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Levodopa-induced dyskinesia in
Parkinson’s disease: an updated
review of pharmacological
treatments
Feifei Chen and Changqing Zhou*

Department of Neurology, Bishan Hospital of Chongqing Medical University, Chongqing, China

Levodopa-induced dyskinesia (LID) remains one of the most disabling

complications of long-term dopaminergic therapy in Parkinson’s disease.

Despite decades of investigation, only amantadine has been established

as the standard FDA-approved treatment, while istradefylline provides a

complementary non-dopaminergic option. Most other candidate agents–

including memantine, clozapine, and serotonergic or noradrenergic

modulators–have shown inconsistent efficacy or safety limitations,

underscoring persistent translational challenges between preclinical promise

and clinical outcomes. In addition to pharmacological therapies, deep brain

stimulation (DBS) serves as an established non-pharmacological intervention for

advanced cases. This review systematically synthesizes current pharmacological

strategies, consolidating evidence on mechanisms, efficacy, safety, and

regulatory status. We further highlight failed or inconclusive trials, emphasize

gaps in trial design and patient heterogeneity, and discuss emerging approaches

such as individualized therapeutic frameworks, novel drug delivery systems,

and AI-assisted drug discovery. Potential complementary pathways, including

Traditional Chinese Medicine (TCM), are also briefly noted as alternative

directions. By linking mechanistic insights with therapeutic evidence, this review

provides an updated framework for optimizing LID management and guiding

future research directions.
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1 Introduction

Parkinson’s disease (PD) ranks as the second most prevalent neurodegenerative
disorder and is the most rapidly expanding neurological disease globally. The prevalence
of PD escalates with age (GBD 2016 Parkinson’s Disease Collaborators, 2018), and due
to the swift aging of the global populace and increasing life expectancy, the population
of PD sufferers is anticipated to surpass 12 million by 2040 (Dorsey et al., 2018). PD
is primarily characterized by motor symptoms such as bradykinesia, resting tremor,
stiffness, and abnormalities in posture and gait. It also presents non-motor symptoms
like cognitive and psychiatric deficits (Jankovic, 2008). The key feature of PD is the loss
of dopaminergic neurons in brain regions associated with movement and the abnormal
accumulation of α-synuclein in neurons (Cesaroni et al., 2022). The pathophysiology of
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PD encompasses various dysfunction pathways, including oxidative 
stress, mitochondrial dysfunction, disrupted calcium homeostasis, 
neuroinflammation, and neurotransmitter system dysfunction 
(Zaman et al., 2021). Currently, no disease-modifying therapy 
exists, and dopamine replacement with levodopa remains the 
mainstay of treatment (Antonini et al., 2018). However, with 
disease progression and long-term levodopa exposure, patients 
frequently develop levodopa-induced dyskinesia (LID), a motor 
complication that significantly impairs quality of life (Santos-
García et al., 2024). Approximately 25% of patients develop LID 
after years of levodopa therapy, and the prevalence increases to 
80% after ten 5 years (You et al., 2018). LID is characterized 
by involuntary movements aecting the limbs, trunk, and head, 
which markedly reduce quality of life (di Biase et al., 2023). 
Its pathophysiology involves maladaptive synaptic plasticity and 
abnormal dopaminergic signaling, with additional contributions 
from multiple non-dopaminergic systems, including glutamatergic, 
serotonergic, and inflammatory pathways (Calabresi et al., 2010; 
Espay et al., 2018; Tran et al., 2018) (Figure 1). 

In recent years, therapeutic strategies for LID have expanded 
substantially. Clinical management includes both pharmacological 
adjustments and surgical interventions such as deep brain 
stimulation (DBS). DBS has demonstrated remarkable eÿcacy 
in alleviating LID symptoms and reducing levodopa dosage 
requirements (Fasano et al., 2012; Kwon et al., 2022; Li et al., 
2021; Munhoz et al., 2014; Toda et al., 2004). However, its 
invasiveness and limited indications underscore the ongoing need 
for optimized pharmacological therapies. Therefore, this review 
provides an updated synthesis of pharmacological treatments for 
LID, summarizing mechanisms, clinical evidence, eÿcacy, safety, 
and regulatory status across drug classes. 

2 LID evaluation scales 

Levodopa-induced dyskinesia significantly impacts patients’ 
daily activities, quality of life, and overall disability. Therefore, 
assessing the presence and severity of dyskinesia in patients 
undergoing levodopa treatment, as well as evaluating treatment 
eÿcacy, is of critical importance in disease management. In 
clinical practice, various rating scales have been developed and 
utilized for this purpose. Some scales are specifically designed 
for assessing dyskinesia in PD, while others are components 
of broader scales used to evaluate overall motor dysfunction 
in PD. Additionally, certain scales were initially developed for 
other syndromes associated with dyskinesia and later adapted 
for PD-related dyskinesia assessment. These scales include the 
Abnormal Involuntary Movement Scale (AIMS), the fourth part 
of the Unified Parkinson’s Disease Rating Scale (UPDRS Part IV), 
items 41 (duration of dyskinesia) and 42 (functional impact of 
dyskinesia) of the MDS-UPDRS, the Obeso Dyskinesia Rating 
Scale (CAPIT), the Rush Dyskinesia Rating Scale (RDRS), the 
Clinical Dyskinesia Rating Scale (CDRS), the Lang-Fahn Activities 
of Daily Living Dyskinesia Scale (LFADLDS), the Parkinson 
Disease Dyskinesia Scale (PDYS-26), and the Unified Dyskinesia 
Rating Scale (UDysRS). Each of these tools provides valuable 
insights into the severity and functional impact of dyskinesia, 
contributing to more eective clinical evaluation and management 
(Colosimo et al., 2010). 

3 Pharmacological treatment 

The chemical structures of the representative agents discussed 
in this section are summarized in Figure 2 and Supplementary 
Figure 1. Current pharmacological treatment techniques for LID 
predominantly emphasize two principal approaches. The primary 
objective is to attain more consistent dopaminergic activation by 
creating new levodopa formulations or employing revolutionary 
drug delivery techniques. The second strategy focuses on non-
dopaminergic pathways, utilizing therapies aimed at preventing 
the onset and progression of dyskinesia. A schematic overview 
of major therapeutic targets and representative drug classes 
for LID is shown in Figure 3. A comprehensive summary 
of pharmacological treatments for levodopa-induced dyskinesia, 
including mechanisms, clinical outcomes, and trial status, is 
provided in Table 1. 

3.1 Dopaminergic agents 

3.1.1 Dopamine replacement therapy 
Levodopa-induced dyskinesia is significantly linked to the 

total dosage of levodopa, and clinical practice prioritizes the 
maintenance of low-dose levodopa regimens to reduce this 
risk. Levodopa-carbidopa intestinal gel (LCIG), delivered via 
a continuous infusion device, mimics physiological persistent 
dopaminergic activation. The method entails diminishing 
variations in plasma drug concentrations, particularly by reducing 
the severity and frequency of trough levels, thus simulating the 
natural control of dopamine neurotransmission (Fernandez et al., 
2015). The eect of LCIG on the development of dyskinesia 
requires personalized evaluation (Antonini et al., 2016). The 
innovative formulation, AP09004, employs an accordion-like 
architecture to prolong the absorption duration of levodopa. 
Phase II clinical trials have shown its eÿcacy in decreasing OFF 
time without elevating the occurrence of dyskinesia, suggesting 
potential therapeutic benefits (LeWitt et al., 2019). 

3.1.2 Dopamine agonists 
Dopamine agonists are first-line treatments for early-stage PD 

and have been shown to delay motor complications while reducing 
LID. Extended-release formulations of pramipexole (Chwieduk 
and Curran, 2010) and rotigotine transdermal patches (Waters, 
2013) further reduce the risk of dyskinesia by maintaining 
stable plasma drug concentrations. Currently available dopamine 
agonists include pramipexole, piribedil, ropinirole, rotigotine, and 
apomorphine. Recent reviews further highlight advances in the 
therapeutic use of non-ergot dopamine agonists for both motor 
and non-motor symptoms of PD (Jing et al., 2023). A novel 
dopamine agonist, tavapadon (Bezard et al., 2024; Moreau et al., 
2013), exhibits selective dopamine receptor activation properties 
and incorporates innovative drug delivery methods. These features 
may reduce adverse events, improve tolerability, and expand the 
applicability of dopamine agonists in the treatment of PD. 

3.1.3 Continuous dopamine delivery 
Apomorphine, a potent dopamine agonist with high aÿnity for 

D1 and D2 receptors, has a short half-life and achieves continuous 
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FIGURE 1 

Pathophysiology of levodopa-induced dyskinesia (schematic). 

FIGURE 2 

Chemical structures of the main pharmacological agents discussed in this review, including levodopa (A), amantadine (B), safinamide (C), 
istradefylline (D) , apomorphine (E) , dextromethorphan (F) and quinidine (G).

dopaminergic stimulation through subcutaneous infusion via a 
portable pump. Studies have demonstrated that apomorphine 
can reduce the occurrence of motor complications while also 
improving non-motor symptoms such as mood disturbances 
and hallucinations. 

3.2 Non-dopaminergic medications 

3.2.1 Glutamatergic agents 
Glutamate is essential for neural control in the brain via 

many ionotropic and metabotropic receptors, with the N-methyl-
D-aspartate (NMDA) receptor being most closely linked to 
motor dysfunction. 

3.2.1.1 Amantadine 

Amantadine, a non-selective NMDA receptor antagonist, 
is the most prevalent and well-established treatment for LID. 
Its eectiveness has been consistently corroborated in multiple 
research. Amantadine was initially suggested as a treatment for 
PD in 1969, based on an incidental observation of a patient 
with PD who exhibited symptom improvement after using 
immediate-release amantadine as an antiviral medicine (Rascol 
et al., 2022b). Since then, amantadine immediate-release (IR) has 
been progressively utilized to treat LID and has established itself 
as a fundamental medication in this therapeutic domain (Elahi 
et al., 2012; Kong et al., 2017; Verhagen Metman et al., 1998b). 
Research has shown that amantadine possesses considerable anti-
dyskinetic properties in both animal studies and clinical trials. 
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FIGURE 3 

Therapeutic targets and representative drug classes for levodopa-induced dyskinesia (LID). 

Nevertheless, the application of amantadine IR has specific 
constraints. The requirement for numerous daily dosages not only 
elevates the medication burden for patients but also results in 
significant variations in plasma drug concentrations. Moreover, 
suboptimal levels of amantadine IR frequently do not yield 
satisfactory therapeutic results, whilst elevated doses may diminish 
patient tolerance, so limiting its clinical use (Espay et al., 2018; 
Fabbrini et al., 2007). 

Amantadine has been demonstrated in numerous clinical 
trials to eectively reduce the severity and duration of LID and 
decrease daily OFF time in PD patients receiving dopamine 
replacement therapy. Until recently, it remained the only 
medication specifically approved by the U.S. FDA for the 
management of LID. In 2017, a novel extended-release (ER) 
formulation of amantadine, ADS-5102, received FDA approval, 
based on clinical trials demonstrating significant reductions in 

dyskinesia severity, alongside favorable safety and tolerability 
profiles. Consequently, amantadine ER is currently recommended 
as a symptomatic treatment for PD patients experiencing LID 
while on dopaminergic therapies. Additionally, recent clinical 
practice guidelines, including the 2017 National Institute for 
Health and Care Excellence (NICE) guidelines and the 2018 
International Parkinson and Movement Disorder Society (MDS) 
guidelines, explicitly endorse the use of amantadine as a 
primary pharmacological option for managing LID. Recent 
studies have introduced a novel formulation of amantadine–IR/ER 
amantadine (OS320)–which combines an IR layer with an ER 
core. Administered once daily in the morning, this formulation 
achieves stable plasma drug concentrations throughout the 
day. The IR layer rapidly releases a portion of the drug 
within 30–60 min after administration, while the ER core 
employs an osmotic pump system to sustain drug release, 
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TABLE 1 Pharmacological treatments for levodopa-induced dyskinesia (LID): mechanisms, clinical outcomes, and trial status. 

