reducing the rate of downward trajectory of disease progression.

Abbreviations: PD: Parkinson’s disease         
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Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by loss of dopaminergic 

neurons in the substantia nigra, and accumulation of iron and alpha-synuclein; it follows a 

characteristic pattern throughout the nervous system. Despite, decades of successful preclinical 

neuroprotective studies, no drug has then shown efficacy in clinical trials. Considering this 

dilemma, we have reviewed and organized solutions of varying importance that can be 

exclusive or additive and outline approaches to help generate successful development of 

neuroprotective drugs for PD: 1) select patients in which the targeted mechanism is involved in 

the pathological process associated with the monitoring of target engagement; 2) combine 

treatments that target multiple pathways; 3) establish earliest interventions and develop better 

prodromal biomarkers; 4) adopt rigorous methodology and specific disease-relevant designs for 

disease-modifying clinical trials; 5) customize drug with better brain biodistribution; 6) 

prioritize repurposed drugs as a first line approach; 7) adapt preclinical models to the targeted 

mechanisms with translational biomarkers to increase their predictive value.
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Introduction 

Parkinson’s disease (PD) is a complex neuropsychiatric disorder.1,2 It is a progressive and 

topographically extensive neurodegenerative disease, with a classical pathological hallmark 

that involves dopaminergic neuron regulated cell death, notably in the substantia nigra pars 

compacta (SNpc). It is associated with iron accumulation, oxidative stress, nitrosative stress, 

lipid peroxidation, neuro-inflammation, glutamate excitotoxicity, mitochondrial deficits, 

lysosome and proteasome alteration with protein misfolding notably of alpha synuclein (α-syn) 

with aggregates.3-5  

Many preclinical studies have identified efficient therapeutic strategies that work well in animal 

models of PD, but so far, none of them has been confirmed to be effective in clinical trials in 

patients (Figure 1). Consequently, many pharmaceutical and biotechnology companies have 

been reluctant to enter or even remain in the field of PD drug development. One conceivable 

fundamental problem for the repetitive failure to convert positive pre-clinical results into 

therapeutic success might be that PD does not consist of a single disorder, but rather, it consists 

of a syndrome that shares only weak biologic commonalities and thus requires a careful 

molecular and clinical triage.6 

Another major difficulty in developing clinical trials for neuroprotection is the fact that the 

brain is not accessible for in vivo neuronal counts, and therefore there are no tools in the clinic 

capable of monitoring neuroprotection. Consequently, the term “disease modifier” was 

introduced in the field (Figure 2). The concept of a disease modifying agent implies that it is 

able to demonstrate a tangible impact on molecular mechanisms known to be involved in the 

degenerative process. Currently, many of these cannot be fully demonstrated in patients due to 

limitations in brain accessibility, and the lack of suitable biochemical imaging markers. In this 

review, we identify and discuss seven current limiting factors of neuroprotective strategies and 

propose solutions for each of these to help develop efficient treatments aiming at reducing the 

rate of downward trajectory of disease progression in PD (Figure 3). Importantly, these 

solutions are not of equal importance, some of them being exclusive and others additive. 

Search strategy and selection criteria

To the best of our knowledge, there is no review describing the strategies required for a 

translational development of a treatment for neuroprotection in PD. References for this review 

Page 26 of 49

John Wiley & Sons

Movement Disorders

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

4

were identified by searches of PubMed between 1969 and July 2020. The search terms were 

guided by two strategies: 1) recent reviews on each topic and 2) examples to illustrate the 

concepts and the solutions. 

Challenge 1: PD is not just “heterogeneous” or “complex” but a syndrome.   

PD belongs to the wide range of complex multifactorial and polygenic disorders influenced 

both by genetic and environmental factors, and is very likely a combination of both in a large 

proportion of PD patients. Less than 10% of PD cases have a monogenic origin. The known 

causal mutations affect 15 genes and explain only about 30% of monogenic (and 3–5% of 

sporadic) cases.6 Moreover, the monogenic forms display a variable penetrance, variable 

expression and a very long pre-symptomatic phase, suggesting that other causal and risk factors 

are involved in the pathogenesis. Unbiased genome-wide association studies (GWAS) have 

demonstrated a role of more common genetic variants, leading to the concept of ‘graded risk’, 

