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‘Nada en la vida es para ser temido,  

es sólo para ser comprendido.  

Ahora es el momento de entender más,  

de modo que podamos temer menos’  

Marie Curie 

 

 

 

‘Nunca es triste la verdad,  

lo que no tiene es remedio’ 

Antonio Machado 
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EXPLORING NEW TARGETS FOR DEVELOPING CANNABINOID-BASED THERAPIES IN 

PARKINSON’S DISEASE 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, characterised 

by hypokinetic motor symptoms and various non-motor manifestations. Its main 

neurohistopathological hallmarks include (i) the loss of dopaminergic neurons in the substantia 

nigra (SN) pars compacta, leading to striatal dopamine depletion, and (ii) the accumulation of 

misfolded α-synuclein aggregates, known as Lewy bodies. While the exact cause of this selective 

neurodegeneration remains uncertain, major risk factors include ageing, genetic predisposition, 

and environmental influences. Contributing mechanisms such as impaired proteostasis, 

neuroinflammation, mitochondrial dysfunction, oxidative stress, and excitotoxicity interact and 

worsen neuronal damage, disrupting basal ganglia circuits and motor control. In the absence of a 

cure, PD motor symptoms are commonly managed with dopamine replacement therapies, 

particularly levodopa. However, long-term use leads to complications that reduce therapeutic 

efficacy. Hence, there is an urgent need for disease-modifying strategies, a goal hindered by late 

diagnosis and complex pathogenesis. 

Among emerging therapeutic avenues, modulation of the endocannabinoid system (ECS) has 

gained attention. The ECS comprises cannabinoid receptors, endocannabinoids, and related 

enzymes, playing a central role in neurobiological processes. Alterations in the ECS have been 

described in PD, and several cannabinoids have shown neuroprotective properties, including anti-

inflammatory, antioxidant, autophagy-promoting, and/or anti-excitotoxic actions, mainly in 

preclinical models. Despite this, few cannabinoid-based therapies have reached clinical trials. 

This doctoral thesis aims to contribute to cannabinoid-based therapeutic development for PD 

by exploring novel targets within the ECS or related pathways. We conducted a comprehensive 

preclinical evaluation of their neuroprotective and anti-inflammatory effects using relevant in 

vitro and in vivo PD models. The work is structured into three chapters: 

• Chapter 1: Evaluation of cannabinoid type-1 receptor (CB1R) activation and the role of its 

interactor BiP in an in vivo proteinopathy model. 

• Chapter 2: Study of G protein-coupled receptor 55 (GPR55) as a novel pharmacological 

target using two murine models of proteinopathy and mitochondrial dysfunction. 

• Chapter 3: Assessment of the anti-inflammatory and neuroprotective potential of the (+)-

trans enantiomeric series of cannabidiol (CBD) and four analogues. 

In Chapter 1, we explored CB1R activation in the context of protein homeostasis disruption, 

using a mouse model with local overexpression of α-synuclein with the mutation A53T (α-synA53T) 

in the SN via adeno-associated viral vectors (AAV). We evaluated the effect of the selective CB1R 

agonist ACEA and the partial deletion of BiP, an intracellular CB1R interactor. ACEA provided 

modest neuroprotection, preserving some dopaminergic neurons, but did not prevent motor 

deficits. ACEA also increased LAMP-1 and GFAP immunoreactivity, suggesting enhanced 

degradative flux and astrocytic activity. However, α-synuclein levels also rose, indicating possibly 
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ineffective lysosomal clearance. Furthermore, the α-synA53T lesion altered unfolded protein 

response gene expression in the striatum, including BiP, while ACEA had minimal effect. Partial 

BiP deletion did not significantly affect neurodegeneration or glial activation in the SN, although it 

did modify microglial Iba1 immunoreactivity. These results suggest that CB1R activation offers 

limited neuroprotection in this model, highlighting the need for alternative targets. 

In the search for more effective cannabinoid-related targets, Chapter 2 focuses on GPR55, an 

orphan G protein-coupled receptor often considered an atypical cannabinoid receptor. It binds 

various cannabinoids, is highly expressed in the SN and striatum, and plays roles in motor control 

and inflammation. Although no robust changes in GPR55 expression were detected in post-mortem 

human samples or in murine models of PD, based on AAV9-α-synA53T or 6-hydroxydopamine (6-

OHDA) lesions in the SN or striatum, respectively, functional studies using GPR55 knockout mice 

subjected to these two models revealed motor impairments, particularly in the rotarod test, with 

more pronounced deficits observed in females, despite unaltered performance in other motor 

assessments. In the α-synA53T model, GPR55 deletion improved performance in the cylinder 

rearing test and was associated with reduced dopaminergic loss and sex-specific changes in 

astroglial immunoreactivity and microglial morphology, particularly in females. Increased IL-1β 

and IFN-γ expression was also observed in the female GPR55-deficient mice. In the 6-OHDA model, 

milder improvements were noted, including better performance in the pole test, slight 

neuroprotection, but no glial or cytokine alterations. These data support a role for GPR55 in 

modulating inflammation and neurodegeneration, suggesting its inhibition as a therapeutic 

strategy in PD. 

Lastly, Chapter 3 shifts the focus toward cannabinoid compounds with novel pharmacological 

profiles. CBD, a non-psychoactive compound found in Cannabis sativa, lacks direct CB1R/CB2R 

activity. However, modifying its stereochemistry has been shown to alter its pharmacological 

properties. We therefore studied the (+)-trans enantiomers of CBD and CBDV, along with three 

analogues (CBDA-Me, CBDA-Gly, and CBDA-Hyp), for their effects on neuroinflammation. In vitro, 

the (+)-enantiomers showed greater affinity for CB1R and CB2R, particularly the latter. (+)-CBD, 

(+)-CBDV, and (+)-CBDA-Me acted as CB2R agonists, reducing proinflammatory gene expression 

in microglial-like cells and protecting neurons in co-culture, in a CB2R-dependent manner. In silico 

analyses revealed favourable pharmacokinetics for (+)-CBD and (+)-CBDV. These two were 

selected for in vivo testing in the LPS-induced inflammation model. In vivo, neither compound 

significantly reduced GFAP or CD68 immunoreactivity in the SN. However, (+)-CBD preserved 

dopaminergic neurons and improved motor performance, indicating its potential as a 

neuroprotective and anti-inflammatory agent. These promising results merit further exploration 

of the therapeutic utility of stereochemically modified cannabinoids in PD. 

In conclusion, this thesis reinforces the therapeutic promise of the ECS in PD. While CB1R 

activation provided limited benefit, targeting GPR55 or using stereochemically optimised 

cannabinoids such as (+)-CBD may offer novel, disease-modifying strategies. Continued research 

is warranted to translate these findings into effective treatments for PD. 
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EXPLORANDO NUEVAS DIANAS PARA DESARROLLAR TERAPIAS BASADAS EN CANNABINOIDES 

EN LA ENFERMEDAD DE PARKINSON 

La enfermedad de Parkinson (EP) es el segundo trastorno neurodegenerativo ma s frecuente, 

caracterizado por sí ntomas motores hipocine ticos y diversas manifestaciones no motoras. Sus 

principales signos neurohistopatolo gicos incluyen: (i) la pe rdida de neuronas dopamine rgicas en 

la sustancia negra (SN) pars compacta, lo que conlleva una disminucio n de dopamina en el cuerpo 

estriado, y (ii) la acumulacio n de agregados de α-sinucleí na mal plegada, conocidos como cuerpos 

de Lewy. Aunque se desconoce la causa exacta de esta degeneracio n neuronal selectiva, los 

principales factores de riesgo incluyen el envejecimiento, la predisposicio n gene tica y ciertos 

factores ambientales. Adema s, mu ltiples mecanismos patolo gicos, como la disfuncio n de la 

proteostasis, la neuroinflamacio n, la alteracio n mitocondrial, el estre s oxidativo y la 

excitotoxicidad, interactu an y agravan el dan o neuronal, afectando el funcionamiento de los 

ganglios basales y el control motor. En ausencia de una cura, los sí ntomas motores se tratan 

habitualmente con terapias sustitutivas de dopamina, especialmente con levodopa. Sin embargo, 

su uso prolongado conlleva complicaciones que reducen su eficacia terape utica. Por ello, existe 

una necesidad urgente de estrategias modificadoras de la enfermedad, un objetivo obstaculizado 

por el diagno stico tardí o y la compleja patoge nesis. 

Entre las ví as terape uticas emergentes, la modulacio n del sistema endocannabinoide (SEC) ha 

cobrado relevancia. El SEC esta  compuesto por receptores cannabinoides, endocannabinoides y 

enzimas relacionadas, y desempen a un papel central en diversos procesos neurobiolo gicos. Se han 

descrito alteraciones en el SEC en la EP, y diversos cannabinoides han mostrado efectos 

neuroprotectores, incluyendo acciones antiinflamatorias, antioxidantes, promotoras de la 

autofagia y antiexcitoto xicas, principalmente en modelos preclí nicos. No obstante, pocas terapias 

basadas en cannabinoides han llegado a ensayos clí nicos. 

Esta tesis doctoral tiene como objetivo contribuir al desarrollo de terapias basadas en 

cannabinoides para la EP mediante la exploracio n de nuevas dianas dentro del SEC o en rutas 

relacionadas. Para ello, se llevo  a cabo una evaluacio n preclí nica exhaustiva de su potencial 

neuroprotector y antiinflamatorio en modelos pertinentes de EP, tanto in vitro como in vivo. El 

trabajo se estructura en tres capí tulos: 

• Capítulo 1: Evaluacio n de la activacio n del receptor cannabinoide tipo 1 (rCB1) y del papel 

de su interactor BiP en un modelo de proteinopatí a in vivo. 

• Capítulo 2: Estudio del receptor acoplado a proteí nas G 55 (GPR55) como nueva diana 

farmacolo gica usando dos modelos murinos de proteinopatí a y disfuncio n mitocondrial. 

• Capítulo 3: Ana lisis del potencial antiinflamatorio y neuroprotector de la serie 

enantiome rica (+)-trans del cannabidiol (CBD) y cuatro ana logos. 

En el Capí tulo 1, se exploro  la activacio n del rCB1 en un contexto de alteracio n de la 

homeostasis proteica, utilizando un modelo murino con sobreexpresio n local de α-sinucleí na con 

la mutacio n A53T (α-synA53T) en la SN mediante vectores virales adeno-asociados (AAV). Se 
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evaluaron los efectos del agonista selectivo del rCB1 ACEA y de la eliminacio n parcial de BiP, un 

interactor intracelular de rCB1. ACEA proporciono  una neuroproteccio n modesta, preservando 

parcialmente las neuronas dopamine rgicas, pero no evito  los de ficits motores. Adema s, aumento  

la inmunorreactividad de LAMP-1 y GFAP, lo que sugiere un incremento del flujo degradativo y de 

la actividad astrocitaria. Sin embargo, tambie n aumentaron los niveles de α-sinucleí na, lo que 

podrí a indicar una degradacio n lisosomal ineficaz. La lesio n inducida por α-synA53T altero  la 

expresio n de genes relacionados con la respuesta a proteí nas mal plegadas en el estriado, 

incluyendo BiP, y ACEA tuvo un efecto modulador mí nimo. La eliminacio n parcial de BiP no afecto  

de forma significativa la neurodegeneracio n ni la activacio n glial en la SN, aunque sí  altero  la 

inmunorreactividad microglial de Iba1. Estos resultados indican que la activacio n de rCB1 ofrece 

una neuroproteccio n limitada en este modelo, lo que resalta la necesidad de explorar otras dianas 

terape uticas. 

En busca de nuevas dianas ma s eficaces relacionadas con los cannabinoides, el Capí tulo 2 se 

centra en GPR55, un receptor hue rfano acoplado a proteí nas G, a menudo considerado como un 

receptor cannabinoide atí pico. Este receptor, que se une a diversos cannabinoides, se expresa en 

alta proporcio n en la SN y el cuerpo estriado, y participa en la coordinacio n motora y la 

inflamacio n. Aunque no se detectaron cambios robustos en la expresio n de GPR55 en muestras 

humanas post-mortem ni en modelos murinos de la EP, basados en la lesio n con AAV9-α-synA53T o 

en la lesio n con 6-hidroxidopamina (6-OHDA) en la SN o el cuerpo estriado, respectivamente, los 

estudios funcionales realizados en ratones knockout para GPR55 sometidos a estos dos modelos 

revelaron alteraciones motoras, especialmente en la prueba de rotarod, con de ficits ma s acusados 

en hembras, a pesar de no observarse cambios en otras evaluaciones motoras. En el modelo de α-

synA53T, la eliminacio n de GPR55 mejoro  el rendimiento en la prueba del cilindro, y se asocio  con 

una menor pe rdida dopamine rgica y cambios en la inmunorreactividad astrocitaria y morfologí a 

microglial dependientes del sexo, ma s evidentes en hembras. Tambie n se observo  un aumento de 

la expresio n de IL-1β e IFN-γ en hembras knockout. En el modelo 6-OHDA se observaron mejoras 

ma s suaves, como un mejor rendimiento en la prueba del poste, leve neuroproteccio n y sin 

cambios gliales ni en citocinas. Estos datos apoyan un papel de GPR55 en la modulacio n de la 

inflamacio n y la neurodegeneracio n, sugiriendo que su inhibicio n podrí a ser una estrategia 

terape utica en la EP. 

Finalmente, el Capí tulo 3 cambia el enfoque hacia compuestos cannabinoides con perfiles 

farmacolo gicos novedosos. El CBD, compuesto no psicoactivo presente en Cannabis sativa, carece 

de actividad directa sobre rCB1/rCB2. Sin embargo, se ha observado que modificar su 

estereoquí mica puede alterar sus propiedades farmacolo gicas. Por ello, se estudiaron los 

enantio meros (+)-trans de CBD y CBDV, junto con tres ana logos (CBDA-Me, CBDA-Gly y CBDA-

Hyp), por su efecto sobre la neuroinflamacio n. In vitro, los enantio meros (+) mostraron mayor 

afinidad por rCB1 y especialmente por rCB2. (+)-CBD, (+)-CBDV y (+)-CBDA-Me actuaron como 

agonistas de rCB2, reduciendo la expresio n de genes proinflamatorios en una lí nea celular 

microglial y protegiendo a las neuronas en co-cultivo, de forma dependiente de rCB2. Los ana lisis 
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in silico revelaron perfiles farmacocine ticos favorables para (+)-CBD y (+)-CBDV. Estos dos 

compuestos se seleccionaron para evaluacio n in vivo en el modelo inflamatorio inducido por LPS. 

Aunque ninguno redujo significativamente la inmunorreactividad de GFAP o CD68 en la SN, (+)-

CBD protegio  a las neuronas dopamine rgicas y mejoro  el rendimiento motor en el modelo de LPS, 

lo que indica su potencial como agente neuroprotector y antiinflamatorio. Estos resultados 

prometedores justifican una investigacio n ma s profunda sobre el uso terape utico de 

cannabinoides estereoquí micamente modificados en la EP. 

En conclusio n, esta tesis refuerza el potencial terape utico del SEC en la EP. Aunque la activacio n 

de rCB1 ofrecio  beneficios limitados, la inhibicio n de GPR55 y el uso de cannabinoides 

optimizados como (+)-CBD podrí an constituir estrategias modificadoras de la enfermedad. Se 

necesita ma s investigacio n para trasladar estos hallazgos a tratamientos efectivos contra esta 

patologí a tan compleja. 
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6-OHDA  6-Hydroxydopamine  AAV  Adeno-associated virus 

AC  Adenylate cyclase  ACEA  Arachidonyl-2’-chloroethylamide 

AD Alzheimer’s disease  ADMET  Absorption, distribution, metabolism, 
excretion and toxicity 

AEA  N-arachidonoylethanolamine  Akt  Protein kinase B 

BBB  Blood-brain barrier  BSA  Bovine serum albumin 

C3  Complement component 3  cAMP  Cyclic adenosine monophosphate 

CB1R  Cannabinoid type-1 receptor   CB2R  Cannabinoid type-2 receptor 

CBD  Cannabidiol  CBDA  Cannabidiolic acid 

CBDA-Gly  Cannabidiol-glycol ester  CBDA-Hyp  Cannabidiol-hydroxypentyl ester 

CBDA-Me  Cannabidiol-methyl ester  CBDV  Cannabidivarin 

CBG  Cannabigerol  CBN  Cannabinol 

cDNA Complementary DNA  CNS Central nervous system 

COX-2  Cyclooxygenase 2  CREB cAMP response element-binding 

CRT  Cylinder Rearing Test  CSF  Cerebrospinal fluid 

Ct  Threshold cycle  DA  Dopamine 

DAG  Diacylglycerol  DBS  Deep brain stimulation 

DMSO Dimethylsulfoxide  EBST  Elevated-body Swing Test 

eCB  Endocannabinoid  ECS  Endocannabinoid system 

eQTL  Expression quantitative loci  ER  Endoplasmic reticulum 

ETC  Electron transport chain  FAAH Fatty acid amide hydrolase 

GC Genome copy  GCase Glucocerebrosidase 

GFAP  Glial fibrillary acidic protein  GPCR  G protein-coupled receptor 

GPe  Globus pallidus externus  GPi  Globus pallidus internus 

GPR55  G protein-coupled receptor 55  GWAS  Genome-wide association studies 

i.p.  Intraperitoneal  IL  Interleukin 

INF-γ  Interferon γ  iNOS  Inducible nitric oxide synthase 

KO  Knock-out  KPBS  Potassium phosphate-buffered saline 

LAMP-1  Lysosomal-associated membrane 
protein 1 

 LB  Lewy body 

L-DOPA  Levodopa  LPI  Lysophosphatidylinositol 

LPS  Lipopolysaccharide  LRRK2  Leucine-rich repeat kinase 2 

MAGL  Monoacylglycerol lipase  MHC  Major histocompatibility complex 

MPP+  1-methyl-4-phenylpyridinium  MPTP  Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine 

MSN  Medium spiny neuron  mtDNA  Mitochondrial DNA 

MTT  Methylthiazolyldiphenyl-
tetrazolium bromide 

 NAPE  N-arachidonoylphosphatidylethanolamine 

NHP  Non-human primate  NLRP3  Nucleotide-binding domain, leucine-rich 
repeat, and pyrin domain-containing 
protein 3 

NMDA  N-methyl-D-aspartate  PBS  Phosphate-buffered saline 

PD  Parkinson’s disease  PFF  Preformed fibril 
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PI3K  Phosphoinositide 3-kinase  PKA  cAMP-dependent protein kinase 

PLC  Phospholipase C  PPARγ  Peroxisome proliferator-activated receptor 
γ 

PPMI  Parkinson Progression Marker 
Initiative 

 ROS  Reactive oxygen specie 

RT-qPCR  

 

Reverse transcription polymerase 
chain reaction 

 SEM Standard error of the mean 

SNpc  Substantia nigra pars compacta  SNpr  Substantia nigra pars reticulata 

STN  Subthalamic nucleus  TBS  Tris-buffered saline 

TH  – Tyrosine hydroxylase  TNF-α  Tumour necrosis factor α 

TRPV1  Transient receptor potential cation 
channel subfamily V member 1 

 UPR  Unfolded protein response 

WT  Wild-type  α-Syn  α-Synuclein 

Δ9-THC Δ9-Tetrahydrocannabinol  Δ9-THCV  Δ9-Tetrahydrocannabivarin 
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1. PARKINSON’S DISEASE 

In 1817, a 62-year-old British surgeon, Dr. James Parkinson, authored a case series on six 

individuals who were suffering from a distressing medical condition. This monograph, titled 'An 

Essay on the Shaking Palsy,' is widely regarded as the first-ever description in medical literature 

of what we now recognize as Parkinson's disease (PD). Despite its lack of detail and the omission 

of many symptoms associated with the disease nowadays, Dr. Parkinson skilfully integrated 

various symptoms previously thought to be distinct conditions into a single disorder. Furthermore, 

he made a remarkable distinction in describing tremors, differentiating those ‘produced by 

attempts at voluntary motion versus those which occur whilst the body is at rest’ (Parkinson, 1817, 

reedited as Parkinson, 2002). It was only towards the end of the 19th century that our 

understanding of PD significantly advanced. This progress was marked by the recognition of 

rigidity and bradykinesia as essential clinical features and a better understanding of the 

involvement of the substantia nigra pars compacta (SNpc) in the disease’s pathogenesis 

(Tre tiakoff, 1919). Since those early observations, notable strides have been made in 

comprehending the disease, along with the development of various therapeutic approaches. In 

this section, a brief examination will be conducted regarding the existing knowledge of this 

paralysis agitans.  

1.1. Epidemiology    

Surpassed only by Alzheimer's disease (AD), PD stands out as one of the most common 

neurodegenerative disorders worldwide. The estimated incidence of PD is approximately 14 new 

cases per 100,000 people each year in the general population. Nevertheless, this incidence 

increases significantly with age, reaching around 160 new cases per 100,000 individuals yearly in 

those aged over 65 (Nicoletti et al., 2023). Advances in healthcare and increased life expectancy 

have led to a doubling of PD prevalence over the past 25 years (World Health Organization, 2023). 

This upward trend is expected to continue in the coming decades, from 6.2 million cases in 2015 

to 12.9 million by 2040 (Dorsey & Bloem, 2018). Mortality rates are not elevated during the first 

decade after disease onset and diagnosis. However, over time, mortality in individuals with PD 

eventually doubles in comparison to the non-affected population, resulting in an average life 

expectancy of 70 years (Poewe et al., 2017). 

In addition to aging, epidemiological data reveal sex-based variations. As such, most 

populations report a higher incidence and prevalence in men than women, with a pooled male-to-

female ratio of 3:2 (Hirsch et al., 2016). These disparities in sex prevalence may be attributed to a 

combination of biological (effects of sex hormones), genetic (sex-associated genes) or societal 

(gender-specific differences in exposure to environmental elements and healthcare) factors. 

Similar influences may also underlie the epidemiological specificities observed in diverse 

ethnicities and geographically defined populations (Van Den Eeden et al., 2003).  
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1.2. Aetiology and determinants 

As with other neurodegenerative disorders, PD can be classified based on its aetiology into two 

categories: familial forms, which account for approximately 5-10% of all cases; and sporadic 

forms, which encompass most diagnosed cases. 

1.2.1. Familial Parkinson’s disease 

Heritable forms of PD involve a clear genetic origin, resulting in an earlier onset of the disease and 

often more severe symptoms. As these familial cases imply a well-known genetic basis, they 

represent a key approach to understand the molecular mechanisms behind the pathogenesis of 

PD. For instance, the identification of SNCA as the first gene underlying autosomal dominant PD 

helped to elucidate α-synuclein (α-syn) inclusions as a main neuropathological feature of this 

disorder (Polymeropoulos et al., 1997).  

Most of the familial cases are monogenic, displaying rare mutations in well-established 

Mendelian genes, which have received the acronym of PARK (Table 1). These causative genes 

display both autosomal dominant (SNCA, LRRK2, VPS35) and autosomal recessive (PRKN, PINK1, 

DJ1, ATP13A2) inheritance patterns. However, disease penetrance can vary and may be affected by 

factors such as age, specific pathogenic variant, patients’ ethnicity, and a complex interplay 

between causal and risk variants (Jia et al., 2022). The functions of the proteins encoded by these 

genes, as well as the pathological consequences of their mutations in PD, will be discussed in 

greater detail in subsequent sections. 

1.2.2. Sporadic Parkinson’s disease 

Besides monogenic forms of the disease, PD is typically an idiopathic condition, with a later onset 

and a more progressive course compared to familial forms. These predominant sporadic cases are 

characterised by an unknown origin and a multifactorial aetiology, suggesting that they result 

from the complex interplay between environmental and genetic factors, which mutually influence 

each other. Genetic susceptibility, albeit significant, has been estimated to explain only one-

quarter of the risk of developing PD (De Miranda et al., 2022). Consequently, non-genetic 

contributors, collectively referred to as the exposome, account for a significant portion of the risk. 

Furthermore, given that idiopathic PD develops over several decades, a wide range of exogenous 

factors can influence disease progression, including exposure to toxins, infections, pollutants, and 

lifestyle. 

1.2.2.1. Aging 

Epidemiological studies indicate that aging is the most significant factor influencing the 

occurrence of PD. Aging is a complex process that involves a plethora of changes, many of which 

may contribute to the pathogenesis of the disease. One extensively studied hallmark of aging is 

mitochondrial dysfunction, which arises from accumulated defects and failures in mitochondrial 

quality control. When combined with other factors, mitochondrial dysfunction can significantly 
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contribute to the development of age-related diseases (Guo et al., 2023). Additional age-related 

changes associated with neurodegeneration include elevated oxidative stress, disrupted 

proteostasis, altered inflammatory responses, diminished sensitivity to neurotrophic factors, iron 

accumulation, and age-related genetic alterations (Hindle, 2010). However, in addition to these 

non-specific detrimental aging-associated processes, a distinct mechanism of age-related 

vulnerability involving neuromelanin has been specifically described for PD. Neuromelanin is an 

intracellular pigment exclusive to humans that accumulates in dopaminergic neurons of the SNpc 

throughout life as a byproduct of dopamine (DA) metabolism. During PD, neuromelanin decreases 

as these neurons die, serving as a marker of disease progression. However, recent studies suggest 

that neuromelanin accumulation in dopaminergic neurons of the SNpc is sufficient to trigger 

neuronal dysfunction and death, emphasizing the relevance of this lifelong accumulating pigment 

in the pathogenesis of PD (Carballo-Carbajal et al., 2019). 

1.2.2.2. Genetic susceptibility 

Despite the occurrence of clear causative genes, PD genetics reveal a greater complexity than was 

initially apparent. Genetic contributions to PD exist on a spectrum, ranging from highly penetrant 

rare variants linked to familial cases, as mentioned earlier (Table 1), to common variants with 

smaller individual effects but with the potential to interact with other genetic or environmental 

Table 1. PARK genes involved in familial PD. PARK3 PARK10, PARK12, PARK16, and PARK22 are not included in this table, as they 
correspond to identified risk variants whose affected gene has not been identified. AD: autosomal dominant, AR: autosomal recessive. 

PARK Locus Map position Gene Inheritance Description 

PARK1/PARK4 4q21 SNCA AD α-syn 

PARK2 6q25.2-q27 Parkin AR 
parkin RBR E3 ubiquitin protein 

ligase 

PARK5 4p14 UCH-L1 AD ubiquitin C-terminal hydrolase L1 

PARK6 1p35-p36 PINK1 AR PTEN-induced putative kinase 1 

PARK7 1p36 DJ-1 AR Parkinsonism-associated deglycase 

PARK8 12q12 LRRK2 AD LRRK2 

PARK9 1p36 ATP13A2 AR Cation-transporting ATPase 13A2 

PARK11 2q36-q37 GIGYF2 AD GRB10 interacting GYF protein 2 

PARK13 2p13 HTRA2 AD HtrA serine peptidase 2 

PARK14 22q13.1 PLA2G6 AR 
Calcium-independent phospholipase 

A2 enzyme 

PARK15 22q12-q13 FBXO7 AR F-box protein 7 

PARK17 16q11.2 VPS35 AD 
Vacuolar protein sorting-associated 

protein 35 

PARK18 3q27.1 EIF4G1 AD 
Eukaryotic translation initiation 

factor 4 gamma 1 

PARK19 1p31.3 DNAJC6 AR HSP40 Auxilin 

PARK20 21q22.11 SYNJ1 AR Synaptojanin 1 

PARK21 3q22.1 DNAJC13 AD Receptor-mediated endocytosis 8 

PARK23 15q22.2 VPS13C AR 
Vacuolar protein sorting-associated 

protein 13C 
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factors (Figure 1). These common variants are usually found in sporadic PD cases and have been 

mostly identified using genome-wide association studies (GWASs). To date, ninety GWAS variants 

associated with PD have been confirmed across 78 loci (Nalls et al., 2019). However, these findings 

are limited to cohorts of European ancestry, with relatively little known about the genetics of PD 

in other ethnic populations and needing to diversify these studies.  

Several of the identified loci are located near genes involved in mitochondrial and lysosomal 

function. The two main PD risk genes, LRRK2 and GBA1, harbor mutations associated with 

approximately 10% of sporadic cases.  These mutations are thought to exacerbate α-syn toxicity 

and amplify the neuroinflammatory response (Kaiser et al., 2023). LRRK2 is responsible for 

encoding leucine-rich repeat kinase 2 (LRRK2), a complex protein with kinase and GTPase activity, 

involved in cytoskeleton dynamics, vesicular traffic, autophagy, immune response and 

mitochondrial function (Esteves et al., 2014). LRRK2 mutations display diverse frequencies, 

penetrance, and effect sizes, with reported increases in kinase activity or reductions in GTPase, 

although findings have not always been consistent across studies (Ito & Utsunomiya-Tate, 2023). 

Notably, in idiopathic PD patients, the LRRK2 kinase activity has been found to be aberrantly 

increased in vulnerable nigrostriatal dopaminergic neurons (Di Maio et al., 2018). GBA1 encodes 

glucocerebrosidase (GCase), a lysosomal enzyme responsible for sphingolipids metabolism, 

whose dysfunction has been related to Gaucher’s disease, and more recently to the risk of 

developing PD (Do et al., 2019). Specifically, GBA mutations result in a nearly 4-fold increase in PD 

risk, loss of lysosomal enzyme activity, and an elevated risk of developing dementia (Simon et al., 

2020). Of note, idiopathic PD patients exhibit GCase deficiency, even without GBA mutations (Gegg 

et al., 2012). 

While common genetic variability is estimated to contribute to approximately 25% of the 

heritability of PD, the GWAS loci currently identified explain only a small fraction of this 

heritability (Blauwendraat et al., 2020). This suggests the presence of many undiscovered risk 

Figure 1. A simplified scheme of genetic architecture of PD. PD risk alleles show diversities in frequency and penetrance, which can 
also be modified by age. Highly penetrant rare mutations would be responsible for familial conditions, while low-impact common variants 
would contribute to idiopathic cases. (Adapted from Ye et al., 2023). 
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variants. Additionally, acquired mitochondrial DNA (mtDNA) mutations (Mu ller-Nedebock et al., 

2019) and epigenetic factors (Song et al., 2023) are also believed to play a role in the pathogenesis 

of PD. 

1.2.2.3. Environmental factors 

In addition to aging and genetic susceptibility, the past four decades have seen the identification 

of an expanding list of modifiable environmental factors associated with PD risk. Meta-analyses 

have demonstrated that various aspects of rural living, such as the use of well water, farming, and 

exposure to pesticides or herbicides like rotenone and paraquat, both inhibitors of the 

mitochondrial complex I, are linked to increased risk (Priyadarshi et al., 2001). Other well-

documented environmental risk factors include exposure to metals, toxins such as methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), and drugs like methamphetamine or antipsychotics. 

Additionally, certain medical conditions such as head trauma, melanoma, peripheral 

inflammation, and even gut microbiota dysbiosis, have been associated with increased PD risk 

(Simon et al., 2020; Krasowska et al., 2021; Wang et al., 2025). Conversely, several 

epidemiological studies have pointed to a significantly reduced risk of PD among tobacco smokers, 

coffee drinkers, and individuals treated with anti-inflammatory agents (De Lau & Breteler, 2006; 

Simon et al., 2020). Engaging in physical activity and following diets rich in fruits, vegetables, and 

whole grains have also been identified as lifestyle factors associated with a reduced risk of PD. 

Nevertheless, despite the breadth of the exposome, it is important to note that, in most cases, a 

complex interplay between environmental factors and genetic susceptibility is crucial to 

understanding and elucidating the aetiology of PD (Polito et al., 2016). 

1.3. Clinical features 

PD ranks as the first disorder affecting basal ganglia, a brain structure essential for motor control. 

Therefore, PD is primarily recognised as a movement disorder, defined by parkinsonism, a clinical 

syndrome characterised by bradykinesia, rigidity, rest tremor, and postural instability. Idiopathic 

PD is the most common form of parkinsonism, but there are other conditions with overlapping 

symptoms, hindering its accurate diagnosis (Box 1). Essential tremor, secondary parkinsonism 

(vascular, drug-induced) or atypical parkinsonism (dementia with Lewy Bodies, multiple system 

atrophy) are examples of other pathologies that may include parkinsonism (Keener & Bordelon, 

2016; Poewe et al., 2017). Differential diagnosis between PD and other clinical forms of 

parkinsonism typically relies on the coexistence of specific features and the responsiveness of 

motor symptoms to DA replacement therapies (Keener & Bordelon, 2016).  

1.3.1. Motor symptoms 

The primary clinical manifestations of PD are predominantly characterised by motor dysfunction. 

Indeed, the clinical diagnosis is typically established upon the emergence of asymmetric rigidity 

and bradykinesia, with or without tremor at rest (Bloem et al., 2021). Bradykinesia refers to the 

slowing of movement and a decrement in amplitude or speed of movement, often observed as 
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impaired facial dynamics. This manifests as a less expressive face or ‘masked’ face, along with 

monotone and softer speech intonation, where words may blend together (Hayes, 2019). In terms 

of tremor, its frequency ranges between 4 and 6 Hz and initially presents unilaterally, most 

prominently in the distal upper extremity, sometimes involving a single finger (Keener & Bordelon, 

2016; Hayes, 2019).  

Clinical observations of PD reveal significant heterogeneity in motor features and cohort 

studies have led to an empirical categorization into two major subtypes: tremor-dominant PD, 

characterised by a relative absence of other motor symptoms, and non-tremor-dominant PD, 

which is marked by postural instability and gait disorder (Keener & Bordelon, 2016; Hayes, 2019). 

Although both subtypes are primarily based on symptomatologic classification, they also differ in 

progression and prognosis. For instance, tremor-dominant PD tends to exhibit a slower 

progression and less functional disability compared to non-tremor-dominant PD (Kalia & Lang, 

2015). Moreover, it is hypothesised that the different subtypes of PD have distinct aetiologies and 

pathophysiological mechanisms. 

As PD advances, there is a progressive exacerbation of motor disabilities, initially responsive to 

symptomatic therapeutic interventions. In the later stages of PD, treatment-resistant symptoms 

are prominent, encompassing axial motor symptoms such as postural instability, freezing of gait, 

falls, dysphagia (with choking), and speech dysfunction (Figure 2). These final features are 

normally the strongest predictors of institutionalization and death (Kalia & Lang, 2015). 

BOX 1. CLINICAL DIAGNOSTIC CRITERIA FOR PARKINSON’S DISEASE 

Several scientific societies and academies have developed their own sets of criteria for PD diagnosis. Here, those 

established by the Movement Disorder Society will be presented. 

Step 1: Identification of parkinsonism  

• Presence of bradykinesia 

• Coexistence with rest tremor and/or rigidity 

Step 2: Verification of PD with two levels of diagnostic certainty 

Diagnosis of clinically established PD requires: 

• Absence of absolute exclusion criteria. These criteria include clinical or imaging evidence supporting 

alternative diagnoses of parkinsonism, such as atypical parkinsonism, drug-induced parkinsonism, or 

essential tremor. 

• At least two supportive criteria. These criteria include responsiveness of DA replacement therapy, the 

presence of classic rest tremor or the occurrence of either olfactory loss or cardiac sympathetic denervation. 

• No red flags. This refers to features that are atypical but not entirely exclusionary for Parkinson's disease, 

such as the rapid progression of gait impairment necessitating wheelchair use or the onset of severe 

autonomic failure within five years of disease onset. 

Diagnosis of clinically probable PD requires:  

• Absence of absolute exclusion criteria (mentioned above). 

• Presence of red flags (mentioned above) counterbalanced by supportive criteria. 

o If one red flag is present, there must also be at least one supportive criterion. 

o If two red flags, at least two supportive criteria are needed. 

o No more than two red flags are allowed for this category. 

A full listing of absolute exclusion criteria, red flags and supportive criteria is presented in Postuma et al., 2015. 

 



INTRODUCTION 

45 
 

1.3.2. Non-motor symptoms 

In addition to the cardinal motor features, most PD patients also exhibit non-motor symptoms. 

These symptoms affect a wide range of bodily functions, including disturbances in the sleep-wake 

cycle, cognitive decline, mood and affective disorders, and autonomic dysfunction (urinary 

incontinence, symptomatic postural hypotension), as well as fatigue and pain (Kalia & Lang, 2015). 

Indeed, many of these non-motor symptoms can manifest before the appearance of classic motor 

features and may even precede the diagnosis of the disease (Figure 2). The most common 

symptoms during this prodromal or pre-motor phase of the disease, which can extend for years 

or even decades, include hyposmia or impaired olfaction, constipation, depression, anxiety, 

excessive daytime sleepiness and rapid eye movement sleep behaviour disorder (Poewe et al., 

2017). Notably, both mood disorders and constipation have been linked to a two-fold increased 

risk of developing PD in the future (Noyce et al., 2012), whereas the sleep disturbances and the 

olfactory impairments are increasingly recognised as potential early biomarkers for PD (Orso 

et al., 2024). 

As the disease progresses, non-motor symptoms become increasingly prevalent, with dementia 

being particularly widespread (Poewe et al., 2017). These non-motor features are strongly 

associated with diminished health-related quality of life, significantly contributing to overall 

disability progression and serving as key determinants of nursing home placement and mortality 

(Kalia & Lang, 2015). Nevertheless, these symptoms also offer a valuable opportunity for earlier 

PD diagnosis, thereby providing a broader temporal window for therapeutic interventions. 

1.3.3. Long-term therapy complications 

In advanced stages of PD, the worsening of both motor and non-motor symptoms is often 

accompanied by the emergence of complications arising from a prolonged DA replacement 

therapy. As previously noted, this dopaminergic treatment allows for the management of the 

motor symptoms of the disease for several years. However, it has been extensively reported how 

chronic administration of these drugs frequently leads to severe adverse effects, ranging from 

motor issues, such as motor fluctuations and dyskinetic movements, to cognitive disturbances, 

with psychosis and visual hallucinations being particularly prominent (Figure 2) (Poewe et al., 

2017).  

These therapy-induced complications, combined with non-motor symptoms and motor 

disabilities that respond poorly to treatment, contribute to the cumulative burden of disability 

suffered by PD patients (Kalia & Lang, 2015). 

1.4. Pathophysiology 

Two major neuropathological hallmarks necessarily must occur when facing PD: the loss of 

neurons in specific regions of the SN and the widespread accumulation of intracellular α-syn 

(Figure 3). Neuronal degeneration and cell death are observed specifically in dopaminergic 

neurons within the SNpc, resulting in denervation and depletion of DA in the striatum. This 
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specific neuronal loss triggers the onset of clinical motor symptoms, which become apparent when 

approximately 50% of nigrostriatal neurons have been lost (Fearnley & Lees, 1991) and striatal 

dopaminergic terminals are significantly depleted (Brooks & Pavese, 2011). The delay in the 

emergence of motor symptoms is attributed to compensatory mechanisms within the 

dopaminergic pathways that sustain circuitry function until DA levels are very low (Yee et al., 

2000). In the early stages of the disease, the loss of dopaminergic neurons is predominantly 

confined to the ventrolateral SNpc, which contains neurons projecting to the dorsal putamen of 

the striatum, with a relative sparing of other midbrain dopaminergic neurons (Damier et al., 

1999). However, as the disease progresses to advanced stages, dysfunction extends beyond the 

dopaminergic system, involving other neurotransmitter pathways and peripheral mechanisms, 

which may account for some of the non-motor symptoms (Sveinbjornsdottir, 2016). 

The presence of intracellular inclusions containing aggregates of α-syn is another criterion for 

a definitive (post-mortem) neuropathological diagnosis of PD (Kalia & Lang, 2015). These 

Figure 3. Main neuropathological hallmarks in PD. The current pathological criteria for PD require the identification of two key 
histopathological features: functional and structural loss of dopaminergic neurons within the SNpc, and Lewy pathology, with insoluble 
inclusions of α-syn within the neurons. Adapted from template of BioRender.com. 

 

Figure 2. Time progression of clinical symptoms in PD. Diagnosis of PD typically occurs when motor symptoms begin, but before that 
moment, a prodromal stage of 20 years or more could have developed, with several non-motor features. With disease progression, both 
motor and non-motor manifestations progress while new ones appear, causing significant disability in advanced PD. Long-term 
complications of dopaminergic therapy further contribute to disability. (Adapted from Kalia & Lang, 2015). Created with BioRender.com.   
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proteinaceous inclusions, known as Lewy bodies (LBs), are thought to result from a severe 

proteinopathy, referred to as Lewy pathology. However, the pathophysiology of PD is multifaceted, 

involving cytotoxic mechanisms beyond protein dysregulation, such as mitochondrial dysfunction, 

oxidative stress, neuroinflammation, excitotoxicity, and impaired Ca2+ homeostasis (Poewe et al., 

2017). Notably, these pathological processes should not be considered isolated events; instead, 

they should be viewed as an interconnected damaging network, where each event interacts and 

amplifies the others, creating a synergistic effect that drives neurodegeneration in a self-

perpetuating cycle (Figure 4). 