Class Drug/ 
formulation 

Primary target/ 
mechanism 

Key clinical 
outcomes 
(typical 
measures) 

Trial 
phase/status 

Common 
AEs/notes 

Dopaminergic 

replacement/delivery 

LCIG 

(levodopa–carbidopa 

intestinal gel) 

Continuous jejunal 
infusion → smoother 

dopaminergic 

stimulation 

↓ OFF time; mixed 

eects on LID risk 

depending on dose 

optimization; improves 
motor fluctuations 

Approved in many 

regions 
Device-/procedure-
related issues 
(infection, tube 

problems) 

Dopaminergic 

replacement/delivery 

AP09004 (accordion pill 
levodopa) 

Extended GI retention 

→ flatter levodopa PK 

Phase II: ↓ OFF without 
↑ troublesome dyskinesia 

reported in early studies 

Phase II 
completed/development 
ongoing 

GI AEs; 
development status 
may vary 

Dopamine agonists Pramipexole ER D2/D3 agonism; 
once-daily ER profile 

In early PD delays motor 

complications; helps 
smooth fluctuations 

Approved Somnolence, 
peripheral edema, 
impulse-control 
disorders 

Glutamatergic 

modulation – NMDA 

Amantadine IR/ER 

(ADS-5102) 
Non-selective NMDA 

antagonism; reduces 
glutamatergic 

hyperactivity 

Robust ↓ UDysRS; ↑ ON 

time without 
troublesome dyskinesia; 
guideline-endorsed 

symptomatic benefit 

FDA-approved (ER for 

LID) 
Hallucinations, 
peripheral edema, 
dry mouth; caution 

in renal impairment 

Serotonergic agents Clozapine (low dose) 5-HT2A/2C antagonism; 
high-aÿnity D4 

blockade; 5-HT1A 

agonism 

DBPC: ↓ daily duration 

of LID (∼2 h); ↓ peak 

LID score in levodopa 

challenge 

O-label use for LID; 
eÿcacy shown in small 
trials 

Risk of 
agranulocytosis → 

requires regular CBC 

monitoring; other 

antipsychotic AEs 

Adenosine A2A receptor 

antagonists 
Istradefylline Selective A2A receptor 

blockade on indirect 
pathway MSNs → 

reduce ’stop’ pathway 

overactivity 

↓ OFF by ∼0.7–1.8 h vs. 
placebo; increases good 

ON time; may reduce 

need for levodopa hence 

indirectly benefit LID 

Approved (FDA 2019, 
PMDA 2013) 

Dyskinesia (can 

occur), insomnia, 
nervousness; 
generally tolerable 

LCIG, Levodopa-carbidopa intestinal gel; ER, extended-release; IR, immediate-release; UDysRS, Unified Dyskinesia Rating Scale; NMDA, N-methyl-D-aspartate receptor; mGluR5, 
Metabotropic glutamate receptor 5; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; MAO-B, Monoamine oxidase-B; COMT, Catechol-O-methyltransferase; FDA, 
U.S. Food and Drug Administration; PMDA, Pharmaceuticals and Medical Devices Agency; DBS, deep brain stimulation; SV2A, synaptic vesicle protein 2A; MSNs, medium spiny neurons; 
CBC, complete blood count; PK, Pharmacokinetics; GI, Gastrointestinal; AEs, Adverse events; LFT, Liver function test; RCT, randomized controlled trial; PGIC, Patient Global Impression of 
Change; AUC, area under the curve; h, hours; ON time, period with good motor control; OFF time, period with symptom re-emergence; ↓, decrease/reduction; ↑, increase/elevation; DBPC, 
Double-blind placebo-controlled. 

reaching peak plasma concentration approximately 7.5 h post-dose 
(Rascol et al., 2022b). 

The eÿcacy and safety of OS320 in treating LID were 
evaluated in two randomized, double-blind, placebo-controlled 
trials, ALLAY-LID I and ALLAY-LID II. While ALLAY-LID I 
did not meet its primary endpoint, ALLAY-LID II demonstrated 
significant therapeutic eects for both the 193 mg and 258 mg 
dosage groups. Compared to placebo, these groups showed 
reductions in Unified Dyskinesia Rating Scale (UDysRS) scores 
of −5.5 and −5.2, respectively. Pooled analyses further revealed 
that the 258 mg dose significantly increased ON time without 
troublesome dyskinesia by 1.5 h, primarily through a reduction 
in ON time with troublesome dyskinesia. In terms of safety, 
the adverse eects of OS320 were similar to those observed 
with other amantadine formulations, including hallucinations, dry 
mouth, nausea, and peripheral edema. While a slightly higher 
incidence of adverse events was noted at the 258 mg dose, the 
overall tolerability was favorable, with no new safety concerns 
identified. An updated pooled analysis of the ALLAY-LID studies 
further corroborated the eect of OS320 on reducing dyskinesia 
severity and increasing ON time without troublesome dyskinesia 
(Rascol et al., 2022b). 

3.2.1.2 Memantine 

Another NMDA receptor antagonist garnering considerable 
attention is memantine, which exhibits higher selectivity for 
NMDA receptors compared to amantadine. Additionally, it 
exerts stronger antagonistic eects on extrasynaptic receptors, 
potentially oering more precise regulation of NMDA-dependent 
glutamatergic hyperactivity in the striatum (Leroi et al., 2009). 
A 3-week randomized, double-blind, placebo-controlled crossover 
trial evaluated the eÿcacy of memantine (20 mg/day) in treating 
LID. The study included 17 patients, of whom 15 completed 
the trial (Wictorin and Widner, 2016). Results demonstrated 
that memantine significantly reduced the duration of dyskinesia, 
though its eect on dyskinesia severity was limited. Specifically, 
patient diaries revealed that the duration of dyskinesia decreased 
from 25% in the placebo group to 16% in the memantine group. 
However, video-based dyskinesia scores, as assessed by the Clinical 
Dyskinesia Rating Scale (CDRS), showed no significant dierences 
between groups. Interestingly, the study highlighted notable inter-
individual variability in response to memantine. While seven 
patients exhibited significant improvement in dyskinesia scores 
(average reduction of 32%), three patients experienced worsening 
symptoms (average increase of 33%), and five patients showed 
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no significant change. These findings suggest that the therapeutic 
eÿcacy of memantine may be closely linked to individual 
dierences. More importantly, this study indicates that, unlike 
amantadine, memantine appears to primarily reduce the duration 
of dyskinesia rather than directly alleviating its severity. 

Similarly, a 90-day randomized, double-blind, placebo-
controlled trial further evaluated the potential eÿcacy of 
memantine in addressing axial symptoms and dyskinesia. 
The study included 25 advanced PD patients, all of whom exhibited 
severe gait disturbances (Unified Parkinson’s Disease Rating Scale 
[UPDRS]-III item 29 score ≥2) and pronounced forward-leaning 
posture (UPDRS-III item 28 score ≥2) (Moreau et al., 2013). 
The results demonstrated significant improvements in both 
overall UPDRS motor scores and axial symptom subscores in 
the memantine group, with reductions of 1.0 and 1.1 points, 
respectively. Regarding dyskinesia, the memantine group showed 
significantly greater reductions in Dyskinesia Rating Scale scores 
and axial subscores compared to the placebo group, with decreases 
of 1.9 and 1.4, respectively. These findings suggest that memantine 
may mitigate NMDA receptor overactivation, thereby reducing 
excessive synaptic noise within the striato-cortical circuitry and 
improving both the intensity of dyskinesia and axial symptoms. 
Additionally, memantine was found to significantly alleviate trunk 
flexion rigidity and improve trunk extensor strength, which may 
help slow the progression of forward-leaning posture and muscle 
atrophy in PD patients. However, the study found no significant 
eects of memantine on gait parameters such as stride length, gait 
velocity, and cadence, suggesting limited eÿcacy in addressing 
gait disturbances. In summary, while this study highlights the 
potential of memantine in improving axial symptoms and LID, it 
also underscores challenges, including the small sample size and 
notable inter-individual variability in treatment responses. 

3.2.1.3 Other NMDA/glutamate modulators 
Remacemide (RMC) is a non-competitive antagonist of the 

NMDA receptor with modest aÿnity. Its active metabolite, AR-
R 12495 AR, also demonstrates modest aÿnity for NMDA 
receptors and additionally influences voltage-dependent neuronal 
sodium channels. This dual approach not only exhibits potential 
for antiepileptic and neuroprotective eects but also mitigates 
the behavioral and neurotoxic side eects often linked to 
conventional NMDA receptor antagonists (Schachter and Tarsy, 
2000). Research indicates that RMC may have potential benefits 
in several neurological conditions. In animal models of PD, 
RMC in conjunction with levodopa has been shown to enhance 
motor symptoms and shown eÿcacy in addressing LID. In 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) -induced 
primate models of PD, the combination of RMC and levodopa 
improved Parkinsonian symptoms by 42% (Greenamyre et al., 
1994). Moreover, clinical studies have shown that RMC, when 
used as an adjunct to stable levodopa therapy, does not exacerbate 
LID and, in certain cases, may improve motor fluctuations. In a 
multicenter, randomized, double-blind, placebo-controlled dose-
ranging study involving 279 patients receiving levodopa treatment, 
RMC demonstrated good tolerability at doses of 300 mg/day 
(administered twice daily) or 600 mg/day (administered four times 
daily). Common adverse events included dizziness, nausea, and 
drowsiness, but RMC did not worsen LID. Although the study’s 
statistical power was limited, results indicated a trend toward 

improvement in ON time and motor UPDRS scores among patients 
taking RMC at doses of 150 mg/day and 300 mg/day. Notably, in the 
RMC 150 mg/day group, the average ON time increased by 8.2%, 
corresponding to an additional 0.84 h per day, without a significant 
increase in the severity of dyskinesia (Shoulson et al., 2001). 
In addition, the anti-motor fluctuation eects of RMC became 
evident by the fourth week of treatment and persisted through 
the seventh week, suggesting its potential as an eective adjunct 
to levodopa therapy. The neuroprotective properties of RMC have 
also been validated in several animal models. For example, it has 
been shown to reduce infarct volume in ischemic brain injury and 
mitigate hippocampal neuronal damage, primarily attributed to its 
NMDA receptor-blocking eects (Palmer et al., 1995). Although 
current studies indicate that RMC demonstrates good tolerability 
and potential eÿcacy in the treatment of LID, research on its 
application in LID remains limited compared to the more extensive 
investigations of its use in epilepsy. 

Dextromethorphan (DM) is a low-aÿnity, non-competitive 
NMDA receptor antagonist with modulatory eects on 
glutamatergic neurotransmission and potential anti-excitotoxic 
properties. A small-scale, double-blind, placebo-controlled 
crossover trial (n = 6) demonstrated that, when co-administered 
with quinidine (to inhibit DM metabolism into dextrorphan), 
DM reduced the mean and peak LID scores by over 50% 
without significantly aecting the antiparkinsonian eÿcacy of 
levodopa, as no dierences in the magnitude or duration of motor 
improvement were observed (Verhagen Metman et al., 1998a). 
In some patients, a slight increase in the levodopa threshold 
dose was noted, suggesting that individualized dose adjustments 
may be necessary to avoid potential fluctuations in therapeutic 
eects. Additionally, baseline Parkinsonian symptoms in the OFF 
state showed mild improvement in the DM group, indicating 
that DM’s regulation of glutamatergic hyperactivity might have 
broader eects. These eects may involve mechanisms beyond 
NMDA receptor antagonism, such as modulation of σ receptors or 
κ-opioid receptors, which could influence basal ganglia circuitry. 
The findings from NCT01767129 further support the potential 
of dextromethorphan/quinidine (DM/Q) in treating LID (Fox 
et al., 2017). This multicenter, randomized, double-blind, placebo-
controlled Phase II trial (n = 13) evaluated the eects of DM 
(45 mg)/Q (10 mg) administered twice daily over a 2-week period. 
At the conclusion of the treatment, a standardized intravenous 
levodopa challenge was conducted. Results demonstrated that 
DM/Q significantly reduced the peak severity score of LID and 
the AUC for dyskinesia severity from baseline to the end of the 
ON state. Importantly, DM/Q did not exacerbate Parkinsonian 
motor symptoms, as indicated by the lack of significant changes 
in MDS-UPDRS Part III scores. Additionally, patient-reported 
outcomes further underscored the clinical relevance of DM/Q. 
Patient Global Impression of Change (PGIC) scores indicated 
that 69.2% of patients reported significant improvement in LID 
following DM/Q treatment, compared to only 7.7% in the placebo 
group. Improvements were also observed in daily living activities, 
as reflected by the 39-item Parkinson’s Disease Questionnaire 
(PDQ-39) ADL subscale scores. These findings highlight not only 
the eÿcacy of DM/Q in reducing LID severity but also its potential 
to enhance patients’ quality of life. 

However, current studies on DM/Q are limited by small sample 
sizes and relatively short treatment durations. Future research 
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should focus on larger, long-term trials to confirm these findings. 
Additional areas of investigation could include exploring lower 
quinidine doses (e.g., 5 mg twice daily) or sustained-release 
formulations to balance metabolic inhibition with safety, as well 
as evaluating the potential synergistic eects of combining DM/Q 
with amantadine or other glutamate modulators. Such approaches 
may optimize therapeutic outcomes by targeting multiple pathways 
associated with LID. 