which is a continuum from Mendelian mutations, low frequency disease-causing mutations, 

and common polymorphisms with an associated strong-to-low impact on the disease expression 

and progression.7-11 A similar level of complexity of provenance applies to our understanding 

of the environmental toxic causes of PD.12 Exposure to pesticides have been reported to increase 

the risk of developing PD, especially for farmers employing organo-chloride chemicals,13-15 

exposure to MPTP16, and intoxication by n-hexane,17 atypical French Caribbean 

Parkinsonism.18 Noteworthy, most of these environmental compounds are inhibitors of 

mitochondrial complex 1, which suggests this as a specific pathway of neurodegeneration. This 

complicated situation might be made even more complex due to the behavioral consumption of 

substances during one’s lifetime that might themselves also alter PD progression. Indeed, the 

risk of developing PD has been shown to be lower in smokers than in non-smokers,19,20, or in 

individuals treated by anti-inflammatory drugs such as Ibuprofen.21 Consequently, it is 

important to consider the various etiologies and risk factors of PD on one hand whilst, on the 

other hand, also actively consider the positive and negative risk factors that influence the rate 

of disease progression. A major limitation of most neuroprotective PD clinical trials is that the 

precise etiology of the disease, and the prior individual environmental exposures of the patients 

recruited into these studies, remains unknown.

Solution 1: To develop clinical trials on patients with known etiology and risk factors 

In a diabetic patient, no one would prescribe anti-diabetic drugs without considering the 

patient’s dependency on taking insulin. However, it is exactly this type of mistake we are 
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making in the field of PD by including patients with mixed etiologies in neuroprotection trials. 

There is now a clear need for changing the strategy and performing clinical trials on well-

characterized populations of patients. Despite the small number of patients with a genetic origin 

of their disease, clinical trials should be developed on populations of patients with identical 

mutations. Furthermore, the diagnosis of PD should be validated by combining specific clinical 

criteria (MDS)22,23 and imaging of dopamine depletion for inclusion criteria of de novo 

patients.24,25 This is especially important in carriers of PD causative mutations, as they might 

still be in a presymptomatic stage of the disease. Furthermore, because in patients with identical 

mutations the clinical and pathological expression of the disease might vary,7,9 selecting more 

homogenous subpopulations according to the rate of progression of the disease and prognosis 

factors should be the gold standard. Indeed, in de novo patients, probable predictors of more 

rapid motor decline and disability could be used - such as higher age at onset, baseline motor 

impairment with higher postural instability, and gait disorders score (non-tremor dominant 

subtype), cognitive impairment and depression.26,27 However, specific criteria validated with a 

rigorous approach on large cohorts are still lacking.28    

Even patients with exactly the same mutation can display different phenotypes. This is very 

likely due to different environmental exposures during life, as well as incomplete penetrance. 

Thus, the concept of ‘graded risk’ developed from genetic research needs to associate the 

environment causes and risk factors. The genetic approaches that identify very rare causative 

mutations underlying monogenic forms and common variants with small effects need to be 

associated with questionnaires and biological samples for environmental factors,12-19 the co-

morbidities, and the antiparkinsonian and other treatments. By comparing large cohorts of 

patients and controls, machine learning and deep learning might allow stratifying the various 

subpopulations according to the risk factors of developing PD with omics and epigenetic 

analyses to develop the future biomarkers of patient stratification for upcoming trials.8 The 

same strategy needs to be developed on longitudinal cohorts of patients with respect to the 

accurate selection of trial end points of disease progression, or time to chosen milestones, or 

the novel weighted composite endpoint (PDCORE)29.

Altogether, a better characterization of the patients in terms of the causes and the factors of their 

disease progression will lead to a better stratification and to reduce patient variability in order 

to improve the statistical accuracy of the outcomes and end-points measured (Figure 3). 