1.4.1. Basal ganglia circuit dysfunction 

As previously mentioned, the SNpc represents the distinctive region undergoing degeneration in 

PD. This area is integrated into the basal ganglia, a subcortical structure responsible for regulating 

actions and goal-directed behaviour. Anatomically, it is organised by the flow of cortical inputs to 

subcortical outputs, which then return to the cerebral cortex, suggesting a ‘filter-like’ function for 

coordinating movement (Alexander et al., 1990). Different models have been devised to explain 

how the neural circuitry within the basal ganglia regulates movement, with the classical model 

being the most accepted one (McGregor & Nelson, 2019). According to this model of the basal 

ganglia-thalamocortical loop, cortical activity is transmitted to subcortical regions by three 

streams that act in concert to shape action dynamics: the direct, indirect and hyperdirect 

pathways. The direct and indirect pathways provide cortical inputs to the basal ganglia via the 

striatum. Initially, information flow involves corticostriatal glutamatergic projections from the 

motor-related cortex to GABAergic striatal medium spiny neurons (MSNs). DA released from the 

SNpc regulates the activity of these striatal MSNs, which can be categorised into two subtypes. The 

first subtype, which releases the neuropeptides Substance P and dynorphin, expresses activating 

DA D1 receptors, coupled to GS proteins, and directly projects to GABAergic neurons in globus 

Figure 4. Molecular mechanisms implicated in the PD pathophysiology. Five major cytotoxic events contribute to the 
neurodegeneration, including protein dysregulation, mitochondrial dysfunction, neuroinflammation, oxidative stress, and excitotoxicity. 
All these mechanisms can exhibit external causalities such as genetic alterations, even though they also interact with each other, 
generating a complex network of interactions that creates a vicious cycle. Thus, cell death is a consequence of the synergy of multiple 
processes. Created with BioRender.com.  
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pallidus internus (GPi)/SN pars reticulata (SNpr). This organization represents the direct 

pathway. The second subtype, which releases the neuropeptide enkephalin, expresses inhibiting 

DA D2 receptors, coupled to Gi proteins, and projects to GABAergic neurons in globus pallidus 

externus (GPe), eventually reaching GPi/SNpr via the subthalamic nucleus (STN) as a 

glutamatergic relay. This configuration constitutes the indirect pathway. Finally, GPi and SNpr 

serve as the main output nuclei of the basal ganglia, projecting to the ventrolateral thalamus, and 

ultimately back to motor cortex. The last basal ganglia circuit to be described, the hyperdirect 

pathway, consists of glutamatergic connections from the frontal cortex to the STN, without 

involving striatal areas and providing rapid inhibition for action suppression (Nambu et al., 2002). 

In a physiological context (Figure 5A), DA levels in the striatum are normal. Thus, striatal 

dopaminergic tone properly regulates the GABAergic output activity of the striatum, activating the 

D1-mediated direct pathway, and inhibiting the D2-mediated indirect pathway. The outcome of 

these summative effects is the reduction of the GPi/SNpr GABAergic output and the subsequent 

disinhibition of the thalamocortical feedback projections. In the parkinsonian condition (Figure 

5B), the loss of dopaminergic neurons in the SNpc results in a nigrostriatal DA deficiency. This 

situation causes hypoactivity of the direct pathway and hyperactivity of the indirect pathway, with 

a net effect of a strong increase in the firing rate of GABAergic basal ganglia output nuclei, which 

over-inhibit thalamocortical projections, leading to inhibition of motor cortex, suppression of 

movements and onset of parkinsonian symptoms (McGregor & Nelson, 2019). 

1.4.2. Protein dysregulation and α-synuclein aggregation 

As with most neurodegenerative disorders, PD displays a significant proteinopathy-like pathology, 

characterised by intraneuronal protein aggregates found in all patients. Specifically, PD is 

Figure 5. Classical model of the basal ganglia circuit. (A) Under healthy conditions, dopaminergic neurons from the SNpc to the 
striatum activate direct pathway MSNs (dMSNs) via dopamine D1 receptors (D1R) and inhibit indirect pathway MSNs (iMSNs) via 
dopamine D2 receptors (D2R). These striatal GABAergic projections decrease GPi output either directly or indirectly, by means of STN 
inhibition mediated by the GPe. (B) In the parkinsonian condition, loss of SNpc dopaminergic neurons leads to hypoactivity of the direct 
pathway and hyperactivity of the indirect pathway, causing excessive GPi output and resulting in excessive inhibition of the thalamus and 
cortex. Green arrows: dopaminergic projections; red arrows: GABAergic projections; blue arrows: glutamatergic projections; thin arrows: 
reduced effect; thick arrows: increased effect. (Adapted from McGregor & Nelson, 2019). Created with BioRender.com. 
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considered a synucleinopathy, given that protein inclusions are largely composed of α-syn 

(Spillantini et al., 1997). This small protein (14.5 kDa), consisting of 140 amino acids, is divided 

into three distinct regions: a lysine-rich amphipathic N-terminal lipid-binding domain, enabling 

interaction with membranes and vesicles; a hydrophobic non-amyloid component, with a high 

tendency to aggregate; and a proline-rich acidic C-terminal binding domain, which contains a 

highly flexible intrinsically disordered region, allowing interaction with metals, small molecules 

and proteins (Vidovic  & Rikalovic, 2022). In solution, monomeric α-syn exists as an intrinsically 

disordered or unfolded soluble protein, while interaction with lipid membranes drives the 

transition of the N-terminus and non-amyloid component into stabilised helical structures. This 

helical conformation may form non-pathogenic homotetramers (Nuber et al., 2018). Regarding 

the physiological function of α-syn, it has not been fully elucidated, but it appears to regulate 

synaptic plasticity and function as well as vesicle trafficking, supported by its pre-synaptic 

location. This protein also seems to participate in mitochondrial function and may act as a 

potential chaperone (Poewe et al., 2017). 

In PD, α-syn misfolds and aggregates into insoluble amyloid fibrils rich in β-sheets. During this 

pathogenetic process, soluble monomers form intermediate, transient oligomeric structures, 

which then progressively assemble into protofibrils, ultimately resulting in large ordered 

insoluble α-syn strains (Vidovic  & Rikalovic, 2022). It remains debatable which α-syn assemblies 

are most relevant to neurotoxicity, although oligomers of lower molecular mass seem to be more 

unstable and toxic (Chen et al., 2022). Several factors have been identified as triggers for the 

misfolding, accumulation, and aggregation of α-syn, including SNCA mutations (A30P, E46K, 

A53T), gene locus multiplications, post-translational modifications (phosphorylation, 

ubiquitination, acetylation, glycation), interaction with metal ions (Fe, Cu, Mn), and defects in 

molecular clearance pathways (Vidovic  & Rikalovic, 2022). α-Syn degradation is mainly driven by 

the ubiquitin–proteasome system, with the involvement of E3-ubiquitin ligases such as parkin; 

and autophagy-lysosomal pathways, particularly both chaperone-mediated autophagy and 

macroautophagy (Xilouri et al., 2013). Several lines of evidence suggest that impairment of 

clearance pathways might enhance α-syn accumulation. In patients and experimental models, a 

reduction in lysosomal enzyme activity (GCase or cathepsin D), a decrease in markers of 

chaperone-mediated autophagy (HSC70 or LAMP2A), and an accumulation of autophagosomes 

have been observed (Hou et al., 2020). Furthermore, a vicious cycle is established, as neurotoxic 

forms of α-syn can also disrupt proteostasis (Winslow et al., 2010). The accumulation of misfolded 

proteins in the endoplasmic reticulum (ER) provokes stress within this organelle, triggering a 

protective response known as unfolded protein response (UPR). This repair process aims to 

correct the misfolded proteins and restore proteostasis by temporarily reducing the synthesis of 

non-essential proteins, activating chaperones such as BiP (Box 2) to assist in protein folding, and 

increasing the expression of factors that promote protein maturation and quality control (Melo 

et al., 2022). Clinical reports indicate a strong correlation between ER stress and the pathogenesis 

of PD. For instance, in the SNpc of PD patients, markers of ER stress and UPR, including BiP, were 
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found to be elevated and co-localised with α-syn (Wang et al., 2023a), revealing another 

mechanism involved in LB pathology. 

In addition to accumulation and aggregation, α-syn appears to exhibit transneuronal 

propagation in a prion-like manner. Thus, aggregated α-syn fibrils can act as ‘seeds’ that escape 

from their original neuron to be captured by neighbouring neurons and, once inside, induce 

normal α-syn to misfold and aggregate in the new host cell (Chung et al., 2019). In this way, the 

pathological process initiated by a few cells containing misfolded α-syn may progressively evolve 

into a widespread synucleinopathy, affecting multiple brain regions as the disease advances and 

reflecting clinical observations (Braak et al., 2003). The transmission can occur synaptically or 

take place intercellularly through heparan sulfate proteoglycans, tunnelling nanotubes or 

exosomes (Chen et al., 2022). Moreover, this prion-like hypothesis supports the current notion 

BOX 2. CHAPERONE BiP IN ENDOPLASMIC RETICULUM STRESS 

The molecular chaperone binding immunoglobulin protein (BiP), also known as glucose-regulated protein 78 

kDa (GRP78) or heat shock protein family A member 5 (HSPA5), is primarily localised in the ER. It serves as a 

chaperone by facilitating the transport of proteins into the ER lumen and assisting in the removal of misfolded 

proteins by directing them to the cytoplasm. Additionally, as mentioned above, BiP plays a pivotal role in the UPR. 

In the absence of ER stress, BiP inhibits the activation of three key UPR factors: inositol-requiring enzyme 1 

(IRE1), protein kinase R-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6). 

Under conditions of ER stress, BiP dissociates from these three factors, thereby allowing them to become 

activated and trigger adaptive responses, such as the upregulation of genes encoding UPR-related proteins, 

including chaperones that facilitate proper protein folding (Figure 6) (Shen et al., 2002; Kopp et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although BiP expression decreases during healthy aging, it appears to either increase or decrease in 

neurodegenerative conditions, depending on the stage of the disease and the associated pathological processes. 

In this specific context, modulation of BiP levels has been shown to offer therapeutic benefits in various 

neurodegenerative diseases. For instance, BiP induction in PD models or models of retinal degeneration resulted 

in reduced apoptosis and increased neuronal survival (Gorbatyuk & Gorbatyuk, 2013). In contrast, a reduction in 

BiP levels improved memory deficits in a Huntington’s disease model (Espina et al., 2023). 

 

Figure 6. Diagram of the mechanism of action of BiP in the UPR. Adapted from template of BioRender.com. 
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that the α-syn aggregation and propagation are initiated peripherally, particularly in the enteric 

nervous system and the olfactory bulb (Hawkes et al., 2007). Exposure to toxicants, such as the 

inhalation of pesticides, herbicides, and the role of the gut microbiota could potentially trigger α-

syn pathology in these sites, before it spreads, eventually reaching the SN and leading to motor 

disturbances (Wang et al., 2025). These early events are consistent with prodromal signs such as 

anosmia or constipation. 

When α-syn misfolds and aggregates, it acquires cytotoxic properties, but the precise 

mechanism by which oligomers and aggregates promote neuronal death remains unclear. 

Numerous studies have provided insight into this process, revealing the involvement of various 

cellular mechanisms. These include impaired protein degradation and proper folding, with 

interference in ubiquitin–proteasome system (McKinnon et al., 2020); loss of membrane integrity, 

leading to increased permeability and elevated basal intracellular Ca2+ levels (Angelova et al., 

2016); mitochondrial dysfunction, affecting mitochondrial dynamics and inhibiting complex I 

activity (Rocha et al., 2018); oxidative stress, promoting the release of reactive oxygen species 

(ROS) (Deas et al., 2016); neuroinflammation, activating microglia to release inflammatory factors 

and exert cytotoxic effects (Hoenen et al., 2016); and disruption of vesicle trafficking and axonal 

transport (Volpicelli-Daley et al., 2014). 

1.4.3. Mitochondrial dysfunction 

Mitochondria are highly dynamic and multifunctional organelles, involved in a wide range of 

functions, including energy production, calcium homeostasis, metabolic and redox signalling, and 

apoptosis. Proper mitochondrial function is especially crucial for neuronal activity and survival. 

Neurons have a high bioenergetic demand to maintain ionic homeostasis and synaptic function, 

which is largely met through mitochondrial oxidative phosphorylation for ATP production. For 

that reason, mitochondrial dysfunction can impact neurons more severely than other cell types. 

More specifically, nigral dopaminergic neurons display some features that make them particularly 

vulnerable to energy deficiency: (i) they are continuously active, with constant calcium 

oscillations and calcium extrusions that incur high energy costs (Pissadaki & Bolam, 2013); and 

(ii) they have long unmyelinated axons and extensive axonal arborization with a massive number 

of synaptic sites, all of which require substantial energy to be mantained (Bolam & Pissadaki, 

2012). Therefore, mitochondrial impairment may play a key role in the selective vulnerability of 

the nigrostriatal pathway during PD. 

Indeed, the disruption of mitochondrial function and integrity has long been implicated as a 

key mechanism in the pathogenesis of PD. Numerous studies have explored the relationship 

between mitochondria dysfunction and PD, identifying environmental, genetic, and biological 

factors that contribute to this association. MPTP was the first environmental toxicant discovered 

to induce parkinsonian symptoms by inhibiting the mitochondrial complex I of the electron 

transport chain (ETC) (Langston et al., 1983). After that, several other toxic compounds that 

inhibit the complex I (rotenone, paraquat, 6-hydroxydopamine) were identified as risk factors for 
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PD development and as agents capable of inducing PD-like symptoms in preclinical models 

(Lapointe et al., 2004; Ossowska et al., 2005; Simola et al., 2007). These findings are further 

supported by reports of decreased complex I activity in SN tissue samples from idiopathic PD 

patients (Janetzky et al., 1994). In the case of genetic forms of PD, several causative genes, 

including Parkin (PARK2), PINK1 (PARK6), DJ-1 (PARK7) and LRRK2 (PARK8), are directly 

involved in mitochondrial dysfunction. Mutations in these genes appear to promote 

neurodegeneration by disrupting complex I activity and impairing key mitochondrial processes, 

such as mitophagy, mitochondrial dynamics (fission and fusion), and biogenesis (Henrich et al., 

2023). In addition to nuclear gene mutations, defects in mtDNA have also been implicated. These 

defects are found to accumulate with age and are particularly prominent in SN dopaminergic 

neurons of PD patients (Bender et al., 2006). Such deleterious mutations have been shown to 

impair mitochondrial protein synthesis, ultimately leading to structural and functional 

mitochondrial abnormalities (Moradi Vastegani et al., 2023). 

Furthermore, a substantial body of evidence supports the notion that α-syn pathology is a 

major contributor to mitochondrial dysfunction, thereby reinforcing the central role of 

mitochondria in PD pathogenesis. Multiple mechanisms through which α-syn impairs 

mitochondrial activity have been described (Henrich et al., 2023). For example, pathological α-syn 

has been shown to reduce complex I activity in a dose-dependent manner (Liu et al., 2009). In 

addition, α-syn oligomers are thought to interact with proteins on the mitochondrial outer 

membrane, disrupting mitochondrial protein import, impairing ETC function, promoting the 

accumulation of ROS, and leading to a loss of mitochondrial membrane potential (Di Maio et al., 

2016). Moreover, α-syn has also been implicated in the dysregulation of calcium exchange 

between the mitochondria and the ER, thereby compromising mitochondrial respiration (Erustes 

et al., 2021). 

Several mechanisms explain how mitochondrial dysfunction contributes to PD pathogenesis 

and dopaminergic neurodegeneration. Impaired mitochondrial respiration leads to ATP depletion 

and excessive production of ROS, resulting in metabolic and oxidative stress that culminates in 

neuronal death (Tretter et al., 2004). Mitochondrial membrane damage, caused by ROS or 

pathological α-syn, disrupts calcium uptake and buffering, promoting cytosolic calcium overload 

and excitotoxicity (Carbone et al., 2017). Moreover, disturbances in mitochondrial quality control 

mechanisms, such as mitophagy, fusion, fission, and biogenesis, are associated with increased 

neuronal vulnerability and degeneration (Moradi Vastegani et al., 2023). Mitochondria also 

contribute to neuroinflammation via activation of the NLRP3 inflammasome (Litwiniuk et al., 

2021), and play a pivotal role in apoptosis by releasing cytochrome c into the cytoplasm (Wolf 

et al., 2022), further amplifying neurodegenerative cascades. 

1.4.4. Neuroinflammation 

Neuroinflammation happens to be a key feature shared by most neuropathologies, including PD. 

Physiologically, this immune response has the primary objective of protecting central nervous 
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system (CNS) parenchyma from harmful stimuli and promoting tissue repair and homeostasis. 

However, this controlled phenomenon can evolve into an excessive and deleterious response if it 

becomes chronic, finally exacerbating cytotoxic events and neuronal death. In the context of PD, 

brain inflammation is a well-established contributor to progressive neurodegeneration, finding 

increased levels of proinflammatory factors and activated immune cells in the blood, 

cerebrospinal fluid (CSF) and brain tissue from PD patients (Wang et al., 2022a). Furthermore, 

several studies have found a significant reduction in PD incidence among regular nonsteroidal 

anti-inflammatory drug users (Wahner et al., 2007; Gagne & Power, 2010), which reinforces the 

role of neuroinflammation in PD development. These findings are consistent with the observation 

that dopaminergic neurons in the SN may be particularly susceptible to neuroinflammation, partly 

due to the region-specific characteristics of inflammatory glial cells (microglia and astrocytes) in 

the basal ganglia (De Biase et al., 2017). Additionally, catecholaminergic neurons in PD patients 

have been shown to exhibit increased expression of major histocompatibility complex class I 

(MHC-I) proteins, which exposes them to cytotoxic T cell-mediated attack (Cebria n et al., 2014). 

At present, a growing body of evidence has shown the involvement of both innate and adaptive 

immune system in PD. Microglia represent the first line of the immune response in the CNS, and 

an increased activation of microglia has been observed in PD patients (Terada et al., 2016). In the 

context of PD, the activation of immune cells can be induced because of neurodegeneration, by 

molecules released by dead or damaged neurons (ATP, mtDNA, misfolded and aggregated α-syn). 

Nevertheless, microglial alterations can also occur prior to neuronal death/damage. Indeed, a 

number of genetic risk variants identified by GWAS (Nalls et al. 2019) affect immune-related 

genes, such as LRRK2, Parkin, PINK1 and HLA (Arau jo et al., 2022; Wang et al., 2022a). Moreover, 

through expression quantitative trait loci (eQTL) studies, it has been demonstrated that PD risk 

variants affect gene expression specifically in immune cells, including microglia and monocytes, 

but not in other cell types (Navarro et al., 2021; Lopes et al., 2022). In neurodegenerative diseases, 

microglia acquire a phagocytic and pro-inflammatory phenotype, producing cytokines like tumour 

necrosis factor α (TNFα), interleukin (IL) 1β, IL-6, interferon γ (IFN-γ), among others (Zhang et al., 

2023). These pro-inflammatory factors generate local inflammation that affects neighbouring 

cells, favouring a neurotoxic environment. For instance, these inflammatory factors can transform 

astrocytes into a toxic phenotype. Astrocytes are glial cells that perform a variety of functions, 

including providing structural and trophic support to neurons, maintaining blood-brain barrier 

(BBB) integrity, and regulating synaptic activity, while also exhibiting inflammatory capabilities 

(Escartin et al., 2021). These cells become reactive primarily due to a pro-inflammatory 

environment generated by responding microglia, a phenomenon that ultimately exacerbates 

neurotoxic inflammation (Liddelow et al., 2017). However, other microglia-independent 

processes have been reported to trigger harmful responses in astrocytes, such as interaction with 

α-syn (Chavarrí a et al., 2018). Distinct α-syn aggregates have been identified in astrocytes of PD 

patients (Altay et al., 2022), owing to these glial cells’ ability to take up this neuronal-origin 

protein (Loria et al., 2017). Once α-syn is ingested, astrocytes, like microglia, can act as a double-
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edged sword in the pathology. On one hand, they can degrade α-syn via proteasomal and lysosomal 

pathways, even more efficiently than neurons (Loria et al., 2017), contributing to aggregate 

clearance. On the other hand, excessive uptake may overwhelm lysosomal capacity, leading to the 

depletion of protein degradation systems and the formation of intracellular deposits in astrocytes 

(Lindstro m et al., 2017). Indeed, α-syn has been shown to inhibit autophagic flux (Di Domenico 

et al., 2019) and promote ER stress in astrocytes (Lee et al., 2019). The eventual accumulation of 

damage associated with protein overload drives a detrimental, disease-accelerating phenotype in 

both microglia and astrocytes, disrupting glial homeostasis and facilitating α-syn spreading to 

recruit additional help for clearance (Lindstro m et al., 2017). The ability of astrocytes to connect 

with neurons, microglia, and other astrocytes via tunnelling nanotubes positions them as major 

spreading agents in PD (Abounit et al., 2016). 

The loss of integrity of BBB allows the infiltration of peripheral activated monocytes and T cells 

into the SN (Harms et al., 2018). Microglia and monocytes can induce adaptive immune responses 

by expressing MHC-II molecules, which activate CD4+ T cells through antigen presentation. Indeed, 

it has been reported that T cells from PD patients can recognize α-syn peptides (Sulzer et al., 

2017). After being activated, T cells proliferate and differentiate into Th1 and Th17 cells. The 

former release pro-inflammatory factors, exacerbating the activation of microglia, astrocytes and 

monocytes, and amplifying the central innate immune response. Th17 cells, together with 

cytotoxic CD8+ T cells, can directly harm neurons. Indeed, the activation of CD8+ T cells is triggered 

by MHC-I present on the neuronal surface (Wang et al., 2022a). 

There is a close link between α-syn pathology, mitochondrial dysfunction and 

neuroinflammation. A point of convergence among these three processes may be the 

inflammasome formation. Specifically, the NLRP3 inflammasome can be activated after 

mitochondrial dysfunction via ROS production, mtDNA release or mitochondrial membrane 

depolarization, but also by α-syn through the Fyn-1β molecular pathway (Panicker et al., 2019). 

However, α-syn can also enhance inflammation through other signalling pathways (Wang et al., 

2022a). Interestingly, inflammation can also promote α-syn misfolding, enhancing α-syn 

pathology and generating a self-aggravating cycle (Poewe et al., 2017). Considering this, 

peripheral tissue inflammation has been suggested to trigger a sufficient level of α-syn misfolding 

and aggregation, from which the α-syn pathology can expand. Indeed, gut microbiome dysbiosis, 

chronic inflammation of the intestinal mucosa and accumulation of α-syn in the enteric nervous 

system have been observed in PD patients (Lin et al., 2019). As the intestinal microbiota plays a 

critical role in microglia maturation, differentiation and function (Erny et al., 2015), alterations in 

the microbiome are expected to induce and modulate the neuroinflammatory response, 

establishing a gut-brain communication, with the intestinal tract as a potential initial site of 

inflammation (Box 3). 
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1.4.5. Oxidative stress 

ROS and reactive nitrogen species are physiologically produced within the cell as they are 

signalling molecules (D’Autre aux & Toledano, 2007). However, when accumulating, these 

chemically reactive molecules trigger tissue toxicity, harming DNA, proteins and lipids. This 

imbalanced situation is known as oxidative stress and can be the result of an exacerbated 

production of ROS and/or a reduced antioxidant capacity. Indeed, there is extensive evidence 

about the oxidative damage in PD. Post-mortem brain samples from PD patients have shown higher 

BOX 3. MICROBIOTA-GUT-BRAIN AXIS IN PARKINSON’S DISEASE 

The gut is often referred to as the ‘second brain’ due to its significant influence on brain health and neurological 

functions. This relationship, known as the gut–brain axis, highlights the bidirectional communication between 

the gastrointestinal tract and the CNS. The gut microbiota plays a critical role in this interplay, as evidenced by 

studies on germ-free animals, which show alterations in behavior and essential processes such as myelination 

and microglial maturation (Cryan et al., 2019). In the context of PD, numerous studies have provided compelling 

evidence of disruptions in microbiota composition (dysbiosis) in PD patients compared to healthy controls (Hill-

Burns et al., 2017; Barichella et al., 2019; Mehanna et al., 2023). Specific gut microbiota signatures have been 

identified and correlated with distinct clinical phenotypes (Scheperjans et al., 2015). Remarkably, fecal 

microbiota transplantation from PD patients into mice induces motor deficits, and neuroinflammation can be 

alleviated by antibiotic treatment (Sampson et al., 2016). 

The mechanisms linking gut microbiota to PD are not yet fully understood, but they appear to involve multiple 

overlapping pathways (Figure 7). PD-associated dysbiosis is generally characterised by a reduction in beneficial 

bacteria such as Prevotellaceae and an increase in pro-inflammatory microbes like Akkermansia and Desulfovibrio. 

These alterations may lead to excessive production of lipopolysaccharide, elevated levels of pro-inflammatory 

cytokines (TNFα, IL-1β), and dysregulated microbial metabolites (short-chain fatty acids (SCFAs), bile acids, and 

amino acids). This inflammatory environment can extend to the systemic circulation, as dysbiosis also 

compromises the integrity of the intestinal barrier, ultimately reaching the brain and promoting 

neuroinflammation (Wang et al., 2025). Furthermore, the dysregulation of pro-inflammatory cytokines and 

microbial metabolites may trigger the misfolding and aggregation of native α-synuclein in the enteric nervous 

system, initiating Lewy pathology peripherally. Over time, this pathology can propagate to the brain via the vagus 

nerve, aligning with Braak's hypothesis (Wang et al., 2025). 

Figure 7. Overview of the underlying mechanisms of the microbiota–gut–brain axis in PD. (Adapted from Klann et al., 2022). 
Created with BioRender.com. 
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levels of oxidised biomolecules and lower levels of glutathione, as well as an accumulation of iron 

in the SN that contributes to ROS production by Fenton’s reaction (Dias et al., 2013). Moreover, 

mutations in DJ-1 (PARK7), encoding a putative antioxidant, lead to familial forms of PD 

characterised by increased cellular oxidative stress (Skou et al., 2024).  

Considering that mitochondria are the main source of ROS production, disturbances in 

mitochondrial function, especially in the ETC, as those found in patients and neurotoxin-based PD 

models, lead to an increase in ROS production, which in turn inhibits complex I (Moradi Vastegani 

et al., 2023), creating a vicious cycle of energetic deficiency and oxidative damage. Nevertheless, 

mitochondrial dysfunction is not the only source of oxidative stress. Thus, through the chronic 

activation of microglia, neuroinflammation can be responsible for a conspicuous production of 

ROS, contributing to amplifying the oxidative environment. More precisely, reactive microglia is 

associated with the activation of the NAPDH oxidase and the inducible nitric oxide synthase 

(iNOS), both being up-regulated in post-mortem samples and toxin-induced animal models (Dias 

et al., 2013; Chakrabarti & Bisaglia, 2023). 

Besides the mitochondrial and glial origin of ROS, in dopaminergic neurons, cytosolic DA can 

trigger auto-oxidation, producing ROS and reactive DA quinones. The spontaneous oxidation of DA 

is favoured by its accumulation in the cytosol, which can be promoted by impairments in its 

catabolism, transport into synaptic vesicles or reuptake from the synaptic cleft (Chakrabarti & 

Bisaglia, 2023). Both DA-derived ROS and DA quinones have been implicated in oxidative damage 

within the cell, reacting with mitochondria and targeting different proteins, including α-syn (Dias 

et al., 2013). Interestingly, non-enzymatic oxidative modifications, such as methionine oxidation, 

nitration, oxidative tyrosine dimerization or oxidative DA adduction, affect the aggregative 

dynamics of α-syn. In fact, one suggested mechanism responsible for dimerization and 

oligomerization of α-syn is the dityrosine crosslinking promoted by nitration and oxidation of the 

protein (Vidovic  & Rikalovic, 2022). 

1.4.6. Excitotoxicity  

Excitotoxicity or glutamate-mediated toxicity is a common phenomenon behind 

neurodegeneration in multiple pathological disorders. The excessive activation of glutamatergic 

receptors by glutamate triggers intracellular processes related to calcium overload and 

bioenergetic changes, which ultimately increase oxidative burden and apoptotic cascades 

(Ambrosi et al., 2014). The over-stimulation of glutamate receptors is a direct consequence of a 

glutamate accumulation at the synapse. This impaired glutamate homeostasis has been described 

in PD, observing increased glutamate neurotransmission in brain tissue and elevated glutamate 

levels in plasma (Iovino et al., 2020). The basal ganglia circuit includes glutamatergic inputs, 

mainly coming from the cortex and the STN. The loss of dopaminergic neurons in the SNpc has an 

impact on this striatal circuitry, leading to the disinhibition of the STN and an increase in its 

glutamate release, an alteration that has been related to the parkinsonian tremor (McGregor & 

Nelson, 2019). Since this glutamatergic nucleus has a direct connection with the SNpc (Kreitzer, 
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2009), the hyperactivity of the STN can further promote dopaminergic neuronal loss via 

excitotoxicity. Nevertheless, besides the dysregulation of the glutamatergic neurotransmission, 

excitotoxicity can also result from an impaired glial function. Indeed, most extracellular glutamate 

is buffered by astrocytes, facilitating its reuptake via excitatory amino acid transporters and 

engaging its conversion into glutamine (Verkhratsky & Nedergaard, 2018). However, it has been 

observed how astrogliosis and the transformation into neurotoxic astrocytes can negatively 

impact their ability to reuptake glutamate (Howland et al., 2002). Moreover, when microglia 

become reactive, they express glutamate transporters and also play a role in glutamate signalling 

(Chre tien et al., 2004). Therefore, neuroinflammatory events may exacerbate glutamate-induced 

neurotoxicity in PD by promoting changes in astrocytes and microglia that affect their glutamate 

handling. 

1.5. Current therapies 

At present, no cure is available for PD. This disorder is commonly diagnosed once motor symptoms 

have appeared and massive neuronal death has occurred, rendering it impossible to initiate early 

treatments aimed at halting or slowing down neurodegeneration. This underscores the critical 

need for diagnostic strategies capable of identifying PD in its prodromal phase, when therapeutic 

interventions may still have the potential to alter the disease trajectory. To this end, the discovery 

and validation of robust and specific biomarkers, spanning molecular, imaging, and immunological 

domains, are essential not only for early and accurate diagnosis but also for monitoring disease 

progression and stratifying patients for clinical trials aimed at developing disease-modifying 

therapies. However, available treatments for this neurodegenerative disorder remain focused on 

symptomatic relief, mainly through dopaminergic replacement therapy, but alternative 

therapeutic strategies have increasingly been explored in recent years. 

1.5.1. Symptomatic dopaminergic therapies 

Dopaminergic therapies represent the first-line treatment strategy, with DA replacement by 

levodopa (L-DOPA) administration as the gold standard for PD (Poewe et al., 2017). L-DOPA is a 

DA precursor that crosses the BBB, unlike DA itself, and is converted to DA within the remaining 

dopaminergic neurons of the SNpc, restoring DA tone in the basal ganglia. In this way, motor 

symptoms are improved, and disability is reduced, yet the neurodegenerative process persists, 

without exhibiting disease-modifying effects. Notably, not all patients with PD respond equally to 

L-DOPA treatment, with a subset, particularly those exhibiting a more rapid motor progression, 

showing poor responsiveness (Malek et al., 2019). Moreover, side effects include hallucinations, 

sleepiness or confusion, likely due to alterations in other neurotransmission systems, such as 

serotonergic or noradrenergic (Balestrino & Schapira, 2020). Furthermore, the discontinuous 

drug delivery, because of the short half-life of L-DOPA and the variability in its gastrointestinal 

absorption, promotes a non-physiological pulsatile striatal DA receptor stimulation and the 

evolution of motor complications, such as motor response oscillation and dyskinesias (Bloem 

et al., 2021). To avoid these undesirable effects, strategies to increase the bioavailability and half-



INTRODUCTION 

58 
 

life of L-DOPA have been developed, including continuous delivery systems (either intestinally via 

percutaneous endoscopic gastro-jejunostomy tubes or subcutaneously via mini-pumps) (Freitas 

et al., 2016) or the use of adjuvants that inhibit degradation enzymes (Fox et al., 2011). These 

inhibitors act peripherally on the aromatic amino acid decarboxylase (benserazide, carbidopa) 

and the catechol-O-methyltransferase (tolcapone, entacapone, opicapone), as well as centrally on 

the glial monoamine oxidase type B (selegiline, rasagiline, safinamide) (Balestrino & Schapira, 

2020). DA receptor agonists (ropinirole, pramipexole, rotigotine, apomorphine) have also become 

an important medical therapy for motor symptoms, as they are associated with a lower risk of 

dyskinesia (their longer half-life and the use of continuous infusion lead to more constant levels 

and less discontinuous phasic striatal stimulation) (Poewe et al., 2017) (Figure 8). However, they 

also display lower effectiveness than L-DOPA, so that they are usually considered as monotherapy 

in earlier phases of the disease or in combination with L-DOPA in patients with motor fluctuations 

(Jankovic & Poewe, 2012). Moreover, DA agonists have other relevant drawbacks, especially 

considering their potential to induce impulse control disorders, derived from an excessive 

stimulation of dopaminergic receptors in the reward circuits (Staubo et al., 2024). This often 

manifests as compulsive behaviours, addictive-like patterns, or even psychiatric comorbidities 

(Pettorruso et al., 2016). 

1.5.2. Complementary pharmacological interventions 

Complementary to dopaminergic therapy, other pharmacological systems need to be targeted to 

address additional symptoms, such as L-DOPA-induced complications, L-DOPA-resistant motor 

features, and non-motor manifestations. Amantadine, an N-methyl-D-aspartate (NMDA) receptor 

antagonist, is currently the most effective and available pharmacological treatment for L-DOPA-

induced dyskinesia (Figure 8), even though adenosine, serotonin, or adrenergic receptors may be 

considered (Balestrino & Schapira, 2020). Cholinergic and noradrenergic targets are also used to 

address tremor, gait dysfunctions, and falls (Poewe et al., 2017). Finally, many non-motor 

symptoms are unaffected or even aggravated by DA replacement therapy, requiring consideration 

of targets such as cholinesterase inhibitors for cognitive disturbances and dementia, serotonin 

receptor ligand clozapine for psychotic features, and adrenergic, noradrenergic, or muscarinic 

agents, among others, for autonomic failures (Seppi et al., 2011). 

1.5.3. Complementary non-pharmacological interventions 

Other strategies different from pharmacotherapy are being employed for PD treatment, including 

neurosurgery and physical activity. Deep brain stimulation (DBS) involves high-frequency 

electrical stimulation of specific brain areas by the implantation of an electrode. This technique 

can mimic the effects of a lesion without damaging brain tissue, making it reversible and 

adjustable as the disease progresses (Church, 2021). DBS is typically used in patients experiencing 

long-term complications from L-DOPA therapy, aiming to alleviate fluctuations and dyskinesia, and 

allowing for a reduction in medication. It is not prescribed for patients insensitive to dopaminergic 

treatment (Malek, 2019). The brain targets chosen for DBS are the STN and, less frequently, GPi. 
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Thalamic DBS is rarely used but is effective against tremor (Bloem et al., 2021). Adverse events 

are associated with the surgical intervention itself (intracranial bleeding, infection, device 

displacement), which can be mitigated by using focused ultrasound, a less invasive technique. This 

alternative is currently under investigation (Martí nez-Ferna ndez et al., 2023). More conventional 

surgical interventions, such as pallidotomy and, to a lesser extent, thalamotomy, both of which 

involve the permanent destruction of a small portion of the GPi or thalamus, respectively, may be 

considered in cases where DBS is not a viable option or has proven ineffective (Lozano et al., 

2018). 

Exercise-based treatment complements the current therapy for PD and includes physiotherapy 

and rehabilitation. Physiotherapy strategies seek the management and compensation of some 

disabilities that affect gait, mobility, balance, speech, or swallowing, intending to bypass the 

defective basal ganglia function and improving the quality of life of patients (Bloem et al., 2021). 

Figure 8. Dopaminergic therapy for PD. Multiple drugs are used to manage PD by increasing DA signalling. This pharmacological 
strategy uses L-DOPA as the gold standard. This compound acts as a DA precursor in dopaminergic neurons, temporarily supplementing 
the deficiency of this neurotransmitter within the basal ganglia. However, L-DOPA is typically administered with adjuvants that inhibit 
degradation enzymes peripherally or centrally. DA agonists can also be prescribed, as well as other drugs that improve the action of L-
DOPA. AADC: aromatic L-amino acid decarboxylase; COMT: catechol-O-methyltransferase; MAO-B: monoamine oxidase type B. Adapted 
from template of BioRender.com. 
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On the other hand, multiple studies provide evidence for the benefits of regular and aerobic 

exercise as symptomatic treatment (Tsukita et al., 2022). High-intensity activity seems to be more 

effective than lower-intensity options (Schenkman et al., 2018; Chrysagis et al., 2024). These 

findings align with the neuroplastic and potential neuroprotective effects of exercise (Ahlskog, 

2011). Moreover, epidemiological evidence supports a lower risk of PD associated with physical 

activity (Xu et al., 2010). Additionally, a considerable number of clinical trials are currently 

underway to develop new therapies for PD (Box 4). 

1.6. Experimental Parkinson’s disease 

Clinical trials are necessary to increase opportunities for developing effective strategies against 

neurodegeneration. However, extensive preclinical studies are crucial before clinical trials can 

begin. These studies provide the foundation for the benefits of therapeutic approaches, but also 

BOX 4. CLINICAL TRIALS IN PARKINSON’S DISEASE  

Despite available therapeutic approaches, there is still a need to enhance current symptomatic treatments 

and, more urgently, to develop effective disease-modifying treatments that stop, slow, or even reverse the 

progression of the disease. The collective effort made in this field is evident in the 136 clinical trials targeting PD 

registered in 2023 (Figure 9). When considering clinical trials aimed at long-term disease-modifying therapies 

(n = 60; 44%), a wide array of strategies has been explored. These include cell therapy, microbiome- or 

gastrointestinal-related agents, α-syn or LRRK2-targeting strategies, anti-inflammatory compounds, 

antioxidants, kinase inhibitors, neurotrophic factors, glucagon-like peptide-1 receptor agonists, GBA-inducing 

strategies, energy metabolism-related approaches and gene therapy, among others (McFarthing et al., 2024). 

Nevertheless, despite efforts, the high rate of drug failures highlights the need for more diverse studies to improve 

effectiveness and approval rates. Early biomarkers and prodromal signs could enable early diagnosis and 

intervention, boosting treatment effectiveness. Additionally, limitations in preclinical models hinder predicting 

human outcomes, driving the development and refinement of new models. 

 

 

Figure 9. PD drug therapies in clinical trials. In 2023, 136 clinical studies were being carried out, exploring therapies that 
counteract the symptomatology (lower half; n = 76, 56%) or that modify disease progression (upper half; n = 60, 44%). This myriad 
of pharmacological agents is spread across Phase 1 (n = 41, 30%), Phase 2 (n = 79, 58%) and Phase 3 (n = 16, 12%), and includes 
novel therapies (n = 51, 38%), repurposed drugs (n = 52, 38%), reformulations (n = 26, 19%) and new claims (n = 7, 5%). (Adapted 
from McFarthing et al., 2024). Created with BioRender.com. 
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for identifying new therapeutic targets. Different experimental tools have been designed to 

preclinically study PD, ranging from cell cultures to patients samples. However, animal models are 

by far the most used method to replicate the PD pathology. The primary limitation of PD models 

is their incapacity to fully represent the whole physiopathology of the disease, as the pathogenic 

mechanism in humans remains unknown. Although a completely valid model is elusive, existing 

models are continually improved thanks to advances in scientific knowledge and techniques.  

1.6.1. Animal models 

PD naturally occurs almost exclusively in humans. Therefore, disease modelling is required to 

emulate a PD-like pathology in non-human subjects. Rodents are the most popular animal models 

used across research groups due to their ease of maintenance and reasonable similarities to 

humans. Consequently, rats (De la Rosa et al., 2022) and mice (Leem et al., 2022) are widely used 

for PD modelling. On the other hand, non-human primates (NHPs), despite their close 

phylogenetic relationship with humans, are much less used, mainly for ethical concerns and 

logistical challenges, but they offer valuable insights for understanding PD pathology. Commonly 

used NHPs in PD research include macaques (Davin et al., 2022) and marmosets (Oh et al., 2022). 

Finally, small non-mammalian animals, such as C. (Caenorhabditis) elegans (Choong et al., 2023), 

zebrafish (Matsui et al., 2021) and Drosophila melanogaster (J. He et al., 2021), can be used in 

modelling the basics of PD, mostly involving genetic manipulations.  

Regardless of the animal species, the induction of PD experimental models can be achieved 

through different approaches, including genetic manipulation, pharmacological intervention, or 

the combination of both. Notably, given that each model type offers specific advantages and 

reflects distinct aspects of the disease, integrating multiple complementary models is crucial for 

achieving a more holistic understanding of PD pathophysiology. 