In the previous century, riluzole was recognized as a 
non-competitive NMDA receptor antagonist that mitigates 
excitotoxicity by stabilizing the inactivated state of voltage-
dependent sodium channels, consequently diminishing presynaptic 
glutamate release and disrupting the excitotoxic cycle (Doble, 
1996). Riluzole has been extensively investigated in preclinical 
models of many central nervous system illnesses due to its 
neuroprotective, anticonvulsant, and sedative eects. In models of 
ischemic cerebral injury, riluzole markedly decreased glutamate 
release and infarct volume. It has been demonstrated to repair 
MPTP-induced decreases in striatal dopamine levels and mitigate 
motor deficits in the 6-hydroxydopamine (6-OHDA) Parkinson’s 
model. The neuroprotective eects found in animals of several 
neurodegenerative disorders indicate that riluzole may potentially 
aect the onset and course of LID. These findings necessitate 
additional exploration of its therapeutic potential in addressing 
LID, especially considering its recognized mechanisms of action 
and preclinical eectiveness in analogous pathological scenarios 
(Araki et al., 2000; Marin et al., 2000; Pratt et al., 1992). Despite 
the encouraging results seen in preclinical investigations, the 
clinical use of riluzole for LID has been constrained by insuÿcient 
rigorous clinical trials and variable outcomes. A small, open-label 
clinical trial yielded initial insights into riluzole’s potential for 
managing LID. This study involved six patients with advanced 
PD (3 males and 3 females, aged 49–75 years) who experienced 
substantial dyskinesias as a result of prolonged levodopa treatment 
(disease duration: 5–10 years; dyskinesia duration: 3–6 years) 
(Merims et al., 1999). After a 2-week medication washout 
period, participants commenced riluzole treatment at an initial 
dosage of 25 mg per day, which was escalated to 50 mg twice 
daily for a duration of 4 weeks. Patients and their caregivers 
recorded the daily duration and intensity of dyskinesias. The 
findings indicated that riluzole medication markedly decreased 
the overall length of dyskinesia (average reduction of 24%) and 
the duration of severe dyskinesia episodes (average reduction 
of 30%). Significantly, riluzole did not exacerbate Parkinsonian 
symptoms or reduce the therapeutic eectiveness of levodopa. No 
significant adverse events were reported, and patients exhibited 
favorable tolerance to the medication. However, a 3-week double-
blind, placebo-controlled study conducted by Bara-Jimenez et al. 
(2006). raised doubts regarding the clinical eÿcacy of riluzole. 
The study enrolled 15 patients with moderate to advanced PD 
and utilized a dose-escalation protocol (up to 200 mg/day) to 
evaluate the eects of riluzole on LID. The results demonstrated 
that, compared to placebo, riluzole neither alleviated the severity 
of dyskinesia nor influenced the duration of levodopa’s therapeutic 
eects or the core Parkinsonian symptoms. The researchers 
speculated that although riluzole may theoretically aect the 
mechanisms underlying LID by inhibiting glutamate release and 
blocking NMDA receptors, it might also trigger compensatory 
mechanisms, potentially interacting with non-ionotropic 

glutamate receptors, such as metabotropic glutamate receptors 
(Bara-Jimenez et al., 2006). 

Metabotropic glutamate receptor 5 (mGluR5) antagonists, 
including mavoglurant (AFQ056) (Negida et al., 2021) and 
dipraglurant (ADX 48621) (Tison et al., 2016), have demonstrated 
potential in treating levodopa-induced dyskinesia (LID) by 
reducing hyperactive glutamatergic signaling in the striatum (Tison 
et al., 2016; Wang et al., 2018). A systematic review and meta-
analysis assessed the eÿcacy of mGluR5 antagonists in improving 
modified Abnormal Involuntary Movement Scale (mAIMS) scores. 
The analysis included several RCTs of mavoglurant, revealing that 
compared to placebo, mavoglurant significantly reduced mAIMS 
scores, indicating its notable antidyskinetic eects and its ability 
to alleviate the severity of LID. However, no significant dierences 
were observed in secondary endpoints, such as the impact of 
dyskinesia on daily living (LFADLDS scores) or UPDRS IV, 
suggesting that mavoglurant’s clinical benefit may be confined 
to specific symptom improvements. Further analysis revealed 
that mavoglurant might be more eective in certain patient 
subgroups, such as those with moderate-to-severe LID, which 
may correlate with the degree of hyperactivity in glutamatergic 
signaling (Wang et al., 2018). Although mavoglurant exhibited 
an overall favorable safety profile, its clinical development faces 
challenges, including variability in individual patient responses and 
uncertainties regarding its long-term eÿcacy (Negida et al., 2021). 

A Phase IIa clinical trial investigated dipraglurant in patients 
with moderate-to-severe LID. This randomized, double-blind, 
placebo-controlled, multicenter study enrolled 76 participants, 
with 52 receiving dipraglurant and 24 assigned to placebo (Tison 
et al., 2016). The results indicated that dipraglurant, administered 
at doses ranging from 50 mg to 100 mg three times daily, 
was generally well-tolerated. Common adverse events included 
dizziness, nausea, fatigue, and visual disturbances. Only two 
participants discontinued the trial due to adverse events. In 
terms of eÿcacy, dipraglurant significantly reduced peak-dose 
dyskinesia as measured by mAIMS scores, particularly on Day 
1 (50 mg) and Day 14. The AUC for mAIMS scores (0–3 h) 
also showed significant improvement on Day 14, suggesting 
that dipraglurant eectively alleviates LID within a short-term 
timeframe. However, no statistically significant improvement in 
mAIMS scores was observed on Day 28, which may be attributed 
to an increased placebo eect or the development of tolerance. 
Additionally, patients experienced a gradual increase in ON time 
without dyskinesia, although the dierence did not reach statistical 
significance. Importantly, dipraglurant did not negatively impact 
the core motor symptoms of PD, as evidenced by stable UPDRS-III 
scores, nor did it increase OFF time or exacerbate resting tremor, 
indicating that its antidyskinetic eects were achieved without 
compromising levodopa’s therapeutic eÿcacy. 

Dipraglurant and mavoglurant both target the mGluR5 
pathway and demonstrate potential in alleviating LID, however 
their eÿcacy and tolerance profiles vary to a degree. Subsequent 
research should concentrate on refining dosing protocols, 
elucidating long-term eectiveness, and investigating their use in 
varied patient demographics to enhance comprehension of their 
therapeutic potential. 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptor, as key ionotropic receptors mediating glutamate-driven 
excitatory synaptic transmission, play a critical role in the 
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pathogenesis of LID. Their overactivation is closely associated with 
enhanced glutamatergic signaling in the cortico-striatal pathway, 
which exacerbates synaptic plasticity abnormalities within basal 
ganglia circuits, ultimately contributing to LID development. 
In animal models of LID, including 6-OHDA-lesioned rats and 
MPTP-treated non-human primates, increased AMPA receptor 
expression in the striatum has been observed, along with elevated 
phosphorylation levels of specific subunits such as GluR1. 
These molecular changes likely lead to enhanced excitatory 
synaptic transmission and heightened postsynaptic sensitivity. 
Moreover, alterations in the molecular and functional properties 
of AMPA receptors may also influence NMDA receptor activity, 
further amplifying pathological glutamatergic signaling (Duty, 
2012). These findings suggest that dysregulated AMPA receptor 
activity represents a critical mechanism underlying LID. As such, 
pharmacological agents targeting AMPA receptors, including 
antagonists or modulators, may oer a promising therapeutic 
strategy for mitigating LID. 

Perampanel, a non-competitive AMPA receptor antagonist, 
reduces excitatory glutamate signaling by inhibiting AMPA 
receptor overactivation. Preclinical studies in animal models 
have demonstrated the potential of AMPA receptor antagonists 
in alleviating LID. For instance, LY-300164 (telampanel) and 
topiramate significantly reduced LID in 6-OHDA-lesioned rats 
and MPTP-treated non-human primates, while simultaneously 
enhancing the antiparkinsonian eects of levodopa. These findings 
provide a theoretical basis for the development of AMPA 
antagonists as candidate therapies for LID. However, clinical 
trials based on these encouraging preclinical results have been 
disappointing. In a randomized, double-blind, placebo-controlled 
trial, perampanel as an adjunct to levodopa failed to significantly 
reduce the severity or symptoms of LID in patients (Eggert 
et al., 2010; Lees et al., 2012). This failure may be attributed 
to physiological dierences between animal models and human 
PD patients. For example, the role of AMPA receptors might 
be overemphasized in animal models, while in clinical trials, 
the complex neurochemical status of patients–shaped by disease 
progression and prior pharmacological treatments–may diminish 
the therapeutic eÿcacy of perampanel. Moreover, the non-selective 
nature of perampanel may have contributed to its limited clinical 
eÿcacy, highlighting the need for the development of next-
generation AMPA receptor antagonists with higher selectivity. 
In particular, selective antagonists targeting calcium-permeable 
AMPA receptors (Ca-permeable AMPA receptors), such as IEM-
1460, have shown promising antidyskinetic eects in preclinical 
studies. IEM-1460 specifically blocks AMPA receptors lacking the 
GluR2 subunit, eectively reducing levodopa-induced abnormal 
involuntary movements (AIMs) and ameliorating molecular 
abnormalities associated with LID. In both 6-OHDA-lesioned rats 
and MPTP-treated non-human primates, acute administration of 
IEM-1460 reduced LID in a dose-dependent manner without 
impairing motor performance. Furthermore, a 21-day chronic 
co-treatment regimen demonstrated that IEM-1460 significantly 
suppressed both the induction and subsequent expression of 
LID, while also reversing molecular markers related to LID. 
These findings underscore the potential of selective Ca-permeable 
AMPA receptor antagonists, such as IEM-1460, as a more 
targeted and eective therapeutic strategy for managing LID 
(Kobylecki et al., 2010). 

3.2.2 Serotonin agents 
5-HT neurons, lacking the negative feedback regulation 

of dopaminergic terminals, can convert levodopa into DA 
via aromatic L-amino acid decarboxylase (AADC), resulting 
in abnormal striatal DA fluctuations and exacerbating the 
development of LID. 

3.2.2.1 Clozapine 
Clozapine, an atypical antipsychotic, acts as a 5-HT2A/2C 

receptor antagonist, with additional high-aÿnity blockade of D4 
receptors and agonism at 5-HT1A receptors, which may collectively 
contribute to its mechanism of action in alleviating LID. In a 
double-blind, placebo-controlled study, clozapine administered at 
an average dose of 39.4 ± 4.5 mg/day significantly reduced the 
daily duration of LID by approximately 2 h, with improvements 
becoming evident by the fourth week of treatment (Durif et al., 
2004). Additionally, in an acute levodopa challenge test, clozapine 
significantly reduced the peak LID score at rest (p = 0.05), 
indicating its potential to mitigate the severity of LID. However, 
its clinical utility is limited by the risk of severe adverse eects, 
such as agranulocytosis, which necessitates strict monitoring of 
blood cell counts. This requirement poses a significant barrier to 
its widespread use in clinical practice. 

3.2.2.2 Eltoprazine 
The novel 5-HT-targeting drug eltoprazine, a 5-HT1A/1B 

receptor agonist, reduces levodopa conversion by inhibiting the 
overactivity of 5-HT neurons (Wang et al., 2019). In animal models 
of LID, eltoprazine significantly decreases abnormal theta (5– 
8 Hz) oscillations and restores the directional flow of information 
between the dorsal striatum (dStr) and the substantia nigra pars 
reticulata (SNr), thereby alleviating dyskinesia symptoms (Wang 
et al., 2019). In a study using the 6-OHDA dopamine-depleted 
animal model, chronic levodopa administration was found to 
significantly enhance theta-band (5–8 Hz) oscillations in the dStr 
and the SNr. These oscillations were positively correlated with AIM 
scores. Granger causality analysis revealed that the directionality of 
theta oscillatory information flow was primarily from the dStr to 
the SNr, indicating that striatal activity plays a dominant role in the 
pathophysiology of LID. Long-term administration of eltoprazine 
significantly reduced theta oscillatory activity in both the dStr 
and SNr and decreased theta-band information flow between 
these regions, ultimately alleviating LID symptoms. Importantly, 
eltoprazine’s antidyskinetic eects did not compromise the motor 
improvements mediated by levodopa, highlighting its significant 
advantage as a potential treatment for LID. This characteristic is 
attributed to eltoprazine’s mechanism of action, which involves 
modulating 5-HT1A/1B receptors to inhibit aberrant dopamine 
release from 5-HT neurons, rather than directly interfering with the 
dopaminergic signaling pathway. In a double-blind, randomized, 
placebo-controlled Phase I/IIa dose-finding study, 22 LID patients 
were treated with eltoprazine at doses of 2.5 mg, 5 mg, and 
7.5 mg, or placebo. The results demonstrated that 5 mg of 
eltoprazine significantly reduced the AUC of the CDRS by 1.02 and 
lowered the maximum CDRS score by 1.14, without compromising 
the antiparkinsonian eÿcacy of levodopa (Svenningsson et al., 
2015). Furthermore, studies have shown that eltoprazine not 
only significantly reduces the severity of LID but also holds 
potential for its prevention and long-term management (Pinna 
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et al., 2016). The adverse eects of eltoprazine are primarily 
mild, including nausea and dizziness, which tend to diminish 
with repeated administration. Notably, no significant anxiety or 
depressive symptoms have been observed. 