Challenge 2: Targeting single pharmacological pathways is not efficient
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The mechanisms leading to neurodegeneration in PD include multiple pathways.3-5 Ultimately, 

neurons die by regulated cell death. However, 14 separate types of cell death have now been 

defined.55 Apoptosis, ferroptosis, necroptosis, autophagy and parthanatosis (target of rapamycin 

(mTOR) poly (ADP-ribose) (PAR) polymerase-1 (PARP-1)) appear to be particularly relevant 

for PD.56-59 Yet, further studies are required to better characterize the exact types of cell death 

that are most relevant in PD neurodegeneration. Importantly, recent research in cancer has 

demonstrated that, while there are distinct individual forms of cell death involved, they also 

display key connections between them, notably between ferroptosis, autophagy and 

parthanatosis.60,61 In addition, whether these molecular and cellular interactions represent a 

cause or a consequence of neurodegeneration in PD still needs clarification. An important issue 

for developing efficient neuroprotective trials is to determine whether the molecular changes 

involved actually belong to the same molecular pathways or instead to parallel pathways (i.e. 

different pathways). Of course, a broad action on several pathways will largely increase the 

chance of success.

Solution 2: Identify all PD-relevant pathways of cell death and combine treatments that 

target multiple pathways 

Identifying the interactions between the molecular and cellular changes seen in PD is a key 

requirement in terms of informing how best to establish robust neuroprotection. Of course, if 

they belong to the same pathway blocking the deleterious mechanism, whether upstream or 

downstream to these molecular targets, this will result in the same protective effect and a single 

drug might therefore likely be highly efficient. On the other hand, if they belong to parallel 

pathways, then blocking one of these will not result in neuroprotection since the deleterious 

effects of the other pathway will still contribute to the neurodegenerative process. It has been 

exemplified in experimental models of PD that mitochondrial complex 1 deficiency and 

proteasome dysfunction belong to parallel pathways.62 Thus, if this is similarly true in human 

pathology, then disease-modifying clinical trials will require a combination of two or more 

drugs, and thereby targeting multiple pathways involved in neurodegeneration. Alternately, one 

might consider using drugs with a pleiotropic action, or using an appropriate combination of 

drugs. Yet, drug agencies still require proof of efficacy of each single drug – as monotherapies 

-  before approving the development of any combinations of these drugs. But such a multi-drug 

strategy has already been proven to be highly successful in the fields of cancer, HIV and 

tuberculosis. Future neuroprotective strategies in PD should similarly test combinations of 

drugs selected on the basis of the various relevant mechanisms of cell death in any given 
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subtype of PD. This strategy has recently started in amyotrophic lateral sclerosis with a 

combination of two drugs already in use (sodium phenylbutyrate and tauroursodeoxycholic 

acid).63 However, this strategy will not overcome the problem of whether any of the pathways 

targeted are truly at play in the population recruited for those trials.

Challenge 3: Neuroprotective interventions are initiated too late in the course of the 

disease

Most clinical trials are started a few years after the onset of symptoms, partly to ensure all 

enrolled patients have a reliable diagnosis of PD. Yet, imaging studies of dopaminergic markers 

have estimated there is a preclinical period of 15 to 20 years in younger, and 10 years in older, 

PD patients.30 By the time motor symptoms appear, patients have, lost 80 percent of their striatal 

dopamine, corresponding to 50% loss of dopaminergic neurons in the substantia nigra.31,32 

Additionally, neuropathological examinations have, years before the SNpc is affected, shown 

lesions in the olfactory bulb, mesenteric plexus, brainstem including locus coeruleus, and raphe 

nucleus.16,33 Finally, the neurodegenerative process might by itself engage a self-perpetuating 

phenomenon as shown in the human subjects intoxicated by MPTP. Thus, it is clear that late 

therapeutic intervention obviously decreases the chance of success. 

Solution 3: To establish early interventions and develop better prodromal biomarkers  

The prodromal phase is theoretically the best period to start any neuroprotective treatment, and 

it should ideally be initiated before any important damage of the nigro-striatal pathway has 

occurred corresponding to the first stages (1 and 2) of Braak’s classification.33 However, there 

are two major limitations. i) The spectrum of symptoms during these early Braak’s stages 

remains complex and very variable among patients.34,35 ii) Some individuals recruited during 

the prodromal phase may not express the disease, or may only develop it very late. This calls 

for a search of better diagnosis biomarkers (wet, dry, wearable) during the prodromal phase of 

the disease, and incorporating likelihood ratios with age and gender (of developing overt PD), 

and improved predictive algorithms generated by big data approaches to predict the likelihood 

of progression into the symptomatic phase.35-38 

Until now de novo patients have constituted the best population for neuroprotective trials, with 

the aim that the remaining dopaminergic neurons can be saved.39-42 Furthermore, at this stage, 

there is no interference of dopaminergic treatment on the analysis of any neuroprotective effect. 