1.6.1.1. Genetic models 

As mentioned earlier, rare mutations in causal genes can give rise to familial forms of PD. The 

identification of these genetic variations has enabled the creation of genetic models of the disease 

through gene manipulation. This mutation model system has been used to identify and 

comprehend mechanistic insights into molecular pathways underlying heritable PD, and by 

extension, some of the mechanisms shared with sporadic forms. The primary limitation of this 

type of PD models is the poor dopaminergic neurodegeneration achieved. Gene manipulation 

typically involves the overexpression or replacement of mutant variants in autosomal dominant 

genes (SNCA and LRRK2), and the suppression or deficiency of autosomal recessive genes (Parkin, 

PINK1, and DJ-1). The application of techniques like CRISPR also allows for advances towards more 

precise and efficient gene editing in PD models, as currently established in the case of human 

induced pluripotent stem cells (Calatayud et al., 2017).  
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1.6.1.1.1. SNCA (PARK1/4) 

As the major component of LB (Spillantini et al., 1997), many models have been produced by 

altering α-syn expression. Specifically, overexpression models have been used to promote the 

protein inclusions observed in PD, using both wild-type (WT) (Chesselet et al., 2012) and mutant 

(A53T, A30P, E46K) (Giasson et al., 2002; Gomez-Isla et al., 2003; Greenbaum et al., 2005) variants, 

expressed under different neural promoters. Although they do not reproduce the decrease in 

dopaminergic neurons, these models display alterations in striatal DA, motor dysfunction, 

neuroinflammation, and α-syn aggregates, more widely reported in mutant than in WT 

overexpression models. Notably, the expression of α-syn under the tyrosine hydroxylase (TH) 

promoter was used to limit its expression within dopaminergic neurons, but no strong phenotypes 

were observed (Matsuoka et al., 2001). 

1.6.1.1.2. LRRK2 (PARK8) 

LRRK2 is a multidomain protein with kinase and GTPase activity, which has gained relevance in 

PD due to its mechanistic role in the pathogenesis of the disease (Usmani et al., 2021). Mutations 

in the LRRK2 gene imply alterations in the kinase activity and interaction capabilities of the protein 

(Cookson, 2015). Therefore, most models focus on expressing mutated versions of the protein 

(G2019S, R1441C/G), using traditional knock-in (Yue et al., 2015) or bacterial artificial 

chromosome transgenic models (Li et al., 2009). These models lead to a reduction in DA release 

and impaired motor function, but none have reported any dopaminergic cell loss or α-syn 

pathology (Chang et al., 2022). 

1.6.1.1.3. Parkin (PARK2), PINK1 (PARK6), DJ-1 (PARK7) 

Parkin (a ubiquitin ligase), PINK1 (a kinase), and DJ-1 (an antioxidant) are believed to collectively 

play a role in regulating mitochondrial quality within the cell (Trempe & Fon, 2013). The recessive 

inheritance pattern has favoured knock-out (KO) models to mimic an expected loss-of-function. 

However, individual (Goldberg et al., 2003; Chandran et al., 2008; Gispert et al., 2009) or combined 

(Kitada et al., 2009) deletion of these genes in rodents does not result in neuronal loss in the SNpc, 

reduced striatal DA levels, LB-like structures, nor significant behavioural disturbances. 

Nevertheless, these models are suggested to represent an early stage of the disease, proving 

valuable for the study of compensatory mechanisms, pre-motor symptoms, and early alterations 

(Lechner et al., 2024). 

1.6.1.2. Toxin-based models  

In addition to gene manipulation, PD can also be mimicked through pharmacological intervention, 

typically involving the administration of neurotoxins or preformed fibrils (PFF) of α-syn within 

specific areas of the CNS (striatum, medial forebrain bundle, SNpc), or even systemically. 

Furthermore, intracerebral lesions can be performed bilaterally or unilaterally, depending on the 

experiment's requirements and the chosen model. Generally, neurotoxin-based models aim to 

induce rapid and increased nigrostriatal dopaminergic loss, although they lack a clear 
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pathophysiological or etiological correlation, with most of them not displaying α-syn pathology. 

Despite this drawback, these models are commonly employed for analysing therapeutic targets 

and screening pharmacological treatments. 

1.6.1.2.1. 6-Hydroxydopamine 

The addition of an extra hydroxyl group in DA is sufficient for the molecule to selectively display 

toxicity in dopaminergic neurons. 6-Hydroxydopamine (6-OHDA) is taken up by the DA 

transporter, and once inside the cell, inhibits complexes I and IV of the mitochondrial ETC. It also 

accumulates in the cytoplasm, where it rapidly oxidizes and promotes ROS production (Simola 

et al., 2007), leading to cell death via mitochondrial dysfunction and oxidative stress. Due to its 

inability to cross the BBB, this neurotoxin must be directly delivered to target regions, basically 

the striatum, SNpc, and medial forebrain bundle, resulting in different patterns of neuronal 

degeneration. While the injection into the SNpc or medial forebrain bundle produces a prominent 

lesion and rapid cellular death (Yuan et al., 2005; Athari et al., 2023), striatal inoculation allows 

for retrograde neurodegeneration, a phenomenon observed in PD, with primary damage 

occurring in axon terminals and subsequent cell body loss (Lee et al., 1996). Striatal 

administration also modulates the lesion level in a dose-dependent manner (Przedborski et al., 

1995). The 6-OHDA lesion reproduces the motor impairments of the disease but fails to replicate 

LB formation (Alvarez-Fischer et al., 2008). 

Several considerations should be noted. 6-OHDA can internalize into catecholaminergic 

neurons, including dopaminergic and noradrenergic populations (Luthman et al., 1989). To 

ensure the lesion selectivity only in dopaminergic neurons, a norepinephrine transporter inhibitor 

(such as desipramine) must be co-administered with the neurotoxin. Additionally, unilateral 

lesioning is recommended, as bilateral injection into the striata results in severe absence of thirst 

and hunger, which ultimately leads to death due to the animal’s inability to care for itself (Khan 

et al., 2023). 

1.6.1.2.2. Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

The relationship between MPTP and PD was discovered accidentally after individuals rapidly 

developed severe parkinsonian symptoms from exposure to heroin adulterated with MPTP 

(Langston et al., 1983). MPTP is a lipophilic molecule that easily crosses the BBB, allowing for 

systemic administration. This molecule is oxidised to 1-methyl-4-phenylpyridinium (MPP+) by the 

astrocytic MAO-B. MPP+ shares structural similarity with DA and can be captured by dopaminergic 

neurons via the DA transporter. This neurotoxin primarily induces neuronal death through 

mitochondrial impairment and energy depletion, inhibiting the mitochondrial complex I. 

Additionally, there is an oxidative stress component, as MPTP displaces DA from vesicles via 

vesicular monoamine transporter and enhances DA auto-oxidation (Schildknecht et al., 2017). The 

pathological features of this model depend on the treatment regime. The common acute model 

(high dose and short duration) produces non-progressive and aggressive neurodegeneration but 
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results in minor motor complications (Vingill et al., 2018). In contrast, chronic exposure to MPTP 

(low dose and extended duration) generates a PD model closely resembling the original pathology, 

with more progressive neuronal loss and motor dysfunctions (Mun oz-Manchado et al., 2016). 

According to Lewy pathology, the presence of α-syn inclusions is still controversial in this model. 

When considering this chemical-induced model, other factors should be considered. While 

C57Bl/6 mice exhibit effective vulnerability to MPTP, sensitivity varies among different strains of 

mice, whereas rats are insensitive to it. NHPs are the most sensitive animals to MPTP and can 

display behavioural and neuroanatomical properties like those of humans (Khan et al., 2023). In 

addition to the chosen animal species, it has been observed that age increases the susceptibility of 

the animal to the toxin (Jarvis & Wagner, 1985). 

1.6.1.2.3. Rotenone 

Similar to MPTP, the insecticide rotenone is a lipophilic compound, capable of crossing the BBB 

and provoking cellular death by inhibiting complex I in the mitochondria. However, other effects 

have also been described, such as the blockage of proteasome activity, resulting in proteolytic 

stress as well (Ibarra-Gutie rrez et al., 2023). In contrast to the previous neurotoxins, rotenone 

lacks selectivity for the dopaminergic population, causing neurodegeneration beyond this 

neurotransmitter system (Ho glinger et al., 2003) and leading to systemic toxicity (Lapointe et al., 

2004). Nevertheless, chronic administration at low doses has been reported to induce selective 

cell degeneration in the nigrostriatal region. In addition to this loss of dopaminergic neurons, 

other PD-related features have been observed, such as motor deficits, catecholamine depletion 

and α-syn inclusions resembling LBs in the surviving neurons (Khan et al., 2023). 

1.6.1.2.4. Paraquat 

Structurally similar to MPP+, the herbicide paraquat has demonstrated neurotoxic actions, 

resulting in the loss of dopaminergic neurons and exhibiting several behavioural features 

observed in PD (Nixon et al., 2018). This molecule can cross the BBB through a neutral amino acid 

carrier and exerts its toxic effects by altering the redox cycling of glutathione and thioredoxin, 

impairing the ability of the cell to combat oxidative stress (Niso-Santano et al., 2010). The nigral 

dopaminergic loss induced by paraquat occurs without any striatal DA depletion, suggesting 

distinct neurochemical effects (Khan et al., 2023). However, chronic administration appears to 

lead to persistent neurodegeneration and DA depletion (Ossowska et al., 2005). 

1.6.1.2.5. Lipopolysaccharide 

In exploring the role of neuroinflammation in PD pathogenesis, numerous studies have utilised 

lipopolysaccharide (LPS), a gram-negative bacterial component, to simulate inflammatory events 

associated with the disease. LPS serves as a potent activator of microglial cells, activating the toll-

like receptor 4 signalling pathway on these cells. This activation triggers the production and 

release of cytokines (i.e., TNFα, IL-6, IL-1β) and free radicals (NO, O2-) within the brain. Reactive 
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microglia, in turn, stimulate the activation of astrocytes, further contributing to the inflammatory 

response by producing additional cytokines and free radicals. The excessive release of these 

molecules may pose toxicity to neurons, compromising mitochondrial function and inducing 

oxidative stress (Deng et al., 2020). 

LPS has been administered through stereotaxic surgery in various brain regions, such as 

intrapallidal (Huo et al., 2018) and intracerebroventricular (Zhou et al., 2019), although the 

inoculation into the SNpc or striatum remains the most common to mimic PD. This procedure 

induces degeneration of nigral dopaminergic neurons and their projections to the striatum, 

accompanied by a reduction in striatal DA levels and subsequent motor dysfunction (Hunter et al., 

2017; Bao et al., 2018). Additionally, α-syn pathology has been observed (Choi et al., 2009), though 

further investigation is required to substantiate these findings. Alternative administration routes, 

including systemic (intraperitoneal, i.p.) (Liu et al., 2008) or intranasal (Li et al., 2015) inoculation, 

have been employed to examine potential environmental aetiology and the progression of PD. 

These approaches have successfully induced nigrostriatal neurodegeneration, motor 

disturbances, and α-syn pathology, contributing to a comprehensive understanding of PD 

pathogenesis (Liu et al., 2008). 

1.6.1.2.6. α-Synuclein preformed fibrils 

Most neurotoxin-induced models of PD fail to recapitulate α-syn pathology and lack the prion-like 

propagation observed clinically. Thus, over the last decade, new approaches have been developed 

to reproduce the aggregation and transmission of α-syn in vivo. These animal models are based on 

the inoculation of PFFs of α-syn, which are aggregates formed by misfolded proteins. They can be 

obtained from brain homogenates of synucleinopathy patients (Recasens et al., 2014) or 

symptomatic animals (Luk et al., 2012a), or as pre-aggregated recombinant α-syn (Luk et al., 

2012b). The injection of these fibrillar α-syn into the animal brain induces dopaminergic neuronal 

loss, neuroinflammatory events, motor impairment and Lewy-like pathology, including the 

formation of α-syn-positive inclusions and the progressive spread of proteinopathy. Interestingly, 

alternative routes of administration have been explored, proving the propagation of α-syn from 

the periphery (Sacino et al., 2014) or gastrointestinal tract (Holmqvist et al., 2014), as speculated 

in clinical forms. 

1.6.1.3. Viral vector-mediated models 

While gene manipulation can be targeted to specific neuronal populations using various 

promoters, the injection of viral vectors encoding different proteins of interest into selected brain 

areas represents a widely employed alternative to classical genetic models. Lentivirus (Lo Bianco 

et al., 2002) and herpes simplex virus (Lee et al., 2010) have been utilised for transfection, but the 

most common choice is adeno-associated viruses (AAVs). Regarding the carried genes, mutated 

LRRK2 (Dusonchet et al., 2011) or RNA interference of Pink1 (Haque et al., 2012) have been 

employed. However, the most widely used and characterised gene is SNCA, encoding both WT and 

mutated (A53T) α-syn, leading to its local overexpression. In general, overexpression of α-syn in 
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the SNpc results in progressive nigrostriatal degeneration within weeks to months, depending on 

the host species (Dovonou et al., 2023). Factors such as virus titre or serotype, as well as the age, 

sex, and strain of the animal, can also impact the outcomes obtained. Most studies have been 

conducted in rodents, where unilateral inoculation into the SN with various AAV serotypes 

carrying the SNCA gene induced motor impairments, loss of 40–60% of nigral dopaminergic 

neurons, and depletion of striatal dopaminergic terminals (Liu et al., 2008; Koprich et al., 2010; 

Decressac et al., 2012; Ip et al., 2017; Castro-Sa nchez et al., 2018). These changes were 

accompanied by mitochondrial dysfunction, impaired autophagy, LB-like inclusions and 

inflammatory responses (Dovonou et al., 2023). Notably, the post-injection timeframe varies 

across studies, ranging from a few weeks to a couple of months. Intranigral injections of AAV-α-

syn can also be performed in NHPs, though less frequently. These injections lead to dopaminergic 

neuron loss and progressive motor deficits, albeit with greater variability compared to their 

rodent counterparts (Kirik et al., 2003; Eslamboli et al., 2007; Yang et al., 2015). Lastly, a more 

refined system encoded in viral vectors has been recently designed, successfully inducing α-syn 

aggregation via optogenetic stimulation and enabling real-time monitoring of LB-like structure 

formation with precise spatiotemporal control (Be rard et al., 2022). 

Another cargo besides α-syn has been tested, yielding promising results: the human tyrosinase, 

responsible for the synthesis of neuromelanin. AAV-mediated overexpression of this enzyme in 

the SNpc of rats led to age-dependent intracellular accumulation of neuromelanin within nigral 

dopaminergic neurons, followed by the formation of LB-like α-syn inclusions within 

neuromelanin-positive cells, as well as nigrostriatal neurodegeneration, hypokinetic symptoms, 

and other pathological events such as mitochondrial and autophagic dysfunction and 

neuroinflammation (Carballo-Carbajal et al., 2019). Therefore, this in vivo model supports a key 

role of this human-exclusive pigment in the PD pathogenesis. 

1.6.1.4. Double hit models 

Despite the availability of diverse animal models for PD, none has fully replicated the 

pathophysiology of the disease. Consequently, there is a growing trend towards combining 

pharmacological interventions with genetic manipulations. Examples of these types of 

interventions could be PINK1 heterozygous KO mice treated with rotenone, which show an 

accelerated progression of synaptic plasticity alterations (Martella et al., 2016); or mutant α-syn 

mouse models combined with iron overload (Billings et al., 2019) or neuroinflammation via LPS 

injection (Gao et al., 2011), used to explore the interplay between these two factors and to develop 

more comprehensive models for evaluating pharmacological treatments (Billings et al., 2019). 

Moreover, the double-hit paradigm can also imply two simultaneous genetic alterations: for 

example, the human α-syn overexpression alongside downregulation of endogenous GCase 

(Polissidis et al., 2022). These double-hit approaches are supported by several reasons. First, they 

are useful to investigate how genetic manipulation may heighten susceptibility to neurotoxins. 

Second, they allow the generation of animal models that better resemble the multifactorial 

pathogenesis associated with PD  (Khan et al., 2023). 
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1.6.2. Human samples 

While animal models have been fundamental in understanding the underlying mechanisms of PD 

and testing therapeutic interventions, their ability to fully replicate the complexity of human 

pathology remains limited. Consequently, the use of human samples has become an essential tool 

for validating pre-clinical findings and bridging experimental research into the clinical reality of 

the disease. Thus, prior to clinical trials, PD patients can contribute to research by providing 

samples from their own tissues. Post-mortem human samples, particularly brain tissue, are of 

particular value, as they enable the study of pathological changes and the identification of 

abnormalities in various regions of the CNS (Dobricic et al., 2022; Tu et al., 2022). Interestingly, 

the application of omics techniques to these post-mortem tissues (Smajic  et al., 2021) is generating 

a wealth of information, offering a more comprehensive understanding of PD pathophysiology and 

aiding in the identification of potential disease-specific biomarkers.  

In addition to post-mortem samples, various other types of biological samples can be collected 

from living PD patients, primarily to investigate potential biomarkers that offer diagnostic and 

prognostic insights. These biological sources include blood (Sulzer et al., 2017; Navarro, Udine, de 

Paiva Lopes, et al., 2021; Riboldi et al., 2022), serum (Jiang et al., 2020), CSF (Nilsson et al., 2023), 

urine (Kumari et al., 2020), and even saliva (Ferna ndez-Espejo et al., 2021). Tissues like blood or 

skin can indeed be used to generate human induced pluripotent stem cells (Sulzer et al., 2017; Sun 

et al., 2021; Grigor’eva et al., 2022), creating an in vitro model for further disease research (Box 

5). Other assessments different from collecting biological samples are imaging tests, such as 

magnetic resonance imaging or positron emission tomography scans, which have been showing 

their potential for early diagnosis of PD and monitoring disease progression (Furukawa et al., 

2022). Notably, in 2010, the Michael J. Fox Foundation initiated the Parkinson Progression Marker 

Initiative (PPMI), an international, multicenter study aimed at identifying biomarkers of PD 

progression to enhance understanding of its pathophysiology and improve the success of disease-

modifying therapies. The cohort consists of over 1,500 individuals, including PD patients and 

healthy controls, from whom clinical, imaging, and biospecimen data are collected using 

standardised protocols. All data are made publicly accessible via the PPMI database (Parkinson 

Progression Marker Initiative, 2011). 

Human samples present several challenges, including their limited availability and the 

complexity of obtaining them, which often involves extensive bureaucratic procedures. 

Additionally, variability in extraction methods and timepoints, both between and within biobanks, 

can introduce inconsistencies in the outcomes. Nonetheless, human samples remain an invaluable 

resource, as they offer direct and unparalleled insights into the actual human pathology, making 

them crucial for advancing the understanding of neurodegenerative diseases like PD. 
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2. CANNABINOIDS AND ENDOCANNABINOID SYSTEM 

The plant Cannabis sativa has been widely used for textile, medicinal, and recreational purposes 

since ancient times. The first documented reference to the medical applications of cannabis 

appeared in China about five thousand years ago, where its cultivation was generally associated 

with obtaining fibre and oil from the seeds. However, it was in India where a considerable degree 

of knowledge was reached on the therapeutic properties of cannabis, particularly in the context of 

alterations related to the nervous system (cramps, infantile convulsions, migraine, hysteria, 

neuralgia, sciatica and tetanus). Thus, cannabis use rapidly spread throughout Asia and Middle 

East but did not reach Europe until centuries later. During the 19th century, the English colonial 

presence in India and Napoleon’s expeditions to Egypt brought the medical and recreational 

applications of cannabis to Europe, and subsequently to the United States. Nevertheless, the 

clinical use of cannabis began to decline in the early 20th century with the emergence of new 

compounds with greater therapeutic efficacy, such as opioids (Ramos Atance & Ferna ndez Ruiz, 

2000). The research interest in cannabinoids reemerged between 1940 and 1950, with the 

identification and characterization of cannabidiol (CBD) (Adams et al., 1940a) and cannabinol 

(CBN) (Adams et al., 1940b). After two decades, the main psychoactive component of cannabis, 

BOX 5. IN VITRO APPROACHES FOR PARKINSON’S DISEASE RESEARCH 

In vitro models are based on cells, tissues, or organs that are cultured outside of a living organism. These models 

provide a simplified and controlled environment for investigating the cellular and molecular mechanisms 

underlying disease pathogenesis. They also serve as an initial platform for pharmacological screening and 

therapeutic intervention development. In PD research, in vitro models primarily focus on dopaminergic neurons 

and glial cells, which may originate from various sources. Additionally, organotypic cultures and organoids have 

been utilised to study PD, offering more complex and physiologically relevant systems (Smits et al., 2019; 

Elfarrash et al., 2021). This box summarizes the main in vitro approaches used in PD research. 

 Cell lines. Immortalised cell lines are modified, either intentionally or spontaneously, to proliferate indefinitely 

under appropriate culture conditions. These cell lines can be derived from human or animal sources and are often 

used for PD research via neurotoxin exposure, viral gene expression or genetic transfection. Some examples of 

cell lines used in the context of PD research are dopaminergic SH-SY5Y cell line (Burgaz et al., 2021a), microglial 

BV-2 cell line (Li et al., 2023), astrocytic U251 cell line (Zheng et al., 2023), or oligodendroglial MO3.13 cell line 

(Yang et al., 2024).  

Primary cultures. Primary cells are derived directly from embryonic or neonatal rodent brain tissue, offering 

greater physiological and morphological relevance than immortalised cell lines. These cultures encompass 

dopaminergic neurons (Slanzi et al., 2020), microglia (Ho et al., 2017), astrocytes (Giehrl-Schwab et al., 2022) and 

oligodendrocytes (Kisos et al., 2012). PD-like alterations can be induced by exposing these cell cultures to 

neurotoxins, viral gene expression, transfection, or by using cells derived from transgenic animals carrying PD-

associated genetic mutations. Additionally, mixed cultures, such as primary neurons and microglia (Liu & Hong, 

2003), enable more comprehensive systems. 

Human-induced pluripotent stem cells (hiPSCs). The reprogramming of somatic cells into pluripotent stem 

cells has revolutionised PD research. hiPSCs enable the generation of patient-specific dopaminergic neurons 

(Grigor’eva et al., 2022) and glial cells (Azevedo et al., 2022; Ohtonen et al., 2023; Yarkova et al., 2023). These cells 

replicate the genetic variability and physiological characteristics of sporadic or genetic PD patients more 

accurately than other in vitro systems. In addition to reprogrammed neuronal and glial models, human-derived 

samples, often involving innate immune cells such as peripheral monocytes or lymphocytes, can also be used to 

investigate systemic aspects of the disease (Sulzer et al., 2017; Mun oz-Delgado et al., 2021; Navarro et al., 2021). 

These approaches are particularly valuable for exploring inflammatory processes, thereby offering further insight 

into the immunopathological mechanisms underlying PD. 
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Δ9-tetrahydrocannabinol (Δ9-THC), was isolated (Gaoni & Mechoulam, 1964). These early 

discoveries boosted research in the field of cannabinoids over the following decades (Figure 10), 

particularly into their biological effects, ultimately culminating in the identification of an entire 

endogenous system involved in these actions: the endocannabinoid system (ECS). It represents a 

complex intercellular communication system that spans the entire organism, playing a pivotal role 

in different physiological and pathological processes. Despite its wide distribution, the ECS 

appears to hold a special position within the CNS, where it acts as a master regulator in modulating 

neuronal activity and network function (Lu & Mackie, 2021). Among the major components of the 

ECS are the cannabinoid receptors, their endogenous ligands known as endocannabinoids (eCBs), 

and the enzymes responsible for the biosynthesis and inactivation of eCBs.  

2.1. Cannabinoid receptors 

The identification of stereochemical requirements for the psychotropic activity of cannabinoids, 

along with the structure–activity relationships observed across various compounds, led to the 

hypothesis that cannabinoids exert their effects through specific receptors (Mechoulam et al., 

1980). To date, after prolonged research, two receptors have been formally recognised as 

cannabinoid receptors: cannabinoid type-1 receptor (CB1R) and cannabinoid type-2 receptor 

(CB2R). Both are G protein-coupled receptors (GPCRs), that is, integral membrane proteins with 

seven transmembrane domains, bound in their intracellular C-terminal to specific G proteins that 

trigger a wide variety of signalling pathways (Mackie, 2005). 

2.1.1. Cannabinoid type-1 receptor 

CB1R was first detected via pharmacological binding in 1988 (Devane et al., 1988), whereas its 

cloning took a few more years (Matsuda et al., 1990; Ge rard et al., 1991). Ultimately, not long ago, 

its crystal structure was elucidated (Hua et al., 2016), completing the molecular characterization 

Figure 10. Chronology of the most important milestones in the research on the mechanisms of action of phytocannabinoids and 
in the discovery of the endocannabinoid system. Created with BioRender.com.  
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of this cannabinoid receptor. CB1R is composed of a single polypeptidic chain of 472 amino acids 

in humans, encoded by the CNR1 gene mapped to 6q15 in humans (GeneID 1268). Its sequence is 

well-conserved among vertebrates, with 97-99% of identity between humans and rodents 

(Howlett et al., 2002).  

CB1R is widely distributed throughout the body, even though it is especially prevalent within 

the CNS. Indeed, it is considered one of the most abundant GPCRs in the mammal brain 

(Herkenham et al., 1991a). The brain areas with the highest levels of CB1R are the hippocampus, 

basal ganglia, and cerebellum, whereas other regions such as cortex, amygdala, thalamus, 

hypothalamus, brainstem, and spinal cord display lower expression of this cannabinoid receptor 

(Mackie, 2005). This anatomical distribution accounts for its involvement in multiple 

neurobiological functions, including movement control (San udo-Pen a et al., 2000), nociception 

(Cravatt & Lichtman, 2004), learning and memory (Marsicano & Lafene tre, 2009), sleep behaviour 

(Me ndez-Dí az et al., 2021), food intake and appetite regulation (Tarragon & Moreno, 2019), or 

emotional behaviour (Martin et al., 2002). At the cellular level, CB1R is mostly located to the 

presynaptic terminals of GABAergic interneurons and, to a lesser extent, in glutamatergic 

projecting neurons (Tsou et al., 1998), where it mediates the inhibition of neurotransmitter 

release through retrograde signalling (see Section 2.3 of INTRODUCTION). In specific neuronal 

populations, a diffuse postsynaptic staining has also been reported (Tsou et al., 1998). However, 

it is not only neurons; CB1R is also expressed in glial cells, including astrocytes, oligodendrocytes, 

and microglia, as well as neural progenitors, albeit at lower levels than in neuronal cells (Zhang 

et al., 2014). 

As usual for GPCRs, CB1R is primarily localised in the plasma membrane on the cell surface, 

where it can sense the outer space and trigger signalling cascades inside the cell (Figure 11). The 

canonical signalling pathway begins with the activation of Gi/0 proteins, whose α subunit inhibits 

the adenylate cyclase (AC) activity and reduces intracellular cyclic adenosine monophosphate 

(cAMP). This reduction of cAMP levels suppresses the activity of cAMP-dependent protein kinase 

(PKA), ultimately affecting the expression of genes regulated by the cAMP response element-

binding (CREB) factor (Davis et al., 2003). Likewise, the βγ subunits released upon activation of 

Gi/0 proteins trigger the inhibition of calcium influx by blocking voltage-gated calcium channels 

and the enhancement of potassium efflux by activating inwardly rectifying potassium channels 

(Guo & Ikeda, 2004). This leads to an overall hyperpolarization of neuronal terminals and the 

consequent reduction of neurotransmitter release (Castillo et al., 2012). However, other signalling 

pathways can be induced by the activation of Gi/0 proteins, including the activation of mitogen-

activated protein kinases (Bouaboula et al., 1995) and phosphoinositide 3-kinase (PI3K)/ protein 

kinase B (Akt) (Galve-Roperh et al., 2002) pathways, which are key regulators of cell growth, 

survival and death. Aside from the classical Gi/o coupling, in certain contexts the CB1R can also 

interact with Gs and Gq proteins. In general terms, Gs promotes the activation of AC, increasing 

cAMP levels (Glass & Felder, 1997); whereas Gq is responsible for activation of phospholipase C 

(PLC) and Ca2+ release from the ER, increasing cytosolic calcium levels (Lauckner et al., 2005). 
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Although CB1R signalling may be multifaceted, several factors contribute to this complexity. 

The CB1R is expressed in various cell types, each containing a different intracellular composition 

of signalling molecules, which favour particular pathways in specific cell populations. An example 

of this cell type-specific functional selectivity is how astrocytic CB1Rs predominantly couple with 

Gq/11 proteins, triggering the release of glutamate from astrocytes (Navarrete & Araque, 2008). 

Additionally, within the same cell there are distinct pools of intracellular CB1Rs separate from 

those on the plasma membrane, including within mitochondria. Mitochondrial CB1Rs signal 

differently from their cell surface counterparts, inhibiting a soluble form of AC and reducing PKA 

activity, which ultimately decreases mitochondrial respiration (Be nard et al., 2012). Beyond 

contextual factors, GPCRs can adopt multiple conformations based on ligand binding, a 

phenomenon known as biased signalling. This selective stabilization of a specific receptor 

conformation by a particular agonist triggers certain downstream pathways, leading to distinct 

physiological responses (Wouters et al., 2019). Another relevant feature of GPCRs is their ability 

to form homodimers (Wager-Miller et al., 2002) or heterodimers with other receptors (Calle n 

et al., 2012; Martí nez-Pinilla et al., 2014; Vin als et al., 2015). Dimerization alters ligand responses 

by these receptors, expanding their signalling repertoire. Finally, in addition to associating with 

other receptors, interactions with regulatory proteins significantly influence CB1R-evoked 

signalling. Several intracellular proteins have been found to interact with CB1R, including β-

arrestins and CRIP1a (Howlett et al., 2010), and more recently BiP/GRP78/HSPA5 (Costas-Insua 

et al., 2021). This latest interactor has been reported to selectively favour specific G proteins in 

coupling with CB1R.  

Figure 11. Main signalling pathways triggered by CB1R. The primary signalling pathways activated by CB1R include (A) the inhibition 
of voltage-gated calcium channels and activation of inwardly-rectifying potassium channels, leading to a hyperpolarization state; (B) the 
modulation of AC activity, which impacts cAMP levels and, consequently, PKA activity; (C) the activation of PLC, resulting in the release of 
calcium stored in the ER via inositol-trisphosphate and the activation of PKC; and (D) the induction of PI3K and MAPK cascades, which 
further propagate downstream signalling. The modulation of these kinase activities (in red) affects the function of specific transcription 
factors (in blue), which, in turn, regulate the expression of genes involved in critical cellular processes, such as cell fate (survival vs. death) 
and inflammation. PIP3, phosphatidylinositol-trisphosphate; DAG, diacylglycerol; IP3, inositol-trisphosphate; TF, transcription factor. 
Created with BioRender.com. 
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2.1.2. Cannabinoid type-2 receptor 

A few years after the discovery of CB1R, a second cannabinoid receptor was identified, the so-

called CB2R (Munro et al., 1993), whose crystal structure has also recently been published (Li 

et al., 2019). CB2R consists of a single polypeptidic chain of 360 amino acids encoded by the CNR2 

gene mapping to 1p36.11 in humans (GeneID 1269). It shares 44% sequence identity with CB1R, 

which rises to 68% within transmembrane regions involved in ligand binding (Montero et al., 

2005). When evaluating amino acids sequence homology among species, CB2R displays greater 

variations in comparison to CB1R, with 81-82% of identity between humans and rodents (Zhang 

et al., 2015). 

Originally, CB2R was described as a peripheral cannabinoid receptor owing to its initial 

predominant detection in immune cells (Munro et al., 1993; Galie gue et al., 1995). However, the 

peripheral designation was abandoned after identifying this cannabinoid receptor throughout the 

CNS, especially in microglia, but also in astrocytes, oligodendrocytes and neural progenitors 

(Zhang et al., 2014). Regarding neurons, some works have demonstrated CB2R expression in 

these (Atwood & Mackie, 2010; Stempel et al., 2016), even though there is still some controversy 

due to the lack of good experimental tools for its cellular detection. In general terms, CB2R exhibits 

lower expression levels within the CNS in comparison to CB1R or peripheral tissues, at least under 

physiological conditions. However, in a neuroinflammatory environment, CB2R expression is 

notably enhanced. This upregulation has been reported specifically in glial cells, both in patients 

(Benito et al., 2003; 2007; Palazuelos et al., 2009; Rodrí guez-Cueto et al., 2014; Go mez-Ga lvez 

et al., 2016; Espejo-Porras et al., 2018) and animal models (Sagredo et al., 2009; Espejo-Porras 

et al., 2015; Go mez-Ga lvez et al., 2016; Lo pez et al., 2018) of a plethora of neurodegenerative 

disorders. The amplification in CB2R expression under some pathological conditions suggests a 

role for this cannabinoid receptor as a protective mechanism (Ferna ndez-Ruiz et al., 2007; Pacher 

& Mechoulam, 2011). 

The signalling pathways induced upon activation of the CB2R are practically the same as those 

described for the CB1R. However, there are some differences between the two receptors. 

Plasmalemmal CB2R does not signal through Gs and Gq proteins, even though it can activate PLC 

via the release of βγ subunits (Zoratti et al., 2003). More importantly, this receptor cannot regulate 

calcium and potassium conductance like CB1R, which prevents it from controlling 

neurotransmitter release via hyperpolarization. Beyond these differences, CB2R remains a GPCR, 

so similar phenomena contributing to the variety of signalling pathways in CB1R also occur with 

this receptor; for example, the formation of dimers (Calle n et al., 2012; Singh et al., 2012; Moreno 

et al., 2014) or the existence of intracellular pools of the receptor that signal differently, such as 

through coupling to Gq proteins (Brailoiu et al., 2014). 

2.1.3. Atypical cannabinoid receptors  

Throughout the study of cannabinoids, most effects elicited by these compounds have been 

explained by their interaction with CB1R and CB2R. However, some studies have also reported 
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that some cannabinoid-evoked actions persist even when these classical receptors are 

pharmacologically blocked or genetically deleted (Jan et al., 2002; Qiao et al., 2012; Raffa & Ward, 

2012). This suggests the involvement of non-canonical cannabinoid receptors in the 

pharmacology of cannabinoids. Other GPCRs, ion channels, and nuclear receptors have been 

identified as additional cannabinoid targets (Pertwee, 2015). To maintain conciseness, the 

primary representative of each receptor type will be described. 

2.1.3.1. G protein-coupled receptor 55 

The G protein-coupled receptor 55 (GPR55) was discovered as a novel human GPCR gene in 1999 

(Sawzdargo et al., 1999). In this first in silico work, GPR55 was cloned and mapped to the locus 

2q37 in humans, encoding a protein of 319 amino acids that shares the highest sequence identity 

with GPR35 (37%), GPR92 (30%), P2Y5 receptor (30%), and GPR23 (29%) (Baker et al., 2006). 

When compared to rodent orthologs, the degree of identity is over 75% (Ryberg et al., 2007). 

Interestingly, GPR55 mRNA transcripts were first detected in human brain, exclusively in 

striatum (Sawzdargo et al., 1999). However, it is currently known that this receptor is expressed 

throughout the entire CNS, including striatum, hippocampus, forebrain, cortex, cerebellum, GP and 

SNpc (Wu et al., 2013; Patricio et al., 2022; Sa nchez-Zavaleta et al., 2022), albeit at lower levels 

than CB1R. At the cellular level, GPR55 expression has been reported in both neurons (Chiba et al., 

2011; Celorrio et al., 2017; Marichal-Cancino et al., 2017; Martí nez-Pinilla et al., 2020; Sa nchez-

Zavaleta et al., 2022) and microglia (Pietr et al., 2009; Gasperi et al., 2013; Saliba et al., 2018; Shen 

et al., 2022). Aside from the CNS, GPR55 is also found in adrenal glands, gastrointestinal tract, lung, 

liver, uterus, bladder, kidney and bone (Shore & Reggio, 2015). Given its ubiquitous distribution, 

GPR55 appears to be involved in a variety of physiological and pathological processes. In the 

context of brain functionality, the use of GPR55-deficient animals has pointed to a function in 

motor coordination (Wu et al., 2013; Hurst et al., 2017; Marichal-Cancino et al., 2017), pain 

modulation (Staton et al., 2008), neurogenesis (Cherif et al., 2015; Hill et al., 2018; 2019) and 

immune/inflammatory regulation (Staton et al., 2008; Hill et al., 2019).  

Initially, GPR55 was considered a novel cannabinoid-sensitive receptor, displaying affinity for 

a variety of cannabinoid compounds, with CBD acting as an antagonist (Ross, 2009). Indeed, based 

on these findings, GPR55 was eventually proposed as cannabinoid type-3 receptor (Moriconi et al., 

2010). However, this possibility remains controversial due to the low sequence identity with 

CB1R (13.5%) and CB2R (14.4%), the lack of the classical cannabinoid binding pocket within its 

structure (Oka et al., 2007), and its distinct pharmacological profile compared to the canonical 

cannabinoid receptors (Figure 12). More consistent evidence points to GPR55 as the functional 

and selective receptor for lysophosphatidylinositol (LPI), which acts as a direct agonist (Oka et al., 

2007; Henstridge et al., 2009; Kallendrusch et al., 2013; Kurano et al., 2021).  

As a member of the GPCR superfamily, GPR55 is coupled to a specific set of G proteins, 

triggering different signalling cascades upon ligand binding (Figure 12). It is preferentially linked 

to Gq protein, driving an inositol trisphosphate-mediated calcium mobilization from the ER and 
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the phosphorylation of extracellular signal-regulated kinase 1/2 (Oka et al., 2007; Lauckner et al., 

2008). These kinases induce downstream various transcription factors, which ultimately regulate 

cell proliferation and survival, as well as inflammation. However, GPR55 can also signal via G12/13 

proteins, activating GTPases such as Rac1, RhoA or Cdc42 (Ryberg et al., 2007). These molecules 

are involved in intracellular calcium mobilization (Henstridge et al., 2009), as well as cytoskeletal 

remodelling and migration (Lauckner et al., 2008; Balenga et al., 2011). Apart from G protein-

mediated signalling, GPR55 has been reported to inhibit potassium currents (Lauckner et al., 

2008), which, together with increased intracellular Ca2+ concentration, leads to an enhancement 

of neuronal excitability and neurotransmitter release. After a prolonged activation, GPR55 can 

interact with β-arrestin and GPCR-associated sorting protein-1, targeting this receptor for 

internalization and degradation (Kapur et al., 2009; Kargl et al., 2012). It is important to note that 

heterodimerization, mainly with CB1R (Martí nez-Pinilla et al., 2020), as well as biased agonism or 

cell type-based functional selectivity (Moriconi et al., 2010), may further explain the preferential 

triggering of specific pathways over others. 

In addition, there is a clear and strong association between other orphan GPCRs and eCB-like 

molecules, particularly in the cases of GPR18 (Kohno et al., 2006) and GPR119 (Overton et al., 

2006). 

2.1.3.2. Transient receptor potential cation channel subfamily V member 1 

The transient receptor potential cation channel subfamily V member 1 (TRPV1), also known as 

the capsaicin receptor or vanilloid receptor 1, is mainly localised on nociceptive primary afferent 

Figure 12. Main signalling pathways triggered by GPR55. The primary signalling pathways activated by GPR55 include (A) the 
inhibition of M-type potassium current, resulting in enhanced neuronal  excitability; (B) the activation of ERK1/2 via multiple vias, 
including the induction of PLC, which promotes the release of calcium stored in the ER through inositol trisphosphate, and the activation 
of MEK; and (C) the activation of the GTPase RhoA, initiating downstream cascades involving ROCK and other GTPases such as Rac1 or 
cdc42. These latter GTPases activate p38, which together with ERK1/2, regulates the expression of genes involved in critical cellular 
processes, such as cell fate (survival vs. death) and inflammation. PIP3, phosphatidylinositol-trishosphate; DAG, diacylglycerol; IP3, inositol-
trisphosphate; MEK, MAPK/ERK kinase; ROCK, Rho-associated protein kinase; TF, transcription factor. Created with BioRender.com. 
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sensory neurons, where its activation is involved in the perception of nociceptive and 

inflammatory inputs (Caterina et al., 2000). This homotetrameric receptor can be activated by 

noxious heat, protons, inflammatory mediators, and a variety of chemicals, including capsaicin, 

the active (hot) component of chili peppers (Caterina et al., 1997). Besides its peripheral location, 

TRPV1 channels are widely distributed within the CNS, being present in the presynaptic terminals 

of glutamatergic and GABAergic neurons, where their activation can regulate synaptic 

transmission (Chahl, 2024). Within these central sites, the eCB anandamide is a full agonist of 

TRPV1 (Ross, 2003), creating a link between the ECS and this channel, which is then purported to 

participate in eCB signalling, specifically regarding synaptic transmission and pain regulation (Zou 

& Kumar, 2018). In fact, TRPV1 channels have been suggested to function as ionotropic 

cannabinoid receptors (De Petrocellis et al., 2017). 

Not only TRPV1, but also other transient receptor potential channels of this subfamily (TRPV2-

4) or other subfamilies (ankyrin receptor TRPA1, melastatin receptor TRPM8) have also shown to 

be regulated by cannabinoids (De Petrocellis et al., 2011; Muller et al., 2018). 