3.2.2.3 Sarizotan 
Sarizotan is a drug with 5-HT1A receptor agonist activity 

and high aÿnity for the D2 receptor family (D3 > D4 > D2). 
Due to its relatively low aÿnity for other receptors, such as 5-
HT2A, 5-HT2C, and 5-HT3, as well as ion channels, sarizotan 
exhibits high selectivity. It is considered a promising candidate 
for alleviating LID symptoms by modulating serotonergic and 
dopaminergic signaling pathways. In a randomized, double-blind, 
placebo-controlled Phase IIb multicenter study, 398 PD patients 
were randomized to receive sarizotan at doses of 2 mg/day, 
4 mg/day, 10 mg/day, or placebo. The primary endpoint was the 
change in “on time without dyskinesia” duration (Goetz et al., 
2007). The results indicated that while sarizotan at certain doses 
(e.g., 2 mg/day) demonstrated significant improvements in the 
duration of dyskinesia and disability scores on Part IV of the 
Unified PD Rating Scale (UPDRS IV items 32 and 33), it did 
not significantly outperform placebo in improving the primary 
endpoint. Additionally, high-dose sarizotan (10 mg/day) was 
significantly associated with an increase in “o” time and mild 
adverse events, including nausea, drowsiness, and falls. However, 
the treatment was generally well-tolerated. Further mechanistic 
studies revealed sarizotan’s unique pharmacological profile, acting 
as a full agonist at 5-HT1A receptors and as an antagonist or 
partial agonist at D2 receptor family subtypes (Bartoszyk et al., 
2004). Studies have shown that sarizotan significantly reduces the 
accumulation of the serotonin precursor 5-HTP and the release of 
DA, while simultaneously increasing the levels of DA metabolites, 
including DOPAC and HVA. These findings suggest that sarizotan 
exerts dual regulatory eects on serotonergic and dopaminergic 
signaling pathways. Additionally, sarizotan exhibits antidyskinetic 
eects in animal models, including the suppression of LID and 
neuroleptic-induced tardive dyskinesia, which are attributed to 
its 5-HT1A receptor agonist activity (Altwal et al., 2021). Its 
antidyskinetic eects may also involve partial antagonism of D3 
and D4 receptors, which have been implicated as potential targets 
in dyskinesia research. Furthermore, sarizotan’s prominent 5-
HT1A agonist activity supports its anticataleptic eects (Gerlach 
et al., 2011). Other serotonergic strategies, such as the highly 
selective 5-HT1A agonist NLX-112, have recently reported Phase 
2a clinical trial data, highlighting ongoing interest in this pathway 
(Svenningsson et al., 2025). In summary, the unique molecular 
mechanism of sarizotan, along with its potential to alleviate LID 
symptoms, positions it as a promising candidate for the treatment 
of PD-associated motor complications. 

3.2.3 GABAergic agents 
Metabotropic glutamate receptor 4 (mGluR4) is a Gi/o protein-

coupled receptor widely distributed at the presynaptic terminals 
of the basal ganglia and cerebellum. Its activation modulates the 
excitatory/inhibitory balance of the direct and indirect pathways 
in the basal ganglia by inhibiting the release of γ-aminobutyric 
acid (GABA) and glutamate. This mechanism can alleviate motor 
symptoms of PD. Positive allosteric modulators (PAMs) of mGluR4 
represent a promising non-dopaminergic therapeutic approach, 

oering potential benefits for addressing the unmet needs of 
PD patients experiencing OFF periods (Charvin et al., 2018b; 
Duty, 2012). Preclinical studies have demonstrated that PAMs 
of mGluR4, such as Foliglurax, can reduce motor impairments 
and alleviate LID in primate models of PD induced by MPTP 
(Charvin et al., 2018a). Building on this mechanism, a 28-day 
randomized, double-blind, placebo-controlled Phase II clinical trial 
evaluated the eÿcacy and safety of Foliglurax, the first clinical 
mGluR4 PAM developed for the symptomatic treatment of PD, 
in 157 patients with motor complications (Rascol et al., 2022a). 
The results indicated that while the Foliglurax treatment groups 
(10 mg or 30 mg, twice daily) exhibited a dose-dependent reduction 
in daily awake OFF time (a decrease of 0.55 h in the 10 mg 
group and 0.72 h in the 30 mg group, compared to a 0.29-h 
reduction in the placebo group), the primary endpoint–change 
in OFF time at day 28–did not achieve statistical significance 
compared to placebo. Similarly, secondary endpoints, including 
the severity of dyskinesia and UDysRS scores also failed to show 
significant improvements. Foliglurax was generally well-tolerated, 
with no major safety concerns identified. However, treatment-
related adverse events, such as falls and proteinuria, were reported 
at slightly higher rates in the Foliglurax groups compared to 
placebo. These findings suggest that Foliglurax did not provide 
significant improvements in motor complications for PD patients, 
raising challenges to the therapeutic hypothesis targeting the 
glutamatergic system, specifically mGluR4. This may reflect the 
complexity of mGluR4 regulatory mechanisms in human PD or 
highlight discrepancies between preclinical models and clinical 
eÿcacy in humans. 

Cannabinoid-based therapies have also been explored. The 
endocannabinoid system plays a significant role in modulating 
basal ganglia circuitry through CB1 and CB2 receptors, which are 
implicated in the pathophysiology of LID. Cannabinoid receptors 
are densely concentrated in the basal ganglia, and their activation 
enhances GABAergic transmission in the external segment of 
the globus pallidus (GPe) while reducing glutamate release in 
the striatum. Specifically, stimulating cannabinoid receptors in 
the internal segment of the globus pallidus (GPi) reduces GABA 
reuptake, thereby enhancing GABAergic transmission (Pisani 
et al., 2011). Cannabinoid receptor agonists may alleviate LID by 
attenuating excessive fluctuations in striatal dopaminergic signaling 
and mitigating excitotoxicity associated with glutamatergic 
overactivity. Conversely, cannabinoid receptor antagonists may 
improve symptoms by blocking abnormal synaptic plasticity. 
A study investigating cannabinoid levels in PD patients with and 
without dyskinesia suggested that the endocannabinoid system is 
involved in the pathophysiology of PD symptoms. However, the 
precise role of the endocannabinoid system in the pathophysiology 
of LID remains unclear (Marchioni et al., 2020). 

3.2.4 Noradrenergic agents 
The action mechanism of the α-2A adrenergic receptor 

antagonist fipamezole involves the inhibition of presynaptic α-
2 adrenergic receptors, hence augmenting norepinephrine release 
and influencing basal ganglia circuits. In non-human primates 
with MPTP-induced lesions, fipamezole markedly diminished the 
incidence of LID while augmenting the antiparkinsonian eects of 
levodopa (Savola et al., 2003). An early small-scale (n = 10) double-
blind studies have demonstrated that single doses of 60 mg and 
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90 mg fipamezole were eective in reducing the severity of LID in 
patients with PD (Lewitt et al., 2012). A study involving 179 patients 
receiving stable levodopa therapy (115 from the United States and 
64 from India) evaluated the eects of fipamezole at doses of 
30 mg, 60 mg, and 90 mg three times daily over a 4-week period. 
The results showed that, in the overall population, the primary 
endpoint–changes in the LIDS score–did not reach statistical 
significance. However, significant heterogeneity between the U.S. 
and Indian cohorts was observed, with the U.S. group having a 
longer disease duration (median of 12 years vs. 8.3 years since 
PD diagnosis) and a longer duration of levodopa use (10.5 years 
vs. 7.3 years). A pre-specified subgroup analysis revealed that in 
U.S. patients, treatment with 90 mg of fipamezole for 28 days 
led to a significant improvement in LIDS scores compared to 
placebo (mean dierence: −1.9), with a dose-dependent trend of 
improvement. Importantly, this dose did not worsen Parkinsonian 
motor symptoms, as evidenced by the lack of significant changes 
in UPDRS-III scores. Additionally, fipamezole was well-tolerated, 
with the most common adverse events being transient mild blood 
pressure elevation, nausea, and taste disturbances. The incidence of 
serious adverse events was comparable between the fipamezole and 
placebo groups. These findings suggest that fipamezole may exert 
its therapeutic eects by stabilizing dopaminergic fluctuations. 
However, further studies are needed to confirm its eÿcacy and 
consistency across diverse patient populations. 

Idazoxan, another α-2A adrenergic receptor antagonist, has 
shown potential in preclinical studies to reduce dyskinesia by 
modulating the indirect pathway and alleviating the excessive 
inhibition of the subthalamic nucleus by the globus pallidus. This 
mechanism may underlie its antidyskinetic eects, as demonstrated 
in MPTP-lesioned primate models of PD, where idazoxan reduced 
dyskinesia and enhanced the antiparkinsonian eects of levodopa 
(Henry et al., 1999). However, clinical trials have not provided 
definitive evidence for its eÿcacy in LID. In a randomized, 
placebo-controlled, 3-week clinical trial, oral administration of 
idazoxan (20 mg, three times daily) failed to produce significant 
improvements in LID. Among the eight participants enrolled, 
only four completed the final analysis, and neither video-based 
scoring nor patient diaries demonstrated statistically significant 
dierences between idazoxan and placebo. The study suggested 
that the lack of eÿcacy might be attributed to suboptimal dosing, 
as the eective dose in animal studies reached up to 10 mg/kg, 
whereas the average dose in the human trial was only 0.35 mg/kg. 
Additionally, the use of apomorphine rather than levodopa for 
acute challenge testing in the trial may have influenced the results. 
Notably, higher doses of idazoxan (e.g., a single dose of 40 mg) 
might paradoxically exacerbate dyskinesia, raising concerns about 
potential dose-dependent eects. Further studies are needed to 
clarify the therapeutic window and clinical relevance of idazoxan 
in the management of LID. In addition, idazoxan demonstrated 
a high incidence of adverse eects, including flushing (83%), 
headache (50%), nausea (75%), and vomiting (38%), which led 
to the premature withdrawal of three patients from the trial 
due to side eects. The frequency of these adverse reactions was 
significantly higher compared to the placebo group. These safety 
concerns severely limit the clinical utility of idazoxan, particularly 
in PD patients who often experience pre-existing autonomic 
dysfunction, such as orthostatic hypotension. The potential for 
idazoxan and related compounds to exacerbate these symptoms 

further diminishes their feasibility as therapeutic options for 
managing LID. 

3.3 Other therapies 

3.3.1 Levetiracetam 
Levetiracetam (LEV), an antiepileptic drug with long-standing 

use in Western countries, acts by modulating synaptic vesicle 
protein 2A (SV2A) to inhibit excessive glutamate release and 
regulate calcium channel activity. Its potential value in the 
treatment of LID is attributed to its ability to modulate abnormal 
neuronal synchronization in the basal ganglia. Preclinical studies 
in animal models have demonstrated that LEV can regulate 
the “priming phenomenon,” which is associated with long-term 
synaptic plasticity, suggesting its therapeutic potential for LID 
management (Bezard et al., 2004; Hill et al., 2004). However, 
clinical research on LEV has yielded significantly heterogeneous 
results. A systematic review of seven trials (n = 150) indicated 
that only three randomized controlled trials demonstrated a mild 
antidyskinetic eect of LEV, with small eect sizes observed 
in improvements in UPDRS IV and AIMS scores. In contrast, 
four open-label studies were prematurely terminated due to 
poor tolerability–characterized by a high incidence of adverse 
eects such as dizziness and drowsiness (occurring in >30% 
of participants)–or insuÿcient eÿcacy. The review ultimately 
concluded that current evidence does not support the clinical 
eectiveness of LEV in the management of LID (Ebada et al., 2019). 

In contrast to earlier findings, the VALID-PD study–the 
largest double-blind RCT in this field to date–demonstrated that 
LEV at a dose of 1,000 mg/day, administered with gradual 
titration, significantly improved LID. Patient diaries indicated a 
75-min reduction in on time with dyskinesia (−7.85%), while the 
dyskinesia duration assessed by UPDRS IV item 32 was reduced by 
0.35. Additionally, the CGI scale showed an improvement of 0.7, 
and no increase in OFF time was observed (Stathis et al., 2011). 
The discrepancy between VALID-PD and earlier studies may be 
attributed to dierences in dosing strategies. The VALID-PD trial 
employed slow titration (starting at 250 mg and increasing over 
4 weeks to a maintenance dose of 1,000 mg/day) and maintained 
a moderate dosing regimen. In contrast, many trials included in 
the systematic review used rapid titration or higher doses (2,000– 
3,000 mg/day), which likely contributed to poor tolerability and 
higher dropout rates (VALID-PD: 2.6% dropout rate vs. up to 25% 
in the systematic review). It is important to note the limitations 
of the VALID-PD study, including its crossover design being 
converted to a parallel-group design, which reduced the sample 
size to 38 participants. Nonetheless, its rigorous double-blind, 
multicenter methodology provides the highest level of evidence 
currently available. Future large-scale Phase III trials are needed 
to confirm the eÿcacy and long-term safety of LEV using a slow-
titration protocol at moderate doses (1,000 mg/day). 