However, it is difficult to recruit de novo patients for several reasons. 1)  There is a risk of 
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including atypical forms and lack of dopamine depletion. 2) There is a higher patient dropout 

rate because patients are stressed, or in denial, after receiving their diagnosis, and may poorly 

tolerate the lack of symptomatic treatment.42-45 Another alternative is to perform the trials on 

early PD patients (within the first 3 years after diagnosis) because they receive a stable, 

moderate-dose regimen of dopaminergic drugs and could still benefit from an intervention that 

would reduce the rate of disease progression. Furthermore, these patients are easy to recruit and 

allow studying the interactions between the neuroprotective compound and dopamine agonists 

and/or L-dopa.42-45 

The ideal population of patients to include in neuroprotective trials are those characterized by 

a genetic trait, or by a biomarker that would confirm the diagnosis during the presymptomatic 

phase and that can demonstrate the molecular susceptibility to the mechanism of the drug to 

which it is exposed. Asymptomatic carriers of mutations causative of PD represent the best 

population to study. Yet, in such patients, the onset of the symptoms is very difficult to predict. 

One strategy would consist of performing neuroprotective trials in these patients a few years 

before the mean age of onset in such a specific population. The read-out of these types of 

neuroprotective studies would then be the “delayed time to transition” to the symptomatic 

phase. Yet, such patients are relatively rare and inclusion difficulties might prevent extensive 

clinical trials unless run as a global effort. Furthermore, because of the variability in the duration 

of the asymptomatic phase due to variable penetrance of the genes involved, such initiatives 

might also require long study durations, thereby increasing their cost.6,42-45 

Because of the difficulties in performing clinical trials in inherited forms of PD, neuroprotective 

approaches should also be tested in sporadic cases. To do this, there is a need for diagnostic 

biomarkers during the prodromal phase of the disease. Many studies have attempted to identify 

such wet and dry biomarkers.6,38,40,42,43,45-48 Among those candidates, α-synuclein (α-syn) is 

regarded by many as the most promising.6,33,41 However, PD is usually associated with 

abnormal accumulation of several other types of misfolded proteins, notably β-amyloid and tau, 

which co-occur with α-syn.6,33,41 Moreover, Lewy pathology is not necessarily found in all 

forms of PD (e.g. some leucine-rich repeat kinase 2 (LRRK2) patients, and most of the Parkin-

related cases).6,48 Furthermore, even in cases with clear synucleinopathies, there is no dose-

dependent correlation between Lewy pathology, cell loss and clinical features.49,50 

Consequently, α-syn represents a convenient pathologic biomarker but may not be pathogenic 

with the exception of α-syn–related genetic PD patient subtypes.51-54 Moreover, α-syn 
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determination in fluids or peripheral tissues cannot be the sole surrogate biomarker of PD 

because its concentration is modified by complex physiopathological responses within the 

body, as well as being modified by the consequences of PD neurodegeneration. Further studies 

are required to analyze the dynamic expression and deposition of α-syn during PD disease 

progression, ideally using a translational approach. 

Challenge 4: The methodology of clinical trials is not adapted to progressive long-term 

neurodegeneration

The design of disease-modifying, neuroprotective clinical trials in PD patients is very 

challenging for several reasons. First, there is no reference drug, nor any clinical trial design, 

that has ever shown efficiency for neuroprotection. This might be due to the lack of efficacy of 

the tested drugs and/or from poor clinical trial designs, or both. This problem is even more 

complex in PD because the tested medications might have both a symptomatic and a 

neuroprotective effect. Second, biomarkers of neuroprotection are still lacking and it is 

therefore difficult to determine on rational scientific grounds whether or not the drug being 

tested is actually reaching its biological target and is thereby having a positive effect at a cellular 

level. Thus, clinical trials mostly rely on clinical outcomes. However, the clinical symptoms 

are, themselves, not very sensitive to be able to demonstrate meaningful change since they do 

not progress rapidly enough to measure accurately, at least not over the study durations, 

typically 1 year, chosen for most neuroprotective clinical trials in PD patients. Third, even with 

well-validated scales such as UPDRS, drug testing of putative neuroprotective agents is not 

typically performed in a real-life environment. Finally, the global handicap (i.e. motor, 

cognitive and behavior), also including the rather more variable non-motor symptoms, needs to 

be considered. All of this, calls for new designs of neuroprotection trials in PD.