2.1.3.3. Peroxisome proliferator-activated receptor γ 

The peroxisome proliferator-activated receptor γ (PPARγ) belongs to a family of nuclear receptors 

that are ubiquitously expressed in the body. They function as transcriptional regulators, with a 

DNA-binding region that allows them to interact with PPAR response elements present in the 

genome. Therefore, when an activator binds to PPARs, they form heterodimers with retinoid X 

receptors, which translocate to the nucleus and trigger transcriptional responses. The target genes 

appear to be related to lipid metabolism and glucose homeostasis, as well as cell differentiation 

and inflammation (Mirza et al., 2019). Highly expressed in adipose tissue, PPARγ is also abundant 

in the CNS, being present in different brain regions, both in neurons and glia, albeit at lower levels 

in the latter (Warden et al., 2016). Remarkably, this nuclear receptor has been associated with 

diverse brain processes, such as neuroinflammation (Pizcueta et al., 2023) and neurogenesis 

(Quintanilla et al., 2014).  

PPARγ displays a wide ligandome: endogenous activators include unsaturated fatty acids and 

eicosanoids, whereas other potent agonists such as thiazolidinediones have been developed as 

synthetic compounds (Kliewer et al., 1997). These PPARγ-activating compounds have exhibited 

neuroprotective effects both in the brain and in peripheral systems, regulating anti-inflammatory 

responses, oxidative stress, neuronal death, neurogenesis, cellular differentiation, and 

angiogenesis (Villapol, 2018). In addition to these endogenous and synthetic PPARγ ligands, 

several studies have reported that certain cannabinoids, whether endogenous, plant-derived, or 

synthetic, can activate PPARγ, as well as PPARα, even though with lower potency than classical 

PPAR-specific ligands (O’Sullivan, 2016). Activation of PPARγ by cannabinoids has been related to 

a range of physiological effects, including neuroprotection, anti-inflammatory responses, 

modulation of reward behaviour, memory, and cognition, analgesia, anti-tumour activity, and 

regulation of satiety, feeding and metabolism (O’Sullivan, 2016). Notably, a crosstalk between 
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CB2R and PPARγ signalling has been proposed for the antioxidant and anti-inflammatory effects 

of beta-caryophyllene (Youssef et al., 2019). 

2.2. Cannabinoid ligands  

Customarily, the term cannabinoid has been used to refer to a set of more than 100 molecules 

present in the Cannabis sativa plant, which mostly share a terpenophenolic chemical structure. 

However, this concept has evolved beyond these botanic-origin cannabinoids, so-called 

phytocannabinoids. Since the discovery of the ECS, two novel categories of compounds, according 

to their origin, were included in the current heterogenous family of cannabinoids: eCBs, 

endogenously produced by animals, mainly mammals (including humans); and synthetic 

cannabinoids, generated by chemical synthesis in the laboratory and designed on purpose to 

improve any aspect of their activity. Other classifications regarding pharmacological activity and 

chemical structure can be done. 

2.2.1. Endocannabinoids 

eCBs are lipid signalling molecules that act as endogenous ligands for the cannabinoid receptors. 

The major representatives of eCBs are two arachidonic acid derivatives: N-

arachidonoylethanolamine (AEA), commonly known as anandamide; and 2-arachidonoylglycerol 

(2-AG). AEA was the first eCB discovered after the identification of CB1R (Devane et al., 1992). It 

shows relatively low levels in the CNS, where it acts as a partial agonist of CB1R and CB2R, with a 

weaker potency for the latter (Pertwee et al., 2010). In contrast, 2-AG, identified after the 

discovery of CB2R (Mechoulam et al., 1995), is more abundant and displays a full agonism for both 

receptors (Pertwee et al., 2010), thus being considered as the main endogenous cannabinoid 

agonist. However, the differences found in endogenous concentrations, receptor affinity and 

potency suggest that both eCBs can exert distinct effects within the body. For instance, in the 

context of low receptor expression or weak coupling to signalling pathways, AEA may antagonize 

the effects of other more effective agonists (Lu & Mackie, 2016), while it activates TRPV1 (Ross, 

2003), inhibits calcium channels and negatively regulates 2-AG biosynthesis (Maccarrone et al., 

2008). Other less studied eCBs include 2-arachidonoylglycerylether (noladin ether), O-

arachidonoylethanolamine (virodhamine) and N-arachidonoyldopamine (Zoerner et al., 2011). 

eCBs are produced on demand, synthesised from membrane phospholipids in response to 

specific stimuli, which normally trigger an elevation of intracellular calcium (Piomelli, 2003). A 

complex enzymatic machinery participates in the eCB synthesis, which involves multiple 

interconnected pathways; so, the focus will be on the main routes. AEA synthesis can begin with 

the transference of an arachidonoyl group to the phospholipid phosphatidylethanolamine, 

catalysed by an N-acyltransferase, giving rise to the intermediate N-

arachidonoylphosphatidylethanolamine (NAPE); then, NAPE is hydrolysed by the NAPE-specific 

phospholipase D to finally generate AEA, as well as phosphatidic acid as a by-product (Di Marzo 

et al., 1994). Regarding 2-AG, the formation of the intermediate diacylglycerol (DAG), thanks to 
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the hydrolytic activity of PLC on phospholipids, is followed by the lipolytic cleavage of DAG by DAG 

lipase, which ultimately leads to the production of 2-AG and a free fatty acid (Bisogno et al., 2005).  

Once produced, eCBs are immediately released to the extracellular space to exert their actions 

mainly through CB1R and CB2R. As is the case with classical neurotransmitters, tight regulation 

of eCB tone is required after receptor activation. The signal termination is initiated with the 

clearance of eCBs from the extracellular compartment and the subsequent inactivation by cellular 

enzymes. It remains elusive how eCBs return inside the cell, but several mechanisms have been 

considered. Passive diffusion across the membrane can be supported by the hydrophobic nature 

of eCBs and the concentration gradient established by intracellular degradation (Kaczocha et al., 

2006). However, pharmacological blockade studies suggest the existence of lipid-carrier proteins 

that function as eCB membrane transporters (Hillard et al., 1997).  Despite this, no specific protein 

or gene corresponding to a dedicated transporter for AEA or 2-AG has been identified to date. Fatty 

acid-binding proteins, such as FABP5, have been identified as intracellular carriers of eCBs, which 

facilitate their solubilization and delivery to sites of degradation or signalling, playing a crucial 

role in their synaptic transport and retrograde signalling (Oubraim et al., 2025). Upon 

internalization, eCBs are primarily inactivated via hydrolysis, releasing AA and ethanolamine or 

glycerol. Two major serine hydrolases have been found to degrade AEA and 2-AG: postsynaptic 

fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996) and presynaptic monoacylglycerol lipase 

(MAGL) (Dinh et al., 2002). Enzymatic hydrolysis of 2-AG can be also carried out by postsynaptic 

α/β-hydrolase domain type 6 and microglial α/β-hydrolase domain type 12 enzymes, albeit to a 

much lesser extent (Navia-Paldanius et al., 2012). Aside from hydrolysis, eCBs can also undergo 

oxidation by lipoxygenases, cyclooxygenases and cytochrome P450 oxidases (Guindon & 

Hohmann, 2008). However, these pathways should not be regarded as degradation routes. 

2.2.2. Phytocannabinoids 

The first cannabinoid compound isolated and identified was the phytocannabinoid CBN at the end 

of the 19th century (Ramos Atance & Ferna ndez-Ruiz, 2000). It took a few more decades to discover 

what are now known as the main cannabinoids derived from the plant Cannabis sativa: CBD 

(Mechoulam & Shvo, 1963) and Δ9-THC (Gaoni & Mechoulam, 1964). Over the following decades, 

an expanding array of phytocannabinoids was discovered. These compounds can be classified 

based on the number of rings in their chemical structure into tricyclics (Δ9-THC, CBN), bicyclics 

(CBD), and monocyclics (cannabigerol, CBG). Additionally, the cannabis plant naturally produces 

varin derivatives characterised by a three-carbon aliphatic side chain, such as Δ⁹-

tetrahydrocannabivarin (Δ⁹-THCV), cannabidivarin (CBDV), and cannabigerovarin, as well as 

acidic forms, which retain a free carboxyl group, including tetrahydrocannabinolic acid, 

cannabidiolic acid (CBDA), and cannabigerolic acid. Although some of these minor 

phytocannabinoids have gained pharmacological interest, such as CBG or Δ⁹-THCV, the focus will 

be on Δ9-THC and CBD. 
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Δ9-THC, in its (–)-trans-enantiomeric form (Box 6), is the most prevalent phytocannabinoid in 

Cannabis sativa and the primary agent responsible for its psychotropic effects. Pharmacologically, 

it has been classified as a partial agonist for both CB1R and CB2R, even though it exhibits a certain 

preference for the former (Pertwee et al., 2010). Δ9-THC exerts most of its central actions through 

the stimulation of the CB1R, including the so-called cannabinoid-induced tetrad: hypolocomotion, 

hypothermia, catalepsy, and antinociception (Martin et al., 1991); as well as the psychotropic 

effects. In contrast, when interacting with the CB2R, this phytocannabinoid can also display anti-

inflammatory actions (Pacher & Mechoulam, 2011). Neuroprotection and neurorestoration have 

also been linked to Δ9-THC activity (Ferna ndez-Ruiz et al., 2015). In addition to classical 

cannabinoid receptors, Δ9-THC has been reported to engage with other targets, which include 

orphan receptors (GPR18, GPR55), TRP channels (TRPV2, TRPA1), glycine and serotonin 5-HT3A 

receptors (Howlett et al., 2002; Pertwee et al., 2010). Remarkably, these off-targets have been 

mostly substantiated in in vitro experiments at high concentrations (micromolar range), so their 

physiological relevance still needs to be elucidated. 

Regarding CBD, this is the second most common phytocannabinoid and the major non-

psychotropic one. Indeed, CBD lacks affinity for CB1R and CB2R (Pertwee et al., 2010), and 

consequently, it does not elicit the cannabinoid-induced tetrad nor the psychotropic effects. 

However, this molecule is considered to have one of the greatest therapeutic potentials, 

BOX 6. Stereoisomers of phytocannabinoids 

Typically, when talking about Δ9-THC or CBD, it is assumed that reference is being made to the form in which they 

are naturally found in the plant. However, from a pharmacological perspective, it is important to consider that 

these phytocannabinoids can acquire other conformations. Both Δ9-THC and CBD possess two chiral centers 

(carbons 3 and 4), allowing them to have four potential stereoisomers, and therefore, two pairs of enantiomers: 

(–)-trans-(3R,4R), (+)-trans-(3S,4S), cis-(3R,4S), and cis-(3S,4R)-isomer (Figure 13). These stereoisomers are 

structurally identical but differ in the spatial arrangement around the stereogenic centers, creating mirror images 

of one another. Moreover, they often show completely different activities despite being the ‘same’ compound. As 

regards to Δ9-THC and CBD, nature seems to prefer (–)-trans isomers, as they are the ones found in the plant. 

Interestingly, the naturally occurring (–)-trans-CBD has no affinity for either CB1R or CB2R. Yet, non-natural (+)-

trans-CBD has shown a stronger affinity for both cannabinoid receptors (Bisogno et al., 2001; Fride et al., 2004; 

Hanus et al., 2005), completely changing the pharmacology of the molecule when compared with its natural 

counterpart. Preclinical studies have been performed with (+)-trans-CBD and derivatives, confirming various 

biological activities in different cell lines, which can be mostly addressed to their binding in CB1R/CB2R 

orthosteric sites. Among the reported effects, those related to the modulation of the immune response stand out, 

with predominantly anti-inflammatory effects being observed (Kozela et al., 2016; Go tz et al., 2019). Thus, it is 

important to consider the change in stereoisomerism as a source of pharmacological diversity in cannabinoids, 

with endogenous racemic conversion as a potential mechanism to explore. 

 

 

 

 

 

 Figure 13. Chemical structures of the four CBD stereoisomers. The stereocentres are indicated at positions 3 and 4. 
Compounds 1 and 2 correspond to the trans isomers, while compounds 3 and 4 are the cis isomers (Adapted from Rao et al., 
2025). 

9. 
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considering its broad neuroprotective profile and its favourable benefit-to-risk ratio, with no 

undesired psychotropic side effects. Numerous studies have reported beneficial actions of CBD on 

inflammation, oxidative stress, excitotoxicity and neurogenesis, among others (Ferna ndez-Ruiz 

et al., 2015). This pleiotropism is closely associated with a complex pharmacology, as CBD has 

been found to target GPR18, GPR55, PPARγ, GABAA and 5-HT1A receptors, adenosine A1A 

receptors, and TRPV channels (TRPV1, TRPV2, TRPA1) (Howlett et al., 2002; Pertwee et al., 2010). 

Moreover, some studies have indicated that CBD may allosterically modulate CB1R (Laprairie 

et al., 2015) and CB2R (Martí nez-Pinilla et al., 2017). In addition to receptor-dependent 

mechanisms, the chemical structure of CBD provides this molecule with a direct antioxidant 

profile, as its hydroxyl groups and benzene ring can neutralize free radicals. The antioxidant 

properties of CBD have even been reported to surpass those of common antioxidant agents, such 

as ascorbic acid or α-tocopherol (Atalay et al., 2019). 

The favorable pharmacological tolerance and safety profile of CBD have led to the development 

of two pharmaceutical formulations based on this phytocannabinoid: Epidiolex®, a purified oral 

solution of CBD, prescribed as an anticonvulsant drug (Devinsky et al., 2017); and Sativex®, a 1:1 

combination of CBD and Δ⁹-THC, administered as a sublingual spray for the treatment of multiple 

sclerosis-related spasticity (Patti et al., 2016) and oncological pain  (Johnson et al., 2013). 

2.2.3. Synthetic cannabinoids 

Besides natural cannabinoids, a third group has emerged, driven by the need to endow these 

compounds with new or improved properties. Thus, through either de novo synthesis or starting 

from known molecules, a relevant array of (semi-)synthetic compounds has been generated, 

which now constitute new pharmacological tools and/or potential drugs. 

This massive plethora of synthetic cannabinoid ligands has been classified regarding their 

pharmacological profile using binding assays (Pertwee et al., 2010). They include non-selective 

and selective agonists, antagonists, and inverse agonists. In Table 2, the most widely used 

synthetic cannabinoids are listed along with their pharmacological profiles and affinity values at 

CB1R and CB2R, if applicable. For instance, in this PhD project, among the listed compounds, the 

non-classical cannabinoid CP55,940 has been used as a radiolabelled ligand in binding assays, as 

well as the AEA derivative arachidonyl-2’-chloroethylamide (ACEA) to selectively target CB1R in 

an in vivo assay. 

Furthermore, in contrast to classical ligands targeting the orthosteric sites of cannabinoid 

receptors, the development of allosteric modulators and indirect ligands has presented a 

significant opportunity to expand and diversify pharmacological approaches within the 

cannabinoid field. A wide range of allosteric modulators has been designed for CB1R since 2005, 

such as Org27569 (Price et al., 2005), while in the case of CB2R, the development of effective and 

selective allosteric modulators has lagged further behind (Yuan et al., 2022). Among the 

compounds that regulate eCB tone are molecules designed to block eCB uptake, such as UCM707 

(Lo pez-Rodrí guez et al., 2003), as well as inhibitors of eCB degradation enzymes, including 
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UBR597, which targets FAAH (Piomelli et al., 2006), and JZL184, a selective MAGL inhibitor (Long 

et al., 2009). Furthermore, considering atypical cannabinoid receptors, significant efforts have 

also been made to develop novel compounds that target these cannabinoid-related sites. These 

include GPR55 agonists (e.g., O-1602) (Johns et al., 2007) and antagonists (e.g., ML193) (Heynen-

Genel et al., 2010), as well as PPARγ activators (e.g., VCE-003.2) (Garcí a et al., 2018) and inhibitors 

(e.g., T0070907) (Lee et al., 2002).  

2.3. Physiological roles of endocannabinoid system 

Given the widespread distribution of the various components of the ECS across a wide range of 

tissues, organs, and physiological systems, it is unsurprising that this system exerts a modulatory 

influence on numerous physiological processes. Thus, a regulatory effect has been described at 

the level of the immune system, where cannabinoids act as anti-inflammatory and 

immunosuppressive agents (Kasatkina et al., 2021); the cardiovascular system, promoting 

vasorelaxation and bradycardia (Sierra et al., 2018); the endocrine system, where it modulates 

neuroendocrine responses (Borowska et al., 2018); the skeletal system, participating in bone 

remodelling (Raphael & Gabet, 2016); and in other peripheral organs and tissues such as the liver, 

pancreas, adipose tissue, and skeletal muscle, where eCBs promote gluconeogenesis and fatty acid 

synthesis (Bellocchio et al., 2008). 

However, the first function of the ECS to be described, and the one most pertinent to this 

doctoral thesis, pertains to its role in the nervous system, where it modulates a wide array of 

neurobiological processes. In a neuronal context, the primary role of eCBs is to modulate synaptic 

transmission. Acting as retrograde messengers, eCBs are released by the post-synaptic neuron 

following depolarization and bind to CB1R located presynaptically, where they suppress 

neurotransmitter release (Castillo et al., 2012) (Box 7). By modulating neuronal activity and 

synaptic transmission across distinct brain regions, the ECS within the nervous system exhibits 

pleiotropic properties, influencing multiple neurobiological functions, including motor control, 

Table 1. Pharmacological profiles and affinity values (Ki) for cannabinoid receptors of main synthetic cannabinoid ligands. 

Ligand Pharmacological profile Ki CB1R (nM) Ki CB2R (nM) Reference 

HU-210 

Non-selective CB1R and CB2R 

0.1 0.2 Rhee et al., 1997 

WIN 55,212-2 4.4 1.2 

Hillard et al., 1999 
CP 55,940 0.5 2.8 

ACEA 
Selective CB1R agonist 

1.4 >2000 

Met-AEA 28.3 868 

HU-308 

Selective CB2R agonist 

>10000 22.7 Hanus et al., 1999 

JWH-133 677 3.4 
Huffman et al., 1999 

JWH-139 2290 14 

SR141716A Selective CB1R antagonist/inverse 

agonist 

1.8 514 Rinaldi-Carmona et al., 1994 

AM-251 7.5 2290 Gatley et al., 1996 

SR144528 Selective CB2R antagonist/inverse 

agonist 

>10000 5.6 Rinaldi-Carmona et al., 1998 

AM-630 5152 31.2 Pertwee et al., 1995 

 

2. 
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nociception, memory and learning, endocrine regulation, emesis, thermoregulation, food intake 

and appetite, sleep, and various emotional and cognitive processes (Table 3). Furthermore, the 

ECS plays a crucial role during brain development, as well as in the survival and integrity of neural 

cells, promoting apoptosis of tumour neural cells, protecting healthy neurons, and facilitating the 

repair of damaged cells. These processes hold therapeutic potential in the context of neurological 

tumours and neurodegenerative diseases. 

Beyond neurons, the eCB signalling system also plays a crucial physiological role in glial cells, 

with key components found in astrocytes, oligodendrocytes, and microglia. Specifically, eCBs and 

cannabinoid receptors modulate the proliferation, differentiation, and survival of glial cells, as well 

BOX 7. Endocannabinoid-mediated signalling 

eCBs modulate synaptic transmission, acting as synaptic messengers. However, unlike neurotransmitters, they 

exert retrograde signalling, from postsynaptic to presynaptic terminals (Figure 14A). This kind of 

communication participates in neuronal plasticity processes, such as depolarization-induced suppression of 

inhibition (Wilson & Nicoll, 2001) and of excitation (Melis et al., 2004), as well as long-term depression at both 

inhibitory and excitatory synapses (Kreitzer & Regehr, 2001). The eCB-mediated retrograde signalling starts with 

the depolarization-induced elevation of cytosolic calcium in the postsynaptic compartment, which activates Ca2+-

sensitive enzymes for eCB synthesis. Once synthesised, eCBs are released into the synaptic cleft, where they move 

backwards and bind to presynaptic cannabinoid receptors, mainly CB1R. Upon activation of CB1R, eCBs suppress 

the release of neurotransmitters via two distinct pathways responsible for short-term and long-term plasticity, 

respectively. Short-term depression involves βγ subunits of Gi protein, which inhibit Ca2+ influx, crucial for 

neurotransmitter release, and enhance K+ efflux, promoting a hyperpolarised state. In contrast, long-term 

depression requires the inhibition of cAMP/PKA pathway via AC inhibition, induced by Gαi (Castillo et al., 2012). 

In line with what was previously mentioned, 2-AG seems to display a pivotal role in this retrograde signalling. 

Paracrine signalling can involve non-neuronal cell types, such as astrocytes (Figure 14B). Since astrocytes 

are part of the tripartite synapse, they are also influenced by eCBs released into the synaptic cleft by neurons. 

When eCBs bind to astrocytic CB1R, they can regulate astrocyte physiology, triggering gliotransmission and 

affecting synaptic function (Oliveira da Cruz et al., 2016). Besides their paracrine action, eCBs can also modulate 

synaptic transmission in an autocrine or non-retrograde manner (Figure 14C). These compounds can interact 

with receptors located postsynaptically, such as TRPV1 or CB1R, resulting in long-lasting forms of synaptic 

inhibition (Bacci et al., 2004; Grueter et al., 2010). 

 

 

 

 

 

Figure 14. Modulation of synaptic transmission by eCBs through (A) retrograde signalling, acting on presynaptic CB1R; (B) 
non-retrograde signalling, acting on postsynaptic receptors, such as CB1R or TRPV1; and (C) neuron-astrocyte signalling, acting 
on astrocytic CB1R. (Adapted from Castillo et al., 2012). Created with BioRender.com. 
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as their specific functions within the CNS. Astrocytes are capable of synthesising their own eCBs 

(Schu le et al., 2021), and astrocytic CB1R participates in processes such as calcium signalling, 

gliotransmission, metabolism, and inflammatory responses (Eraso-Pichot et al., 2023). In 

oligodendrocytes, CB1R and CB2R act synergistically to promote cell survival, proliferation, 

migration, differentiation, and remyelination (Molina-Holgado et al., 2023). Microglial cells 

express low levels of cannabinoid receptors when at rest, but upon stimulation, CB2R expression 

significantly increases, playing a pivotal role in proliferation, migration, and modulation of their 

inflammatory phenotype (see Section 2.4.1 of INTRODUCTION). 

2.4. Neuroprotective actions of cannabinoids 

The involvement of the ECS in multiple neurobiological processes allows it to exert a plethora of 

beneficial effects in different pathological conditions. In fact, five cannabinoid-based drugs have 

already been approved for the treatment of certain symptoms of various pathologies (Box 8). 

However, in the specific context of neurodegenerative diseases, the most relevant function that the 

ECS can exert is the regulation of cellular fate; that is, controlling the homeostasis, integrity and 

Table 3. Main physiological functions of the ECS in the CNS, along with associated locations and their potential therapeutic applications 
in various pathologies. 

 

Process ECS role ECS location Indications Reference 

Motor activity 

Modulates and fine-tunes motor activity, by 

enhancing or suppressing movement, 

depending on the context and the specific 

brain regions involved 

BG and cerebellum 

PD, Huntington’s 

disease, Tourette 

syndrome, 

dyskinesias 

Fernández-

Ruiz et al., 

2011 

Nociception 

Reduces pain perception and 

inflammation, contributing to the body’s 

natural pain-relief mechanisms 

Supraspinal brain 

and spinal areas, 

and 

peripheral sensory 

nerve terminals 

Neuropathic and 

inflammatory pain 

Vučković et al., 

2018 

Memory and 

learning 

Helps with the selective forgetting of 

irrelevant memories, facilitating cognitive 

flexibility and efficient memory processing 

Hippocampus 
Post-traumatic 

stress, AD 

Marsicano & 

Lafenêtre, 

2009 

Neuroendocrine 

response 

Influences hormone secretion, helping to 

maintain homeostasis in response to 

environmental and physiological changes 

Mediobasal 

hypothalamus 
- 

Tasker et al., 

2015 

Emesis 
Acts as a modulator of emesis, helping to 

control nausea and vomiting 
Area postrema 

Nausea and 

vomiting in 

chemotherapy 

patients 

Parker et al., 

2011 

Thermoregulation 

Helps to balance and regulate body 

temperature in response to environmental 

change 

Hypothalamic 

nucleus 
- 

Rawls & 

Benamar, 2011 

Intake and 

appetite 

regulation 

Increases food intake by enhancing the 

sensation of hunger, promoting feed 

behaviour 

Hypothalamic 

nucleus, limbic 

structures 

Obesity, age-

induced anorexia, 

anorexia in cancer 

and HIV/AIDS 

patients 

Tarragon & 

Moreno, 2019 

Sleep behaviour 

Supports the initiation and maintenance of 

sleep, enhancing deep sleep and improving 

overall sleep quality 

Anterior lateral 

hypothalamus 

Sleep disorders, 

insomnia 

Méndez-Díaz 

et al., 2021 

Emotional and 

cognitive 

processes 

Enhances motivation, regulates emotivity 

by helping balance emotional responses, 

exerts anxiolytic effects and plays a key 

role in the reward system, enhancing 

pleasure and reward responses 

Cortex and limbic 

system 

Addiction, 

psychiatric 

disorders 

Martin et al., 

2002 
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survival of neural cells (Garcia-Arencibia et al., 2019). Although this action is not exclusive to 

neural tissue, since neurons are post-mitotic cells and the replacement of new neurons is limited, 

if not null, the cytoprotective effects of ECS have gained more interest in the nervous system. 

Within this system, it has been observed how, in pathological conditions, some elements of the 

ECS can be modified in response to damage to display neuroprotective mechanisms (Bilsland et al., 

2006; Go mez-Ga lvez et al., 2016). Advantageously, neuroprotective properties of cannabinoids 

are pleiotropic, acting synergistically on multiple cytotoxic events that occur simultaneously in 

neurodegenerative disorders, such as neuroinflammation, oxidative stress, excitotoxicity or 

protein aggregation (Ferna ndez-Ruiz et al., 2015) (Figure 15). 

2.4.1. Anti-inflammatory effects 

The anti-inflammatory action of cannabinoids is one of the most well-documented properties of 

these molecules. Their activity is based on simultaneously promoting the production of anti-

inflammatory mediators, such as IL-4 or IL-10, and inhibiting the release of pro-inflammatory 

mediators, such as IL-1β or TNF-α (Benito et al., 2008). In the nervous system, the anti-

inflammatory action promoted by cannabinoids is primarily due to the activation of CB2R on glial 

BOX 8. Cannabinoid-based drug development 

Based on the solid evidence obtained from preclinical and clinical studies, the ECS has been positioned as a 

potential target with pharmacological applications in various pathological contexts. To date, five cannabinoid-

based drugs have been developed, approved and commercialised (Table 4). Some of these are based on 

phytocannabinoids, whereas the active component in others is a synthetic molecule. Although these cannabinoid-

derived drugs are primarily available to address symptoms in different diseases without modifying the 

progression of the pathology, their validation and marketing help foster consensus on their therapeutic efficacy 

and safety, while also mitigating the associated social stigma. 

Table 4. Cannabinoid-derived drugs approved for use in the treatment of various pathologies and symptoms. FDA: Food and Drug 
Administration; EMA: European Medical Agency, 

Drug Active molecule Approved 
Mechanism of 

action 
Indication 

Reference 
(Pubchem) 

Marinol® 
Δ9-THC or dronabinol 

(phytocannabinoid 
from plant extract) 

1985 by FDA 

Partial agonist at 
both cannabinoid 

receptors 

Anorexia associated with weight 
loss in AIDS patients. Nausea and 

vomiting associated with 
chemotherapy in patients who 

have not responded adequately to 
conventional antiemetic 

treatments. 

CID 16078, 
2025 

Cesamet® Nabilone (synthetic) 1981 by EMA 

Nausea and vomiting associated 
with chemotherapy in patients 

who have not responded 
adequately to conventional 

antiemetic treatments. 

CID 5284592, 
2025 

Acomplia® 
SR141716A or 

rimonabant 
(synthetic) 

2006 by EMA, 
withdrawn in 

2008 

Inverse agonist at 
CB1R 

Obesity or overweight with 
associated risk factors, such as 

type 2 diabetes or dyslipidemia; 
in combination with diet and 

exercise. 

CID 104850, 
2025 

Sativex® 
Δ9-THC:CBD (1:1) 

(phytocannabinoids 
from plant extract) 

2017 by EMA 

Partial agonist at 
both cannabinoid 

receptors/negative 
allosteric 

modulator at CB1R 

Spasticity and neuropathic pain in 
multiple sclerosis. 

CID 
44148067, 

2025 

Epidiolex® 
CBD 

(phytocannabinoid 
from plant extract) 

2018 by FDA 
2019 by EMA 

Not fully 
understood, but  

5-HT1A and CB2R 
might be 
involved 

Seizures associated with 
refractory epilepsy in Lennox-
Gastaut syndrome or Dravet 

syndrome; in combination with 
clobazam, for patients aged 2 

years or older. 

CID 644019, 
2025 

 

 

 

mutl 
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cells (see Section 2.1.2 of INTRODUCTION), which undergo up-regulation under pathological 

conditions ranging from neurodegenerative diseases to more acute neural disorders, such as 

ischaemia. This overexpression of CB2R can be interpreted as an endogenous protective response, 

as numerous pharmacological studies have shown that activation of these receptors by different 

cannabinoids promotes anti-inflammatory effects and reduces the presence of neurotoxic factors 

such as TNF-α in preclinical models of AD (Tolo n et al., 2009; Aso et al., 2013), Huntington's 

disease (Palazuelos et al., 2009; Sagredo et al., 2009), PD (Go mez-Ga lvez et al., 2016; Burgaz et al., 

2021b), amyotrophic lateral sclerosis (Espejo-Porras et al., 2018; Rodrí guez-Cueto et al., 2021a), 

and multiple sclerosis (Tiberi et al., 2022); even promoting neuronal survival. Other studies have 

highlighted that activation of CB2R also preserves the function of the BBB in neuroinflammatory 

models, both in vitro (Bullock et al., 2023) and in vivo (Wang et al., 2018). In contrast, genetic 

deletion of CB2R in murine models of these diseases enhances the inflammatory response, leading 

to a global worsening of the pathology (Palazuelos et al., 2009; Garcí a et al., 2011; Rodrí guez-

Cueto et al., 2021b). It is important to note that although CB2R is primarily expressed in microglia, 

its presence in lymphocytes, macrophages, and neutrophils also contributes to the modulation of 

the inflammatory response (Kasatkina et al., 2021). 

In addition to CB2R, there are other cannabinoid-sensitive receptors capable of regulating 

neuroinflammation. As previously mentioned, the activation of PPAR-γ can regulate immune 

responses by influencing microglial activation and the differentiation of monocytes and 

lymphocytes, blocking the NF-κB, AP-1, and Jak-Stat pathways (Carta et al., 2011). Several 

cannabinoid compounds have demonstrated anti-inflammatory properties as PPAR-γ activators, 

with the phytocannabinoid CBG (Granja et al., 2012) and its synthetic derivative VCE-003.2 

(Burgaz et al., 2019) standing out. GPR55 is also gaining relevance as a potential 

immunomodulatory target, as it is highly expressed by microglia (Shen et al., 2022). Moreover, 

microglial depletion attenuates the neuroprotective effects exerted by the activation of this 

Figure 15. Key mechanisms and outcomes of the neuroprotective effects by cannabinoids. The main neuroprotective actions of 
cannabinoids are outlined, highlighting primary targets and receptors (depicted as coloured circles), mechanisms and intracellular 
pathways (represented in grey boxes), and the observed outcomes. Created with BioRender.com. 
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receptor (Kallendrusch et al., 2013). Stimulation of microglial cells by LPS or IFN-γ appears to 

mainly lead to an increase in the expression of this receptor, although downregulations have also 

been observed (Pietr et al., 2009; Gasperi et al., 2013). Several pharmacological studies have 

shown how targeting GPR55, either with agonists or antagonists, leads to a reduction in pro-

inflammatory cytokines and an increase in anti-inflammatory factors, along with morphological 

changes in microglia consistent with an anti-inflammatory phenotype (Celorrio et al., 2017; Hill 

et al., 2019; Wang et al., 2022b; Xiang et al., 2022a). Finally, while its role may be considered 

limited, microglial CB1R also seems to influence the brain’s response to inflammation, although in 

a manner opposite to that of CB2R (De Meij et al., 2021). 

2.4.2. Anti-excitotoxic effects 

Considering the regulatory role of the ECS in synaptic function, which limits neurotransmitter 

release in the synaptic cleft through its retrograde signalling, it is plausible to postulate the 

potential role of cannabinoids in excitotoxicity. Activation of CB1R on presynaptic glutamatergic 

neurons reduces glutamate release, which in turn decreases the activation of postsynaptic NMDA 

receptors, ultimately mitigating neuronal excitotoxicity. The anti-excitotoxic action of CB1R 

agonists has been demonstrated both in vitro (Abood et al., 2001) and in vivo (Pintor et al., 2006), 

preventing neuronal damage caused by various excitotoxins. This neuroprotective action is lost in 

the presence of CB1R antagonists. Similarly, genetic deletion of the CB1R in murine models with 

excitotoxic damage reinforces the importance of this receptor in the protective effect (Marsicano 

et al., 2003; Chiarlone et al., 2014). 

Within the ECS, other anti-excitotoxic mechanisms exist that are independent of the CB1R. 

Some cannabinoids, such as AEA or HU-211, can act directly on NMDA receptors, blocking them 

(Shohami & Mechoulam, 2000). Additionally, the formation of heteromers between NMDA 

receptors and CB2R in certain neuronal types may help mitigate excitotoxicity by blocking the 

ionotropic function of the former after activation of the latter (Rivas-Santisteban et al., 2021). 

2.4.3. Antioxidant effects 

Another neuroprotective property of cannabinoids lies in their ability to act as antioxidant agents. 

Phytocannabinoids such as CBD and Δ9-THC, as well as synthetic cannabinoids like CP-55,940, can 

act as ROS scavengers by having a phenolic ring structure capable of donating electrons to free 

radicals (Marsicano et al., 2002). However, in addition to this receptor-independent mechanism, 

some cannabinoids can combat oxidative stress by modulating signalling pathways that regulate 

antioxidant responses; for instance, the activation of PPARγ and Nrf2 (Gugliandolo et al., 2018). 

Studies have shown that CBD can induce both transcription factors, which cooperate reciprocally 

to control the expression of antioxidant enzymes, such as catalase, glutathione S-transferase, and 

manganese-dependent superoxide dismutase (Atalay et al., 2019). This phytocannabinoid can 

also reduce oxidative stress by decreasing the expression of enzymes such as cyclooxygenase 2 

(COX-2) and iNOS (Castillo et al., 2010; Chen et al., 2016). Regarding cannabinoid receptors, it has 
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been reported that CB1R and CB2R can differentially modulate ROS production in macrophages, 

increasing it or decreasing it, respectively, to modulate inflammatory responses (Han et al., 2009). 

2.4.4. Pro-autophagic effects 

The benefits of cannabinoids in inducing autophagy have been well established in cancer models, 

where they exert antineoplastic effects by promoting autophagic cell death in tumour cells. This 

pro-autophagic activity appears to be mediated by the activation of both CB1R and CB2R (Salazar 

et al., 2009; Velasco et al., 2016; Mao et al., 2019; Ellert-Miklaszewska et al., 2021). However, the 

role of cannabinoid-induced autophagy in other cellular contexts, such as neurodegeneration, 

where protein aggregation is a common feature, remains less understood. Only a few studies have 

investigated the modulation of autophagy by cannabinoids in neurodegenerative disease models. 

For instance, administration of Sativex®, a 1:1 mixture of Δ⁹-THC and CBD, in a complex tauopathy 

model induced autophagy, as observed with decreased p62 levels, increased LC3-II/LC3-I ratio, 

and elevated Beclin-1 levels. This resulted in a reduction in tau and amyloid deposition in the 

hippocampus and cerebral cortex, as well as an improvement in behavioural symptoms (Casarejos 

et al., 2013). To identify specific targets, subsequent studies employed selective agonists to 

examine the contribution of each cannabinoid receptor. HU-308, a selective CB2R agonist, 

increased autophagy markers (LC3-II/LC3-I ratio, Beclin-1 expression) in a murine model of 

experimental autoimmune encephalomyelitis, whereas opposite effects were observed following 

genetic deletion of the CB2R, confirming the role of this receptor in modulating autophagy (Shao 

et al., 2014). Consistent results were observed in a murine PD model where HU-308 normalised 

lysosomal marker LAMP-1 (Lysosomal-Associated Membrane Protein 1) levels (Palomo-Garo et al., 

2016). Regarding the CB1R, in vitro studies have highlighted its role in inducing autophagy and 

restoring α-syn levels after overexpression in a neural cell line (Erustes et al., 2024). Moreover, 

recently published data from our laboratory demonstrate that ACEA, a selective CB1R agonist, 

induces autophagy, as evidenced by an increased LC3-II/LC3-I ratio, as well as a reduction in 

aggregation markers such as ubiquitin, p62, and TDP-43, in a mouse model of frontotemporal 

dementia (Gonzalo-Consuegra et al., 2024). Collectively, these findings underscore the 

involvement of CB1R and CB2R in cannabinoid-induced autophagy, highlighting the potential of 

the ECS to target and remove pathological protein aggregates in neurodegenerative disorders. 

2.5. Endocannabinoid system and cannabinoids in Parkinson’s disease 

Across the basal ganglia, the components of the ECS are highly expressed. CB1R is found on striatal 

GABAergic projection neurons, as well as on subthalamonigral and corticostriatal glutamatergic 

neurons (Ferna ndez-Ruiz, 2009). Nigrostriatal dopaminergic neurons are likely devoid of CB1R. 

By contrast, these TH-positive neurons express CB2R and TRPV1 (Ferna ndez-Ruiz, 2009; Garcí a 

et al., 2015; Sierra et al., 2015). Although CB2R is predominantly found in glial cells, particularly 

in reactive states (Ferna ndez-Ruiz, 2009), specific neuronal subpopulations within the basal 

ganglia have also been reported to express CB2R, such as pallidothalamic GABAergic neurons 

(Lanciego et al., 2011). Regarding other cannabinoid-sensitive receptors, their expression profiles 
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within the basal ganglia remain less well characterised. For example, GPR55 has been detected in 

MSNs of the striatum and GPe, as well as in the STN and SN (Celorrio et al., 2017; Sa nchez-Zavaleta 

et al., 2022), even though further studies are necessary to validate this. 

During the progression of PD, ECS components within the basal ganglia may undergo dynamic 

changes in their expression and/or localization. These alterations can reflect both pathological 

processes and compensatory protective mechanisms, evolving alongside disease progression. This 

section will discuss the observed modifications in ECS elements and the available evidence 

supporting their potential as therapeutic targets in PD. 

2.5.1. Cannabinoid type-1 receptor in Parkinson’s disease 

The CB1R exhibits dynamic dysregulation in PD. In post-mortem patient tissues and experimental 

models, CB1R upregulation in striatal neurons is consistently observed during intermediate to 

advanced stages, coinciding with the onset of bradykinesia and widespread neurodegeneration 

(Lastres-Becker et al., 2001; Garcí a-Arencibia et al., 2009a). However, prior to this upregulation, 

CB1R appears to undergo desensitization or downregulation at early, presymptomatic stages, as 

neuronal dysfunction begins. This biphasic pattern has been identified in genetic (Garcí a-

Arencibia et al., 2009b) and neurotoxin-based models (Lastres-Becker et al., 2001; Walsh et al., 

2010; Binda et al., 2023). In vivo positron emission tomography studies have further confirmed 

region-specific CB1R alterations in patients (Van Laere et al., 2012; Ajalin et al., 2022). More 

recently, the downregulation of the CB1R has been linked to gait disturbances, postural instability, 

and rigidity in PD patients (Ajalin et al., 2024). 

2.5.2. Cannabinoid type-2 receptor in Parkinson’s disease 

The CB2R undergoes distinct alterations in PD, depending on its cellular localization. In glial cells, 

including astrocytes and microglia at lesion sites, CB2R levels are elevated. This upregulation has 

been observed in the SN of post-mortem PD patients (Go mez-Ga lvez et al., 2016; Navarrete et al., 

2018) and in animal models exposed to neurotoxins, such as MPTP, rotenone, or LPS (Price et al., 

2009; Garcí a et al., 2011; Concannon et al., 2016; Go mez-Ga lvez et al., 2016; Navarrete et al., 

2018). While similar responses have been noted in 6-OHDA-lesioned rats (Concannon et al., 2015), 

findings in this model remain inconsistent (Go mez-Ga lvez et al., 2016). In contrast, neuronal 

expression of this receptor decreases, reflecting dopaminergic pathway degeneration where 

receptor presence is detected even in healthy controls (Garcí a et al., 2015; Sierra et al., 2015). 

However, this decline extends to other neuronal populations within the basal ganglia such as 

pallidothalamic neurons (Lanciego et al., 2011). 