3.3.2 Monoamine oxidase-B (MAO-B) inhibitors 
Monoamine oxidase-B inhibitors reduce dopamine 

degradation by inhibiting monoamine oxidase-B while also 
exerting non-dopaminergic eects, such as modulating 
glutamatergic transmission and ion channel activity, making 
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them a crucial strategy for the treatment of LID. Safinamide, an 
MAO-B inhibitor approved by the U.S. FDA in 2017, not only 
inhibits MAO-B but also enhances dopamine reuptake, promotes 
glutamate release, blocks voltage-dependent sodium channels, and 
regulates calcium channels, thereby reducing the occurrence of 
dyskinesia. Binde et al. (2018) conducted a meta-analysis of 27 
clinical studies and confirmed the eÿcacy of MAO-B inhibitors 
both as monotherapy and in combination with levodopa. The 
results highlighted the advantages of selegiline in reducing 
levodopa dosage and delaying the onset of dyskinesia. These 
findings support the role of MAO-B inhibitors as an important 
therapeutic option in improving motor complications associated 
with PD. 

3.3.3 Catechol-O-Methyltransferase (COMT) 
Inhibitors 

Catechol-O-methyltransferase inhibitors, including 
entacapone, tolcapone, and opicapone, function by inhibiting 
the peripheral and central metabolism of levodopa, thereby 
prolonging its half-life. This mechanism stabilizes dopaminergic 
stimulation and reduces the pulsatile receptor activation associated 
with LID. Among these, the third-generation COMT inhibitor 
opicapone has gained attention in recent years due to its long-
acting properties and favorable safety profile. Opicapone’s eÿcacy 
and tolerability have been demonstrated in data from 33 clinical 
studies involving over 1,000 PD patients. Results from two Phase 
III trials (Ferreira et al., 2018) revealed that, compared to placebo, 
opicapone significantly reduced OFF time while extending “on 
time” without increasing motor complications. Furthermore, these 
benefits were sustained for nearly 1 year, supporting its potential as 
a valuable therapeutic option for managing motor fluctuations in 
PD. 

3.3.4 Adenosine A2A receptor antagonist 
The adenosine A2A receptor is a crucial non-dopaminergic 

regulatory target in the central nervous system, predominantly 
expressed on the interneurons of the basal ganglia striatum, 
particularly on medium spiny neurons (MSNs) responsible 
for inhibitory functions. In PD, the degenerative damage to 
the nigrostriatal dopaminergic system leads to a progressive 
upregulation of A2A receptors, which exhibit basal activity. 
This upregulation exacerbates the hyperactivity of the inhibitory 
pathway, further contributing to bradykinesia. The excessive 
activation of A2A receptors has been metaphorically described 
as an “emergency brake.” Even though dopamine replacement 
therapies, such as levodopa, act as an “accelerator” by activating 
the direct “go” pathway, the abnormal activity of A2A receptors 
continues to hinder the improvement of motor function. This 
highlights the importance of targeting A2A receptors to overcome 
the limitations of dopaminergic treatments in managing PD-related 
motor symptoms (Fuxe et al., 2007; Schimann et al., 2007). 

Istradefylline is a selective adenosine A2A receptor antagonist 
with high aÿnity and specificity. By blocking A2A receptor 
activity, it eectively suppresses the hyperactivity of the indirect 
“stop” pathway, thereby “releasing the brake.” Istradefylline was 
first approved in Japan in 2013 for use in PD patients and, 
in 2019, became the only non-dopaminergic therapy approved 
by the FDA for the treatment of OFF time during levodopa 

combination therapy. The eÿcacy and safety of istradefylline have 
been validated in multiple randomized, double-blind, placebo-
controlled clinical trials. The FDA’s approval was based on the 
results of four pivotal trials–6002-US-005, 6002-US-013, 6002-
0608, and 6002-009–which included patients with moderate-to-
advanced PD (Hoehn and Yahr stages 2–4). All participants were 
receiving levodopa therapy but experienced OFF time symptoms 
lasting ≥2–3 h per day. These trials collectively established 
istradefylline as a significant adjunctive treatment option for 
managing motor fluctuations in PD (Hauser et al., 2008; Isaacson 
et al., 2022; LeWitt et al., 2008). These results demonstrated 
that istradefylline (20 or 40 mg/day) significantly reduced OFF 
time by 0.7–1.8 h compared to placebo and notably increased 
good ON time. The incidence of adverse events was similar to 
that of the placebo group, indicating a high level of safety and 
tolerability. Furthermore, as istradefylline’s mechanism of action 
is independent of the dopaminergic system, it may serve as 
an important adjunctive therapy in patients with troublesome 
dyskinesia or poor tolerance to dopaminergic treatments. Overall, 
istradefylline oers a novel therapeutic option for managing 
motor complications in PD through its distinct non-dopaminergic 
mechanism, providing an innovative approach to optimizing 
treatment strategies. 

3.4 Impact of DBS on pharmacological 
strategies for LID 

Deep brain stimulation is a well-established therapy for 
managing motor complications in PD and has been validated in 
millions of patients worldwide (Rowland et al., 2017; Zibetti et al., 
2011). By directly modulating basal ganglia activity, DBS reduces 
the dependence on high-dose levodopa. Studies have shown that 
subthalamic nucleus (STN)-DBS can reduce levodopa-equivalent 
daily dose (LEDD) by 30%–50%, which is widely recognized as 
one of the key benefits of this surgical intervention (Østergaard 
and Aa Sunde, 2006; Thobois et al., 2013; Zibetti et al., 2011). 
This decreased reliance on levodopa not only lowers the risk of 
LID but also reduces the incidence of dose-related side eects such 
as hallucinations, sedation, and orthostatic hypotension (Thobois 
et al., 2013; Vizcarra et al., 2019). 

Moreover, the combination of DBS and levodopa has 
demonstrated a synergistic eect, resulting in greater motor 
improvement than either treatment alone. Meta-analyses have 
revealed that the combined Stimulation-ON/Medication-ON 
condition achieves significantly better motor outcomes (as 
assessed by UPDRS-III scores) compared to Stimulation-
ON/Medication-OFF or Stimulation-OFF/Medication-ON 
conditions, with clinically meaningful benefits maintained 
beyond 5 years (Okun et al., 2014; Vizcarra et al., 2019). 
However, aggressively reducing LEDD following DBS may 
not always be advantageous. While lowering dopaminergic 
medications can mitigate dyskinesia duration, excessive 
reductions may lead to apathy, depression, and a diminished 
synergistic eect between DBS and levodopa (Okun et al., 
2014; Rowland et al., 2017). Therefore, postoperative 
management should focus on balancing LEDD reductions 
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with preserving the additive motor benefits provided by DBS and 
levodopa. 

In addition, pallidal deep brain stimulation (GPi-DBS) has 
proven to be eective in treating levodopa-induced biphasic-
like dyskinesia, oering life-changing benefits for patients 
refractory to medical management (Okun et al., 2014; Vizcarra 
et al., 2019). For patients with complex or refractory LID, 
DBS serves as a complementary approach to stabilize motor 
fluctuations and enhance the eÿcacy of pharmacological 
interventions. Despite its advantages, DBS does not entirely 
replace the foundational role of pharmacological treatments, 
which remain crucial for non-surgical candidates and for 
addressing symptoms beyond the therapeutic scope of DBS. 
Therefore, integrating DBS with optimized pharmacological 
therapies represents a promising direction for personalized LID 
management. 

4 Discussion 

As a major clinical challenge in the management of 
neurodegenerative diseases, PD-associated dyskinesia is essentially 
a motor complication induced by long-term levodopa therapy. 
Its high prevalence and debilitating nature significantly aect 
patients’ quality of life. Moreover, insuÿcient understanding of 
the pathophysiology of LID and its correlation with dopaminergic 
drug dosing exacerbates the vicious cycle of reduced treatment 
adherence and symptom progression. 

In terms of pharmacological therapy, only amantadine remains 
the established standard and the first FDA-approved drug for the 
management of LID, while istradefylline provides complementary 
benefit by targeting the adenosine A2A pathway. Other agents such 
as memantine, clozapine, eltoprazine, and fipamezole have shown 
promising antidyskinetic signals in early studies but remain limited 
by small sample sizes, inconsistent eÿcacy, or safety concerns. This 
highlights that despite decades of research, most non-dopaminergic 
interventions have yet to demonstrate robust and reproducible 
clinical benefit. 

Importantly, regional and global dierences in drug approvals 
and accessibility add further complexity to clinical practice. 
Amantadine immediate-release is widely available worldwide, 
whereas its extended-release formulation (ADS-5102) is FDA-
approved but not accessible in many countries. Similarly, 
istradefylline was first approved in Japan in 2013 and later by the 
U.S. FDA in 2019, yet it remains unavailable in Europe. These 
disparities reflect divergent regulatory pathways and evidence 
thresholds, creating heterogeneity in treatment strategies. As a 
result, clinicians in some regions must rely on older agents or o-
label prescribing, which limits equitable access to newer therapies 
and underscores the importance of harmonizing international drug 
approval processes. 

More broadly, the translational gap persists: preclinical studies 
of glutamatergic and serotonergic modulators frequently yield 
encouraging results, yet clinical trials often fail to reproduce 
eÿcacy or are hampered by adverse eects. These discrepancies 
may reflect fundamental dierences between experimental disease 
models and the complex pathophysiology of human PD, as well 
as heterogeneity in patient populations. Recent landscape reviews 

(2024–2025) summarizing ongoing and completed LID clinical 
trials further underscore this translational gap and highlight 
the heterogeneity of trial endpoints (Al-Kassmy et al., 2025; 
Alsalmi et al., 2024). 

Critical lessons can also be drawn from failed or inconclusive 
clinical trials. For instance, glutamatergic modulators such as 
riluzole and AMPA receptor antagonists (e.g., perampanel) 
demonstrated strong antidyskinetic eects in preclinical models 
but produced negative or inconclusive outcomes in randomized 
controlled trials, underscoring the limitations of animal-to-human 
translation. Serotonergic agents such as clozapine and sarizotan 
showed antidyskinetic potential, yet their use was constrained 
by agranulocytosis risk or paradoxical worsening of OFF 
symptoms. Trials of memantine and dextromethorphan/quinidine 
were hindered by very small sample sizes and short treatment 
durations, likely underestimating therapeutic benefit or failing 
to detect delayed adverse events. Moreover, the dipraglurant 
program illustrates how placebo eects and inter-individual 
variability can obscure drug eects, with early antidyskinetic 
improvements not sustained at later timepoints. Together, these 
cases highlight that translational barriers arise not only from 
biological complexity but also from trial design, endpoint selection, 
and safety considerations. 

In addition to pharmacological strategies, non-
pharmacological and complementary approaches warrant 
consideration. Deep brain stimulation (DBS), particularly targeting 
the subthalamic nucleus (STN) or globus pallidus interna (GPi), 
has consistently demonstrated robust eÿcacy in reducing levodopa 
dose requirements and alleviating dyskinesia in advanced cases. 
Although its invasiveness and limited eligibility criteria restrict 
widespread use, DBS remains an established adjunctive therapy 
that complements pharmacological management (Lv et al., 2018). 
Furthermore, in some regions, Traditional Chinese Medicine 
(TCM) and herbal formulations are being explored as alternative 
or adjunctive strategies. While current evidence is preliminary 
and lacks large-scale randomized controlled trials, early findings 
suggest potential neuroprotective and anti-dyskinetic eects (Liu 
and Wang, 2024). Incorporating such approaches into rigorous 
clinical research frameworks may help clarify their role in the 
broader therapeutic landscape of LID. 

Looking forward, overcoming these barriers will require 
a multidimensional research strategy. First, the development 
of dynamic monitoring technologies to enable more precise 
dopaminergic drug delivery should be prioritized. Second, 
advancing individualized therapeutic frameworks based on 
pathophysiological subtypes may allow for more targeted 
interventions. In parallel, emerging platforms such as 
organoid disease models and artificial intelligence–driven 
drug screening may accelerate the identification of more selective 
neuromodulatory agents. 