Solution 4:  To adopt rigorous methodology and specific disease-relevant designs for PD 

neuroprotective clinical trials

It is clear that greater attention must be paid in selecting the most appropriate clinical trial 

design, with either an adaptation of a well-tested design, or new approach depending on any 

suspected possibility or likelihood that the neuroprotective drug under investigation may also 

have a concomitant symptomatic effect.6,42-45 (Figure 3) Adaptive trials have been also 

proposed as a version of the responder trial.71 A first discovery phase includes a broad 

population with several subtypes followed by a validation phase considering only the best 

patient responders. Master protocols, including “basket trials”, “umbrella trials”, and “platform 
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trials”, use a trial network with shared infrastructure and are designed with multiple sub-studies 

to evaluate one or more investigational drugs in one or more disease subtypes.72,73 Following 

the same idea, multi-arm, multi-stage (MAMS) trials have been recently proposed to test many 

potential therapies currently in the pipeline in parallel (multi-arm), transitioning seamlessly 

through various phases (multi-stage), i.e., from a phase II safety and efficacy study to a phase 

III trial, with the help of a platform.74 While they are attractive, they come from the oncology 

field where the simultaneous therapeutic use of multiple drugs is already validated and accepted 

by regulatory authorities, which is far from the current case for PD. 

The demonstration of the reduction of an already slow disease progression is very challenging 

since it requires a long-term study during which the symptomatic dopaminergic requirements 

of patients are frequently changing, and this can greatly confuse the interpretation of 

neuroprotective results. Regarding the duration of the trial, if a symptomatic treatment is not 

introduced or modified, a period between 6 to 12 months represents a reasonable and practical 

compromise between having sufficient time to observe a neuroprotective effect and the 

relatively limited number of patient dropouts set against an attrition of study subjects that 

inevitably continues to increase over longer trial durations. For example, a study duration of 6 

months in de novo patients was associated with a drop-out rate of 10-15% in the ADAGIO 

trial.75 Conversely, a 9-month period would have a greater chance of clinical success but at the 

expense of a higher drop-out rate in de novo patients.45

The current MDS-UPDRS clinical scales are not designed to assess subtle modifications of 

disease progression. This low sensitivity to monitor change requires a very large population of 

patients to be followed for long periods of time, and this is very challenging for Phase II trial 

purposes. Using a biomarker as a primary outcome measure is an interesting alternative for an 

early phase II study. Objective and continuous measures offer a different perspective, with 

wearable technologies provide specific and rigorous quantification that could become efficient 

biomarkers of motor handicap in real life spanning over several days, such as, connected 

actimetry76 and connected soles for a continuous recording of gait and balance.   

Challenge 5: Targeting the central nervous system (CNS) represents a pharmacological 

challenge  

Another major challenge relates to the poor blood-brain-barrier (BBB) penetration of many 

candidate neuroprotective drugs. The competitive and variable drug penetration in the brain 

parenchyma leads to low and unpredictable bio-distribution in the CNS with additional 
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confounding interference from dietary foods and drug interactions etc. Furthermore, for most 

of the drugs there is no measurement of its concentration in the brain parenchyma, nor of its 

engagement with its biological target in neurons. Thus, clinicians currently only rely on clinical 

scales or, in the best cases, also on various available imaging parameters of the brain.

The issue of BBB drug penetration might also be challenging due to blood vessel modifications 

associated with the disease process or the medication77,78 

Solution 5: To customize drug with better and more selective brain accessibility

Pharmacokinetic studies with drug concentration measurements should be associated in both 

preclinical and clinical studies. Yet, this is complex because cerebrospinal fluid (CSF) is not 

accessible on a repetitive basis and only gives a biased measurement of the drug concentration 

in the brain region targeted by the drug. Furthermore, sampling of both CSF and blood as a 

function of time after administration provides an estimate the precision of which will depend 

on the number of samples over time. The association of brain tissue and clinical measures - 

respectively in both the experimental models and the patients - should ideally allow the 

establishment of an algorithm to help select the best dose and regimen in humans.