2.5.3. Endocannabinoids in Parkinson’s disease 

Changes in eCBs levels, in parallel WITH their inactivating enzymes FAAH and MAGL, have been 

robustly reported in PD. Elevated AEA levels have been detected in CSF from patients (Pisani et al., 

2010) and in the striatum of rodents with 6-OHDA lesions (Gubellini et al., 2002). Analogously, 

increases in 2-AG were detected in reserpine-treated rats (Di Marzo et al., 2000) and MPTP-
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lesioned marmosets (Van der Stelt et al., 2005). These alterations appear to partially recover after 

chronic L-DOPA therapy (Maccarrone et al., 2003), and correlate with fluctuations in eCB-

inactivating enzymes. FAAH levels are reduced in the striatum of 6-OHDA-lesioned rodents 

(Gubellini et al., 2002), while MAGL expression decreases in the SN but rises in the putamen of 

patients (Navarrete et al., 2018). Moreover, loss-of-function mutations in DAG lipase β, involved 

in synthesising 2-AG, have been linked to early-onset PD in a Chinese cohort (Liu et al., 2022). The 

overall increase in eCB tone is considered an endogenous protective mechanism, as blocking eCB 

degradation mitigates disease progression and symptoms (Maccarrone et al., 2003; Ferna ndez-

Sua rez et al., 2014) (see Section 2.2.3 of INTRODUCTION). 

2.5.4. Atypical cannabinoid receptors in Parkinson’s disease 

Other receptors such as PPARγ and GPR55 can also be targeted by cannabinoids. While no 

alterations have been observed in PPARγ, evidence regarding changes in GPR55 remains limited. 

In the striatum of 6-OHDA-lesioned mice, GPR55 expression appears unchanged; in contrast, a 

marked downregulation was reported in LPS-lesioned mice (Burgaz et al., 2021c). Similarly, 

MPTP-treated mice exhibited reduced striatal GPR55 expression, though no changes were 

detected in dopaminergic neurons of the SN (Celorrio et al., 2017).  In macaques exposed to MPTP, 

heteromers involving cannabinoid receptors and GPR55 increased in the striatum and nucleus 

accumbens, returning to baseline levels upon chronic treatment with L-DOPA in dyskinetic 

animals (Martí nez-Pinilla et al., 2020). Human data are more scarce, but a relatively recent study 

reported reduced GPR55 expression in both direct and indirect pathway MSNs, consistent with 

findings from murine MPTP and LPS models (Hewer et al., 2023). Nonetheless, further studies are 

needed to validate and expand upon these observations. 

2.5.5. Preclinical evidence of cannabinoid therapeutics in Parkinson’s disease 

Identifying the alterations in ECS components during PD progression is crucial for developing 

effective cannabinoid-based pharmacological strategies in preclinical research. Numerous studies 

have explored ECS modulation as a therapeutic approach for PD, underscoring the complexity of 

this system and the variability of its responses, which depend heavily on cellular context, disease 

state, and the specific experimental models used to replicate PD pathology. 

Since 2003, multiple studies have demonstrated the neuroprotective effects of 

phytocannabinoids such as CBD, Δ9-THC and Δ9-THCV, highlighting their ability to improve motor 

function, preserve dopaminergic neurons, and reduce oxidative stress and inflammation (Lastres-

Becker et al., 2005; Garcí a-Arencibia et al., 2007; Garcí a et al., 2011). Extensive research on CBD 

has emphasised its antioxidant properties, not only as a ROS scavenger but also through Nrf2 

signalling (Talebi et al., 2023). Recent findings have confirmed these benefits in 6-OHDA-lesioned 

rodents (De Mattos et al., 2024) and paraquat-based in vitro models (Mendivil-Perez et al., 2023). 

However, in MPTP models, the efficacy of CBD remains debated. While initial studies showed 

limited effects (Celorrio et al., 2017), subsequent research reported improvements in motor 

function and inflammation (Wang et al., 2022c). Beyond its antioxidant role, CBD can also prevent 
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apoptosis by downregulating Bax and caspase 3, implicating the Akt/mTOR pathway (Gugliandolo 

et al., 2020), and inhibit GSK-3β, activating WNT/β-catenin signalling (Iuvone et al., 2009; Berwick 

& Harvey, 2012; Valle e et al., 2021). 

In addition to CBD, the phytocannabinoid Δ9-THCV has also emerged as a potential PD therapy 

due to its dual activity at CB1R, acting as an antagonist at low doses and an agonist at higher 

concentrations (>5 mg/kg) (Thomas et al., 2005; Pertwee, 2008; Garcí a et al., 2011), while 

consistently functioning as a CB2R agonist (Garcí a et al., 2011). Thus, on the one hand, through 

CB1R antagonism, Δ9-THCV alleviates hypokinetic symptoms in 6-OHDA-lesioned mice (Garcí a 

et al., 2011) and reduces L-DOPA-induced dyskinesia (Espadas et al., 2020). On the other hand, its 

CB2R agonism confers neuroprotection, particularly in inflammatory models, where Δ9-THCV 

reversed LPS-induced neuroinflammation and dopaminergic neuron loss (Go mez-Ga lvez et al., 

2016). 

CB1R antagonists have demonstrated efficacy in alleviating hypokinetic symptoms, enhancing 

the effects of dopaminergic agonists (Cao et al., 2007), but also mitigating dyskinesia following 

prolonged L-DOPA treatment (Gutie rrez-Valdez et al., 2013). Conversely, CB1R agonists have 

shown potential in reducing tremors (San udo-Pen a et al., 1998) and alleviating dyskinetic 

movements (Morgese et al., 2007; Pe rez-Rial et al., 2011), despite concerns about exacerbating 

bradykinesia and motor deficits (Garcí a-Arencibia et al., 2007; Chung et al., 2011). This duality 

initially raised doubts about the feasibility of targeting CB1R as a neuroprotective strategy in PD 

(Ferna ndez-Ruiz, 2009). However, studies in CB1R-deficient mice revealed heightened 

susceptibility to 6-OHDA-induced lesions, suggesting a protective role for CB1R activity in slowing 

disease progression (Pe rez-Rial et al., 2011). Recent in vitro findings reinforce this perspective, 

demonstrating CB1R involvement in regulating autophagy and lysosomal pathways, facilitating 

the removal of damaged organelles and protein aggregates in neurons exposed to parkinsonian 

toxins (Gugliandolo et al., 2023). These insights highlight the complex role of CB1R in PD, 

indicating that therapeutic outcomes may hinge on receptor state, dosage, and disease stage. 

Inhibition of FAAH and MAGL, which elevates eCB levels, offers another approach targeting 

CB1R and to a lesser extent other receptors (CB2R, PPARs). FAAH inhibition has shown 

neuroprotection in 6-OHDA-lesioned rats (Maccarrone et al., 2003) and MPTP models (Celorrio 

et al., 2016), while also mitigating L-DOPA-induced dyskinesia through CB1R activation (Solinas 

et al., 2006). Similarly, MAGL blockade demonstrated protective effects in MPTP-lesioned mice 

(Ferna ndez-Sua rez et al., 2014), highlighting the therapeutic potential of sustaining eCB tone to 

counteract neurodegeneration and motor complications in PD. 

Regarding the CB2R, its activation appears to be a promising therapeutic strategy, as CB2R-

deficient mice exhibit worsened pathology (Go mez-Ga lvez et al., 2016; Zhu et al., 2023), while 

CB2R-overexpressing mice demonstrate increased resilience to parkinsonian neurotoxins 

(Ternianov et al., 2012). Selective CB2R agonists, including phytocannabinoids like β-

caryophyllene and synthetic compounds (HU-308, JWH-133), have consistently shown potential 
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in reducing neuroinflammation and gliosis across PD models involving mitochondrial dysfunction 

(Price et al., 2009; Javed et al., 2016; Shi et al., 2017; Viveros-Paredes et al., 2017; Yu et al., 2021; 

Liu et al., 2024) or proinflammatory insult (Garcí a et al., 2011; Go mez-Ga lvez et al., 2016). In vitro 

studies implicate the PI3K/Akt/Nrf2 pathway in cannabinoid-induced microglial polarization 

towards an anti-inflammatory phenotype (Wang et al., 2023b). Additionally, CB2R agonism 

appears to regulate inflammation by promoting the attenuation of NLRP3 in MPTP-lesioned mice, 

presumably mediated by facilitating the degradation of this inflammasome component through 

the autophagy-lysosome pathway (Zhu et al., 2023). CB2R activation has also demonstrated 

neuroprotection against iron toxicity, reducing behavioural deficits and iron accumulation in 6-

OHDA-lesioned mice (Liu et al., 2024), potentially through antioxidant mechanisms (Parlar et al., 

2018). Beyond mitigating inflammation, the benefits of CB2R targeting extend to the clearance of 

pathogenic proteins, by enhancing autophagic and phagocytic processes. HU-308, for instance, 

reversed motor deficits and improved autophagy in LRRK2G2019S mice (Palomo-Garo et al., 2016). 

Conversely, CB2R ablation or inverse agonism promotes a phagocytic profile in microglial and 

peripheral immune cells, contributing to reduce the toxicity of α-syn aggregates by facilitating 

their removal (Feng et al., 2023; Joers et al., 2024). These findings need to be reconciled with 

evidence that CB2R deletion in PD models heightens microglial activation and exacerbates 

neuropathological and motor deficits (Go mez-Ga lvez et al., 2016; Komorowska-Mu ller & Schmo le, 

2020). Regarding CB2R localization, a recent study confirmed that the neuroprotective effects of 

CB2R agonists in experimental parkinsonism are mediated by central receptors (neurons, 

astrocytes, microglia), rather than peripheral receptors on immune cells (Ayerra et al., 2024). 

Lastly, non-canonical cannabinoid receptors have emerged as promising targets for 

neuroprotection in PD. One notable example is VCE-003.2, a CBG quinone derivative that has 

demonstrated neuroprotective potential by acting as a partial agonist of PPARγ without engaging 

CB1R/CB2R (Dí az-Alonso et al., 2016; Aguareles et al., 2019). This synthetic cannabinoid 

effectively mitigates inflammation, mitochondrial dysfunction, oxidative stress, and α-syn 

dysregulation across various PD models, targeting critical pathogenic pathways (Garcí a et al., 

2018; Burgaz et al., 2019; 2021a; 2024). In vitro studies confirm its cytoprotective properties, 

identifying interactions with an alternative site on the PPARγ receptor distinct from the glitazone-

binding domain (Burgaz et al., 2021a). Notably, VCE-003.2 demonstrated superior efficacy 

compared to L-DOPA in preclinical studies and is progressing to clinical trials as EHP-102 

(Rodrí guez-Carreiro et al., 2023). 

Another non-canonical target, GPR55, has also garnered attention in PD research. VCE-006.1, a 

chromenopyrazole derivative, selectively modulates GPR55 as a biased orthosteric and positive 

allosteric modulator, with no activity at CB1R/CB2R (Morales et al., 2016; Burgaz et al., 2021c). 

VCE-006.1 exhibits neuroprotective effects by reducing inflammation and preserving 

dopaminergic neurons in 6-OHDA-lesioned mice and SH-SY5Y cell models (Burgaz et al., 2021c). 

Nonetheless, further preclinical studies employing various GPR55-targeting compounds both in 

vivo and in vitro PD models have yielded results that are frequently contradictory or inconsistent. 
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Thus, a considerable number of studies have reported that both agonists and antagonists of GPR55 

elicit comparable effects on motor performance, neuroprotection, and anti-inflammatory 

outcomes across diverse models (Celorrio et al., 2017; Fatemi et al., 2021; Patricio et al., 2022; Sun 

et al., 2024). This apparent duality underscores the pharmacological complexity of GPR55 in the 

context of PD. The use of GPR55-deficient mice, as previously employed in other models of 

neurodegeneration and brain injury (Sisay et al., 2013; Gajghate et al., 2024), might help to more 

precisely determine the most suitable direction of GPR55 pharmacological modulation for PD. 

2.5.6. Clinical evidence of cannabinoid therapeutics in Parkinson’s disease 

Cannabinoids have also been evaluated in clinical trials as a potential therapy for PD, though most 

studies have focused on alleviating specific motor and non-motor symptoms rather than affecting 

disease progression. Overall, these trials indicate that cannabinoids are generally safe and well-

tolerated, with only mild adverse effects, but their efficacy remains inconsistent (Varshney et al., 

2023; Hafida et al., 2024). For instance, CB1R blockade failed to reduce bradykinesia (Mesnage 

et al., 2004), while CB1R activation was explored for tremor control with mixed outcomes 

(Frankel et al., 1990). Also, both CB1R agonists and antagonists have been investigated for 

mitigating L-DOPA-induced dyskinesia, yielding variable outcomes (Sieradzan et al., 2001; Carroll 

et al., 2004; Fox et al., 2006; Junior et al., 2020). Other trials have addressed non-motor symptoms 

using mainly CBD or nabilone (Zuardi et al., 2009; Chagas et al., 2014a; 2014b; Peball et al., 2020; 

2022). Additionally, observational studies suggested medicinal cannabis may reduce motor 

symptoms, like tremor, dystonia, rigidity, and bradykinesia, as well as non-motor issues, such as 

sleep disturbances, depression, or pain (Lotan et al., 2014; Balash et al., 2017; Kindred et al., 2017; 

Shohet et al., 2017; Aladeen et al., 2023), without worsening neuropsychiatric symptoms or 

accelerating disease progression (Goldberg et al., 2003; Domen et al., 2023). However, given the 

ongoing controversy surrounding these results, future efforts should prioritize larger, long-term 

randomised clinical trials to enhance study quality and reliability. 
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While PD remains without a cure, pharmacological research continues to pursue effective 

strategies to manage disease progression and improve patients’ quality of life. Among the various 

therapeutic avenues currently under investigation, the ECS, through modulation by cannabinoids, 

emerges as a particularly attractive option, due to its neuroprotective potential and pleiotropic 

nature, which may help counteract the complex and multifactorial nature of PD pathophysiology.  

The central hypothesis of the present doctoral thesis is that the ECS and cannabinoids will 

provide novel and unexplored strategies that hold promise as neuroprotective and disease-

modifying approaches for PD. Although the benefits of cannabinoids have been extensively studied 

in this and other neurodegenerative disorders, novel approaches have yet to be explored, 

especially in certain in vitro and in vivo models of neurodegeneration. This could potentially open 

new therapeutic opportunities, ultimately leading to meaningful clinical outcomes. 

Building upon this initial hypothesis, the overarching aim of the present project is to 

contribute to the development of cannabinoid-based pharmacological therapies for PD by 

investigating novel strategies involving cannabinoids, the ECS, or related molecular targets 

through comprehensive preclinical evaluation. This evaluation will focus on assessing the 

potential neuroprotective and anti-inflammatory effects of the selected approaches, employing a 

range of in vitro and in vivo models that collectively recapitulate key pathological features of the 

disease, including mitochondrial dysfunction, oxidative stress, neuroinflammation, and α-syn 

dysregulation. Furthermore, the project aims to deepen our understanding of the role of the ECS 

and related pathways in PD pathophysiology, thereby providing a mechanistic foundation for 

future therapeutic interventions. 

With regard to the cannabinoid-based strategies explored, the overall aim of this project can be 

divided into three specific objectives, each of which will be presented in a separate chapter: 

1. To evaluate the CB1R activation and the role of its interactor BiP in a proteinopathic context 

driven by localised α-syn overexpression in vivo. 

2. To investigate the role of GPR55 as a novel pharmacological target in PD using two murine 

models of proteinopathy and mitochondrial dysfunction. 

3. To assess the pharmacological potential of the (+)-trans-enantiomeric series of CBD and 

four analogues in inducing anti-inflammatory and neuroprotective effects, both in vitro and 

in vivo.
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CHAPTER 1. CANNABINOID TYPE-1 RECEPTOR IN α-SYNUCLEIN 

DYSREGULATION 

1.1. Experimental animals  

Male C57BL/6 mice, 6 to 8 months old, were employed throughout the experiments, including WT 

animals and Hspa5+/- heterozygous mice for the chaperone BiP (Jackson Laboratories, Bar Harbor, 

ME, USA). The BiP-deficient mice were generated by targeted excision of exons 5 to 7, encoding 

part of the ATPase domain. During breeding and experiments, mice were housed in a room with a 

controlled 12-hour light/dark photoperiod (lights on from 08:00 to 20:00), temperature (22 ± 

1°C) and humidity (60%), with standard rodent chow and water provided ad libitum. All 

experiments were conducted according to national and European guidelines (RD 53/2013 and 

Directive 2010/63/EU, respectively), as well as following the ARRIVE guidelines and approved by 

the Animal Welfare Ethics Committee of the Complutense University of Madrid (ref. PROEX 

201.8/22). All efforts were made to minimise animal pain and discomfort, and to reduce the 

number of experimental animals. 

1.2. Genotyping 

The identification of animal genotypes was achieved through polymerase chain reaction (PCR) 

using genomic DNA extracted from mouse tail and/or ear biopsies. Genomic DNA extraction and 

amplification were carried out using the REDExtract-N-AmpTM Tissue PCR Kit (Sigma-Aldrich, 

Madrid, Spain), according to the manufacturer’s instructions. PCR products were separated 

through electrophoresis on 2% agarose gels and visualised using GelRed (Biotium, Fremont, CA, 

USA). The sequences of the primer pairs, PCR conditions and the expected band patterns on 

agarose gel are detailed in Table 5.  

 

Table 5. Primers sequences and PCR conditions used for the genotyping of BiP-deficient mice. 

Hspa5 

Primer  

Sequences 

(5’ → 3’) 

Common Forward CTG GCA CTA TTG CTG GAC TG 

Wild-type Reverse TCA ATC CTT GCT TGA TGC TG 

Mutant Reverse TTT GTT AGG GGT CGT TCA CC 

PCR conditions 

Step Temperature (°C) Time 

1 94 2 min 

2 94 20 s 

3 65 15 s 

4 68 10 s 

5 Repeat steps 2-4 for 10 cycles (-0.5°C per cycle at step 3) 

6 94 15 s 

7 60 15 s 

8 72 10 s 

9 Repeat 6-8 for 28 cycles 

10 72 5 min 

Expected 

results 

Hspa5+/+ Hspa5+/- Hspa5-/- 

458 bp  

band 
458 bp and 250 bp bands Non viable 
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1.3. Surgical stereotaxic intervention 

Mice were anaesthetised by i.p. injection of ketamine (40 mg/kg) and xylazine (4 mg/kg) and 

placed into the stereotaxic apparatus (RWD Life Sciences, Shenzhen, China), in which they 

remained for the duration of the surgery. Animals were subjected to unilateral injections of viral 

particles carrying the mutated SncaA53T gene (AAV9-α-synA53T; kindly provided by Dr. Lanciego 

from CIMA, University of Navarra, Spain), leading to proteostasis dysregulation and local α-syn 

accumulation. One microlitre of viral suspension (containing 5×1012 genome copies (GC)/mL and 

formulated in 0.1 M phosphate-buffered saline (PBS), pH 7.4, supplemented with 200 mM NaCl 

and 0.001% pluronic F-68) was injected stereotaxically into the right SN. The suspension was 

injected at a rate of 0.2 μL/min, using the following coordinates: –2.5 mm (anteroposterior, AP), –

1.4 mm (mediolateral, ML), and –4.5 mm (dorsoventral, DV), as previously described (Lastres-

Becker et al., 2012). Once injected, the needle was left in place for 5 min before being slowly 

removed, thus avoiding reflux and a rapid increase in intracranial pressure. Control animals were 

sham-operated and injected with 1 µL of a viral suspension of AAV9-CMV-null containing the 

equivalent number of viral particles used in lesioned mice, at the same coordinates. 

1.4. Drug preparation and pharmacological treatment 

CB1R-selective agonist ACEA (Tocris, Bristol, United Kingdom) was dissolved in absolute ethanol 

and stored at -20°C under a nitrogen atmosphere to avoid oxidation. Injectable solutions were 

prepared the day of the experiment by further transferring ACEA from ethanol, which was 

evaporated under a stream of nitrogen, to a 1:16 Tween-80:saline solution. All plastic tubes 

employed for drug preparation were previously siliconized with Sigmacote (Sigma-Aldrich, 

Madrid, Spain) to avoid nonspecific adsorption of the cannabinoid to the plastic surface. ACEA-

treated animals received a daily i.p. dose of 1.5 mg/kg for two weeks. The first administration was 

performed approximately 24 h after the stereotaxic surgery, whereas the last injection was 

administered 24 h before behavioural tests. 

1.5. Behavioural assessment 

The lesion induction period was extended to two weeks to ensure sufficient neurodegeneration. 

Following this period, and immediately prior to euthanasia, mice underwent a battery of 

behavioural tests to assess motor performance. Given that the lesions were unilateral, these tests 

were designed to evaluate the resulting hemiparesis. Before testing, mice were acclimatised to the 

testing room for 30 minutes. Efforts were made to maintain low ambient noise levels, and all 

procedures were conducted under blinded conditions. All equipment was thoroughly cleaned with 

70% ethanol between tasks to eliminate residual odours that could affect test performance. 

1.5.1. Cylinder Rearing Test 

Mice were placed in a transparent methacrylate cylinder (15.5 cm in diameter, 12.7 cm in height) 

to quantify forepaw preference (ipsilateral, contralateral or both) during wall-contact rearing 
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movements. A contact was counted whenever the animal placed one or both forepaws on the wall. 

For a subsequent contact to be recorded, the animal had to return its forepaw(s) to the ground. 

Forepaw preference was assessed using the following formula: (number of ipsilateral contacts – 

number of contralateral contacts)/total number of contacts, with the latter including those in 

which both paws contacted the wall simultaneously. Each score was derived from a 3-minute trial. 

Data were normalised to the control, sham-operated group and expressed as mean ± standard 

error of the mean (SEM). 

1.5.2. Elevated-body Swing Test 

Mice were suspended by the tail in a head-downward position, approximately 15 cm above the 

surface, along a vertical axis to assess side preference (ipsilateral or contralateral) during swing 

movements. A swing was recorded whenever the animal moved its head laterally away from the 

vertical axis. For a subsequent swing to be counted, the animal had to return to the vertical 

position. Preference was expressed as a score calculated using the following formula: (number of 

swings to the ipsilateral side – number to the contralateral side)/total number of swings. Each 

score was obtained from a 1-minute trial. Data were expressed as mean ± SEM. 

1.6. Sacrifice and animal sampling 

Following behavioural testing, animals were humanely euthanised by rapid decapitation, and their 

brains were promptly extracted and bisected coronally using a slicer (Ted Pella, Redding, CA, USA). 

The posterior portion, containing the SN, was fixed in freshly prepared 4% paraformaldehyde in 

0.1 M PBS, pH 7.4, for 24 h at 4°C, followed by cryoprotection in 30% sucrose solution for at least 

48 hours at 4°C. Tissues were subsequently frozen in dry ice–cooled isopentane and stored at              

–80°C for later immunohistochemical analysis. The anterior portion, containing the caudate-

putamen nuclei, was rapidly dissected to isolate the striatum from both hemispheres. The striata 

were immediately frozen in dry ice–cooled isopentane and stored at –80°C for subsequent reverse 

transcription quantitative PCR (RT-qPCR) analysis. 

1.7. Immunohistochemical proceedings 

The fixed-frozen brain halves were sectioned coronally into 30 μm-thick slices encompassing the 

SN using a cryostat (Leica CM3050, Leica, Wetzlar, Germany). Sections were collected in an 

antifreeze solution (glycerol/ethylene glycol/PBS; 2:3:5) and stored at –20 °C until required. 

1.7.1. 3,3'-Diaminobenzidine immunostaining 

Sections were mounted on gelatin-coated slides and, once adhered, washed with 0.1 M potassium 

phosphate-buffered saline (KPBS), pH 7.4, and permeabilised with KPBS containing 0.1% Triton 

X-100. Endogenous peroxidase activity was then blocked by incubation for 30 min at room 

temperature with a peroxidase blocking solution (Dako Cytomation, Glostrup, Denmark). After 

several washes with KPBS, sections were incubated overnight at 4 °C with the primary antibody 
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(Table 6), prepared in KPBS containing 0.1% Triton X-100 and 2% bovine serum albumin (BSA; 

Sigma-Aldrich, Madrid, Spain). Subsequently, sections were washed in KPBS and incubated for 1 h 

at room temperature with the appropriate biotinylated secondary antibody (Table 6). The avidin–

biotin complex (Vector Laboratories, Burlingame, CA, USA) and 3,3′-diaminobenzidine substrate–

chromogen system (Dako Cytomation) were used to produce the visible reaction product. Finally, 

sections were dehydrated and mounted using a synthetic non-aqueous mounting medium (DPX 

new; Sigma-Aldrich, Madrid, Spain). Negative control sections were processed in parallel using the 

same protocol, omitting the primary antibody. A Leica DMRB microscope equipped with a 

DFC300FX camera (Leica, Wetzlar, Germany) was used for image acquisition. Quantification of 

immunostaining intensity was performed using the NIH ImageJ software (NIH, Bethesda, MD, 

USA), analysing 4–5 sections per animal, spaced approximately 200 μm apart and examined using 

a 10× objective. In all cases, the region of interest was the SN. Data were expressed as mean ± SEM. 

1.7.2. Fluorescence immunostaining 

Sections were mounted on gelatin-coated slides and, once adhered, were washed with 0.25 M Tris-

buffered saline (TBS) or phosphate-buffered saline (PBS), pH 7.5, and permeabilised with 

TBS/PBS containing 0.1% Triton X-100. After additional washes with TBS/PBS, sections were 

incubated overnight at 4 °C with the primary antibody (Table 6), prepared in TBS/PBS containing 

0.1% Triton X-100 and 2% BSA (Sigma Chem., Madrid, Spain). Subsequently, sections were washed 

again with TBS/PBS and incubated with the corresponding fluorophore-conjugated secondary 

antibody (Table 6) for 2 h at 37 °C. The nuclear stain Hoechst (Invitrogen, Thermo Fisher 

Scientific, Waltham, MA, USA) was used to facilitate the identification of cell bodies under the 

microscope. Finally, preparations were mounted in an aqueous fluorescent mounting medium 

(Dako, Carpinteria, CA, USA). Negative control sections were processed in parallel using the same 

protocol, omitting the primary antibody. An Imager.M2 upright microscope and an Axiocam 705 

mono camera (Zeiss, Oberkochen, Germany) were used for slide observation and image 

acquisition. Quantification of immunostaining was performed as described in the previous section. 

Data were expressed as mean ± SEM. 

1.8. Reverse transcription quantitative polymerase chain reaction 

Fresh-frozen striata were processed to perform RT-qPCR assays for the analysis of gene 

expression. Total RNA was extracted and purified from the biological samples using TRIzol® 

reagent (Sigma-Aldrich, Madrid, Spain). The RNA concentration was quantified 

spectrophotometrically at 260 nm, and its purity assessed by calculating the absorbance ratio at 

260/280 nm. To eliminate genomic DNA contamination, total RNA was treated with a DNA 

removal step prior to reverse transcription. Complementary DNA (cDNA) was synthesised from 

0.5–1 μg of total RNA using a commercial reverse transcription kit (Qiagen, Venlo, The 

Netherlands). The resulting cDNA was stored at –20 °C until PCR amplification. 
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RT-qPCR assays were conducted using the FastStart Universal Probe Master (ROX) kit (Roche, 

Basel, Switzerland) to quantify gene expression, employing gene-specific TaqMan probes (Applied 

Biosystems, Foster City, CA, USA) as listed in Table 7. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as an endogenous control gene for normalisation. PCR amplification was 

performed on a 7300 Fast Real-Time PCR System, and the threshold cycle (Ct) values were 

obtained using the accompanying software. Relative gene expression was calculated using the         

2–ΔΔCt method. Data were normalised to the sham-operated group, expressed as mean ± SEM, and 

visualised using a heatmap. 

1.9. Statistical analysis 

Statistical analyses were performed using GraphPad Prism® software (version 8.0 for Windows; 

GraphPad Software Inc., San Diego, CA, USA). Data were assessed for normality using the Shapiro-

Wilk test and analysed accordingly with one-way or two-way ANOVA, followed by Tukey’s multiple 

comparison test where appropriate (see figure legends for specific tests). Statistical significance 

was set at p-value lower than 0.05, with significance levels indicated as follows: *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. 

Table 6. Primary and secondary antibodies used in immunohistochemical assays (Chapter 1). 

 

Primary antibodies 

Antibody Host Dilution Company Reference 

Anti-GFAP rabbit 1:200 Dako Z0334 

Anti-Iba1 rabbit 1:500 Wako Chemicals 019-19741 

Anti-TH rabbit 1:200 MilliporeSigma AB152 

Anti-CD68 rat 1:200 AbD Serotec MCA1957 

Anti-α-syn rabbit 1:2000 Santa Cruz Biotechnology sc-53955 

Anti-LAMP1 rat 1:200 Developmental Studies Hybridoma Bank 1D4B 

Secondary antibodies 

Antibody Host Dilution Company Reference 

Biotinylated anti-rabbit goat 1:200 MilliporeSigma B8895 

Biotinylated anti-rat donkey 1:200 MilliporeSigma AP189B 

AlexaFluor 488 anti-rabbit donkey 1:200 Invitrogen A21206 

AlexaFluor 564 anti-rat goat 1:200 Invitrogen A11081 

Table 7. TaqMan primers used in real-time qRT-PCR assays (Chapter 1). 

Gene Protein Applied Biosystems reference 

Ifng IFN-γ Mm01168134_m1 

Il1b IL-1β Mm00434228_m1 

Cnr1 CB1R Mm00432621_s1 

Gpr55 GPR55 Mm02621622_s1 

Drd1 D1 dopamine receptor Mm01353211_m1 

Drd2 D2 dopamine receptor Mm00438545_m1 

Ppp1r1b DARRP32 Mm00454892_m1 

Atg7 Atg7 Mm00512209_m1 

Sqstm1 p62 Mm00448091_m1 

Becn1 Beclin1 Mm01265461_m 

Hspa5 BiP Mm00517691_m1 

Hsp90b1 Hsp90b1 Mm00441926_m1 

Ddit3 Ddit3 Mm00492097_m1 

Gapdh GAPDH Mm99999915_g1 
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CHAPTER 2. G PROTEIN-COUPLED RECEPTOR 55 AND PARKINSON’S 

DISEASE 

2.1. Post-mortem human samples 

Freshly-frozen post-mortem brain tissue samples from healthy controls and patients with PD, 

provided by the Biobank of Hospital Universitario Fundacio n Alcorco n (Madrid, Spain) and the 

Banco de Tejidos Neurolo gicos del Instituto de Neurociencias de Castilla y Leo n (BTN-INCYL; 

Madrid, Spain), were used to evaluate GPR55 gene expression in the midbrain and caudate-

putamen nuclei. Relevant patient data are summarised in Table 8. 

All procedures involving human-derived samples were conducted in accordance with the 

ethical guidelines established by RD 1716/2011 and approved by the institution’s research 

committee. In all cases, informed consent was obtained from the donor or their legal guardian. 

2.2.  Experimental animals  

Female and male B6;129S5 mice aged 4–8 months were used throughout the experiments, 

including WT animals and those homozygous for GPR55 deficiency (Gpr55-/-) (Taconic 

Biosciences, Rensselaer, NY, USA). The GPR55-deficient mice were generated by deletion of exon 

2, which contains the entire coding sequence. The same housing conditions and legislation (ref. 

PROEX 201.8/22) described in section 1.1 of the MATERIALS AND METHODS were followed. 

2.3. Genotyping 

The identification of animal genotypes was performed by PCR using genomic DNA extracted from 

mouse tail and/or ear biopsies. Genomic DNA extraction and amplification were conducted using 

Table 8. Human samples for GPR55 expression analyses. 

ID Age (years) Sex  Postmortem interval (h) Diagnosis Source 

FHA10415 64 Male 10 

PD 

Biobanco H.U.F. Alcorcón 
FHA10421 71 Male 4 Biobanco H.U.F. Alcorcón 
FHA10604 74 Female 4 Biobanco H.U.F. Alcorcón 
FHA10769 70 Male 15 Biobanco H.U.F. Alcorcón 
FHA10775 73 Male 6 Biobanco H.U.F. Alcorcón 
FHA10807 55 Male 6 Biobanco H.U.F. Alcorcón 
FHA10850 85 Female 3 Biobanco H.U.F. Alcorcón 
FHA10892 74 Male 6 Biobanco H.U.F. Alcorcón 

NC001 71 Male 3 BTN-INCYL 
NC301 83 Male 4 BTN-INCYL 

FHA10202 65 Female 16 

Control 
 

Biobanco H.U.F. Alcorcón 
FHA10209 57 Female 4 Biobanco H.U.F. Alcorcón 
FHA10224 62 Female 8 Biobanco H.U.F. Alcorcón 
FHA10312 69 Male 12 Biobanco H.U.F. Alcorcón 
FHA10357 81 Male 10 Biobanco H.U.F. Alcorcón 
FHA10462 62 Male 14 Biobanco H.U.F. Alcorcón 
FHA10589 52 Female 15 Biobanco H.U.F. Alcorcón 
FHA10766 76 Female 7 Biobanco H.U.F. Alcorcón 

NC198 87 Male 10 BTN-INCYL 
NC278 86 Male 6 BTN-INCYL 
NC366 82 Female 8 BTN-INCYL 
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the Speedy NZY Direct Genotyping Kit (NZYtech, Lisbon, Portugal), following the manufacturer’s 

instructions. PCR products were separated by electrophoresis on 2% agarose gels and visualised 

with GelRed (Biotium, Fremont, CA, USA). Primer pair sequences, PCR conditions, and expected 

results are detailed in Table 9. 

2.4. Surgical stereotaxic intervention 

Mice were anaesthetised by inhalation of 5% isoflurane and placed into the stereotaxic apparatus, 

with anaesthesia maintained at 2% throughout the entire surgery. For those animals lesioned with 

AAV9-α-synA53T (3.33×1012 GC/mL), the procedure was the same as described in section 1.3 of 

MATERIALS AND METHODS. The protocol for the 6-OHDA-based lesion was carried out as 

follows: after anaesthetising the animals, they were pre-treated with desipramine (25 mg/kg, i.p.) 

to achieve specificity for damage to dopaminergic neurons without impacting noradrenergic 

neurons. Thirty minutes later, 2 μL of 6-OHDA (Tocris, Bristol, UK) free base (2 μg/μL in saline 

supplemented with 0.02% ascorbate to avoid oxidation) were injected stereotaxically into the 

right striatum. The 6-OHDA solution was administered at a rate of 0.5 μL/min, using the following 

coordinates: +0.4 mm AP, -1.8 mm ML and -3.5 mm DV, as previously described (Alvarez-Fischer 

et al., 2008). Once injected, the needle was left in place for 5 min before being slowly withdrawn, 

thus avoiding reflux and a rapid increase in intracranial pressure. Control animals were also pre-

treated with desipramine but underwent a sham lesion, receiving an injection of 2 µL of 0.02% 

ascorbate-supplemented saline at the same coordinates. 

2.5.  Behavioural assessment 

Before performing the lesions described previously, the rotarod test and automated actimeter test 

were conducted to characterise the motor performance of GPR55-deficient mice, while the pole 

test, cylinder rearing test (CRT) and elevated-body swing test (EBST) were carried out two weeks 

Table 9. Primers sequences and PCR conditions used for the genotyping of GPR55-deficient mice. 

Gpr55 

Primer 

Sequences 

(5’ → 3’) 

Wild-type Forward GCC ATC CAG TAC CCG ATC C 

Wild-type Reverse GTC CAA GAT AAA GCG GTT CC 

Mutant Forward GCA GCG CAT CGC CTT CTA TC 

Mutant Reverse TCA AGC TAC GTT TTG GGT T 

PCR conditions 

Step Temperature (°C) Time 

1 94 15 s 

2 65 30 s 

3 72 40s 

4 Repeat steps 1-3 for 10 cycles (-1°C per cycle at step 2) 

5 94 15 s 

6 55 30 s 

7 72 40 s 

8 Repeat steps 5-7 for 30 cycles 

Expected 

results 

Gpr55+/+ Gpr55+/- Gpr55-/- 

441 bp 

band 

441 bp and 301 bp 

bands 

301 bp 

band 
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after the lesions and just prior to animal sacrifice. Environmental and procedural conditions were 

the same as described in section 1.5 of MATERIALS AND METHODS. 

2.5.1. Rotarod Test 

Mice were placed on the LE8200 Rotarod (Panlab, Barcelona, Spain), a device featuring an elevated 

cylinder aligned parallel to the ground and divided into five individual lanes. The cylinder rotated 

at a predefined speed. Each animal was positioned on the cylinder, one per lane, facing opposite 

to the direction of rotation, which compelled them to move forward to maintain balance on the 

rotating surface. Each lane was equipped with a pressure-sensitive plate that automatically 

stopped the timer when the animal fell from the cylinder.  

The protocol for this test, as described by the International Mouse Phenotyping Resource of 

Standardised Screens (IMPReSS), began with a training phase that included an initial 1-min 

stationary period, followed by three consecutive 1-min trials at a constant speed of 4 rpm, with 

10-min rest intervals between trials. After a minimum resting period of 30 min, the testing phase 

was conducted. This phase consisted of three trials in which the speed was gradually accelerated 

from 4 to 40 rpm. The latency for each mouse was automatically recorded until the animal fell and 

triggered the pressure-sensitive plates. A minimum resting period of 15 min was allowed between 

trials, and the maximum test duration was limited to 5 min. Data were expressed as mean ± SEM. 

2.5.2.  Computer-aided Actimeter Test 

Mice were placed in the ActiTrack automated actimetry system (Panlab, Barcelona, Spain), an 

apparatus consisting of a 45 cm x 45 cm arena equipped with evenly spaced infrared beams (2.5 

cm apart) connected to a computerised control unit. This system automatically analysed several 

parameters, including: (i) horizontal activity, (ii) locomotion, (iii) maximum velocity, (iv) mean 

velocity, (v) distance travelled, (vi) vertical activity (reflecting rearing movements), (vii) slow (<5 

cm/s) and (viii) fast (>5 cm/s) movements, and (ix) rearing events. Animals were placed in the 

test arena for a total duration of 10 min. The first 5 min were considered a period of 

acclimatisation, and motor performance was assessed based on data collected during the final 5 

min. Final values were expressed as mean ± SEM. 

2.5.3.  Pole Test 

Mice were placed in a head-up position at the top of a vertical rough-surfaced pole (8 mm in 

diameter, 55 cm in height) to record the latency to descend to the floor. A maximum test duration 

of 90 s was set. If the mouse was unable to turn downward and instead fell from the pole, a default 

latency of 90 s was recorded. Three consecutive trials were performed for each animal, with a 

minimum resting period of 10 min between trials. Data were expressed as mean ± SEM. 

2.5.4.  Cylinder Rearing Test 

The protocol detailed in section 1.5.1 of MATERIALS AND METHODS was followed. 
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2.5.5.  Elevated-body Swing Test 

The protocol detailed in section 1.5.2 of MATERIALS AND METHODS was followed. 

2.6. Sacrifice and animal sampling 

Mice were anaesthetised with ketamine (40 mg/kg, i.p.) and xylazine (4 mg/kg, i.p.) and 

transcardially perfused with 0.1 M PBS, pH 7.4, at a flow rate of 12 mL/min for 5 min. Following 

perfusion, brains were promptly extracted and coronally sectioned into two portions using a 

coronal brain slicer. Subsequently, brain samples were processed according to the protocol 

detailed in section 1.6 of MATERIALS AND METHODS. 

2.7. Immunohistochemical proceedings 

The protocol detailed in section 1.7 of MATERIALS AND METHODS was followed. The primary 

and secondary antibodies used in the immunohistochemical assays corresponding to this chapter 

are listed in Table 10.  

Additional images of Iba1-positive cells were acquired using a 63× objective in z-stack imaging 

mode to capture the full three-dimensional morphology. Image stacks were processed and 

analysed using ImageJ software (NIH, Bethesda, MD, USA). For each animal, 7-8 cells were 

analysed, with 5-7 animals per experimental group. For each cell, the surface area of the cell body 

and the mean length of cellular processes were measured. Moreover, the ratio between cell body 

surface area and mean process length was calculated to provide an index of morphological state, 

reflecting the spectrum from amoeboid to ramified microglial morphology. 

2.8. Reverse transcription quantitative polymerase chain reaction  

The protocol detailed in section 1.8 of MATERIALS AND METHODS was followed, except that 

RNA isolation from human samples was carried out using the RNeasy Lipid Tissue Mini Kit 

(Qiagen, Venlo, The Netherlands), according to the manufacturer’s instructions and including the 

optional DNase I treatment step. The TaqMan probes used in the gene expression assays are listed 

in Table 11. 

Table 10. Primary and secondary antibodies used in immunohistochemical assays (Chapter 2). 

 

Primary antibodies 

Antibody Host Dilution Company Reference 

Anti-GFAP rabbit 1:200 Dako Z0334 

Anti-Iba1 rabbit 1:500 Wako Chemicals 019-19741 

Anti-TH chicken 1:200 MilliporeSigma AB9702 

Anti-C3 rat 1:50 Hycult Biotech HM1045 

Anti- α-synS129P rabbit 1:200 Abcam AB515253 

Secondary antibodies 

Antibody Host Dilution Company Reference 

Biotinylated anti-rabbit goat 1:200 MilliporeSigma B8895 

AlexaFluor 488 anti-rabbit donkey 1:200 Invitrogen A21206 

AlexaFluor 594 anti-rat goat 1:200 Invitrogen A11007 

AlexaFluor 594 anti-chicken goat 1:200 Invitrogen A11042 
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2.9. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism® software (version 8.0 for Windows; 

GraphPad Software Inc., San Diego, CA, USA). Data were tested for normality using the Shapiro-

Wilk test and subsequently analysed using Student’s t-test or two-way ANOVA, followed by 

Tukey’s post hoc test, as appropriate (see figure legends for details). Statistical significance was 

set at p-value lower than 0.05, with significance levels denoted as follows: * p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001. 