Ultimately, eective control and prevention of LID will 
require bidirectional translational eorts bridging basic research 
and clinical practice. Moreover, recent network meta-analyses 
comparing multiple anti-dyskinetic drugs provide an updated 
quantitative framework for positioning emerging therapies (Chen 
et al., 2025). By integrating mechanistic insights, innovative 
pharmacology, and personalized treatment paradigms, future 
strategies hold promise for alleviating this disabling complication 
of Parkinson’s disease. 
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5 Conclusion 

Despite decades of investigation, levodopa-induced dyskinesia 
remains a major unmet challenge in Parkinson’s disease. 
Amantadine is still the only firmly established pharmacological 
option, while most non-dopaminergic strategies have shown 
limited or inconsistent eÿcacy. Several critical gaps persist: 
the lack of reliable biomarkers to predict LID onset or 
treatment response, insuÿcient large-scale multicenter trials 
to validate promising candidates such as serotonergic and 
glutamatergic modulators, and limited understanding of 
patient-specific pathophysiological subtypes. In addition, 
regional disparities in drug approval and access continue to 
restrict equitable care. 

Future research should prioritize (1) biomarker discovery 
for early identification and stratification of patients at 
risk; (2) harmonized, multicenter clinical trials of emerging 
therapies with standardized endpoints; and (3) integrative 
approaches combining precision pharmacology with advanced 
drug delivery technologies. Addressing these priorities will 
be essential to bridge the translational gap and move 
toward eective, personalized management of LID in 
Parkinson’s disease. 

Author contributions 

FC: Writing – original draft, Writing – review & editing. CZ: 
Writing – review & editing. 

Funding 

The author(s) declare that no financial support was received for 
the research and/or publication of this article. 

Conflict of interest 

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Generative AI statement 

The author(s) declare that no Generative AI was used in the 
creation of this manuscript. 

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable eorts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us. 

Publisher’s note 

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their aÿliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher. 

Supplementary material 

The Supplementary Material for this article can be found 
online at: https://www.frontiersin.org/articles/10.3389/fnagi.2025. 
1684885/full#supplementary-material 

SUPPLEMENTARY FIGURE 1 

Chemical structures of additional pharmacological agents discussed in this 
review, including riluzole (A), selegiline (B), rasagiline (C), entacapone (D), 
tolcapone (E), opicapone (F), pramipexole (G), ropinirole (H), clozapine (I), 
and fluoxetine [(J), as a representative SSRI]. 

References 

Al-Kassmy, J., Alsalmi, M., Kang, W., Palayew, M., and Huot, P. (2025). Recent 
and on-going trials for the treatment of levodopa-induced dyskinesia: A review of the 
clinical trial databases. Neurodegener. Dis. Manag. 15, 235–244. doi: 10.1080/17582024. 
2025.2528557 

Alsalmi, M., Al-Kassmy, J., Kang, W., Palayew, M., and Huot, P. (2024). 
Levodopa-induced dyskinesia: Do current clinical trials hold hope for future 
treatment? Expert Opin. Pharmacother. 25, 1–3. doi: 10.1080/14656566.2023.22 
98345 

Altwal, F., Padovan-Neto, F., Ritger, A., Steiner, H., and West, A. (2021). 
Role of 5-HT1A receptor in vilazodone-mediated suppression of L-DOPA-induced 
dyskinesia and increased responsiveness to cortical input in striatal medium spiny 
neurons in an animal model of Parkinson’s disease. Molecules 26:5790. doi: 10.3390/ 
molecules26195790 

Antonini, A., Fung, V., Boyd, J., Slevin, J., Hall, C., Chatamra, K., et al. (2016). Eect 
of levodopa-carbidopa intestinal gel on dyskinesia in advanced Parkinson’s disease 
patients. Mov. Disord. 31, 530–537. doi: 10.1002/mds.26528 

Antonini, A., Moro, E., Godeiro, C., and Reichmann, H. (2018). Medical and 
surgical management of advanced Parkinson’s disease. Mov. Disord. 33, 900–908. 
doi: 10.1002/mds.27340 

Araki, T., Kumagai, T., Matsubara, M., Ido, T., Imai, Y., and Itoyama, Y. 
(2000). Protective eect of riluzole on MPTP-induced depletion of dopamine and 
its metabolite content in mice. Metab. Brain Dis. 15, 193–201. doi: 10.1007/bf026 
74528 

Bara-Jimenez, W., Dimitrova, T., Sherzai, A., Aksu, M., and Chase, T. (2006). 
Glutamate release inhibition ineective in levodopa-induced motor complications. 
Mov. Disord. 21, 1380–1383. doi: 10.1002/mds.20976 

Bartoszyk, G., Van Amsterdam, C., Greiner, H., Rautenberg, W., Russ, H., and 
Seyfried, C. (2004). Sarizotan, a serotonin 5-HT1A receptor agonist and dopamine 
receptor ligand. 1. Neurochemical profile. J. Neural Transm. 111, 113–126. doi: 10. 
1007/s00702-003-0094-7 

Bezard, E., Gray, D., Kozak, R., Leoni, M., Combs, C., and Duvvuri, S. (2024). 
Rationale and development of tavapadon, a D1/D5-selective partial dopamine agonist 
for the treatment of Parkinson’s disease. CNS Neurol. Disord. Drug Targets 23, 476–487. 
doi: 10.2174/1871527322666230331121028 

Bezard, E., Hill, M., Crossman, A., Brotchie, J., Michel, A., Grimée, R., et al. 
(2004). Levetiracetam improves choreic levodopa-induced dyskinesia in the MPTP-
treated macaque. Eur J. Pharmacol. 485, 159–164. doi: 10.1016/j.ejphar.2003. 
11.065 

Frontiers in Aging Neuroscience 13 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1684885
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1684885/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1684885/full#supplementary-material
https://doi.org/10.1080/17582024.2025.2528557
https://doi.org/10.1080/17582024.2025.2528557
https://doi.org/10.1080/14656566.2023.2298345
https://doi.org/10.1080/14656566.2023.2298345
https://doi.org/10.3390/molecules26195790
https://doi.org/10.3390/molecules26195790
https://doi.org/10.1002/mds.26528
https://doi.org/10.1002/mds.27340
https://doi.org/10.1007/bf02674528
https://doi.org/10.1007/bf02674528
https://doi.org/10.1002/mds.20976
https://doi.org/10.1007/s00702-003-0094-7
https://doi.org/10.1007/s00702-003-0094-7
https://doi.org/10.2174/1871527322666230331121028
https://doi.org/10.1016/j.ejphar.2003.11.065
https://doi.org/10.1016/j.ejphar.2003.11.065
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1684885 October 16, 2025 Time: 18:41 # 14

Chen and Zhou 10.3389/fnagi.2025.1684885 

Binde, C., Tvete, I., Gåsemyr, J., Natvig, B., and Klemp, M. (2018). A multiple 
treatment comparison meta-analysis of monoamine oxidase type B inhibitors for 
Parkinson’s disease. Br. J. Clin. Pharmacol. 84, 1917–1927. doi: 10.1111/bcp.13651 

Calabresi, P., Di Filippo, M., Ghiglieri, V., Tambasco, N., and Picconi, B. (2010). 
Levodopa-induced dyskinesias in patients with Parkinson’s disease: Filling the bench-
to-bedside gap. Lancet Neurol. 9, 1106–1117. doi: 10.1016/s1474-4422(10)70218-0 

Cesaroni, V., Blandini, F., and Cerri, S. (2022). Dyskinesia and Parkinson’s disease: 
Animal model, drug targets, and agents in preclinical testing. Expert Opin. Ther. 
Targets 26, 837–851. doi: 10.1080/14728222.2022.2153036 

Charvin, D., Di Paolo, T., Bezard, E., Gregoire, L., Takano, A., Duvey, G., et al. 
(2018a). An mGlu4-positive allosteric modulator alleviates parkinsonism in primates. 
Mov. Disord. 33, 1619–1631. doi: 10.1002/mds.27462 

Charvin, D., Medori, R., Hauser, R., and Rascol, O. (2018b). Therapeutic strategies 
for Parkinson disease: Beyond dopaminergic drugs. Nat Rev Drug Discov. 17, 804–822. 
doi: 10.1038/nrd.2018.136 

Chen, F., Wen, S., Chen, X., Zhang, Q., Tao, P., Meng, C., et al. (2025). Eÿcacy 
and safety of twelve Anti-Dyskinetic drugs in Parkinson’s disease: A bayesian network 
meta-analysis of randomized controlled trials. Eur. J. Neurol. 32:e70329. doi: 10.1111/ 
ene.70329 

Chwieduk, C., and Curran, M. (2010). Pramipexole extended release: In Parkinson’s 
disease. CNS Drugs 24, 327–336. doi: 10.2165/11204570-000000000-00000 

Colosimo, C., Martínez-Martín, P., Fabbrini, G., Hauser, R., Merello, M., Miyasaki, 
J., et al. (2010). Task force report on scales to assess dyskinesia in Parkinson’s disease: 
Critique and recommendations. Mov. Disord. 25, 1131–1142. doi: 10.1002/mds.23072 

di Biase, L., Pecoraro, P., Carbone, S., Caminiti, M., and Di Lazzaro, V. 
(2023). Levodopa-Induced dyskinesias in Parkinson’s disease: An overview on 
pathophysiology, clinical manifestations, therapy management strategies and future 
directions. J. Clin. Med. 12:4427. doi: 10.3390/jcm12134427 

Doble, A. (1996). The pharmacology and mechanism of action of riluzole. Neurology 
47, S233–S241. doi: 10.1212/wnl.47.6_suppl_4.233s 

Dorsey, E., Sherer, T., Okun, M., and Bloem, B. (2018). The emerging 
evidence of the parkinson pandemic. J. Parkinsons Dis. 8, S3–S8. doi: 10.3233/jpd-
181474 

Durif, F., Debilly, B., Galitzky, M., Morand, D., Viallet, F., Borg, M., et al. 
(2004). Clozapine improves dyskinesias in Parkinson disease: A double-blind, placebo-
controlled study. Neurology 62, 381–388. doi: 10.1212/01.wnl.0000110317.52453.6c 

Duty, S. (2012). Targeting glutamate receptors to tackle the pathogenesis, clinical 
symptoms and levodopa-induced dyskinesia associated with Parkinson’s disease. CNS 
Drugs 26, 1017–1032. doi: 10.1007/s40263-012-0016-z 

Ebada, M., Alkanj, S., Ebada, M., Abdelkarim, A., Diab, A., Aziz, M., et al. 
(2019). Safety and eÿcacy of levetiracetam for the management of levodopa- induced 
dyskinesia in patients with Parkinson’s disease: A systematic review. CNS Neurol. 
Disord. Drug Targets 18, 317–325. doi: 10.2174/1871527318666190314101314 

Eggert, K., Squillacote, D., Barone, P., Dodel, R., Katzenschlager, R., Emre, M., 
et al. (2010). Safety and eÿcacy of perampanel in advanced Parkinson’s disease: A 
randomized, placebo-controlled study. Mov. Disord. 25, 896–905. doi: 10.1002/mds. 
22974 

Elahi, B., Phielipp, N., and Chen, R. (2012). N-Methyl-D-Aspartate antagonists 
in levodopa induced dyskinesia: A meta-analysis. Can. J. Neurol. Sci. 39, 465–472. 
doi: 10.1017/s0317167100013974 

Espay, A., Morgante, F., Merola, A., Fasano, A., Marsili, L., Fox, S., et al. (2018). 
Levodopa-induced dyskinesia in Parkinson disease: Current and evolving concepts. 
Ann. Neurol. 84, 797–811. doi: 10.1002/ana.25364 

Fabbrini, G., Brotchie, J., Grandas, F., Nomoto, M., and Goetz, C. (2007). Levodopa-
induced dyskinesias. Mov. Disord. 22, 1379–1389. doi: 10.1002/mds.21475 

Fasano, A., Daniele, A., and Albanese, A. (2012). Treatment of motor and non-
motor features of Parkinson’s disease with deep brain stimulation. Lancet Neurol. 11, 
429–442. doi: 10.1016/s1474-4422(12)70049-2 

Fernandez, H., Standaert, D., Hauser, R., Lang, A., Fung, V., Klostermann, F., 
et al. (2015). Levodopa-carbidopa intestinal gel in advanced Parkinson’s disease: 
Final 12-month, open-label results. Mov. Disord. 30, 500–509. doi: 10.1002/mds. 
26123 

Ferreira, J., Lees, A., Poewe, W., Rascol, O., Rocha, J., Keller, B., et al. (2018). 
Eectiveness of opicapone and switching from entacapone in fluctuating Parkinson 
disease. Neurology 90, e1849–e1857. doi: 10.1212/wnl.0000000000005557 

Fox, S., Metman, L., Nutt, J., Brodsky, M., Factor, S., Lang, A., et al. (2017). Trial 
of dextromethorphan/quinidine to treat levodopa-induced dyskinesia in Parkinson’s 
disease. Mov. Disord. 32, 893–903. doi: 10.1002/mds.26976 