Another need is to improve drug penetration into the brain by customizing drugs with better 

penetration characteristics, or by developing prodrugs that will easily cross the BBB. Indeed, 

oral administration is obviously the easiest, but not the best, method of drug delivery for brain 

diseases. Transnasal delivery is also noninvasive and easy to operate and should be considered 

for intermittent administration of small molecules or small volumes of drug.79 Only small and 

lipophilic drugs can readily penetrate into the brain. In the situation where a very effective 

neuroprotective drug poorly penetrates the BBB, then several options might be usefully 

considered to help improve its brain penetration. The first option for small molecules is to 

increase their lipidation, or to reduce their size, keeping only the active neuroprotective 

fragment. Another interesting option is to use a lipophilic prodrug.80,81 Nanoparticles represent 

another chemical modification to increase BBB permeability (Figure 3).82,83    

If, despite chemical modification, the drug does not penetrate into the brain parenchyma then 

instead, direct delivery in the brain might be considered.84 The procedure involving intrathecal 

administration of baclofen or painkillers has been reported to be effective, reversible, and safe 

in thousands of patients.85 The safety of brain infusion of growth factors has also generated 

promising results despite a lack of efficacy for neuroprotection.86 With such procedures, high 
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local drug and personalized concentrations can be achieved with no or minimal systemic 

adverse events. 

Developments using physical, chemical and biological methods to open the BBB have also 

emerged recently. For example, focused ultrasound (FUS) has been shown to be safe and very 

efficient. Such approaches represent an interesting alternative for intermittent administration of 

drugs with long lasting effects.87,88 Co-administration of or substances acting on the efflux 

carriers, and transporters, can also theoretically increase drug penetration.84

Challenge 6: Neuroprotection represents a very long and risky drug development

Developing a new drug is always very long (an average of 14.2 years), very expensive (US 

$802 million) and challenging.89 

Solution 6: To reduce the risk of drug development for PD

Additional safeguards need to be developed with combined efforts both from academic partners 

and the drug industry. Prioritizing the development of repurposed drugs represents an attractive 

approach for neuroprotection in PD. Drugs already on the market for other therapeutic 

indications have the advantage of being already used for humans, and helpfully already have a 

well-known safety profile. Because of the extensive experience with these compounds they are 

generally also straightforward to test in preclinical models. Generally, their pharmacokinetic 

and pharmacodynamic characteristics are known, but the issues of brain penetration and 

adaptation of the dosage to the CNS might not be trivial. In terms of intellectual property, a new 

patent of an old drug for a new indication or formulae typically allows increasing the time for 

development for use in another indication. Target validation and lead molecule optimization 

can then be developed based upon this safe, first-in-class, repurposed drug. 

Another way of reducing the risk for drug development in neuroprotection is based on the fact 

that a few drugs may have shown efficacy in animals, and then also shown encouraging 

results in humans, but were subsequently abandoned because of their toxicity in a very small 

number of patients. Yet, even if a drug does not have an ideal safety profile, rigorous 

monitoring can allow testing it in clinical trials. Deferiprone is currently being clinically 

assessed for conservative iron chelation despite a rare risk of agranulocytosis (<0.8%).90,91  

Challenge 7: Animal models of PD are not predictive of clinical efficacy
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No molecule that has demonstrated positive in vitro, and in vivo, effects on neuroprotection 

has displayed any neuroprotective effect in clinical trials.42,64

Solution 7: To adapt preclinical models of PD and research design to the clinical 

situation

One of the reasons for the lack of predictive value of any of the PD animal models is the fact 

that these models cannot recapitulate the clinical situation. Animal models can inform about 

mechanisms of therapy but not about patient selection for that therapy. This is why one should 

associate, in a translational manner, dry and wet biomarkers of the targeted mechanisms both 

in the models, and in humans, to ascertain neuroprotection. 

The prediction of neuroprotection requires human, non-oncogenic, cell models including 

LUHMES, primary dopaminergic neuron culture, patient-derived Inducible Pluripotent Stem 

cells and three-dimensional brain organoids65. 

Several in vivo models have been generated through neurotoxin-based or genetic-based 

approaches in rodents, or non-human primates, to demonstrate and validate neuroprotection. 