CHAPTER 3. (+)-TRANS-ENANTIOMER OF CANNABIDIOL AND 

DERIVATIVES AGAINST NEUROINFLAMMATION 

3.1. Chemical structures of compounds under study 

The compounds evaluated in the final chapter of this thesis include two enantiomeric forms of 

CBD, used as reference compounds, alongside a selection of structural analogues. This set includes 

CBDV, which occurs naturally in the cannabis plant in its (–)-trans-enantiomeric form, and three 

novel compounds resulting from ester conjugation at carbon 3 of the benzene ring: cannabidiol-

methyl ester (CBDA-Me), cannabidiol-glycol ester (CBDA-Gly), and cannabidiol-hydroxypentyl 

ester (CBDA-Hyp). Both enantiomeric series correspond to the stereoisomers trans-(3R,4R) and 

trans-(3S,4S), referred to as (–) and (+), respectively. These enantiomers differ in the spatial 

configuration of the isopentenyl and benzyl groups attached to positions 1 and 6, respectively, 

within the cyclohexene ring (Figure 16). Consequently, the chemical structure of the (–)-

enantiomer of CBD, referred to as (–)-CBD, is represented as 2-[(1R,6R)-6-isopropenyl-3-methyl-

cyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol. Conversely, the (+)-enantiomer of CBD, known as 

(+)-CBD, is described as 2-[(1S,6S)-6-isopropenyl-3-methyl-cyclohex-2-en-1-yl]-5-

pentylbenzene-1,3-diol. Due to their hydrophobic nature, stock solutions of these compounds 

were prepared in dimethylsulfoxide (DMSO). 

3.2. In vitro proceedings 

Initial pharmacological characterization of the aforementioned compounds involves evaluating 

their affinity for, and intrinsic activity at, CB1R and CB2R, as well as assessing their potential anti-

inflammatory and neuroprotective properties in vitro in microglial and neuronal cell lines. 

Table 11. TaqMan primers used in real-time qRT-PCR assays (Chapter 2). 

Species Gene Protein Applied Biosystems reference 

Mus musculus 

Ifng IFN-γ Mm01168134_m1 

Il1b IL-1β Mm00434228_m1 

Gpr55 GPR55 Mm02621622_s1 

Gapdh GAPDH Mm99999915_g1 

Homo sapiens 
GPR55 GPR55 Hs00995276_m1 

GAPDH GAPDH Hs02786624_g1 
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3.2.1. Radioligand binding assays 

Binding assays were conducted to evaluate the affinity of the compounds for CB1R and CB2R. 

These assays involved a competitive binding approach, in which the test compounds competed 

with the non-selective agonist CP 55,940, radiolabelled with tritium ([³H]-CP 55,940; PerkinElmer, 

Boston, MA, USA) for binding to the cannabinoid receptor. The affinity of each compound was  

The measurements were performed using commercially available membranes purified from 

cells transfected with human CB1R or CB2R (PerkinElmer, Boston, MA, USA). Protein 

concentrations were 8 μg/well for CB1R membranes and 4 μg/well for CB2R membranes. The 

binding buffer for CB1R contained 50 mM Tris-Cl, 5 mM MgCl₂, 2.5 mM EDTA, 0.5 mg/mL BSA, pH 

7.4; for CB2R, it contained 50 mM Tris-Cl, 5 mM MgCl₂, 2.5 mM EGTA, 1 mg/mL BSA, pH 7.5. The 

radioligand [³H]-CP55,940 was used at a concentration calculated as KD × 0.8 nM, with final 

incubation volumes of 200 μL for CB1R and 600 μL for CB2R. Ninety-six-well plates and tubes used 

in the experiment were pre-silanised with Sigmacote® (Sigma-Aldrich, Madrid, Spain) to prevent 

cannabinoid adsorption to plastic surfaces. Membranes were resuspended in the corresponding 

buffer and incubated for 90 min at 30°C with the radioligand and the compound under study, 

assaying a complete competition curve (from 10⁻¹¹ M to 10⁻⁴ M) to determine Ki values (Go mez-

Can as et al., 2016). Filtration was performed using a Harvester® FilterMate (PerkinElmer, Boston, 

MA, USA) equipped with Filtermat A GF/C filters pretreated with 0.05% polyethylenimine. After 

filtration, filters were washed nine times with binding buffer and dried, then a melt-on scintillation 

sheet (Meltilex™ A, PerkinElmer, Boston, MA, USA) was applied. Radioactivity was quantified by a 

liquid scintillation spectrophotometer (Wallac MicroBeta Trilux, PerkinElmer, Boston, MA, USA). 

Non-specific binding was determined using 10 μM WIN 55,212-2 (Sigma-Aldrich, Madrid, Spain), 

and total radioligand binding was measured by incubating membranes in the absence of evaluated 

compound. Final Ki values were calculated using an iterative curve-fitting procedure and 

expressed as mean ± SEM from three experiments performed in triplicate. 

 

 

Figure 16. Chemical structures of the compounds evaluated in this study: CBD, cannabidiol; CBDV, cannabidivarin; CBDA-Me, 
cannbidiol-methyl ester; CBDA-Gly, cannabidiol-glycol ester; and CBDA-Hyp, cannabidiol-hydroxypentyl ester. 

(–)-CBD                                 (–)-CBDV                       (–)-CBDA-Me                          (–)-CBDA-Gly                          (–)-CBDA-Hyp 

  (+)-CBD                                 (+)-CBDV                       (+)-CBDA-Me                          (+)-CBDA-Gly                          (+)-CBDA-Hyp 
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3.2.2. [35S]-GTPγS binding assays 

Functionality assays were conducted to assess the intrinsic activity of the compounds on those 

receptors for which they displayed relevant affinities (Ki < 40 nM), determining whether the 

compounds act as agonists, antagonists, or inverse agonists. These assays involved the non-

covalent association of the non-hydrolysable guanosine triphosphate analogue [³⁵S]-GTPγS to the 

α-subunit of the G protein of the receptor when incubated in the presence of a ligand. The effects 

of the compounds were therefore determined based on their capacity to increase, maintain, or 

reduce [³⁵S]-GTPγS binding compared to basal activity. 

The measurements were performed using CB2R/CB1R-containing membranes (Eurofins 

Discovery Services, St. Charles, MI, USA). Membranes (5 μg/well) were permeabilised by the 

addition of saponin (Sigma-Aldrich, Madrid, Spain), then mixed with 0.3 nM [³⁵S]-GTPγS 

(PerkinElmer, Boston, MA, USA) and 10 μM GDP (Sigma-Aldrich, Madrid, Spain) in 20 mM HEPES 

(Sigma-Aldrich, Madrid, Spain) buffer containing 100 mM NaCl and 10 mM MgCl₂, pH 7.4. A 

concentration curve of the compound under study (10⁻¹¹ M to 10⁻⁴ M) was tested in a final volume 

of 100 μL and incubated for 30 min at 30°C (Go mez-Can as et al., 2016). Ninety-six-well plates and 

the tubes necessary for the experiment were previously siliconised with Sigmacote® (Sigma-

Aldrich, Madrid, Spain). The reaction was terminated by rapid vacuum filtration using a 

Harvester® FilterMate (PerkinElmer, Boston, MA, USA) through Filtermat A GF/C filters. Filters 

were washed nine times with ice-cold filtration buffer (10 mM sodium phosphate, pH 7.4) and 

dried, and a melt-on scintillation sheet was applied. Radioactivity was then quantified using a 

liquid scintillation spectrophotometer. Non-specific signal was determined using 10 μM GTPγS 

(Sigma-Aldrich, Madrid, Spain). Final EC₅₀/IC₅₀ and Emax values were established using an 

iterative curve-fitting procedure and are expressed as mean ± SEM from three experiments 

performed in triplicate. 

3.2.3. Immortalised cell lines 

Two immortalised cell lines were used for in vitro bioassays: the iMG microglial line and the M213-

2O neuronal line. iMG cells (kindly provided by Dr Lastres-Becker, Institute of Biomedical 

Research ‘Alberto Sols’, CSIC-UAM, Madrid, Spain) were derived from adult murine brain and 

immortalised by infection with the v-raf/v-myc retrovirus (McCarthy et al., 2016). The M213-2O 

cell line (generously donated by Dr. Freed, National Institute on Drug Abuse, Bethesda, MD, USA) 

was derived from rat striatum (Giordano et al., 1993). Cells were grown and maintained in 

Dulbecco’s Modified Eagle’s Medium (Lonza, Verviers, Belgium), supplemented with 10% heat-

inactivated fetal bovine serum (Sigma-Aldrich, Madrid, Spain), 2 mM Ultraglutamine (Lonza, 

Verviers, Belgium) and an antibiotic/antimycotic solution (100 U/mL penicillin, 100 μg/mL 

streptomycin, 0.25 μg/mL amphotericin B), in a humidified atmosphere at 37°C with 5% CO₂. 
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3.2.4. Compounds incubation 

For compound screening, iMG microglial cells were seeded in 1% FBS-deprived medium at a 

density of 2.25×10⁵ cells/mL for 3 h. Afterwards, cells were subjected to a series of incubations 

with compounds that included: (i) the CB2R antagonist SR144528 (10 μM; Cayman Chemical 

Company, Ann Arbor, MI, USA); (ii) the PPAR-γ inhibitor T0070907 (10 μM; Cayman Chemical 

Company, Ann Arbor, MI, USA), to investigate these receptors as potential pharmacological targets; 

(iii) the test compounds at the selected concentrations; and (iv) LPS from Escherichia coli O55:B5 

(Sigma-Aldrich, Madrid, Spain) at 100 ng/mL as a pro-inflammatory challenge. The treatments 

were administered with a 1-hour interval between each, and final DMSO (Sigma-Aldrich, Madrid, 

Spain) concentration did not exceed 0.2% within the well. Sixteen hours after LPS addition, both 

the cells and the secretome (conditioned culture medium) were collected for the analysis of 

inflammatory gene expression and neuronal cell viability, respectively (Figure 17). 

3.2.5. Reverse transcription quantitative polymerase chain reaction 

Gene expression of various inflammatory markers expressed by PBS-washed microglial iMG cells 

after the different treatments described in the previous section was analysed through RT-qPCR. 

Technical details for this experimental procedure were provided in section 1.8 of MATERIALS 

AND METHODS. The Taqman probes used in the gene expression assays corresponding to this 

chapter are listed in Table 12. 

 

 

Figure 17. Schematic sequence of compound incubations and stimulation of microglial iMG cell line. One hour before and after the 
administration of the tested compound, cells were treated with the CB2R antagonist SR144528 (10 μM), the PPAR-γ inhibitor T0070907 
(10 μM), and LPS (100 ng/mL), respectively. Sixteen hours after LPS stimulation, both the secretome and the cells were collected for 
subsequent analysis. Depending on the experimental group, the compounds were replaced with the vehicle (DMSO). 

Table 12. TaqMan primers used in real-time qRT-PCR assays (Chapter 3). 

Gene Protein Applied Biosystems reference 

Tnf TNFα Mm99999068_m1 

Il1b IL-1β Mm00434228_m1 

Ptgs2 COX-2 Mm00478372_m1 

Nos2 iNOS Mm01309902_m1 

Gapdh GAPDH Mm99999915_g1 
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3.2.6. Methylthiazolyldiphenyl-tetrazolium bromide assay 

After pharmacological treatments on microglial cell lines, microglial secretome was also collected 

to evaluate the effect of potential toxic factors presumably present in conditioned media by 

microglia on neuronal viability (Go mez-Can as et al., 2016). To do so, neuronal M213-2O cells were 

seeded at 1.25×105 cells/mL, and their media were replaced by iMG-derived conditioned media 

for 40 h. Afterwards, methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, Madrid, 

Spain) assay was performed as an indirect measure of cell viability (Lin et al., 2007) (Figure 18). 

This assay relies on the ability of metabolically active (viable) cells to reduce the yellow 

tetrazolium salt into purple formazan crystals through the action of functional mitochondrial 

dehydrogenases. Thus, neuronal M213-2O cells were exposed to MTT at a final concentration of 

0.5 mg/mL for a 1.5 h incubation. Then, media were carefully removed and the resulting purple, 

insoluble formazan crystals were dissolved in 4 mM HCl in isopropanol. Final absorbance at 595 

nm was measured using a spectrophotometer (Synergy HTX multimode reader, BioTek, Agilent 

Technologies, Winooski, VT, USA). Data were normalised to the control group exposed to fresh 1% 

FBS-deprived medium and expressed as the mean ± SEM of four independent experiments 

performed in tetraplicate for each point. 

3.3. In silico prediction of absorption, distribution, metabolism,  

excretion and toxicity properties 

A set of 51 physicochemical descriptors was calculated using QikProp version 3.5, integrated 

within Maestro (Schro dinger, LLC, NY, USA). These descriptors are detailed in Table 13. The 3D 

conformations employed for the QikProp calculations were generated using Spartan ’08 

(Wavefunction, Inc., Irvine, CA, USA) following these steps: (i) the structure of each molecule was 

constructed using the fragment library available in Spartan; (ii) ab initio energy minimisations 

were performed for each structure at the Hartree–Fock 6-31G* level; (iii) a conformational search 

was conducted using Molecular Mechanics, followed by energy minimisation of each conformer at 

the Hartree–Fock 6-31G* level; and (iv) the global minimum energy conformer of each compound 

was selected as the input for ADMET studies with QikProp. 

Figure 18. Schematic sequence of compounds incubation and stimulation of microglial IMG cell line prior to assessing neuronal 
M213-2O cell viability. Once microglial secretome was collected, it was used to replace the neuronal culture media, followed by a 40-h 
incubation. After this period, MTT assay was carried out to assess cell viability by measuring the formation of purple crystals within viable 
cells (with reductive capability) via spectrophotometry. 
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Table 13. QikProp properties and descriptors. Range is for 95% of known drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Property or 
Descriptor 

Description 
Range or 

recommended 
values 

#stars 
Number of property or descriptor values that fall outside the 95% range of similar values 
for known drugs.  A large number of stars suggests that a molecule is less drug-like than 
molecules with few stars. 

0 – 5  

#amine Number of non-conjugated amine groups. 0 – 1  

#amidine Number of amidine and guanidine groups. 0 

#acid Number of carboxylic acid groups. 0 – 1  

#amide Number of non-conjugated amide groups. 0 – 1  

#rotor Number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable 
bonds. 

0 – 15  

#rtvFG Number of reactive functional groups. 0 – 2  

CNS Predicted central nervous system activity on a –2 (inactive) to +2 (active) scale. -2 to +2 

mol_MW Molecular weight of the molecule. 130.0 – 725.0 

dipole Computed dipole moment of the molecule. 1.0 – 12.5 

SABA Total solvent accessible surface area (SASA) in square angstroms using a probe with a 1.4 
A  radius. 

300.0 – 1000.0 

FOSA Hydrophobic component of the SASA (saturated carbon and attached hydrogen). 0.0 – 750.0 

FISA Hydrophilic component of the SASA (SASA on N, O, and H on heteroatoms). 7.0 – 330.0 

PISA π (carbon and attached hydrogen) component of the SASA. 0.0 – 450.0 

WPSA Weakly polar component of the SASA (halogens, P, and S). 0.0 – 175.0  

volume Total solvent-accessible volume in cubic angstroms using a probe with a 1.4 A  radius. 500.0 – 2000.0 

donorHB 
Estimated number of hydrogen bonds that would be donated by the solute to water mole- 

cules in an aqueous solution. Values are averages taken over a number of configurations, so 
they can be non-integer. 

0.0 – 6.0 

accptHB 
Estimated number of hydrogen bonds that would be accepted by the solute from water 
molecules in an aqueous solution. Values are averages taken over a number of 
configurations, so they can be non-integer. 

2.0 – 20.0 

dip^2/V 
Square of the dipole moment divided by the molecular volume. This is the key term in the 

Kirkwood-Onsager equation for the free energy of solvation of a dipole with volume V. 
0.00 – 0.13 

ACxDN^.5/SA Index of cohesive interaction in solids. This term represents the relationship 

(𝑎𝑐𝑐𝑝𝑡𝐻𝐵(√𝑑𝑜𝑛𝑜𝑟𝐻𝐵))/(𝑆𝐴) 
0.00 – 0.05 

glob Globularity descriptor, (4𝜋𝑟2)/(𝑆𝐴𝑆𝐴), where r is the radius of a sphere with a volume 
equal to the molecular volume. Globularity is 1.0 for a spherical molecule. 

0.75 – 0.95  

Qppolrz Predicted polarizability in cubic angstroms. 13.0 – 70.0 

QplogPC16 Predicted hexadecane/gas partition coefficient. 4.0 – 18.0 

QplogPoct Predicted octanol/gas partition coefficient. 8.0 – 35.0 

QplogPw Predicted water/gas partition coefficient. 4.0 – 45.0 

QplogPo/w Predicted octanol/water partition coefficient. -2.0 – 6.5 

QPlogS Predicted aqueous solubility, log S. S in mol dm–3 is the concentration of the solute in 
a saturated solution that is in equilibrium with the crystalline solid. 

-6.5 – 0.5 

CIQPlogS 
Conformation-independent predicted aqueous solubility, log S. S in mol dm–3 is the 
concentration of the solute in a saturated solution that is in equilibrium with the 
crystalline solid. 

-6.5 – 0.5 

QPlogHERG Predicted IC50 value for blockage of HERG K+ channels. 
concern below 

-5 

QPPCaco Predicted IC50 value for blockage of HERG K+ channels. 
<25 poor, 
>500 great 
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Table 13. QikProp properties and descriptors. Range is for 95% of known drugs. (Continued). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. In vivo proceedings 

After in vitro and in silico assessments, some of the (+)-enantiomers were administered in a 

murine model of PD with a pronounced inflammatory component, in order to investigate their 

potential anti-inflammatory and neuroprotective effects in vivo. 

 

 

Property or 
Descriptor 

Description 
Range or 

recommended 
values 

QPlogBB 
Predicted brain/blood partition coefficient. Note: QikProp predictions are for orally 
delivered drugs so, for example, dopamine and serotonin are CNS negative because 
they are too polar to cross the blood-brain barrier 

–3.0 – 1.2 

QPPMDCK 
Predicted apparent MDCK cell permeability in nm/sec. MDCK cells are considered to be a 
good mimic for the blood-brain barrier. QikProp predictions are for non-active transport. 

<25 poor, 
>500 great 

QPlogKp Predicted skin permeability, log Kp. –8.0 – –1.0 

IP(eV) PM3 calculated ionization potential. 7.9 – 10.5 

EA(eV) PM3 calculated electron affinity. –0.9 – 1.7 

#metab Number of likely metabolic reactions. 1 – 8 

QPlogKhsa Prediction of binding to human serum albumin. –1.5 – 1.5 

HumanOral-
Absorption 

Predicted qualitative human oral absorption: 1, 2, or 3 for low, medium, or high. The text 
version is reported in the output. The assessment uses a knowledge-based set of rules, 
including checking for suitable values of PercentHumanOralAbsorption, number of 
metabolites, number of rotatable bonds, logP, solubility and cell permeability. 

- 

PercentHuman- 

OralAbsorption 

Predicted human oral absorption on 0 to 100% scale. The prediction is based on a 
quantitative multiple linear regression model. This property usually correlates well with 
HumanOralAbsorption, as both measure the same property. 

>80% is high 
<25% is poor 

SAFluorine Solvent-accessible surface area of fluorine atoms. 0.0 – 100.0 

SAamideO Solvent-accessible surface area of amide oxygen atoms. 0.0 – 35.0 

PSA Van der Waals surface area of polar nitrogen and oxygen atoms. 7.0 – 200.0 

#NandO Number of nitrogen and oxygen atoms. 2 – 15 

RuleOfFive 
Number of violations of Lipinski’s rule of five. The rules are: mol_MW < 500, QPlogPo/w < 
5, donorHB ≤ 5, accptHB ≤ 10. Compunds that satisfy these rules are considered drug-like. 
(The “five” refers to the limits, which are multiples of 5.) 

maximum is 4 

#ringatoms Number of atoms in rings. maximum is 3 

#in34 Number of atoms in 3- or 4-membered rings. - 

#in56 Number of atoms in 5- or 6-membered rings. - 

#noncon Number of ring atoms not able to form conjugated aromatic systems (e.g. sp3 C). - 

#nonHatm Number of heavy atoms (nonhydrogen atoms). - 

RuleOfThree 
Number of violations of Jorgensen’s rule of three. The three rules are: QPlogS > -5.7, 
QPPCaco > 22 nm/s, # Primary Metabolites < 7. Compounds with fewer (and preferably 
no) violations of these rules are more likely to be orally available. 

- 

Jm 
Predicted maximum transdermal transport rate, Kp × MW × S (μg cm–2 hr–1). Kp and S are 
obtained from the aqueous solubility and skin permeability, QPlogKp and QPlogS. 

- 
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3.4.1. Experimental animals 

WT male C57BL/6 mice aged 4-6 months were used for this experiment. The same housing 

conditions and legislation (ref. PROEX 056/19) described in section 1.1 of MATERIALS AND 

METHODS were adhered to throughout breeding and experimentation. 

3.4.2. Surgical stereotaxic intervention 

Mice were anaesthetised by i.p. injection of ketamine (40 mg/kg) and xylazine (4 mg/kg) and 

placed into the stereotaxic apparatus, where they remained for the duration of the surgery. 

Animals were subjected to unilateral injections of LPS from Salmonella minnesota (Sigma-Aldrich, 

Madrid, Spain), inducing an extensive inflammatory response. One microlitre of LPS (5 μg/μL in 

saline) was stereotaxically injected into the right striatum at two different coordinates: +1.1 mm 

AP, -1.8 mm ML and -3.5 mm DV, as well as -0.3 mm AP, -2,5 mm ML and -3.2 mm DV, as previously 

described (Hunter et al., 2009). Once injected at a rate of 0.5 μL/min, the needle was left in place 

for 5 min before being slowly withdrawn, thus avoiding reflux and a rapid increase in intracranial 

pressure. Control animals were sham-operated and injected with 1 µL of saline at the same 

coordinates. 

3.4.3. Drug preparation and pharmacological treatment 

The compounds with CB2R-agonistic activity and superior pharmacokinetic properties, (+)-CBD 

and (+)-CBDV (synthesised by Dr. Caprioglio, Universita  degli Study del Piamonte Orientale, 

Novara, Italy), were dissolved in absolute ethanol and stored at –20 °C under a nitrogen 

atmosphere to prevent oxidation. Injectable solutions were prepared on the day of the experiment 

by further transferring (+)-CBD and (+)-CBDV from ethanol, eliminated under nitrogen flux, to a 

1:16 Tween-20:saline solution. All plastic tubes employed for drug preparation were previously 

siliconised with Sigmacote® (Sigma-Aldrich, Madrid, Spain). (+)-CBD- and (+)-CBDV-treated 

animals received a daily i.p. dose of 3 mg/kg for three weeks. The first administration was 

performed approximately 24 h after stereotaxic surgery, while the final injection was administered 

24 h before the behavioural tests. 

3.4.4. Cylinder Rearing Test 

Brain lesions were allowed to progress for three weeks to achieve an optimal neurodegeneration 

and inflammation. After this period, and immediately before sacrifice, mice were subjected to the 

CRT to evaluate motor performance. The protocol detailed in section 1.5.1 of MATERIALS AND 

METHODS was followed as previously described. 

3.4.5. 3,3’-Diaminobenzidine immunohistochemical procedure 

Immediately after the behavioural tests, the animals were swiftly decapitated, and their brains 

promptly extracted. The protocols outlined in section 1.6 of MATERIALS AND METHODS were 
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followed to process the samples for immunohistochemical analysis, which was performed as 

described in section 1.7. 

3.5. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism® software (version 8.0 for Windows; 

GraphPad Software Inc., San Diego, CA, USA). Nonlinear regression analysis employing the 

Levenberg–Marquardt algorithm to minimise the sum of squared residuals was performed to fit 

the data to dose–response equations with a fixed Hill slope of –1.0 for affinity assays, and either    

–1.0 or 1.0 for functionality assays, depending on the intrinsic activity. Ki values for each 

compound were calculated from the logIC₅₀ values estimated from the resulting sigmoidal curves 

of semilogarithmic plots, using the Cheng–Prusoff equation (Cheng & Prusoff, 1973). Emax values 

were similarly calculated from logIC₅₀ or logEC50, while pharmacological profiles were 

qualitatively identified by analysing the trajectories of the semilogarithmic dose–response curves. 

Data obtained from the in vitro bioassays and in vivo treatments were tested for normal 

distribution using the Shapiro-Wilk normality test and analysed accordingly, employing one-way 

ANOVA followed by Dunnett’s or Tukey’s multiple comparison tests as appropriate (refer to figure 

legends for specific tests used). Statistical significance was set at a p-value lower than 0.05, with 

the following notation: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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CHAPTER 1 

CANNABINOID TYPE-1 RECEPTOR IN α-SYNUCLEIN DYSREGULATION 

CB1R has been extensively investigated as a pharmacological target for alleviating certain motor 

symptoms and complications associated with PD. Notably, CB1R antagonists have proven effective 

in reducing hypokinetic signs (Cao et al., 2007) and in ameliorating dyskinetic states (Gutie rrez-

Valdez et al., 2013). Paradoxically, CB1R agonists have also exhibited anti-dyskinetic activity 

(Morgese et al., 2007) and have shown benefits in counteracting tremors (San udo-Pen a et al., 

1998). However, CB1R-mediated neuroprotection has received comparatively less attention, with 

most studies instead focusing on alternative targets such as CB2R (Garcí a et al., 2011; Go mez-

Ga lvez et al., 2016; Liu et al., 2024) or enzymes responsible for eCB inactivation (Maccarrone et al., 

2003; Ferna ndez-Sua rez et al., 2014; Celorrio et al., 2016).  

Various neuroprotective mechanisms have been attributed to CB1R across different models 

and pathologies, including the attenuation of glutamate-induced excitotoxicity (Marsicano et al., 

2003), activation of pro-survival pathways (Van der Stelt & Di Marzo, 2005), and induction of 

autophagy to facilitate the clearance of protein aggregates (Costa et al., 2016). However, evidence 

supporting CB1R-mediated neuroprotection in the context of PD remains limited, partly due to the 

widely held view that CB1R activation may, under certain circumstances and in acute settings, 

exacerbate akinetic symptoms. Notably, Pe rez-Rial and colleagues reported that CB1R-deficient 

mice displayed increased susceptibility to 6-OHDA-induced lesions (Pe rez-Rial et al., 2011), 

thereby suggesting a potential neuroprotective role for this receptor.  

A key pathological hallmark of PD is the accumulation and aggregation of α-syn (Spillantini 

et al., 1997). These protein aggregates disrupt homeostasis, compromise cellular integrity, and 

impair the survival of both neurons and glial cells in the affected regions (see section 1.4.2 of 

INTRODUCTION), rendering their clearance, or the prevention of their formation, a major 

therapeutical goal. Unfortunately, current strategies, including immunotherapy and the use of 

autophagy enhancers, have yet to yield the expected results (Minakawa & Nagai, 2021; Zhang et al., 

2021). For this reason, we sought to explore CB1R as an alternative modulator of proteostasis. 

While its pro-autophagic role is well established in cancer, where it contributes to tumour cell 

death (Velasco et al., 2016), its ability to restore proteostatic balance in the context of 

neurodegeneration has been less extensively investigated (Costa et al., 2016). Specifically in PD, in 

vitro studies have shown that CB1R activation can induce autophagy and restore α-syn levels 

(Erustes et al., 2021). However, the translation of these findings to in vivo models remains an 

essential and unmet need. 
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1.1. Pharmacological activation of cannabinoid type-1 receptor in 

adeno-associated viral α-synucleinA53T vector model 

Recent data from our group indicate that pharmacological activation of CB1R with ACEA, a 

synthetic AEA analogue and selective CB1R agonist, enhances autophagic flux, reduces 

aggregation markers, and restores TDP-43 protein levels in a mouse model of frontotemporal 

dementia (Gonzalo-Consuegra et al., 2024), in line with previous findings (Costa et al., 2016). 

Building upon these observations, we sought to evaluate the effects of CB1R activation in a PD 

mouse model based on the localised overexpression of mutated α-synA53T in the SN using AAV 

technology (Castro-Sa nchez et al., 2018). This model recapitulates dopaminergic 

neurodegeneration, inflammatory responses, and motor impairments resulting from exacerbated 

α-syn expression (Dovonou et al., 2023). ACEA was administered at the established effective dose 

of 1.5 mg/kg (Aso et al., 2012) to AAV9-α-synA53T-lesioned male mice. Non-lesioned animals were 

not treated with ACEA, as previous work by Aso and colleagues had already demonstrated that 1.5 

mg/kg ACEA produces no significant effects in control mice (Aso et al., 2012). This approach 

allowed us to reduce the number of experimental animals used, in accordance with the principles 

of the 3Rs. 

1.1.1. Activation of cannabinoid type-1 receptor exacerbated lysosomal LAMP-1, 

astrocytic GFAP, and α-synuclein immunoreactivity in the substantia nigra of 

lesioned mice 

Immunohistochemical analysis of the SN revealed that direct inoculation of AAV9-α-synA53T 

resulted in the accumulation of α-syn in this brain region, as evidenced by a marked increase in 

immunoreactivity for exogenous human α-syn in the lesioned group compared with sham-

operated animals (Figure 19A). However, this approach does not permit the determination of 

whether the protein is present in an aggregated form. A significant increase in immunoreactivity 

for the lysosomal marker LAMP-1 was also observed in lesioned animals (Figure 19B), likely 

reflecting a cellular response to proteotoxic stress. This may indicate an attempt to degrade the 

accumulated protein via the lysosomal pathway, although it could alternatively suggest a 

pathological condition characterised by lysosomal overload. In parallel, a pronounced 

neuroinflammatory response was detected, with significant increases in the astroglial marker 

GFAP (Figure 19C) and the microglial/infiltrating macrophage marker CD68 (Figure 19D). 

Notably, i.p. administration of ACEA further increased LAMP-1 (Figure 19B) and GFAP (Figure 

19C) immunoreactivity. These findings suggest that this CB1R-selective agonist may exert its 

effects through astroglial receptors and potentially enhance lysosome-associated degradative 

processes. However, this response does not appear to resolve the pathological condition, as human 

α-syn levels remained unchanged in the treated group, instead exhibiting a non-significant upward 

trend (Figure 19A), which may reflect further accumulation of α-syn within lysosomes. Finally, 

ACEA treatment did not significantly modify the increase in CD68 labelling induced by the lesion 

(Figure 19D). 
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Figure 19. Effect of ACEA treatment on α-synuclein accumulation, proteotoxic stress, and glial reactivity, in the SNpc of AAV9-α-
synA53T-lesioned mice. Continued on the next page. 
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1.1.2. ACEA treatment slightly preserved dopaminergic neurons in the substantia 

nigra, but it was insufficient to prevent motor impairments provoked by 

lesion 

As expected from previous studies (Burgaz et al., 2024), local overexpression of mutated α-synA53T 

in the SN led to significant damage in TH-positive neurons, with lesioned animals exhibiting an 

approximately 60% reduction in TH immunoreactivity compared to the sham-operated group 

(Figure 20). This loss of nigral dopaminergic neurons clearly affected the motor performance of 

the animals, as assessed by two distinct behavioural tests (Figure 21). Given that the parkinsonian 

lesion was performed unilaterally, we focused on specific motor tasks to quantify lateralised motor 

behaviour. To this end, we employed the CRT (Fleming et al., 2013) and the EBST (Bentea et al., 

2015). In both CRT and EBST, the AAV9-α-synA53T nigral lesion induced motor impairments, as 

shown by an increased preference for using the ipsilateral forepaw in CRT (Figure 21A) and a 

higher number of contralateral swings in EBST (Figure 21B), in the vehicle-treated lesioned group 

compared to sham-operated animals. However, statistical significance was reached only in the 

latter.   

The i.p. administration of ACEA in lesioned mice did not significantly restore nigral TH levels 

compared to the vehicle-treated lesioned group. However, a modest upward trend was observed, 

suggesting a slight neuroprotective effect of this CB1R-selective agonist (Figure 20).  

This finding indicates that the previously described effects of ACEA on lysosomal content and 

astroglial staining may be, at the very least, non-detrimental to this neuronal population. 

Nevertheless, this mild preservation of TH immunoreactivity was insufficient to elicit a meaningful 

Figure 19. Effect of ACEA treatment on α-synuclein accumulation, proteotoxic stress, and glial reactivity, in the SNpc of AAV9-α-
synA53T-lesioned mice. Immunohistochemical assays were performed to evaluate four markers: (A) α-synuclein (α-syn), (B) lysosomal-
associated membrane protein 1 (LAMP-1), (C) glia fibrillary acidic protein (GFAP), and (D) cluster of differentiation 68 (CD68). 
Immunoreactivity values were quantified from 3-5 images per animal and calculated as the difference or percentage of the lesioned side 
relative to the non-lesioned side. Final values are expressed as mean ± SEM of 7-10 animals per group. Data analysis was conducted using 
one-way ANOVA followed by Tukey’s multiple comparison test (** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. Sham-operated vehicle group; 
# p < 0.05 vs. AAV9-α-synA53T-lesioned vehicle group). Representative immunostaining images for each experimental group are shown to 
the right of the corresponding graph (scale bar = 200 μm). 
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improvement in motor performance, as ACEA treatment failed to markedly ameliorate motor 

deficits in either behavioural test (Figures 21A and 21B). Notably, no significant differences were 

observed between groups in the total number of paw contacts in the CRT or swing events in the 

EBST (Figures 21C and 21D). 

1.1.3. Nigral overexpression of α-synucleinA53T altered striatal unfolded protein 

response-related gene expression, mildly corrected by ACEA treatment 

In addition to the SN, the striatum is another brain region profoundly affected by PD pathology. 

These two structures are interconnected via the nigrostriatal dopaminergic pathway, whereby 

neuronal loss in the SN leads to DA denervation in the striatum, ultimately resulting in diminished 

dopaminergic neurotransmission. This denervation may influence the expression of specific 

molecular markers in striatal neurons that are regulated by nigrostriatal dopaminergic input. For 

this reason, the striatum was also examined, with particular attention given to markers associated 

with dopaminergic signalling, such as DA receptors. If ACEA exerts beneficial effects on 

dopaminergic neurons, such neuroprotection would be expected to be reflected in the regulation 

of these downstream striatal markers. 

Striatal gene expression, visualised through a heatmap (Figure 22), revealed that the AAV9-α-

synA53T lesion exerted a limited impact on key components of dopaminergic signalling. No major 

alterations were detected in the expression of DA D1 (Drd1) and D2 (Drd2) receptors, and only a 

downward trend (purple hue) was observed for DARRP32 (Ppp1r1b), a downstream signalling 

molecule. Interestingly, the expression of DARRP32 appeared to recover following treatment with 

ACEA (orange hue), although this change did not reach statistical significance. Beyond 

Figure 20. Effect of ACEA treatment on neuronal integrity in the SNpc of AAV9-α-synA53T-lesioned mice. Immunohistochemical 
analysis was performed to assess dopaminergic neuronal integrity using tyrosine hydroxylase (TH) as a marker. Immunoreactivity was 
quantified from 3-5 images per animal and expressed as a percentage of the lesioned side relative to the non-lesioned side. Data are 
presented as mean ± SEM from 7-10 animals per group. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s 
multiple comparison test (**** p < 0.0001 vs. Sham-operated vehicle group). Representative immunostaining images for each experimental 
group are shown to the right of the graph (scale bar = 200 μm). 
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dopaminergic signalling, we also explored the influence of the lesion on regulatory degradative 

pathways, focusing on genes involved in autophagy and the UPR. Autophagy-related markers did 

not exhibit substantial alterations in expression following either mutant α-syn overexpression or 

ACEA administration. In contrast, the lesion had a more pronounced effect on UPR-associated 

genes. The misfolded protein chaperone BiP (Hspa5) showed the most notable reduction in 

expression, followed by the ER stress-induced transcription factor CHOP (Ddit3), and to a lesser 

extent, the ER chaperone GRP94 (Hsp90b1), which displayed a milder decreasing trend. Although 

ACEA treatment did not significantly reverse these lesion-induced changes, it appeared to 

counteract the trend by increasing the expression of these markers, as reflected by a shift towards 

orange hues in the heatmap (Figure 22). This suggests that CB1R activation by ACEA may elicit a 

modest biological response, warranting further investigation. Notably, CB1R (Cnr1) expression 

itself remained largely unaffected by either the AAV9-α-synA53T lesion or ACEA treatment. 

 

Figure 21. Effect of ACEA treatment on the motor performance of AAV9-α-synA53T-lesioned mice assessed by the cylinder rearing 
test (CRT) and the elevated-body swing test (EBST). In the CRT, (A) lateralization was quantified by subtracting the number of contacts 
made with the ipsilateral paw from those made with the contralateral paw and dividing the result by (C) the total number of contacts. In 
the EBST, (B) the lateral preference was calculated similarly, by subtracting the number of swings to the ipsilateral side from those to the 
contralateral side and dividing the result by (D) the total number of swings. Values are presented as mean ± SEM of 7-11 animals per group.  
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test (**** p < 0.0001 vs. Sham-operated 
vehicle group). 
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1.2. Effect of local α-synucleinA53T overexpression in BiP-deficient mice 

Despite its limited neuroprotective effect, ACEA may influence degradative pathways, as evidenced 

by increased LAMP-1 immunoreactivity and a modest elevation in the expression of genes related 

to degradative processes in the striatum. Although CB1R has been widely reported to regulate 

proteostasis through autophagy induction, our data suggest that an alternative mechanism, 

namely, the UPR, may also contribute to protein dysregulation in our model. Notably, recent 

studies have demonstrated that key components of the UPR, such as the chaperone BiP and the 

ubiquitin E3 ligase cereblon, interact strongly with the intracellular domain of CB1R, thereby 

modulating its signalling (Costas-Insua et al., 2021; 2024). These interactions may bias CB1R 

activation towards the regulation of protein homeostasis. Interestingly, BiP has been implicated in 

α-syn toxicity in PD patients (Baek et al., 2016), and its upregulation has been shown to ameliorate 

α-syn-induced toxicity in a rat model of PD (Gorbatyuk et al., 2012). This is in line with our 

previous observation of reduced BiP expression, alongside decreases in other UPR-related 

markers (Figure 22). Given the potential link between CB1R, BiP and α-syn, we sought to further 

investigate the role of this CB1R-interacting chaperone in PD pathology. To this end, BiP-deficient 

male mice and their WT littermates were subjected to the same lesion procedure described in the 

previous section (AAV9-α-synA53T inoculation into the SN), a model in which protein dysregulation 

represents the primary cytotoxic insult. As complete BiP deficiency results in embryonic lethality, 

only heterozygous animals could be employed in our study. 

1.2.1. BiP-deficient and wild-type mice showed similar neurodegenerative patterns 

and motor impairments after nigral lesion 

Assessment of the AAV9-α-synA53T-induced lesion via TH immunostaining revealed a marked 

reduction in TH immunoreactivity in lesioned WT animals, indicative of dopaminergic neuronal 

Figure 22. Effect of AAV9-α-synA53T lesion and ACEA treatment on gene expression profiles in the striatum. mRNA levels were 

measured by qPCR and visualised as a heatmap to evaluate the expression of genes involved in dopaminergic signalling, including Drd1 

(dopamine D1 receptor), Drd2 (dopamine D2 receptor), and Ppp1r1b (dopamine- and cAMP-regulated phosphoprotein of 32 kDa, 

DARRP32); autophagy, such as Atg7 (autophagy-related 7, ATG7), Sqstm1 (sequestosome 1, also known as p62), and Becn1 (beclin-1); and 

the UPR, including Hspa5 (binding immunoglobulin protein, BiP), Ddit3 (C/EBP homologous protein, CHOP), and Hsp90b1 (glucose-

regulated protein 94, GRP94). The cannabinoid receptor gene Cnr1 (CB1R) was also included. Gapdh was used as the housekeeping gene. 

The colour scale below the heatmap indicates relative expression levels. Each experimental group comprised 8-11 animals. Data were 

analysed using one-way ANOVA followed by Tukey's multiple comparison test (* p < 0.05, *** p < 0.001 vs. Sham-operated vehicle group).  
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dysfunction. A comparable reduction was observed in lesioned BiP+/− mice (Figure 23), 

suggesting no significant genotype-related differences in the extent of the lesion. In light of this, 

similar levels of motor impairment were anticipated in both genotypes across behavioural tests, a 

hypothesis that was subsequently confirmed (Figure 24). Both lesioned groups displayed 

comparable preference scores for the ipsilateral paw (relative to the lesion side) during rearing in 

the CRT (Figure 24A), as well as similar contralateral swing bias in the EBST (Figure 24B). 