Fuxe, K., Ferré, S., Genedani, S., Franco, R., and Agnati, L. (2007). Adenosine 
receptor-dopamine receptor interactions in the basal ganglia and their relevance for 
brain function. Physiol. Behav. 92, 210–217. doi: 10.1016/j.physbeh.2007.05.034 

GBD 2016 Parkinson’s Disease Collaborators. (2018). Global, regional, and national 
burden of Parkinson’s disease, 1990-2016: A systematic analysis for the Global Burden 
of Disease Study 2016. Lancet Neurol. 17, 939–953. doi: 10.1016/s1474-4422(18) 
30295-3 

Gerlach, M., Bartoszyk, G., Riederer, P., Dean, O., and van den Buuse, M. 
(2011). Role of dopamine D3 and serotonin 5-HT 1A receptors in L-DOPA-induced 
dyskinesias and eects of sarizotan in the 6-hydroxydopamine-lesioned rat model 
of Parkinson’s disease. J. Neural Transm. 118, 1733–1742. doi: 10.1007/s00702-010-
0571-8 

Goetz, C., Damier, P., Hicking, C., Laska, E., Müller, T., Olanow, C., et al. 
(2007). Sarizotan as a treatment for dyskinesias in Parkinson’s disease: A double-
blind placebo-controlled trial. Mov. Disord. 22, 179–186. doi: 10.1002/mds. 
21226 

Greenamyre, J., Eller, R., Zhang, Z., Ovadia, A., Kurlan, R., and Gash, D. (1994). 
Antiparkinsonian eects of remacemide hydrochloride, a glutamate antagonist, in 
rodent and primate models of Parkinson’s disease. Ann. Neurol. 35, 655–661. doi: 
10.1002/ana.410350605 

Hauser, R., Shulman, L., Trugman, J., Roberts, J., Mori, A., Ballerini, R., et al. (2008). 
Study of istradefylline in patients with Parkinson’s disease on levodopa with motor 
fluctuations. Mov. Disord. 23, 2177–2185. doi: 10.1002/mds.22095 

Henry, B., Fox, S., Peggs, D., Crossman, A., and Brotchie, J. (1999). The alpha2-
adrenergic receptor antagonist idazoxan reduces dyskinesia and enhances anti-
parkinsonian actions of L-dopa in the MPTP-lesioned primate model of Parkinson’s 
disease. Mov. Disord. 14, 744–753. doi: 10.1002/1531-8257(199909)14:5<744::aid-
mds1006<3.0.co;2-7 

Hill, M., Brotchie, J., Crossman, A., Bezard, E., Michel, A., Grimée, R., et al. 
(2004). Levetiracetam interferes with the L-dopa priming process in MPTP-lesioned 
drug-naive marmosets. Clin. Neuropharmacol. 27, 171–177. doi: 10.1097/01.wnf. 
0000135478.70905.3d 

Isaacson, S., Betté, S., and Pahwa, R. (2022). Istradefylline for OFF episodes in 
Parkinson’s disease: A US perspective of common clinical scenarios. Degener Neurol. 
Neuromuscul. Dis. 12, 97–109. doi: 10.2147/dnnd.S245197 

Jankovic, J. (2008). Parkinson’s disease: Clinical features and diagnosis. J. Neurol. 
Neurosurg. Psychiatry 79, 368–376. doi: 10.1136/jnnp.2007.131045 

Jing, X., Yang, H., Taximaimaiti, R., and Wang, X. (2023). Advances in the 
therapeutic use of non-ergot dopamine agonists in the treatment of motor and non-
motor symptoms of Parkinson’s disease. Curr. Neuropharmacol. 21, 1224–1240. doi: 
10.2174/1570159x20666220915091022 

Kobylecki, C., Cenci, M., Crossman, A., and Ravenscroft, P. (2010). Calcium-
permeable AMPA receptors are involved in the induction and expression of l-DOPA-
induced dyskinesia in Parkinson’s disease. J. Neurochem. 114, 499–511. doi: 10.1111/j. 
1471-4159.2010.06776.x 

Kong, M., Ba, M., Ren, C., Yu, L., Dong, S., Yu, G., et al. (2017). An updated meta-
analysis of amantadine for treating dyskinesia in Parkinson’s disease. Oncotarget 8, 
57316–57326. doi: 10.18632/oncotarget.17622 

Kwon, D., Kwatra, M., Wang, J., and Ko, H. (2022). Levodopa-induced dyskinesia 
in Parkinson’s disease: Pathogenesis and emerging treatment strategies. Cells 11:3736. 
doi: 10.3390/cells11233736 

Lees, A., Fahn, S., Eggert, K., Jankovic, J., Lang, A., Micheli, F., et al. (2012). 
Perampanel, an AMPA antagonist, found to have no benefit in reducing "o " time 
in Parkinson’s disease. Mov. Disord. 27, 284–288. doi: 10.1002/mds.23983 

Leroi, I., Overshott, R., Byrne, E., Daniel, E., and Burns, A. (2009). Randomized 
controlled trial of memantine in dementia associated with Parkinson’s disease. Mov. 
Disord. 24, 1217–1221. doi: 10.1002/mds.22495 

LeWitt, P., Giladi, N., and Navon, N. (2019). Pharmacokinetics and eÿcacy of a 
novel formulation of carbidopa-levodopa (Accordion Pill( R ) in Parkinson’s disease. 
Parkinsonism Relat. Disord. 65, 131–138. doi: 10.1016/j.parkreldis.2019.05.032 

LeWitt, P., Guttman, M., Tetrud, J., Tuite, P., Mori, A., Chaikin, P., et al. (2008). 
Adenosine A2A receptor antagonist istradefylline (KW-6002) reduces "o " time in 
Parkinson’s disease: A double-blind, randomized, multicenter clinical trial (6002-US-
005). Ann. Neurol. 63, 295–302. doi: 10.1002/ana.21315 

Lewitt, P., Hauser, R., Lu, M., Nicholas, A., Weiner, W., Coppard, N., et al. (2012). 
Randomized clinical trial of fipamezole for dyskinesia in Parkinson disease (FJORD 
study). Neurology 79, 163–169. doi: 10.1212/WNL.0b013e31825f0451 

Li, J., Mei, S., Jia, X., and Zhang, Y. (2021). Evaluation of the direct eect of bilateral 
deep brain stimulation of the subthalamic nucleus on levodopa-induced on-dyskinesia 
in Parkinson’s disease. Front. Neurol. 12:595741. doi: 10.3389/fneur.2021.595741 

Liu, H., and Wang, X. (2024). Alternative therapies for non-motor symptoms in 
Parkinson’s disease: A mini review. Neuropsychiatr. Dis. Treat. 20, 2585–2591. doi: 
10.2147/ndt.S495092 

Lv, Q., Du, A., Wei, W., Li, Y., Liu, G., and Wang, X. (2018). Deep brain 
stimulation: A potential treatment for dementia in Alzheimer’s disease (AD) and 
Parkinson’s disease dementia (PDD). Front. Neurosci. 12:360. doi: 10.3389/fnins.2018. 
00360 

Marchioni, C., Santos-Lobato, B., Queiroz, M., Crippa, J., and Tumas, V. (2020). 
Endocannabinoid levels in patients with Parkinson’s disease with and without 
levodopa-induced dyskinesias. J. Neural Transm. 127, 1359–1367. doi: 10.1007/ 
s00702-020-02240-9 

Marin, C., Jimenez, A., Bonastre, M., Chase, T., and Tolosa, E. (2000). Non-
NMDA receptor-mediated mechanisms are involved in levodopa-induced motor 

Frontiers in Aging Neuroscience 14 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1684885
https://doi.org/10.1111/bcp.13651
https://doi.org/10.1016/s1474-4422(10)70218-0
https://doi.org/10.1080/14728222.2022.2153036
https://doi.org/10.1002/mds.27462
https://doi.org/10.1038/nrd.2018.136
https://doi.org/10.1111/ene.70329
https://doi.org/10.1111/ene.70329
https://doi.org/10.2165/11204570-000000000-00000
https://doi.org/10.1002/mds.23072
https://doi.org/10.3390/jcm12134427
https://doi.org/10.1212/wnl.47.6_suppl_4.233s
https://doi.org/10.3233/jpd-181474
https://doi.org/10.3233/jpd-181474
https://doi.org/10.1212/01.wnl.0000110317.52453.6c
https://doi.org/10.1007/s40263-012-0016-z
https://doi.org/10.2174/1871527318666190314101314
https://doi.org/10.1002/mds.22974
https://doi.org/10.1002/mds.22974
https://doi.org/10.1017/s0317167100013974
https://doi.org/10.1002/ana.25364
https://doi.org/10.1002/mds.21475
https://doi.org/10.1016/s1474-4422(12)70049-2
https://doi.org/10.1002/mds.26123
https://doi.org/10.1002/mds.26123
https://doi.org/10.1212/wnl.0000000000005557
https://doi.org/10.1002/mds.26976
https://doi.org/10.1016/j.physbeh.2007.05.034
https://doi.org/10.1016/s1474-4422(18)30295-3
https://doi.org/10.1016/s1474-4422(18)30295-3
https://doi.org/10.1007/s00702-010-0571-8
https://doi.org/10.1007/s00702-010-0571-8
https://doi.org/10.1002/mds.21226
https://doi.org/10.1002/mds.21226
https://doi.org/10.1002/ana.410350605
https://doi.org/10.1002/ana.410350605
https://doi.org/10.1002/mds.22095
https://doi.org/10.1002/1531-8257(199909)14:5<744::aid-mds1006<3.0.co;2-7
https://doi.org/10.1002/1531-8257(199909)14:5<744::aid-mds1006<3.0.co;2-7
https://doi.org/10.1097/01.wnf.0000135478.70905.3d
https://doi.org/10.1097/01.wnf.0000135478.70905.3d
https://doi.org/10.2147/dnnd.S245197
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.2174/1570159x20666220915091022
https://doi.org/10.2174/1570159x20666220915091022
https://doi.org/10.1111/j.1471-4159.2010.06776.x
https://doi.org/10.1111/j.1471-4159.2010.06776.x
https://doi.org/10.18632/oncotarget.17622
https://doi.org/10.3390/cells11233736
https://doi.org/10.1002/mds.23983
https://doi.org/10.1002/mds.22495
https://doi.org/10.1016/j.parkreldis.2019.05.032
https://doi.org/10.1002/ana.21315
https://doi.org/10.1212/WNL.0b013e31825f0451
https://doi.org/10.3389/fneur.2021.595741
https://doi.org/10.2147/ndt.S495092
https://doi.org/10.2147/ndt.S495092
https://doi.org/10.3389/fnins.2018.00360
https://doi.org/10.3389/fnins.2018.00360
https://doi.org/10.1007/s00702-020-02240-9
https://doi.org/10.1007/s00702-020-02240-9
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1684885 October 16, 2025 Time: 18:41 # 15

Chen and Zhou 10.3389/fnagi.2025.1684885 

response alterations in Parkinsonian rats. Synapse 36, 267–274. doi: 10.1002/(sici) 
1098-2396(20000615)36:4<267::Aid-syn3<3.0.Co;2-y 

Merims, D., Ziv, I., Djaldetti, R., and Melamed, E. (1999). Riluzole for levodopa-
induced dyskinesias in advanced Parkinson’s disease. Lancet 353, 1764–1765. doi: 
10.1016/s0140-6736(99)00120-8 

Moreau, C., Delval, A., Tireau, V., Defebvre, L., Dujardin, K., Duhamel, A., et al. 
(2013). Memantine for axial signs in Parkinson’s disease: A randomised, double-
blind, placebo-controlled pilot study. J. Neurol. Neurosurg. Psychiatry 84, 552–555. 
doi: 10.1136/jnnp-2012-303182 

Munhoz, R., Cerasa, A., and Okun, M. (2014). Surgical treatment of dyskinesia in 
Parkinson’s disease. Front. Neurol. 5:65. doi: 10.3389/fneur.2014.00065 

Negida, A., Ghaith, H., Fala, S., Ahmed, H., Bahbah, E., Ebada, M., et al. (2021). 
Mavoglurant (AFQ056) for the treatment of levodopa-induced dyskinesia in patients 
with Parkinson’s disease: A meta-analysis. Neurol. Sci. 42, 3135–3143. doi: 10.1007/ 
s10072-021-05319-7 

Okun, M., Wu, S., Fayad, S., Ward, H., Bowers, D., Rosado, C., et al. (2014). Acute 
and chronic mood and apathy outcomes from a randomized study of unilateral STN 
and GPi DBS. PLoS One 9:e114140. doi: 10.1371/journal.pone.0114140 

Østergaard, K., and Aa Sunde, N. (2006). Evolution of Parkinson’s disease during 4 
years of bilateral deep brain stimulation of the subthalamic nucleus. Mov. Disord. 21, 
624–631. doi: 10.1002/mds.20776 

Palmer, G., Cregan, E., Borrelli, A., Harris, E., Stagnitto, M., Colombo, P., 
et al. (1995). Neuroprotective actions of 2-amino-N-(1,2-diphenylethyl)-acetamide 
hydrochloride (FPL 13950) in animal models of hypoxia and global ischemia. 
J. Pharmacol. Exp. Ther. 274, 991–1000. 