Neurotoxin-induced models reproduce some of the key molecular alterations such as complex 

1 deficiency, or proteasomal dysfunction. Chemicals such as 6-hydroxydopamine, MPTP, 

rotenone, annonacine, and paraquat are mainly used to generate these types of PD models. 

Protein accumulation can be generated via overexpression of α-syn. In addition, protein 

aggregation pathology can be triggered by inoculating preformed fibrils of α-syn in the brain.66 

Yet, a limitation of these models is that not all of the molecular changes seen in PD actually 

coexist in a single model. It may be useful, to increase the prediction by associating different 

experimentations in different in vivo models (toxin and genetic hits), to reproduce far better the 

full pathological process as typically seen in PD.66         

Another important issue of neuroprotection trials is that, even for a same mutation, the clinical 

phenotypes of the patients recruited into a trial do vary considerably. Preclinical 

neuroprotection studies should therefore be performed using animals of mixed genetic 

backgrounds, and not on inbreed animals from an identical genetic provenance, but this may 

necessitate an increase in the required number of animals to achieve statistical significance.
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The immune status of animals is also important to monitor because neuroinflammatory 

processes also participate to neuronal degeneration. Indeed, most preclinical studies are 

performed on animals housed in a sterile environment, but PD patients in their daily lives are 

in constant contact with multiple immune stimulating agents. Lipopolysaccharide, a bacterial 

membrane molecule well known for its immune stimulating properties, increases the sensibility 

to parkinsonian toxins in rodents.67 Such a phenomenon might even start very early during life 

as offspring of pregnant rats injected with LPS are also more sensitive to parkinsonian toxins.67 

One should thus consider monitoring carefully the immune status of the animals or perhaps 

even house the animals in standard non-SFP facilities.   

Because PD is in most cases associated with aging, preclinical studies should include old 

animals. Indeed, elderly humans, and old animals, show less neuronal plasticity68 a lower level 

of dopamine metabolism69 and a higher iron content (which increases the pro-oxidant status70), 

and they also display considerably different dose-related effects to drugs given. PD is more 

prevalent in men, but both genders need to be accurately assessed because huge differences 

between them can be observed in terms of dose effects and neuronal degeneration.

The chronicity (months or even years) both of the degenerative process, and of the treatment 

regimen given, as well as the time at which the treatment is first introduced (ideally at time of 

the onset of symptoms) should be accurately reproduced in animal models. 

Finally, good practice standards should be used in preclinical studies just as is the case in the 

clinical studies (Figure 3). Such standards are costly and will dramatically reduce the number 

of studies but will undoubtedly increase their predictability.

Conclusion

We have described a number of critical hurdles that are currently hampering progress towards 

bringing effective neuroprotective therapeutic approaches to slow disease progression in 

patients with Parkinson’s disease, which arguably represents the greatest unmet need in this 

therapeutic area. We do not believe any of these hurdles are intractable and, especially 

considering the wealth of promising new neuroprotective approaches that are currently 

emerging, we have therefore outlined and organized exclusive or additive solutions of varying 

importance to help generate successful development of neuroprotective drugs for PD solutions 

and approaches to help overcome most or all of these hurdles.
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Legends

Figure 1: Past and current therapeutic strategies illustrating the need of biomarkers of 

target engagements 

Main physiopathological mechanisms (orange boxes) with complex and multiple interplays 

(arrows to show that they are in fact all connected), failed past therapeutic strategies (light 

blue boxes), strategies currently in clinical trials (dark blue boxes). (sources:42,92 and 

www.clinicaltrials.gov). None of the past and failed trials matched the therapies tested with 

the suitable molecular biology of the intended recipients. Thus, there is an urgent need of 

biomarkers that can demonstrate the molecular susceptibility to the mechanism of the drugs in 

order to validate target engagement and to assess drug response in patients.

Figure 2: Vocabulary of treatment modalities according to (a) the impact on the neuronal 

count in preclinical models and (b) on the clinical handicap progression in patients.

Figure 3: Seven solutions

Organization of seven interconnected solutions of varying importance that can be exclusive or 

additive and outline approaches to help generate successful development of efficient 

treatments aiming at reducing the rate of downward trajectory of disease progression.

Abbreviations: PD: Parkinson’s disease         
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