Notably, analysis of the total number of contacts and swings revealed no major differences 

between groups in either the CRT (Figure 24C) or EBST (Figure 24D), with the exception of a 

reduced number of swings in lesioned heterozygous mice compared to their WT counterparts. 

This finding may suggest a subtle motor effect of BiP deficiency, albeit not directly attributable to 

the parkinsonian lesion itself. 

1.2.2. BiP deficiency tended to modify the microglial response in the substantia 

nigra of lesioned mice, without affecting astrocytic immunoreactivity 

In addition to evaluating dopaminergic neurons via TH immunostaining, we also assessed glial 

responses by measuring microglial and astrocytic markers using Iba1 and GFAP immunostaining, 

respectively. Notably, Iba1 was selected over CD68 as a microglial marker, given that previous work 

in our laboratory demonstrated a more pronounced effect of BiP heterozygosity on Iba1 

immunoreactivity, whereas no differences were observed with CD68 (Go mez-Almerí a et al., 2021). 

As expected, lesioned animals exhibited a marked increase in both microglial (Figure 25A) and 

Figure 23. Effect of partial BiP deficiency on neuronal integrity in the AAV9-α-synA53T-lesioned SNpc. Immunohistochemical assays 
were performed to evaluate the dopaminergic neuronal marker tyrosine hydroxylase (TH). Immunoreactivity values were quantified from 
3-5 images per animal and expressed as the percentage of the lesioned side relative to the non-lesioned side. Final values are presented as 
mean ± SEM of 8-12 animals per group. Data were analysed using two-way ANOVA followed by Tukey’s multiple comparison test (**** p < 
0.0001 vs. WT Sham-operated group; #### p < 0.05 vs. BiP+/- Sham-operated group). Representative immunostaining images for each 
experimental group are shown to the right of the graph (scale bar = 200 μm). 
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astrocytic (Figure 25B) immunoreactivities, indicative of glial activation. However, no significant 

genotype-related differences were observed for either marker. The only exception was a trend 

towards increased Iba1 immunoreactivity, and thus enhanced microglial activation, in BiP+/- mice 

following lesion, in line with previous findings (Figure 25A). 

 

 

 

 

Figure 24. Effect of partial BiP deficiency on motor performance in AAV9-α-synA53T-lesioned mice assessed by the cylinder rearing 
test (CRT) and elevated-body swing test (EBST). In the CRT, (A) the score of motor asymmetry was calculated by subtracting the number 
of contacts made with the ipsilateral paw from the number of contacts made with the contralateral paw, and dividing the result by (C) the 
total number of contacts. In the EBST, (B) the asymmetry score was calculated similarly, subtracting the turns to the ipsilateral side from 
the turns to the contralateral side, and dividing the result by (D) the total number of turns. Data are expressed as mean ± SEM of 8-12 
animals per experimental group. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test 
(**** p < 0.0001 vs. WT Sham-operated group; # p < 0.05, #### p < 0.0001 vs. BiP+/- Sham-operated group; $$ p < 0.01 vs. WT AAV9-α-
synA53T-lesioned group). 
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Figure 25. Effect of partial BiP deficiency on glial reactivity in the AAV9-α-synA53T-lesioned SNpc. Immunohistochemical assays were 
performed to evaluate glial activation using two markers: (A) ionised calcium-binding adapter molecule 1 (Iba1), and (B) glial fibrillary 
acidic protein (GFAP). Immunoreactivity was quantified from 3–5 images per animal and expressed as the percentage of the lesioned side 
relative to the non-lesioned side. Data are presented as mean ± SEM of 8–12 animals per group. Statistical analysis was conducted using 
two-way ANOVA followed by Tukey’s multiple comparison test (* p < 0.05, **** p < 0.0001 vs. WT Sham-operated group; #### p < 0.0001 
vs. BiP+/- Sham-operated group). Representative immunostaining images for each experimental group are shown to the right of the 
corresponding graph (scale bar = 200 μm). 
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CHAPTER 2 

G PROTEIN-COUPLED RECEPTOR 55 AND PARKINSON’S DISEASE 

Beyond the canonical cannabinoid receptors CB1R and CB2R, cannabinoids may exert their effects 

through interactions with so-called atypical receptors, such as PPARγ and GPR55. The latter has 

been extensively studied in various pathological conditions due to its widespread expression 

across multiple tissues and organs (Shore & Reggio, 2015), where it is implicated in a wide range 

of physiological and pathological processes. Notably, GPR55 activity has attracted growing interest 

within the CNS, where it is expressed in brain regions including the striatum, hippocampus, 

cerebral cortex, cerebellum, GP, and SNpc (Wu et al., 2013; Patricio et al., 2022; Sa nchez-Zavaleta 

et al., 2022). Indeed, studies employing GPR55-deficient models have highlighted its involvement 

in motor coordination (Wu et al., 2013; Hurst et al., 2017; Marichal-Cancino et al., 2017), 

neurogenesis (Cherif et al., 2015; Hill et al., 2018; 2019), immune and inflammatory regulation 

(Staton et al., 2008; Hill et al., 2019), axonal guidance (Cherif et al., 2015), and neuroprotection 

(Sisay et al., 2013; Gajghate et al., 2024).  

Various GPR55-interacting compounds have been tested in PD models. In MPTP-lesioned mice, 

abnormal-CBD, a GPR18 agonist that also exhibits activity at GPR55, prevented motor 

impairments, protected dopaminergic cell bodies in the SN, though not in striatal dopaminergic 

terminals, and induced microglial morphological changes consistent with a resolutive phenotype 

(Celorrio et al., 2017). Interestingly, in the same study, CBD, acting as a GPR55 antagonist, induced 

similar microglial alterations, yet had no effect on motor behaviour or neuronal preservation. In 

6-OHDA-lesioned rats, findings have been inconsistent. Fatemi and colleagues reported similar 

motor improvements with both the GPR55 agonist LPI and the antagonist ML-193 (Fatemi et al., 

2021). However, another study documented slight differences between the agonist (LPI) and 

antagonists (CBD, CID16020046), with better motor performance observed following antagonist 

administration (Patricio et al., 2022). Additionally, neuroprotective effects have been reported for 

the GPR55 agonist O-1602 in models of cognitive impairment (Wang et al., 2022b; Xiang et al., 

2022a; 2022b). 

Despite the conflicting findings regarding GPR55 in neurodegenerative contexts, it is evident 

that this receptor mediates actions that may counteract neurodegeneration. However, given its 

complex pharmacology, likely shaped by biased agonism and cell-specific functional selectivity, we 

opted to investigate GPR55 genetic ablation as a means to further elucidate its role in PD. To date, 

no studies have examined parkinsonian models in the context of GPR55 deficiency. To address this 

gap, we employed two distinct lesion models: nigral AAV9-α-synA53T inoculation and striatal 6-

OHDA administration, in both male and female mice, allowing for a more comprehensive analysis 

of the contribution of GPR55 to PD pathogenesis under different cytotoxic conditions. Additionally, 

we assessed potential alterations in GPR55 expression using these same models, as well as in post-
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mortem human samples, given the limited data on its dysregulation in PD (Celorrio et al., 2017; 

Martí nez-Pinilla et al., 2020). 

2.1. GPR55 expression was largely unchanged in Parkinson’s disease 

patients and in two murine models of parkinsonism 

Before evaluating the potential impact of GPR55 on the pathogenesis of PD, it is essential to 

determine how GPR55 expression is affected by the disease itself. To this end, we first analysed 

GPR55 expression in post-mortem human samples, focusing on midbrain regions containing the 

SN and the caudate-putamen nuclei. These samples are of high value, as they provide direct insight 

into disease-associated alterations. It is worth noting that, for these human analyses, data from 

both sexes were pooled to increase statistical power and minimise the impact of data dispersion 

and missing values in specific subgroups. No significant changes in GPR55 expression were 

observed in either the midbrain (Figure 26A) or the striatum (Figure 26B). Nonetheless, if any 

trends can be discerned from these data, they indicate an upregulation in the midbrain and a 

downregulation in the striatum. 

 We then extended our analysis of GPR55 expression to the striatum, the principal brain region 

expressing this receptor, in mouse models of PD induced via two distinct approaches: nigral 

stereotaxic injection of AAV9-α-synA53T and striatal stereotaxic injection of 6-OHDA. In both 

models, no significant lesion-induced differences were observed in either sex, nor were any sex-

related differences detected in sham-operated or lesioned animals (Figures 27A and 27B). 

Notably, a significant overall increase in receptor expression following lesion, irrespective of sex, 

was observed in the AAV9-α-synA53T model (p = 0.0448) (Figure 27A). By contrast, no detectable 

changes or subtle trends were evident in the mitochondrial 6-OHDA model (Figure 27B). 

It is worth noting that, despite numerous attempts to directly assess GPR55 protein levels via 

Western blotting, immunohistochemistry, or proteomics, we were unable to obtain reliable or 

conclusive results. This was primarily due to the lack of effective experimental tools, such as high-

Figure 26. Impact of PD on GPR55 expression in post-mortem human samples. Samples analysed included (A) midbrain regions 
containing the SNpc and (B) caudate-putamen nuclei of the striatum. Both healthy controls and PD patients, as well as samples from both 
sexes, were included in these analyses. GAPDH was used as the housekeeping gene, and expression values were normalised to the mean of 
the control group. Final values are presented as mean ± SEM for 9-12 samples per experimental group. Data were analysed using Student’s 
t-test. 
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quality anti-GPR55 antibodies. To circumvent these limitations, alternative methods, including in 

situ hybridisation and single-nucleus RNA sequencing, are currently being considered, as they may 

allow for a more accurate and cell type–specific characterisation of GPR55 expression. Although 

results from these ongoing experiments are not yet available, we anticipate that they will 

significantly enhance our understanding of how GPR55 expression is regulated in the context of 

PD. 

2.2. GPR55-deficient mice showed impaired rotarod performance, with 

no changes in other motor parameters or overall nigral histology  

Although the lack of marked changes in GPR55 expression in both human samples and murine 

models might suggest a limited role in PD pathogenesis, it does not preclude the possibility that 

GPR55 may still represent a viable therapeutic target. For this reason, we next explored the 

functional relevance of GPR55 in PD by employing KO mice. These GPR55 KO mice have been 

primarily used to investigate the physiological roles of this receptor in vivo. As part of the 

necessary characterisation of this colony in our laboratory, and in light of the previously reported 

phenotypic alterations (Staton et al., 2008; Wu et al., 2013), we first performed a brief pre-lesion 

assessment of motor behaviour, alongside nigral immunohistochemical analyses of dopaminergic 

neurons, microglia, and astrocytes. 

Since the CRT and EBST are specifically designed for assessing unilateral lesions, the rotarod 

and actimeter tests were employed to evaluate the overall motor performance of GPR55 KO 

animals in comparison to their WT counterparts prior to lesion induction. In the rotarod test, 

GPR55 deficiency significantly reduced the latency to fall (p = 0.0004; Figure 28A). When 

analysing the sexes separately, this effect was more pronounced in females, where it reached 

statistical significance, whereas in males the reduction was minimal and did not reach significance 

(Figure 28A). The genotype-associated effect was less marked across the various motor 

Figure 27. Impact of two distinct parkinsonian lesions on striatal GPR55 expression in male and female mice. mRNA levels od 
Gpr55 were quantified by qPCR in mice subjected to either (A) nigral inoculation of AAV9-α-synA53T or (B) striatal injection of 6-OHDA. 
Gapdh was used as the housekeeping gene, and values were normalised to the mean of the male sham-operated group. Final values are 
presented as mean ± SEM for 12-14 animals per experimental group. Data were analyzed using two-way ANOVA followed by Tukey's 
multiple comparison test. 
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parameters evaluated using the actimeter, with statistical significance observed only for resting 

time, which was longer in GPR55-deficient animals (p = 0.0335; Figure 28B). Nonetheless, 

downward trends were evident in several parameters, including horizontal activity (p = 0.0916; 

Figure 28C), locomotion (p = 0.0697; Figure 28D), maximum velocity (p = 0.0764; Figure 28E), 

mean velocity (p = 0.0608; Figure 28F), and total distance travelled (p = 0.0535; Figure 28G). No 

significant differences or observable trends were found in slow or fast movement counts (Figures 

28H and 28I), or in rearing events (Figure 28J). Notably, when analysed separately by sex, none 

of these parameters reached statistical significance in any experimental group (Figures 28B–J). 

In the SN, no significant differences in immunoreactivity were observed between genotypes in 

either sex for TH (Figure 29A), Iba1 (Figure 29B), or GFAP (Figure 29C). However, for the 

Figure 28. Motor characterisation of GPR55-deficient mice. (A) Latency on rotarod test, as well as various parameters derived from 
the computerised actimeter, including (B) resting time, (C) horizontal activity, (D) locomotion, (E) maximum velocity, (F) mean velocity, 
(G) distance traveled, (H) slow movements, (I) fast movements, and (J) rearing movements, were assessed in both male and female WT and 
GPR55 KO mice. For the rotarod test, latency values represent the mean of three trials. Data are expressed as mean ± SEM of 14-25 animals 
per group. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test (## p < 0.01 vs. WT 
female group). 
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microglial marker Iba1, a significant overall effect of GPR55 deficiency was detected, with reduced 

immunoreactivity observed in GPR55-deficient mice (p = 0.0448). This finding is consistent with 

previous reports indicating a microglial dependency in the anti-inflammatory actions mediated 

by GPR55 ligands (Kallendrusch et al., 2013). 

2.3. G protein-coupled receptor 55 deficiency in adeno-associated α-

synucleinA53T viral vector model 

After evaluating whether GPR55 expression was altered by parkinsonian brain lesions and 

assessing the impact of GPR55 deficiency on motor performance and the cellular status of the SN 

and striatum, the next step was to analyse how this genetic ablation might influence the 

pathological phenotypic progression in both PD-like murine models. We first investigated this in 

the AAV9-α-synA53T model, which recapitulates key features of PD pathology, including 

dopaminergic neuronal death, disruptions in proteostasis, α-synuclein accumulation, and a robust 

inflammatory response (Castro-Sa nchez et al., 2018). 

2.3.1. GPR55-deficient mice showed less unilateral preference after nigral α-

synucleinA53T overexpression in the CRT, but not in the EBST 

Once again, the CRT and EBST were employed to evaluate the motor performance of WT and 

GPR55 KO mice. In both tests, the nigral lesion induced by AAV9-α-synA53T elicited motor 

impairments, resulting in a marked preference for one paw (Figure 30B) or one side (Figures 

30D and 30E). This effect reached statistical significance in both sexes, except in males in the CRT, 

where the enhanced lateralised preference was less pronounced (Figure 30A). Regarding GPR55-

deficient mice, these animals appeared less sensitive to the lesion in the CRT, exhibiting a weaker 

preference in females (Figure 30B), and no preference at all in males (Figure 30A). However, this 

increased resistance was not replicated in the EBST, where GPR55 KO mice displayed a similar 

degree of motor impairment as their WT counterparts following the unilateral lesion (Figures 

30D and 30E). Interestingly, even in the absence of a lesion, GPR55-deficient mice showed a slight 

increase in the preference for swinging towards the ipsilateral side compared to WT animals. 

Finally, when analysing the number of wall contacts or swing events in each experimental group, 

Figure 29. Effect of genetic GPR55 ablation on neuronal and glial cell populations within SNpc. Immunohistochemical assays were 
performed to evaluate (A) tyrosine hydroxylase (TH) as a marker of dopaminergic neurons, (B) ionised calcium-binding adapter molecule 
1 (Iba1) for microglia and (C) glial fibrillary acidic protein (GFAP) for astrocytes. Immunoreactivity values were quantified from 3-5 
images per animal and normalised to the mean of the male WT group. Final values are expressed as mean ± SEM of 17-28 animals per 
group. Data were analysed by two-way ANOVA followed by Tukey’s multiple comparison test. 
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no significant differences were detected between groups or in the overall effects of lesion, sex, or 

genotype (Figures 30C and 30F). 

2.3.2. GPR55 deficiency reduced dopaminergic neuronal loss and altered glial 

response after nigral lesion, with sex-specific effects 

After the behavioural characterisation, we examined the histopathological status of the animals 

following AAV9-α-synA53T inoculation. All experiments were conducted in both males and females; 

however, representative images are shown only for females to avoid redundancy. As previously 

reported, nigral inoculation with AAV9-α-synA53T resulted in a marked increase in α-synuclein 

protein levels within this brain region, to a similar extent across sexes and genotypes (Figure 

31A). This was accompanied by a striking 60% reduction in TH immunostaining in WT animals 

(Figure 31B). However, the loss of this dopaminergic marker was less pronounced in GPR55-

deficient animals, resulting in a lower statistical significance between sham-operated and lesioned 

groups in both males and females (Figure 31B). Notably, in females, lesioned GPR55 KO animals 

exhibited a statistically significant increase in TH immunostaining compared to their lesioned WT 

counterparts, while in males, this increase was observed as a non-significant trend (Figure 31B). 

Figure 30. Effect of GPR55 depletion on motor performance of AAV9-α-synA53T-lesioned mice. In the CRT, performed in (A) male and 
(B) female mice, the score was calculated by subtracting the number of contacts made with the ipsilateral paw from the number of contacts 
made with the contralateral paw, and dividing the result by (C) the total number of contacts. In the EBST, also carried out in (D) male and 
(E) female animals, the score was calculated similarly, subtracting the turns to the ipsilateral side from the turns to the contralateral side, 
and dividing the result by (F) the total number of turns. Data are expressed as mean ± SEM of 8-13 animals per group. Statistical analysis 
was performed using (A, B, D, E) two-way ANOVA or (C, F) three-way ANOVA followed by Tukey’s multiple comparison test (* p < 0.05, ** p 
< 0.01, **** p < 0.0001 vs. WT Sham-operated group; #### p < 0.0001 vs. GPR55 KO Sham-operated group).  
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Analysis of glial cells via Iba1 immunostaining revealed a marked increase in response to the 

Figure 31. Effect of GPR55 depletion on protein dysregulation and neuronal integrity in the AAV9-α-synA53T-lesioned SNpc. 
Immunohistochemical assays were performed to evaluate two markers: (A) α-synuclein (α-syn), and (B) tyrosine hydroxylase (TH). 
Immunoreactivity values were quantified from 3-5 images per animal and calculated as the difference or percentage of the lesioned side 
relative to the non-lesioned side. Final values are expressed as mean ± SEM of 7-15 animals per group. Data were analysed using two-way 
ANOVA followed by Tukey’s multiple comparison test (**** p < 0.0001 vs. WT Sham-operated group; # p < 0.05, #### p < 0.0001 vs. GPR55 
KO Sham-operated group; $ p < 0.05 WT AAV9-α-synA53T-lesioned group). Representative immunostaining images for each experimental 
group are shown as right panels and only for females (scale bar = 200 μm). 
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parkinsonian lesion, similarly observed in both sexes, with no significant differences between 

genotypes (Figure 32A). Given previous evidence indicating a significant role for this receptor in 

microglial activity and response, we further investigated morphological changes exhibited by 

microglia across experimental groups. As expected, AAV9-α-synA53T lesioning led to an increase in 

cell body area (Figure 32B) and a reduction in branch length (Figure 32C) in both sexes. These 

alterations resulted in an elevated cell body area-to-branch length ratio in lesioned WT animals 

(Figure 32D), indicating a shift towards an amoeboid-like morphology. In GPR55-deficient 

animals, similar lesion-induced morphological changes were observed. Notably, in females, branch 

length was further reduced in the absence of GPR55 following lesion (Figure 32C). This also 

affected the cell body area-to-branch length ratio, which was significantly higher in GPR55-

deficient female mice lesioned with AAVs (Figure 32D). These findings suggest that microglia 

from female GPR55-deficient animals adopt an even more amoeboid-like morphology, which may 

influence their response to the proteotoxic insult. 

This pronounced glial response was also evident in GFAP immunostaining, which revealed a 

substantial increase in lesioned mice, particularly in WT animals (Figure 33A). However, this 

increase was more moderate in GPR55-deficient animals, resulting in a reduction or even loss of 

statistical significance between sham-operated and lesioned groups. Nevertheless, no significant 

differences were observed between lesioned WT and GPR55 KO mice in either sex. This modest 

trend prompted us to further examine the status of GFAP-positive cells by assessing their 

colocalisation with complement component 3 (C3), a key mediator of inflammatory activation, 

which may serve as a preliminary indicator of astroglial reactivity. Through this approach, we 

identified a more pronounced effect of GPR55 deficiency. In WT animals, the lesion induced a 

significant increase in C3 expression within GFAP-positive astrocytes (Figure 33B). However, in 

GPR55-deficient females, this increase in colocalisation was completely abolished, resulting in a 

significant difference between the lesioned groups (Figure 33B). By contrast, this effect of GPR55 

deficiency was not observed in males, once again highlighting a sex-related bias in the results. 

2.3.3. Striatal upregulation of IL-1β and IFNγ in lesioned mice is substantially 

affected by GPR55 deficiency in females 

Striatal gene expression analysis of the pro-inflammatory cytokines IL-1β and IFNγ revealed a 

general increase in lesioned groups of both sexes (p = 0.0270, Figure 34A; p = 0.0047, Figure 34B; 

p = 0.0082, Figure 34C; p = 0.0170, Figure 34D), indicating that α-syn-induced inflammation 

extends beyond the SN. GPR55 deletion did not significantly alter mRNA levels between lesioned 

and sham-operated groups in male mice. In females, although no statistically significant 

differences were observed between lesioned WT and KO animals for either cytokine, a subtle 

genotype-dependent effect could be identified: the increase in cytokine expression observed 

between sham and lesioned WT animals was not present in their GPR55 KO counterparts (Figures 

34B and 34D). This suggests a mild modulatory role of GPR55 in the striatal inflammatory 

response as well. 
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Figure 32. Effect of GPR55 depletion on microglial reactivity in the AAV9-α-synA53T-lesioned SNpc. Immunohistochemical assays 
were performed to evaluate the microglial marker ionised calcium-binding adapter molecule 1 (Iba1). (A) Immunoreactivity values were 
quantified from 3-5 images per animal and calculated as the percentage of the lesioned side relative to the non-lesioned side. Final values 
are expressed as mean ± SEM of 7-15 animals per group. Representative immunostaining images for each experimental group are shown 
as right panels and only for females (scale bar = 200 μm). Morphological parameters, including (B) cell body area, (C) branch length, and 
(D) their ratio, were analysed at higher magnification (×63). Final values are expressed as mean ± SEM of 40-56 cells from 6-7 animals, 
per group. Representative immunostaining images for each experimental group are shown in the lower panels and also correspond to 
females only (scale bar = 20 μm). Data were analysed using two-way ANOVA followed by Tukey’s multiple comparison test (* p < 0.05, ** p 
< 0.01, *** p < 0.001, **** p < 0.0001 vs. WT Sham-operated group; #### p < 0.0001 vs. GPR55 KO Sham-operated group; $ p < 0.05, $$ p 
< 0.01 vs. WT AAV9-α-synA53T-lesioned group). 



RESULTS. Chapter 2 

142 
 

 

Figure 33. Effect of GPR55 depletion on astroglial reactivity in the AAV9-α-synA53T-lesioned SNpc. Immunohistochemical assays were 
performed to evaluate the astroglial markers (A) glial fibrillary acidic protein (GFAP) and (B) complement component 3 (C3). 
Immunoreactivity values were quantified from 3–5 images per animal and calculated as follows: (A) for GFAP, as the percentage of the 
lesioned side relative to the non-lesioned side; and (B) for C3, as the percentage of the C3-positive area overlapping with the GFAP-positive 
area on the lesioned side. Final values are expressed as mean ± SEM of 6-13 animals per group. Data were analysed using two-way ANOVA 
followed by Tukey’s multiple comparison test (** p < 0.01, **** p < 0.0001 vs. WT Sham-operated group; # p < 0.05, ## p < 0.01 vs. GPR55 
KO Sham-operated group; $ p < 0.05 vs. WT AAV9-α-synA53T-lesioned group). Representative immunostaining images for each experimental 
group are shown as right panels and only for females (scale bar = 200 μm). 
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2.4. G protein-coupled receptor 55 deficiency in 6-hydoxydopamine 

model 

Once GPR55 deficiency had been assessed in the proteinopathy-related AAV9-α-synA53T model, we 

sought to evaluate the impact of the same genetic alteration in a different parkinsonian model, 

based on the neurotoxin 6-OHDA, which primarily induces mitochondrial dysfunction and 

oxidative stress. The rationale for conducting experiments in an additional model was to avoid 

restricting the study to a single primary cytotoxic mechanism, as multiple pathological events 

occur simultaneously in the human disease. Therefore, when investigating a potential 

pharmacological target, it is crucial to verify its relevance across different models. 

2.4.1. Female GPR55-deficient mice exhibited improved motor performance in the 

pole test following striatal 6-hydroxydopamine lesion 

To assess motor performance in 6-OHDA-lesioned mice, we employed the pole test in addition to 

the CRT and EBST, as motor impairments resulting from unilateral lesions with this toxin have 

been shown to be detectable with this test, despite its non-lateralised nature (Burgaz et al., 

2021a). In line with previous findings, comparison of descent latency revealed a clear increase in 

Figure 34. Effect of GPR55 depletion on the gene expression profile in the striatum of AAV9-α-synA53T-lesioned mice. mRNA levels 
were evaluated by qPCR to assess the expression of two proinflammatory cytokine: interleukin 1β, in (A) males and (B) females, and 
interferon γ, also in (C) males and (D) females. Gapdh was used as a housekeeping gene, and values were normalized to the mean of the 
WT Sham-operated group. Final values are expressed as mean ± SEM for 10-15 animals per experimental group. Data analysis was 
conducted using two-way ANOVA followed by Tukey's multiple comparison test (* p < 0.05 vs. WT Sham-operated group). 
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lesioned WT animals, irrespective of sex (Figures 35A and 35B). A similar prolongation in latency 

was also observed in lesioned GPR55-deficient males, but notably, this effect was absent in their 

female counterparts. These results further support the notion that GPR55 deficiency differentially 

affects motor behaviour, exerting a more pronounced influence in females while having minimal 

impact in males. 

A similar trend was observed in the other motor tests. The lesion-induced side preference seen 

in WT animals was maintained in GPR55-deficient males (Figures 35C and 35F), whereas in 

females, it appeared slightly attenuated in the CRT (Figure 35D) and almost completely abolished 

in the EBST (Figure 35G). However, it is important to note that statistical significance in these 

latter two tests was notably limited. Additionally, analysis of wall contacts in the CRT (Figure 35E) 

and swing events in the EBST (Figure 35H) revealed a significant effect of the lesion in both tests 

(p < 0.0001 and p = 0.0005, respectively). In the CRT, both WT males and WT females exhibited 

significant reductions in the number of contacts between control and lesioned groups (Figure 

35E). Similarly, in the EBST, a significant reduction in swing events was observed in KO males 

(Figure 35H). Notably, in the CRT, a global effect of sex and genotype was also detected on the 

total number of rearing movements (Figure 35E). Therefore, these findings should be interpreted 

with caution, given the potential confounding influence of sex and genotype. 

2.4.2. GPR55 deficiency only mildly reduced dopaminergic loss after striatal 6-

hydroxydopamine lesion and had no effect on glial responses  

The 6-OHDA-induced lesion was confirmed by quantification of TH immunoreactivity in the SN 

(Figure 36), revealing an approximately 60% reduction in dopaminergic neuronal staining on the 

lesioned side relative to the contralateral hemisphere in both WT females and males. Animals 

lacking GPR55 exhibited a similar, statistically significant reduction in TH immunoreactivity 

between sham-operated and lesioned groups. However, it is noteworthy that 6-OHDA-treated KO 

females showed a near-significant trend towards higher levels of this neuronal marker compared 

to their lesioned WT counterparts, suggesting a modestly attenuated neuronal degeneration in the 

absence of GPR55. 

In contrast to the findings from the AAV9-α-synA53T model, neuronal damage induced by 6-

OHDA was not accompanied by a significant inflammatory response in the SN. No increase in Iba1 

(Figure 37A) or GFAP (Figure 37B) immunoreactivity was observed in either WT or GPR55 KO 

animals, irrespective of sex. Only in the case of GFAP immunostaining in males was a significant 

overall effect of the lesion detected (p = 0.0074). Furthermore, the expression of C3 protein in 

GFAP-positive cells was not elevated in lesioned animals (Figure 37C), further supporting the 

limited glial reactivity observed in the SN in this model. 

2.4.3.  Neither the 6-OHDA-induced lesion nor GPR55 deletion altered the striatal 

expression levels of IL-1β and IFN-γ in either sex 

Gene expression analysis of IL-1β and IFN-γ in the striatum revealed no lesion-associated changes 

in the 6-OHDA model (Figures 38), consistent with the absence of Iba-1 and GFAP 
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immunoreactivity changes in the SN. No statistically significant differences were observed 

between groups, and neither upregulation nor downregulation of IL-1β or IFN-γ expression was 

detected in GPR55-deficient animals compared to their WT counterparts, in either sex. The only 

exception was a significant genotype effect observed for IL-1β in females (p = 0.0328), indicating 

a slight increase in expression levels in GPR55 KO animals (Figure 38A). However, this alteration 

did not reach biologically meaningful levels when compared with those observed in the AAV9-α-

synA53T model. 

Figure 35. Effect of GPR55 depletion on motor performance of 6-OHDA-lesioned mice. Pole test, CRT and EBST were employed to 
evaluate motor impairments induced by the 6-OHDA lesion in both sexes. Latency in the pole test, measured in (A) males and (B) females, 
was calculated as the mean of three trials. For the CRT, performed in (C) male and (D) female mice, the score was calculated by subtracting 
the number of contacts made with the ipsilateral paw from the number of contacts made with the contralateral paw, and dividing the 
result by (E) the total number of contacts. For the EBST, also conducted in (F) male and (G) female animals, the score was calculated 
similarly, subtracting the turns to the ipsilateral side from the turns to the contralateral side, and dividing the result by (H) the total 
number of turns. Values are expressed as mean ± SEM of 8-13 animals per group. Data were analysed using (A, B, C, D, F, G) two-way ANOVA 
or (E, H) three-way ANOVA followed by Tukey’s multiple comparison test (** p < 0.01, **** p < 0.0001 vs. WT Sham-operated group; # p < 
0.05, ### p < 0.001 vs. GPR55 KO Sham-operated group; $ p < 0.05 vs. WT 6-OHDA-lesioned group). 
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Figure 36. Effect of GPR55 depletion on neuronal integrity in the SNpc of 6-OHDA-lesioned mice. Immunohistochemical analysis 
was performed to evaluate tyrosine hydroxylase (TH). Immunoreactivity values were quantified from 3-5 images per animal and calculated 
as the percentage of the lesioned side relative to the non-lesioned side. Final values are expressed as mean ± SEM of 7-15 animals per group. 
Data were analysed using two-way ANOVA followed by Tukey’s multiple comparison test (**** p < 0.0001 vs. WT Sham-operated group; 
#### p < 0.0001 vs. KO Sham-operated group). Representative immunostaining images for each experimental group are shown as right 
panels and only for females (scale bar = 200 μm). 

Figure 37. Effect of GPR55 depletion on glial reactivity in the SNpc of 6-OHDA-lesioned mice. To be continued on the next page.  
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Figure 37. Effect of GPR55 depletion on glial reactivity in the SNpc of 6-OHDA-lesioned mice. Immunohistochemical assays were 
performed to evaluate three markers: (A) ionised calcium-binding adapter molecule 1 (Iba1), (B) glial fibrillary acidic protein (GFAP), and 
(C) complement component 3 (C3). Immunoreactivity values were quantified from 3-5 images per animal and calculated as the percentage 
of the lesioned side relative to the non-lesioned side. Final values are expressed as mean ± SEM of 9-15 animals per group. Data were 
analysed using two-way ANOVA followed by Tukey’s multiple comparison test. Representative immunostaining images for each 
experimental group are shown as right panels and only for females (scale bar = 200 μm). 
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Figure 38. Effect of GPR55 depletion on gene expression profiles in the striatum of 6-OHDA-lesioned mice. mRNA levels were 
evaluated by qPCR to assess the expression of two proinflammatory cytokines: interleukin 1β in (A) males and (B) females, and interferon 
γ in (C) males and (D) females. Gapdh was used as the housekeeping gene, and values were normalised to the mean of the WT sham-
operated group. Final values are expressed as mean ± SEM for 10-15 animals per experimental group. Data were analysed using two-way 
ANOVA followed by Tukey's multiple comparison test. 
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CHAPTER 3 

(+)-TRANS-ENANTIOMER OF CANNABIDIOL AND DERIVATIVES 

AGAINST NEUROINFLAMMATION 

As demonstrated in the two preceding chapters, this thesis project aims to explore novel strategies 

against PD involving components of the ECS, such as CB1R and GPR55. However, beyond 

cannabinoid receptors, cannabinoids themselves may offer new therapeutic avenues, particularly 

through chemical modifications of their structure. A wide range of phytocannabinoid derivatives 

has been identified in Cannabis sativa, such as CBDV, or synthetically developed to enhance their 

pharmacological properties. For instance, VCE-003.2, an aminoquinone derivative of CBG, has 

shown therapeutic potential in neurodegenerative diseases, including PD (Burgaz et al., 2019; 

2021a; 2024; Rodrí guez-Carreiro et al., 2023), amyotrophic lateral sclerosis (Rodrí guez-Cueto 

et al., 2018), and HD (Aguareles et al., 2019). Among phytocannabinoids, CBD has attracted 

considerable interest due to its clinical potential. In line with this trend, various synthetic 

derivatives have been developed, including fluorinated CBD, which exhibits greater potency 

(Breuer et al., 2016); abnormal CBD, which is active at GPR18 (Matouk et al., 2018); and CBD 

hydroquinones, which act on PPARs (Del Rí o et al., 2016). Moreover, phytocannabinoids may also 

be modified in terms of stereoisomerism, opening the possibility that enantiomers of a given 

compound may differ in their mechanisms of action, for example, in their affinity for classical 

cannabinoid receptors. 

CBD and Δ9-THC possess two chiral centres, giving rise to four possible stereoisomeric 

conformations (see Box 6 in INTRODUCTION). In plants, these phytocannabinoids occur 

naturally in the (–)-trans enantiomeric form, whereas (+)-trans forms can be synthetically 

produced. Optical stereoisomerism has long been suggested to influence the interaction of Δ9-THC 

and CBD with CB1R and CB2R (Mechoulam et al., 1987; Hanus et al., 2005; Rao et al., 2025), 

although more research to date has focused on Δ9-THC and its derivatives. In general, (+)-trans 

enantiomers display lower affinity and potency at CB1R and CB2R compared to their (–)-trans 

counterparts (Little et al., 1988). Notably, the (+)-enantiomer of dimethylheptyl-Δ9-THC, known 

as HU-211, lacks cannabinoid receptor activity but acts as a non-competitive NMDA receptor 

antagonist (Feigenbaum et al., 1989). Fewer studies have investigated the effects of CBD 

stereoisomerism on CB1R and CB2R interactions, likely due to the weak activity of the naturally 

occurring (–)-enantiomers at these receptors. Nevertheless, it has been reported that 

stereochemical modifications can confer cannabinoid receptor binding capacity to CBD 

derivatives (Rao et al., 2025), potentially unlocking novel pharmacodynamic properties and 

expanding their therapeutic applications. 

In this final chapter, we aimed to compare the pharmacological profile of the (–)-trans and (+)-

trans enantiomers of CBD, its natural analogue CBDV, and three synthetic derivatives, CBDA-Me, 
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CBDA-Gly, and CBDA-Hyp (see Figure 15 in MATERIALS AND METHODS), in order to identify 

potential advantages associated with stereoisomeric modification that may influence their 

pharmacological efficacy. Our objective was to evaluate potential differences between these 

enantiomeric pairs in terms of binding affinity and intrinsic activity at CB1R and CB2R, as well as 

in silico ADMET properties. Furthermore, we explored the anti-inflammatory and neuroprotective 

potential of the (+)-trans enantiomers both in vitro, using microglial and neuronal cell line models, 

and in vivo, through a murine model of striatal LPS inoculation. Particular attention was given to 

determining whether the observed effects were receptor-dependent, with a focus on key anti-

inflammatory targets sensitive to cannabinoids, namely CB₂R and PPARγ 

3.1. Assessment of affinity and intrinsic activity on cannabinoid 

receptors  

Competition binding studies were carried out using commercial membranes transfected with 

either CB1R or CB2R, employing [³H]-CP55940 as the radioligand, to compare the binding 

affinities of the (–)-trans and (+)-trans enantiomers of CBD, CBDV, and the three synthetic 

derivatives CBDA-Me, CBDA-Gly, and CBDA-Hyp. Compounds were tested across a concentration 

range of 10⁻⁴ to 10⁻¹¹ M, enabling the calculation of Ki values as indicators of their affinities for 

CB1R and CB2R. Overall, the (+)-enantiomers exhibited lower Ki values, and thus higher binding 

affinities, than their (–)-counterparts at both receptors, with the difference being particularly 

pronounced at CB₂R (see Table 14).  

Once affinity assessment was completed, those compounds showing Ki values in the low 

nanomolar range (<40 nM) were systematically investigated for their intrinsic activity (agonist, 

antagonist, or inverse agonist) through [35S]-GTPγS binding assays. These assays primarily 

focused on CB2R, as the highest affinities were generally observed for this receptor (Table 14). 

3.1.1. (+)-Cannabidiol and derivatives showed higher affinity for the cannabinoid 

type-1 receptor compared to their (–)-counterparts 

When comparing CB1R affinities between enantiomers of the same compound, all tested 

molecules demonstrated higher affinities in their (+)-enantiomeric forms, as indicated by lower Ki 

values, relative to their respective (–)-counterparts. For the naturally occurring CBD and CBDV, the 

(–)-enantiomers exhibited only minimal affinity for CB1R, with Ki values within the micromolar 

range. However, inversion of stereochemistry resulted in a moderate reduction in Ki values, 

corresponding to approximately 10-fold (Figure 39A) and 40-fold (Figure 39B) increases in 

affinity, respectively. Similarly, (–)-CBDA-Gly displayed only weak affinity for CB₁R, whereas its (+)-

enantiomer exhibited a one-order-of-magnitude improvement in binding (Figure 39C). Among 

the compounds tested, the most pronounced enantioselective difference was observed for CBDA-

Hyp. While (–)-CBDA-Hyp showed moderate affinity for CB1R, with a Ki value in the high-

nanomolar range, its (+)-enantiomer exhibited an approximately 300-fold lower Ki, reaching the 

low-nanomolar range (Figure 39D), thereby representing the highest CB1R affinity among all 
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compounds analysed. In contrast, CBDA-Me displayed the most consistent binding profile, with 

both enantiomers presenting nearly identical Ki values within the mid-nanomolar range (Figure 

39E). In summary, with the exception of CBDA-Me, all compounds tested exhibited enhanced CB1R 

affinity in their (+)-trans configuration relative to the (–)-trans form. 

3.1.2. (+)-Cannabidiol and derivatives showed higher affinity and selectivity for the 

cannabinoid type-2 receptor compared to their (–)-counterparts 

Affinity increases observed for (+)-enantiomers relative to their (–)-counterparts were also 

evident at CB2R, with even greater differences detected at this receptor than at CB1R. 

Furthermore, all tested compounds, irrespective of their enantiomeric form, exhibited selectivity 

for CB2R, as determined by the CB1R-Ki/CB2R-Ki ratio. This CB2R preference was generally 

enhanced in the (+)-enantiomers. For CBD and CBDV, the (+)-enantiomers displayed the most 

pronounced improvements in CB2R affinity, exhibiting approximately 100-fold higher affinities 

than their (–)-enantiomeric forms (Figures 40A and 40B). This shift resulted in a transition from 

weak, low-micromolar affinities to Ki values within the mid-nanomolar range. Additionally, both 

(+)-CBD and (+)-CBDV demonstrated markedly greater CB2R selectivity, with their selectivity 

ratios increasing from 2.3 to 25.6 and from 3.5 to 8.9, respectively (Table 14). Notably, the highest 

CB2R selectivity among all compounds tested was observed for (+)-CBDA-Gly, whose ratio rose 

from 10.5 in its (–)-form to 27.8 in the (+)-enantiomer (Table 14), despite a more modest 30-fold 

increase in CB2R affinity, reaching the nanomolar range (Figure 40C). In the case of CBDA-Hyp, 

the (+)-enantiomer exhibited an approximately 80-fold increase in CB2R affinity relative to its        

Table 14. Summary of the Ki values for the (-) and (+)-enantiomeric series of the five compounds tested at both CB1R and CB2R, 
showing the increase in affinity between each pair of stereoisomers and the selectivity of each compound for CB2R. Fold increases 
were calculated as Ki(-)-compound/Ki(+)-compound for the same receptor, while CB2R selectivity was determined as KiCB1R/KiCB2R ratio for 
each compound. 