Pinna, A., Ko, W., Costa, G., Tronci, E., Fidalgo, C., Simola, N., et al. 
(2016). Antidyskinetic eect of A2A and 5HT1A/1B receptor ligands in two 
animal models of Parkinson’s disease. Mov. Disord. 31, 501–511. doi: 10.1002/mds. 
26475 

Pisani, V., Madeo, G., Tassone, A., Sciamanna, G., Maccarrone, M., Stanzione, P., 
et al. (2011). Homeostatic changes of the endocannabinoid system in Parkinson’s 
disease. Mov. Disord. 26, 216–222. doi: 10.1002/mds.23457 

Pratt, J., Rataud, J., Bardot, F., Roux, M., Blanchard, J., Laduron, P., et al. 
(1992). Neuroprotective actions of riluzole in rodent models of global and 
focal cerebral ischaemia. Neurosci. Lett. 140, 225–230. doi: 10.1016/0304-3940(92) 
90108-j 

Rascol, O., Medori, R., Baayen, C., Such, P., and Meulien, D. (2022a). A randomized, 
double-blind, controlled phase II study of foliglurax in Parkinson’s disease. Mov. 
Disord. 37, 1088–1093. doi: 10.1002/mds.28970 

Rascol, O., Tönges, L., deVries, T., Jaros, M., Quartel, A., and Jacobs, D. (2022b). 
Immediate-release/extended-release amantadine (OS320) to treat Parkinson’s disease 
with levodopa-induced dyskinesia: Analysis of the randomized, controlled ALLAY-
LID studies. Parkinsonism Relat. Disord. 96, 65–73. doi: 10.1016/j.parkreldis.2022.01. 
022 

Rowland, N., Sammartino, F., and Lozano, A. (2017). Advances in surgery for 
movement disorders. Mov. Disord. 32, 5–10. doi: 10.1002/mds.26636 

Santos-García, D., de Deus, T., Cores, C., Feal Painceiras, M., Íñiguez Alvarado, M., 
Samaniego, L., et al. (2024). Levodopa-induced dyskinesias are frequent and impact 
quality of life in Parkinson’s disease: A 5-year follow-up study. Mov. Disord. Clin. Pract. 
11, 830–849. doi: 10.1002/mdc3.14056 

Savola, J., Hill, M., Engstrom, M., Merivuori, H., Wurster, S., McGuire, 
S., et al. (2003). Fipamezole (JP-1730) is a potent alpha2 adrenergic receptor 
antagonist that reduces levodopa-induced dyskinesia in the MPTP-lesioned primate 
model of Parkinson’s disease. Mov. Disord. 18, 872–883. doi: 10.1002/mds. 
10464 

Schachter, S., and Tarsy, D. (2000). Remacemide: Current status and clinical 
applications. Expert Opin. Investig. Drugs 9, 871–883. doi: 10.1517/13543784.9.4.871 

Schimann, S., Fisone, G., Moresco, R., Cunha, R., and Ferré, S. (2007). Adenosine 
A2A receptors and basal ganglia physiology. Prog. Neurobiol. 83, 277–292. doi: 10. 
1016/j.pneurobio.2007.05.001 

Shoulson, I., Penney, J., McDermott, M., Schwid, S., Kayson, E., Chase, T., et al. 
(2001). A randomized, controlled trial of remacemide for motor fluctuations in 
Parkinson’s disease. Neurology 56, 455–462. doi: 10.1212/wnl.56.4.455 

Stathis, P., Konitsiotis, S., Tagaris, G., and Peterson, D. (2011). Levetiracetam for the 
management of levodopa-induced dyskinesias in Parkinson’s disease. Mov. Disord. 26, 
264–270. doi: 10.1002/mds.23355 

Svenningsson, P., Odin, P., Bergquist, F., Wirdefeldt, K., Nyholm, D., Andréasson, 
M., et al. (2025). NLX-112 randomized phase 2A trial: Safety, tolerability, anti-
dyskinetic, and anti-parkinsonian eÿcacy. Mov. Disord. 40, 1134–1142. doi: 10.1002/ 
mds.30175 

Svenningsson, P., Rosenblad, C., Af Edholm Arvidsson, K., Wictorin, K., Keywood, 
C., Shankar, B., et al. (2015). Eltoprazine counteracts l-DOPA-induced dyskinesias 
in Parkinson’s disease: A dose-finding study. Brain 138, 963–973. doi: 10.1093/brain/ 
awu409 

Thobois, S., Lhommée, E., Klinger, H., Ardouin, C., Schmitt, E., Bichon, A., 
et al. (2013). Parkinsonian apathy responds to dopaminergic stimulation of D2/D3 
receptors with piribedil. Brain 136, 1568–1577. doi: 10.1093/brain/awt067 

Tison, F., Keywood, C., Wakefield, M., Durif, F., Corvol, J., Eggert, K., et al. (2016). 
A phase 2A trial of the novel mGluR5-negative allosteric modulator dipraglurant 
for levodopa-induced dyskinesia in Parkinson’s disease. Mov. Disord. 31, 1373–1380. 
doi: 10.1002/mds.26659 

Toda, H., Hamani, C., and Lozano, A. (2004). Deep brain stimulation in the 
treatment of dyskinesia and dystonia. Neurosurg. Focus 17:E2. doi: 10.3171/foc.2004. 
17.1.2 

Tran, T., Vo, T., Frei, K., and Truong, D. (2018). Levodopa-induced dyskinesia: 
Clinical features, incidence, and risk factors. J. Neural Transm. 125, 1109–1117. doi: 
10.1007/s00702-018-1900-6 

Verhagen Metman, L., Del Dotto, P., Natté, R., van den Munckhof, P., and Chase, 
T. (1998a). Dextromethorphan improves levodopa-induced dyskinesias in Parkinson’s 
disease. Neurology 51, 203–206. doi: 10.1212/wnl.51.1.203 

Verhagen Metman, L., Del Dotto, P., van den Munckhof, P., Fang, J., Mouradian, 
M., and Chase, T. (1998b). Amantadine as treatment for dyskinesias and motor 
fluctuations in Parkinson’s disease. Neurology 50, 1323–1326. doi: 10.1212/wnl.50.5. 
1323 

Vizcarra, J., Situ-Kcomt, M., Artusi, C., Duker, A., Lopiano, L., Okun, M., et al. 
(2019). Subthalamic deep brain stimulation and levodopa in Parkinson’s disease: A 
meta-analysis of combined eects. J. Neurol. 266, 289–297. doi: 10.1007/s00415-018-
8936-2 

Wang, Q., Chen, J., Li, M., Lv, S., Xie, Z., Li, N., et al. (2019). Eltoprazine prevents 
levodopa-induced dyskinesias by reducing causal interactions for theta oscillations in 
the dorsolateral striatum and substantia nigra pars reticulate. Neuropharmacology 148, 
1–10. doi: 10.1016/j.neuropharm.2018.12.027 

Wang, W., Zhang, X., Zhang, Z., Wang, X., Chen, J., Chen, S., et al. (2018). Eects 
of mGluR5 antagonists on Parkinson’s patients with L-Dopa-induced dyskinesia: A 
systematic review and meta-analysis of randomized controlled trials. Front. Aging 
Neurosci. 10:262. doi: 10.3389/fnagi.2018.00262 

Waters, C. (2013). The development of the rotigotine transdermal patch: A historical 
perspective. Neurol. Clin. 31, S37–S50. doi: 10.1016/j.ncl.2013.04.012 

Wictorin, K., and Widner, H. (2016). Memantine and reduced time with dyskinesia 
in Parkinson’s Disease. Acta Neurol. Scand. 133, 355–360. doi: 10.1111/ane.12468 

You, H., Mariani, L., Mangone, G., Le Febvre de Nailly, D., Charbonnier-Beaupel, 
F., and Corvol, J. C. (2018). Molecular basis of dopamine replacement therapy and its 
side eects in Parkinson’s disease. Cell. Tissue Res. 373, 111–135. doi: 10.1007/s00441-
018-2813-2 

Zaman, V., Shields, D., Shams, R., Drasites, K., Matzelle, D., Haque, A., et al. (2021). 
Cellular and molecular pathophysiology in the progression of Parkinson’s disease. 
Metab. Brain Dis. 36, 815–827. doi: 10.1007/s11011-021-00689-5 

Zibetti, M., Merola, A., Rizzi, L., Ricchi, V., Angrisano, S., Azzaro, C., et al. (2011). 
Beyond nine years of continuous subthalamic nucleus deep brain stimulation in 
Parkinson’s disease. Mov. Disord. 26, 2327–2334. doi: 10.1002/mds.23903 

Frontiers in Aging Neuroscience 15 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1684885
https://doi.org/10.1002/(sici)1098-2396(20000615)36:4<267::Aid-syn3<3.0.Co;2-y
https://doi.org/10.1002/(sici)1098-2396(20000615)36:4<267::Aid-syn3<3.0.Co;2-y
https://doi.org/10.1016/s0140-6736(99)00120-8
https://doi.org/10.1016/s0140-6736(99)00120-8
https://doi.org/10.1136/jnnp-2012-303182
https://doi.org/10.3389/fneur.2014.00065
https://doi.org/10.1007/s10072-021-05319-7
https://doi.org/10.1007/s10072-021-05319-7
https://doi.org/10.1371/journal.pone.0114140
https://doi.org/10.1002/mds.20776
https://doi.org/10.1002/mds.26475
https://doi.org/10.1002/mds.26475
https://doi.org/10.1002/mds.23457
https://doi.org/10.1016/0304-3940(92)90108-j
https://doi.org/10.1016/0304-3940(92)90108-j
https://doi.org/10.1002/mds.28970
https://doi.org/10.1016/j.parkreldis.2022.01.022
https://doi.org/10.1016/j.parkreldis.2022.01.022
https://doi.org/10.1002/mds.26636
https://doi.org/10.1002/mdc3.14056
https://doi.org/10.1002/mds.10464
https://doi.org/10.1002/mds.10464
https://doi.org/10.1517/13543784.9.4.871
https://doi.org/10.1016/j.pneurobio.2007.05.001
https://doi.org/10.1016/j.pneurobio.2007.05.001
https://doi.org/10.1212/wnl.56.4.455
https://doi.org/10.1002/mds.23355
https://doi.org/10.1002/mds.30175
https://doi.org/10.1002/mds.30175
https://doi.org/10.1093/brain/awu409
https://doi.org/10.1093/brain/awu409
https://doi.org/10.1093/brain/awt067
https://doi.org/10.1002/mds.26659
https://doi.org/10.3171/foc.2004.17.1.2
https://doi.org/10.3171/foc.2004.17.1.2
https://doi.org/10.1007/s00702-018-1900-6
https://doi.org/10.1007/s00702-018-1900-6
https://doi.org/10.1212/wnl.51.1.203
https://doi.org/10.1212/wnl.50.5.1323
https://doi.org/10.1212/wnl.50.5.1323
https://doi.org/10.1007/s00415-018-8936-2
https://doi.org/10.1007/s00415-018-8936-2
https://doi.org/10.1016/j.neuropharm.2018.12.027
https://doi.org/10.3389/fnagi.2018.00262
https://doi.org/10.1016/j.ncl.2013.04.012
https://doi.org/10.1111/ane.12468
https://doi.org/10.1007/s00441-018-2813-2
https://doi.org/10.1007/s00441-018-2813-2
https://doi.org/10.1007/s11011-021-00689-5
https://doi.org/10.1002/mds.23903
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Levodopa-induced dyskinesia in Parkinson's disease: an updated review of pharmacological treatments
	1 Introduction
	2 LID evaluation scales
	3 Pharmacological treatment
	3.1 Dopaminergic agents
	3.1.1 Dopamine replacement therapy
	3.1.2 Dopamine agonists
	3.1.3 Continuous dopamine delivery

	3.2 Non-dopaminergic medications
	3.2.1 Glutamatergic agents
	3.2.1.1 Amantadine
	3.2.1.2 Memantine
	3.2.1.3 Other NMDA/glutamate modulators

	3.2.2 Serotonin agents
	3.2.2.1 Clozapine
	3.2.2.2 Eltoprazine
	3.2.2.3 Sarizotan

	3.2.3 GABAergic agents
	3.2.4 Noradrenergic agents

	3.3 Other therapies
	3.3.1 Levetiracetam
	3.3.2 Monoamine oxidase-B (MAO-B) inhibitors
	3.3.3 Catechol-O-Methyltransferase (COMT) Inhibitors
	3.3.4 Adenosine A2A receptor antagonist

	3.4 Impact of DBS on pharmacological strategies for LID

	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