Compound 

Cannabinoid receptor type 1 Cannabinoid receptor type 2 

CB2R 
Selectivity 

Ki (nM) 

Fold increase in 
affinity of the (+)-
enantiomer over 

the (-)-enantiomer 

Ki (nM) 

Fold increase in 
affinity of the (+)-
enantiomer over 

the (-)-enantiomer 

(-)-CBD 8854 ± 449 
9.6 

3883 ± 992 
107.3 

2.3 

(+)-CBD 926 ± 275 36.2 ± 7.1 25.6 

(-)-CBDV 
12450 ± 

989 
42.3 

3561 ± 398 
107.6 

3.5 

(+)-CBDV 294 ± 46.9 33.1 ± 4.1 8.9 

(-)-CBDA-Me 379 ± 197.7 
1.1 

46.6 ± 12.9 
1.7 

8.1 

(+)-CBDA-Me 345 ± 89.8 28.0 ± 1.9 12.3 

(-)-CBDA-Gly 
3923 ± 
1547 

10.9 
374 ± 47.7 

29.0 
10.5 

(+)-CBDA-Gly 359 ± 67.1 12.9 ± 2.7 27.8 

(-)-CBDA-Hyp 604 ± 50.5 
335.6 

55.4 ± 10.9 
79.1 

10.9 

(+)-CBDA-Hyp 1.8 ± 0.8 0.7 ± 0.1 2.6 
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(–)-form, yielding the lowest Ki value observed in the entire compound panel and approaching the 

picomolar range (Figure 40D). However, despite this substantial enhancement in affinity, (+)-

CBDA-Hyp was the only compound for which CB2R selectivity decreased in the (+)-form, from a 

ratio of 10.9 to 2.6 (Table 14). Finally, CBDA-Me again displayed the most consistent binding 

behaviour between enantiomers, with both forms showing similar nanomolar affinities and CB1R-

Figure 39. Representative competition binding curves and Ki values for CB1R of the (–)-trans and (+)-trans enantiomeric series 
of the tested compounds (A-E). Ki values were derived from three independent experiments performed in triplicate. Data are expressed 
as mean ± SEM.  
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Ki/CB2R-Ki ratios of approximately 10 (Figure 40E). In summary, the CB2R binding data closely 

paralleled the results observed for CB₁R, with all compounds, except CBDA-Me, demonstrating 

enhanced affinity in the (+)-trans configuration. Moreover, the stereoisomeric change increased 

CB2R selectivity in CBD, CBDV, and CBDA-Gly. 

 

Figure 40. Representative competition binding curves and Ki values for CB2R of the (–)-trans and (+)-trans enantiomeric series 
of the tested compounds (A-E). Ki values were derived from three independent experiments performed in triplicate. Data are expressed 
as mean ± SEM. 
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3.1.3. (+)-Cannabidiol, (+)-cannabidivarin, and (+)-cannabidiol-methyl ester acted 

as agonists at the cannabinoid type-2 receptor, whereas the other two (+)-

enantiomers showed inverse agonist activity 

[³⁵S]-GTPγS binding assays were performed to evaluate the intrinsic activity at CB2R of (+)-CBD, 

(+)-CBDV, (+)-CBDA-Me, (+)-CBDA-Gly, and (+)-CBDA-Hyp, i.e., those compounds exhibiting the 

lowest Ki values in the preceding affinity assays. The results revealed that (+)-CBD (Figure 41A), 

(+)-CBDV (Figure 41B), and (+)-CBDA-Me (Figure 41C) acted as CB2R agonists. Notably, (+)-

CBDV displayed the highest potency (EC50 < 100 nM), followed by (+)-CBD (EC50 < 1 μM) and (+)-

CBDA-Me (EC50 < 50 μM). In contrast, (+)-CBDA-Gly and (+)-CBDA-Hyp functioned as inverse 

agonists at this receptor (Figures 41D and 41E, respectively), with IC50 values below 400 nM and 

10 nM, respectively. Additionally, the intrinsic activity of (+)-CBDA-Hyp was also assessed at CB1R, 

due to its high affinity for this receptor, and was found to exhibit agonistic behaviour (Figure 40F), 

with notable potency (EC50 < 20 nM). 

 

3.2. In silico analysis indicated that (+)-cannabidiol and (+)-

cannabidivarin exhibited the most favorable pharmacokinetic 

properties 

In addition to pharmacodynamic profiling, pharmacokinetic parameters were also assessed, as 

both may mutually influence one another. This analysis aimed to elucidate why certain (+)-CBD 
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derivatives exhibit CB1R binding in vitro yet fail to elicit the classical cannabinoid tetrad in vivo 

(Fride et al., 2004). To this end, we evaluated the ADMET properties of the (+)-enantiomers using 

in silico predictive models, with (–)-CBD serving as the reference compound. The data revealed 

favourable predicted ADMET profiles for all tested molecules, particularly for (+)-CBD and (+)-

CBDV (Table 15), with most parameters falling within acceptable ranges. Several parameters 

were of particular relevance. QPlogS and CIQPlogS, predictors of aqueous solubility, yielded better 

values for (+)-CBD and (+)-CBDV relative to the other three (+)-CBD derivatives. Another key 

parameter was potential cardiotoxicity, assessed via QPlogHERG, which raised safety concerns for 

(+)-CBDA-Gly and, notably, (+)-CBDA-Hyp. With respect to bioavailability, indicators of tissue 

barrier permeability, such as QPPCaco, QPlogBB and QPPMDCK, as well as predicted human oral 

absorption (HumanOralAbsorption), supported superior absorption and permeability profiles for 

(+)-CBD and (+)-CBDV. By contrast, the remaining derivatives, particularly (+)-CBDA-Gly, 

demonstrated poorer predicted performance in these domains (Table 15). It is important to 

emphasise that these conclusions are based solely on computational predictions and require 

further validation through in vitro and in vivo experimentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 15. Data generated by the in-silico analysis of (+)-CBD, (+)-CBDV, (+)-CBDA-Me, (+)-CBDA-Gly, and (+)-CBDA-Hyp, with (-)-CBD as 
the reference molecule, using QikProp descriptors. 

 

Property or 
Descriptor 

(-)-CBD (+)-CBD (+)-CBDV (+)-CBDA-Me (+)-CBDA-Gly (+)-CBDA-Hyp 

#stars 1 1 1 1 1 2 

#amine 0 0 0 0 0 0 

#amidine 0 0 0 0 0 0 

#acid 0 0 0 0 0 0 

#amide 0 0 0 0 0 0 

#rotor 7 7 5 8 11 13 

#rtvFG 0 0 0 1 1 1 

CNS 0 0 0 -1 -2 -2 

mol_MW 314.467 314.467 286.413 372.503 402.530 444.610 

dipole 3.103 2.612 3.140 1.054 3.854 6.001 

SABA 631.291 640.278 576.023 705.516 748.368 831.670 

FOSA 472.196 486.737 428,953 566.455 536.088 656.364 

FISA 64.286 61.749 64.295 78.006 142.868 108.109 

PISA 94.809 91.793 82.775 61.055 69.411 67.197 

WPSA 0 0 0 0 0 0 

volume 1149.979 1158.401 1042.094 1296.946 1385.659 1547.154 

donorHB 2 2 2 1 2 2 

accptHB 1.5 1.5 1.5 2.5 4.2 4.2 

dip^2/V 0.0083735 0.0058899 0.0094584 0.0008558 0.0107165 0.0232750 

ACxDN^.5/SA 0.0033603 0.0033131 0.0036827 0.0035435 0.0079369 0.0071419 

glob 0.8408699 0.8331098 0.8629715 0.8152168 0.8031946 0.7778632 

QPpolrz 36.279 36.587 33.131 41.196 42.900 48.058 

QPlogPC16 10.481 10.514 9.435 11.483 13.073 14.420 
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3.3. In vitro analysis of anti-inflammatory and neuroprotective effects 

Since three of the (+)-enantiomers displayed acquired or enhanced affinity and agonistic activity 

towards CB2R, we aimed to assess the capacity of (+)-CBD, (+)-CBDV, and (+)-CBDA-Me to elicit 

anti-inflammatory and neuroprotective effects via activation of this cannabinoid receptor, using 

appropriate cell-based models. CB2R agonism has been implicated in the attenuation of 

inflammation and the promotion of neuroprotection (Go mez-Can as et al., 2016).  

Table 15. Data generated by the in-silico analysis of (+)-CBD, (+)-CBDV, (+)-CBDA-Me, (+)-CBDA-Gly, and (+)-CBDA-Hyp, with (-)-CBD as 
the reference molecule, using QikProp descriptors. (Continued) 

 

Property or 
Descriptor 

(-)-CBD (+)-CBD (+)-CBDV (+)-CBDA-Me (+)-CBDA-Gly (+)-CBDA-Hyp 

QPlogPoct 15.108 15.138 14.110 15.741 19.058 20.728 

QPlogPw 5.183 5.167 5.410 4.525 7.604 7.112 

QPlogPo/w 5.282 5.349 4.579 5.928 5.135 6.391 

QPlogS -5.788 -5.953 -5.098 -6.928 -6.399 -7.573 

CIQPlogS -5.269 -5.269 -4.689 -6.243 -6.083 -6.943 

QPlogHERG -4.559 -4.670 -4.144 -4.813 -5.048 -5.447 

QPPCaco 2433.758 2572.398 2433.276 1803.729 437.603 934.767 

QPlogBB -0.465 -0.451 -0.313 -0.701 -1.576 -1.411 

QPPMDCK 1293.809 1373.653 1293.532 935.925 202.488 459.922 

QPlogKp -1.698 -1.662 -1.933 -1.974 -2.852 -2.027 

IP(eV) 9.028 9.026 9.035 9.143 9.199 9.066 

EA(eV) -0.250 -0.276 -0.245 0.332 0.205 0.233 

#metab 8 8 8 8 9 9 

QPlogKhsa 1.034 1.056 0.820 1.343 1.025 1.374 

HumanOral-
Absorption 

3 3 3 1 1 1 

PercentHuman- 

OralAbsorption 
100 100 100 100 91.321 100 

SAFluorine 0 0 0 0 0 0 

SAamideO 0 0 0 0 0 0 

PSA 39.063 37.661 39.093 63.839 90.166 85.370 

#NandO 2 2 2 4 5 5 

RuleOfFive 1 1 0 1 1 1 

#ringatoms 12 12 12 12 12 12 

#in34 0 0 0 0 0 0 

#in56 12 12 12 12 12 12 

#noncon 4 4 4 4 4 4 

#nonHatm 23 23 21 27 29 32 

RuleOfThree 2 2 1 2 2 2 

Jm 0.01 0.008 0.027 0 0 0 
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3.3.1. (+)-Cannabidiol, (+)-cannabidivarin, and to a lesser extent (+)-cannabidiol 

methyl ester, reduced the expression of some proinflammatory factors 

Anti-inflammatory effects were evaluated in cultured microglial-like iMG cells stimulated with LPS 

by assessing the expression of four key pro-inflammatory markers: IL-1β, TNF-α, COX-2, and iNOS. 

As expected, LPS stimulation led to a significant increase in the expression levels of all four 

markers (Figure 42). Cells were preincubated for 1 h with three different concentrations (0.01 

μM, 0.1 μM, and 1 μM) of (+)-CBD, (+)-CBDV, and (+)-CBDA-Me prior to LPS treatment. 

Administration of (+)-CBD and (+)-CBDV, and to a lesser extent (+)-CBDA-Me, attenuated the LPS-

induced upregulation of pro-inflammatory cytokines, reaching statistical significance at the 

highest concentration (1 μM; Figures 42A and 42B), with the strongest effect observed for IL-1β. 

No significant reductions were detected in the expression of COX-2 or iNOS, although a trend 

towards decreased expression was noted, particularly at 1 μM, with the most evident reduction 

observed in iNOS levels (Figures 42C and 42D). At 0.1 μM, reductions did not reach statistical 

significance but showed a tendency, especially for IL-1β (Figure 42A) and iNOS (Figure 42D). 

 

Figure 42. In vitro anti-inflammatory effects of (+)-CBD, (+)-CBDV, and (+)-CBDA-Me. To be continued on the next page. 
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3.3.2.  (+)-Cannabidivarin, (+)-cannabidiol methyl ester, and, to a lesser extent, (+)-

cannabidiol produced moderate effects on neuronal metabolism that 

depended on the cannabinoid type-2 receptor 

After confirming the anti-inflammatory action of the (+)-enantiomers and identifying 1 μM as the 

most active concentration, the next objective was to determine whether the observed reduction in 

inflammatory marker expression could translate into neuroprotective effects. To this end, 

conditioned media were collected from iMG cell cultures treated with vehicle, LPS, and/or (+)-

CBD, (+)-CBDV, or (+)-CBDA-Me, and subsequently applied to neuronal-like M213-2O cells to 

evaluate their impact on metabolic activity and, indirectly, cell viability. Our results confirmed that 

conditioned media from LPS-stimulated iMG cells reduced M213-2O metabolic activity, as 

measured by the MTT assay, by approximately 40% (Figure 43). Treatment with (+)-CBD, (+)-

CBDV, and (+)-CBDA-Me partially reversed this reduction, leading to a loss of statistical 

significance when compared to the LPS group, particularly in the cases of (+)-CBDV and (+)-CBDA-

Me (Figure 43). This partial neuroprotection exerted by the (+)-enantiomers appears to be 

mediated through CB2R, as co-incubation with the CB2R antagonist SR144528 abolished the 

Figure 42. In vitro anti-inflammatory effects of (+)-CBD, (+)-CBDV, and (+)-CBDA-Me. mRNA levels of the proinflammatory cytokines 
(A) TNF-α and (B) IL-1β, as well as the enzymes (C) COX-2 and (D) iNOS, were quantified by qPCR in iMG cells stimulated with LPS and 
treated with three different concentrations (0.01, 0.1, and 1 μM). Gapdh was used as the housekeeping gene, and values were normalized 
to the mean of the unstimulated group. Final values are expressed as mean ± SEM of four independent experiments, each performed in 
triplicate. Statistical analysis was conducted using one-way ANOVA followed by Dunnett's multiple comparison test (* p < 0.05, ** p < 0.01, 
*** p < 0.001 vs. unstimulated group; # p < 0.05 vs. LPS-treated group). 
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protective effects in all three cases. Notably, inhibition of PPARγ with T0070907 had no impact on 

the neuroprotective effects of (+)-CBDV and (+)-CBDA-Me, but significantly enhanced the effect of 

(+)-CBD (Figure 43). 

3.4. In vivo analysis of anti-inflammatory and neuroprotective effects 

As a final step in this preclinical evaluation, we sought to investigate whether (+)-CBD and (+)-

CBDV, identified as the most promising candidates based on their favourable pharmacological and 

pharmacokinetic profiles, could reduce glial reactivity and protect dopaminergic neurons in the 

SN in vivo. For this purpose, we used a well-established model of neuroinflammation based on the 

unilateral intrastriatal injection of LPS, which has previously been employed to study the anti-

inflammatory and neuroprotective effects of CB2R agonists (Garcí a et al., 2011; Go mez-Ga lvez 

et al., 2016). 

3.4.1. (+)-Cannabidiol and (+)-cannabidivarin failed to significantly attenuate 

GFAP and CD68 immunoreactivity in the substantia nigra of lesioned mice 

The stereotaxic administration of LPS into the striatum induced a marked increase in the 

expression of the microglial/infiltrating macrophage marker CD68 within the SN (Figure 44A), 

while the astroglial marker GFAP exhibited a more moderate rise in immunoreactivity (Figure 

44B). The i.p. administration of either (+)-CBD or (+)-CBDV at a dose of 3 mg/kg failed to 

significantly attenuate the LPS-induced upregulation of these glial markers. Nevertheless, (+)-CBD 

demonstrated a slightly more favourable profile, with a modest trend towards reduced 

immunoreactivity for both CD68 and GFAP, whereas no clear effect was observed with (+)-CBDV 

(Figures 44A and 44B).  
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Figure 43. In vitro neuroprotective effects of (+)-CBD, (+)-CBDV and (+)-CBDA-Me, and involvement of CB2R and PPARγ. Cell 
viability was evaluated using the MTT assay in M213-2O cells exposed to conditioned media derived from iMG cultures previously treated 
with one of the three compounds, with or without the CB2R antagonist SR144528 and/or the PPARγ inhibitor T0070907. Values were 
normalised to the mean of the group exposed to conditioned media from unstimulated iMG cells. Final values are expressed as mean ± SEM 
of four independent experiments, each performed in triplicate. Statistical analysis was performed using one-way ANOVA followed by 
Dunnett's multiple comparison test (* p < 0.05 vs. unstimulated conditioned microglial media-exposed group; # p < 0.05 vs. stimulated 
conditioned microglial media-exposed group; $ p < 0.05 vs. (+)-CBDV-treated conditioned microglial media-exposed group; @@ p < 0.01 
vs. (+)-CBDA-Me-treated conditioned microglial media-exposed group). 
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Figure 44. Effect of (+)-CBD or (+)-CBDV treatment on glial reactivity in the SNpc of LPS-lesioned mice. Immunohistochemical 
analyses were conducted to assess the expression of (A) cluster of differentiation 68 (CD68) and (B) glial fibrillary acidic protein (GFAP). 
Immunoreactivity was quantified from 3-5 images per animal and expressed as the percentage of the lesioned side relative to the non-
lesioned side. Final values are presented as mean ± SEM of 6-8 animals per group. Statistical analysis was performed using one-way ANOVA 
followed by Tukey’s multiple comparison test (*** p < 0.001 vs. Sham-operated vehicle group). Representative immunostaining images for 
each experimental group are shown to the right of the corresponding graph (scale bar = 200 μm). 
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3.4.2. (+)-Cannabidiol, but not (+)-cannabidivarin, protected dopaminergic 

neurons in the substantia nigra against striatal inflammatory insult  

The stereotaxic injection of LPS into the striatum also impacted dopaminergic neurons in the SN, 

as reflected by a reduction in TH immunoreactivity. Nevertheless, the extent of neuronal loss was 

less pronounced than that typically observed in neurotoxin-based models (Figure 45). Regarding 

the ability of the two compounds to confer neuroprotection against the striatal inflammatory 

insult, (+)-CBDV did not produce a statistically significant preservation of TH immunostaining 

compared to the vehicle-treated group (Figure 45). Conversely, (+)-CBD elicited a modest yet 

statistically significant increase in TH immunoreactivity, indicating a more discernible 

neuroprotective effect of this (+)-enantiomer. 

This effect aligns with the previously observed, slightly greater in vivo anti-inflammatory 

activity of (+)-CBD compared to (+)-CBDV (Figures 44A and 44B). More importantly, it 

corresponds with the more pronounced improvement in motor deficits observed in the CRT 

following (+)-CBD treatment, in contrast to the limited effect elicited by (+)-CBDV (Figure 46A). 

Notably, no significant differences were detected between groups in the number of paw contacts 

during the behavioural test (Figure 46B), indicating that treatment with the (+)-enantiomers did 

not affect the general motility of the animals. 

Figure 45. Effect of (+)-CBD and (+)-CBDV treatment on dopaminergic neuronal integrity in the SNpc of LPS-lesioned mice. 
Immunohistochemical analyses were performed to evaluate the dopaminergic neuronal marker tyrosine hydroxylase (TH). 
Immunoreactivity was quantified from 3-5 images per animal and expressed as the percentage of the lesioned side relative to the non-
lesioned side. Final values are presented as mean ± SEM of 6-8 animals per group. Statistical analysis was performed using one-way ANOVA 
followed by Tukey’s multiple comparison test (*** p < 0.001 vs. Sham-operated vehicle group; # p < 0.05 vs. LPS-lesioned vehicle group). 
Representative immunostaining images for each experimental group are shown to the right of the corresponding graph (scale bar = 200 
μm). 
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Figure 46. Effect of (+)-CBD or (+)-CBDV on the motor performance of LPS-lesioned mice in the cylinder rearing test (CRT). (A) 
The motor score was calculated by subtracting the number of contacts made with the ipsilateral paw from the number of contacts made 
with the contralateral paw and dividing the result by (B) the total number of contacts. Values are expressed as mean ± SEM of 7 animals 
per group. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s multiple comparison test (*** p < 0.001 vs. Sham-
operated vehicle-treated group; # p < 0.05 vs. LPS-lesioned vehicle-treated group). 
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It is undeniable that throughout the 20th century and into the 21st, diseases such as cancer and 

bacterial or viral infections have received a substantial share of clinical research investment, given 

their significant impact on current global health. However, neurodegenerative diseases are swiftly 

gaining prominence in public health priorities. The prevalence of disorders linked to the 

degeneration of specific CNS areas is projected to rise substantially in the coming decades. This 

increase is largely driven by the exponential growth of the global population and the continuous 

rise in life expectancy, which will lead to a marked expansion of the population aged 60 and over. 

This trend is expected to impose a significant healthcare and economic burden in this century, 

particularly in developed regions such as Europe, where aging demographics further exacerbate 

the issue. The primary challenge faced by our societies in relation to neurodegenerative diseases 

lies in the lack of effective therapeutic strategies, owing to the heterogeneous nature of these 

pathologies, each characterized by distinct symptoms and pathogenic mechanisms; the deficiency 

in early diagnosis, which limits the potential therapeutic window; and the difficulty in pinpointing 

a single clear causal factor, hindering existing research. Despite the absence of disease-modifying 

therapies, some symptom-alleviating treatments have been developed in certain conditions, such 

as in PD.  

PD is recognised as the first basal ganglia degenerative disease worldwide, with a prevalence 

that rises from 0.3% in the general population to 1% in individuals over 60 years, reaching 3% in 

those over 80 years (Balestrino & Schapira, 2020). Unlike other diseases, PD has effective therapy 

for managing motor symptoms since the late 1960s, based on the supplementation of DA through 

the administration of L-DOPA (Cotzias et al., 1969). However, complications associated with this 

treatment were soon identified, including on-off fluctuations and dyskinetic movements, which 

significantly limit its effectiveness within 5-10 years (Obeso et al., 2017). Although new strategies 

have emerged to provide symptomatic relief, including non-invasive surgical procedures, there 

remains an urgent need to explore new therapeutic strategies, with a particular emphasis on 

approaches that halt or slow the progression of the disease. Numerous clinical trials are currently 

underway, evaluating a range of therapeutic agents, including anti-inflammatory compounds, 

antioxidants, neuroprotective factors, and many others (McFarthing et al., 2024). However, no 

candidate has yet successfully completed all phases of clinical trials. This may be attributed, firstly, 

to the fact that diagnosis often occurs late, when neurodegeneration has already progressed 

significantly, preventing early treatment and reducing its potential impact. Furthermore, the 

multifactorial nature of this disease intensifies the problem, as it requires addressing multiple 

pathological processes that synergistically contribute to its progression. Therefore, breaking this 

vicious cycle would require therapeutic agents with a pleiotropic profile or, at least, a combination 

of various agents with complementary beneficial effects to ensure a broader spectrum of action. 

In this regard, the ECS and the cannabinoids represent a competent choice as therapeutic strategy 

for PD. In fact, a growing body of preclinical evidence demonstrates that the administration of 

certain cannabinoid compounds or the targeting of elements within the ECS exerts both 

symptomatic and neuroprotective effects in PD (Khaspekov & Illarioshkin, 2024). Nevertheless, 

no agents have successfully advanced beyond the preclinical phase in the context of PD. Therefore, 
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exploring novel compounds, targets and mechanisms of action of existing targets could be highly 

valuable. Thus, the aim of the present doctoral thesis project has been to advance the development 

of a cannabinoid-based pharmacological therapy for PD through preclinical evaluation of novel 

strategies in various PD models. This was done by exploring three distinct strategies including: (i) 

the potential role of CB1R in regulating α-syn dysregulation, (ii) the emerging role of GPR55 as a 

novel pharmacological target, and (iii) the pharmacological profile shift and differences in the 

mechanisms of action between CBD enantiomers and their derivatives. 

Traditionally, CB1R has been studied in the context of PD either for its potential to alleviate 

motor symptoms associated with the condition or for its possible role in worsening the 

characteristic akinesia observed in patients. Specifically, most of the studies in search of a 

cannabinoid-based therapy for PD have demonstrated that CB1R antagonism or deletion exerts 

beneficial effects in managing parkinsonian hypokinetic symptoms (Di Marzo et al., 2000; 

Fernandez-Espejo et al., 2005; Van der Stelt et al., 2005; Gonza lez et al., 2006) and mitigating 

complications arising from L-DOPA treatment (Angulo et al., 1986; Van der Stelt et al., 2005; 

Gutie rrez-Valdez et al., 2013). In contrast, although the use of CB1R agonists has also been 

associated with symptomatic relief (San udo-Pen a et al., 1998; Morgese et al., 2007), in terms of 

neuroprotection, evidence points to the potentiality of CB1R activation in protecting dopaminergic 

neurons. The genetic deletion of this receptor increases vulnerability to 6-OHDA lesion in murine 

models (Angulo et al., 1986; Pe rez-Rial et al., 2011), and its agonists have been reported to 

increase the survival of dopaminergic neurons in MPTP-lesioned mice (Chung et al., 2011). 

Diverse mechanisms have been described to be responsible for these neuroprotective actions of 

the CB1R, such as the reduction of glutamate-induced excitotoxicity by inducing a hyperpolarized 

state (Pintor et al., 2006), or the activation of survival pathways to maintain neuronal homeostasis 

(Bla zquez et al., 2015). However, CB1R has also been linked to the ability to regulate protein 

homeostasis, particularly through the induction of autophagic flux (Casarejos et al., 2013; Vrechi 

et al., 2021). Building on this evidence and considering previous findings from our group, we 

sought to investigate the potential benefits of selective CB1R activation in the AAV9-α-synA53T 

murine model, which enables the localized overexpression of the mutated protein in the SN, 

leading to a dysregulation of protein homeostasis. 

This pharmacological intervention, consisting of the i.p. administration of the CB1R-selective 

agonist ACEA (Hillard et al., 1999) in lesioned mice, has been assessed in other models of 

neurodegeneration. In these previous studies, improvements in cognitive and motor behaviour 

were reported, along with evidence of neuroprotective activity (Aso et al., 2012; Caltana et al., 

2015; Gonzalo-Consuegra et al., 2024). Regarding PD, the beneficial motor effects of ACEA 

observed in preclinical studies have primarily been associated with the reduction of dyskinesias 

(Leija-Salazar et al., 2020). However, its potential motor improvements mediated by 

neuroprotection in murine PD models remain largely unexplored, despite being demonstrated for 

other CB1R-activating agents (Chung et al., 2011). In our model, we found that chronic exogenous 

stimulation of CB1R by ACEA was insufficient to fully reverse the motor impairments induced by 
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local overexpression of α-synA53T in the SN. Hypokinetic effects resulting from the activation of 

striatal CB1R (Gerdeman & Lovinger, 2001; Huang et al., 2001; Carriba et al., 2007) do not account 

for the lack of motor improvement, as no reduction was observed in the number of wall contacts 

or swings performed by the treated animals. This is consistent with the fact that the acute effects 

of CB1R activation immediately after compound administration were not assessed, since 

behavioural tests were conducted approximately 24 hours after the last dose, minimizing any 

measurement interferences (Strougo et al., 2008). 

The absence of motor improvement does, however, correlate with the limited neuroprotection 

provided by the pharmacological treatment to dopaminergic neurons in the SN, further 

reinforcing the relationship between the extent of dopaminergic neuron loss and the severity of 

motor impairments (Grealish et al., 2010). Neuroprotective actions of ACEA have been identified 

in vitro against MPTP and rotenone-induced neurotoxicity (Iuvone et al., 2007; Cankara et al., 

2021). Notably, lesions induced by these toxins are characterized by mitochondrial dysfunction 

(see INTRODUCTION). A pool of CB1Rs has been identified within these organelles, where they 

play a specialized role in regulating mitochondrial function (Be nard et al., 2012). Therefore, the 

ACEA-derived neuroprotection observed in these studies could be attributed, at least in part, to its 

effects on the subcellular compartment, promoting the restoration of mitochondrial homeostasis. 

Indeed, ACEA has been reported to upregulate the expression of mitochondrial CB1R in 

hippocampal neurons (Ma et al., 2015), and to enhance mitophagy in a neural context following 

haemorrhagic lesion (Liu et al., 2022). Nevertheless, it is important to note that this potential to 

improve mitochondrial function contrasts with previously described effects associated with this 

pool of receptors, namely the inhibition of cellular respiration (Be nard et al., 2012). This apparent 

contradiction may reflect the functional complexity of this receptor, which might be shaped by 

context-dependent factors (e.g., activation duration, dosage, cell type).  

Regardless of the lack of effectiveness in preserving the lesioned neuronal population, ACEA 

treatment led to a further increase in the levels of the lysosomal marker LAMP-1, which may 

suggest that this cannabinoid promotes the clearance of the accumulated protein through 

degradative pathways, like autophagy. Activation of CB1R has already demonstrated the induction 

of autophagy in other pathological contexts, such as cancer (Velasco et al., 2016). Indeed, 

modulating autophagy may be a promising therapeutic strategy for neurodegenerative diseases, 

including PD, due to its role in the clearance of protein aggregates (Moors et al., 2017). Other in 

vitro studies have reported that CB1R activation increases the levels of autophagy markers, such 

as LC3-I/II, while reducing the accumulation of overexpressed proteins (Erustes et al., 2024; 

Vrechi et al., 2025). However, it is important to recognize that cellular systems overexpressing a 

protein may differ in several ways from more physiological contexts. In our model, the increased 

staining of LAMP-1 does not correlate with a reduction in α-syn levels; in fact, an upward trend is 

observed. Thus, the ACEA-induced elevation of LAMP-1 in treated animals may indicate aberrant 

lysosomal accumulation, rather than efficient autophagy, which may explain the absence of 

protection towards dopaminergic neurons.  
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Although some studies support the expression of CB1R in dopaminergic neurons (Davis et al., 

2018; Baddenhausen et al., 2024), controversy still exists regarding the consistency of these 

findings. Therefore, it is important to consider other CB1R-expressing cell types that may 

contribute to the observed effects, such as astrocytes. These glial cells exhibit the second-highest 

expression of CB1R in brain tissue (www.brainrnaseq.com), providing additional sites where 

ACEA can exert its effects. In this line, we observed an exacerbation in the immunoreactivity of the 

astroglial marker GFAP after treatment with ACEA. Previous studies have shown that ACEA 

reduces astroglial response in vivo (Aso et al., 2012; Caltana et al., 2015), and promotes an anti-

inflammatory astrocytic phenotype in vitro (Haspula & Clark, 2021). Although we observed an 

increase in astrocytic reactivity following ACEA treatment, suggesting a specific effect on this cell 

type, the functional implications of this modulation remain unexplored. Therefore, we cannot yet 

determine whether this astrocytic response exerts beneficial or detrimental effects, and further 

studies are required to clarify the significance of this alteration. Interestingly, it has been 

demonstrated that LAMP1-positive astrocytes play a role in limiting inflammation in the CNS 

(Sanmarco et al., 2021), and therefore, the increase in LAMP1 immunostaining could be associated 

with the elevation in GFAP, suggesting a significant role for astrocytes in the actions of ACEA. 

Moreover, it is important to note that, in a context of protein overload, astrocytes can take up 

proteins for degradation, thereby contributing to protein clearance, but may also contribute to the 

propagation of proteinopathy when a certain threshold is exceeded (Altay et al., 2022). This could 

also help explain the observed increase in α-syn immunoreactivity, as α-syn may be accumulating 

within these cells, similarly to what is observed in human pathology (Lindstro m et al., 2017). 

Additionally, the impact of ACEA on glial reactivity does not extend to CD68-positive cells. Cells 

expressing this marker, including microglia and infiltrating monocytes/macrophages, exhibit 

significantly lower CB1R expression compared to other neural cell types (www.brainrnaseq.com). 

Consequently, ACEA is expected to have a minimal impact on these cell populations, as observed 

in our results. 

Beyond the SN, we also examined the striatum, the other major component of the basal ganglia 

affected in PD. This region is particularly relevant considering the presence of CB1R on striatal 

projection neurons, which are key postsynaptic targets of dopaminergic innervation (Herkenham 

et al., 1991b). Thus, we decided to explore the expression in striatum of various markers 

associated with dopaminergic transmission, as well as the CB1R. Neither the expression of D1 and 

D2 receptors nor that of the signalling molecule DARPP-32 was affected by the nigral lesion 

induced with AAV9-α-synA53T or by CB1R activation. It has been hypothesized that this lack of 

changes may reflect compensatory mechanisms aimed at preserving dopaminergic signalling 

(Chritin et al., 1996). However, alterations were observed after 6-OHDA lesion in phospho-

DARPP-32 levels, as well as a reduction in total DARPP-32 protein (Yuste et al., 2012), which is 

consistent with the slight decrease we detected in Ppp1r1b mRNA levels. Activation of CB1R has 

also been associated with increased phosphorylation of DARPP-32 (Borgkvist et al., 2008), a 

mechanism that we have not quantified. Notably, we also did not detect changes in the expression 

of CB1R after AAV9-α-synA53T lesion or ACEA treatment, as was expected regarding previous 
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literature (Leija-Salazar et al., 2020), even though varying results may arise among different 

models. Recapitulating our findings, we found no evidence that either the lesion or ACEA 

treatment altered dopaminergic markers. However, additional experiments beyond gene 

expression analyses are necessary to draw definitive conclusions. 

Given the involvement of CB1R in autophagy and the changes observed in LAMP-1 levels, we 

also investigated the expression of additional markers related to autophagy and the UPR to further 

assess the effects of ACEA in this context. Although in our model the primary proteinopathy-

related insult is induced in the SN, we chose to assess markers related to protein homeostasis 

regulatory systems in the striatum, as Lewy pathology has also been identified in this brain region 

(Duda et al., 2002), along with substantial gene dysregulation observed in the AAV9-α-synA53T 

model (Burgaz et al., 2024). Autophagy-related markers (Atg7, p62 and Beclin-1) showed no 

changes in expression following the AAV9-α-synA53T-induced lesion or ACEA administration. The 

role of autophagy in PD pathogenesis remains controversial, as both increases and decreases in 

autophagic markers have been reported in preclinical models (Alvarez-Erviti et al., 2010; Marin & 

Aguilar, 2011; Xiong et al., 2013). In our study, the absence of changes in autophagic markers may 

be attributed to the likely lack of α-syn aggregates in the model used. Indeed, reproducing the 

aggregation of this protein in animal models has remained a significant challenge over the years 

(Gira ldez-Pe rez et al., 2014). Beyond autophagy, the UPR and ER stress have also been implicated 

in PD pathogenesis (Costa et al., 2020), and linked to α-syn pathology (Baek et al., 2016). When 

examining three markers involved in these mechanisms (BiP, CHOP, and GRP94), we observed a 

generalised reduction in their expression. Even though much of the evidence points to an increase 

in pathways associated with the UPR in the context of PD, reductions have also been reported in 

association with ageing or sporadic PD cases (Costa et al., 2020), which has been linked to a 

contribution to the vulnerability of dopaminergic neurons as a predisposing factor. Among the 

observed changes, the alteration in BiP was the most pronounced. This ER chaperone plays a 

crucial role in protein homeostasis, including in the context of PD, where its expression has been 

reported to exhibit inconsistent changes (Enogieru et al., 2019). However, it does appear that 

downregulation of BiP aggravates α-syn toxicity and susceptibility to neurotoxins (Salganik et al., 

2015; Jiang et al., 2016), while its upregulation suppresses α-syn aggregation and toxicity 

(Gorbatyuk et al., 2012; Jiang et al., 2014). Therefore, the downregulation of Hspa5 mRNA levels 

observed in our study may represent a detrimental alteration that further exacerbates the 

pathology, with ACEA failing to effectively counteract this effect, although a trend towards reversal 

was detected. 

Moreover, BiP has gained particular interest in the field of cannabinoids, since it has recently 

been identified as an interactor of CB1R, with the capability to modulate the intracellular 

signalling  triggered by this cannabinoid receptor (Costas-Insua et al., 2021). Despite the limited 

effects observed with ACEA, we sought to explore whether BiP deficiency in the same 

proteinopathy-related model could contribute to phenotypic worsening, considering the 

previously discussed evidence. However, our findings did not support this hypothesis. Neither 
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behaviourally nor histologically did partial genetic deficiency of BiP alter the effects induced by 

AAV9-α-synA53T in any way. Identical results were obtained when BiP-deficient mice were lesioned 

with 6-OHDA, with no increased vulnerability to neurotoxin-induced damage (Go mez-Almerí a 

et al., 2021). The partial nature of BiP deficiency, given that total deletion of the gene results in 

embryonic lethality, could account for the lack of significant findings, as it may allow the activation 

of compensatory mechanisms, preventing an effective deficiency. Nevertheless, the same study 

showed that BiP heterozygosity exacerbated pathological deterioration in experimental ALS. 

Notably, the ALS model employed was based on genetic modification, allowing for a more 

progressive phenotype compared to those generated from a neurotoxin-induced lesion, thereby 

providing greater opportunities to detect alterations between WT and BiP-deficient animals. 

Moving forward, investigating the role of this chaperone protein in a less acute PD model, where 

motor impairments, α-syn pathology and neuronal loss develop more progressively, would be of 

interest. Interestingly, in recent years, promising models related to this aspect have been 

developed and characterised (Carballo-Carbajal et al., 2019).  

Returning to our results, despite the limited effects of BiP deficiency, we observed a slight 

exacerbation in Iba1 immunoreactivity in the lesioned SN of BiP-deficient mice, which was 

primarily reflected as an enhancement in statistical significance when comparing the lesion effect 

between WT and heterozygous animals. This heightened microglial immunoreactivity was also 

seen in the ALS model, accompanied by morphological changes in these glial cells that were 

consistent with a neurotoxic phenotype (Go mez-Almerí a et al., 2021). In line with this, the UPR 

has been identified as a regulator of neuroinflammation (Stone & Lin, 2015; Ferna ndez et al., 

2021). Microglia from patients suffering from multiple sclerosis, a neurodegenerative disorder 

with a significant inflammatory component, show increased expression of BiP (McMahon et al., 

2012). In vitro studies have also shown an upregulation of this chaperone in the glial C6 cell line 

after ER stress-inducing stimuli, suggesting a protective role (Suyama et al., 2011). Notably, while 

ER stress triggers apoptotic signalling in neurons, it promotes a pro-inflammatory phenotype in 

glial cells (Hosoi et al., 2013; Sims et al., 2022; Sokołowska et al., 2024). ER stress-induced 

inflammation is driven by PERK-dependent signalling (Meares et al., 2014), which is suppressed 

by the BiP-PERK interaction (Sprenkle et al., 2017). Therefore, BiP deficiency may lead to a 

dysregulation of this signalling cascade, such as sustained PERK activation, resulting in increased 

expression of inflammatory molecules that, in turn, promote glial reactivity, as partially observed 

in our model. Moreover, these results are consistent with recent findings from intranasal 

administration of exogenous BiP, which produced anti-inflammatory effects by being internalised 

by microglia, reducing their number, preventing morphological changes, and inhibiting pro-

inflammatory cytokine production in a lactacystin-induced model of PD (Pazi et al., 2024). 

Overall, we set out to evaluate the relevance of CB1R and its interactor BiP as pharmacological 

targets in the AAV9-α-synA53T model; however, our findings did not align with our initial 

hypothesis. Although the role of CB1R as a potential pro-autophagic and neuroprotective target in 

PD may need to be reconsidered, other factors, particularly the suitability of the experimental 
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model, must also be considered. Employing more progressive models that better capture the 

gradual evolution of the disease phenotype could allow for a more comprehensive assessment of 

the therapeutic potential of this cannabinoid receptor beyond its symptomatic effects. 

Nevertheless, the limited therapeutic implications observed for CB1R and BiP in our model 

underscore the complexity of cannabinoid-related targets in PD and reinforces the need to expand 

the search beyond the classical CB1R and CB2R, which, in fact, have thus far failed to yield an 

effective therapeutic strategy. In this regard, we turned our attention to another promising 

candidate: GPR55, a recently-deorphanised orphan GPCR with growing relevance in 

neurodegenerative and inflammatory processes. This receptor has been found to exhibit affinity 

for a wide range of lipid-derived molecules, most notably LPI, which is considered its endogenous 

ligand (Oka et al., 2007), as well as several cannabinoids and cannabinoid-like compounds 

(Ryberg et al., 2007; Kapur et al., 2009; Sharir et al., 2012). Some of these compounds, acting 

through GPR55, have demonstrated neuroprotective and anti-inflammatory potential in different 

experimental models (Kallendrusch et al., 2013; Saliba et al., 2018; Burgaz et al., 2021c). However, 

one of the major challenges in elucidating the endogenous functions of this receptor, and in 

assessing its potential therapeutic relevance, lies in the lack of potent, well-validated, and 

especially selective GPR55 agonists and antagonists. This limitation has hampered 

pharmacological dissection of GPR55-mediated pathways. Given these constraints, alternative 

approaches, such as genetic models, become essential. The first generation of GPR55-deficient 

mice was produced by deleting amino acids 39 to 281 of the receptor (Johns et al., 2007; Staton 

et al., 2008). More recent models involve deletion of exon 2, which encompasses the entire coding 

region of the Gpr55 gene (Sisay et al., 2013), thereby abolishing protein expression completely. 

These KO models have provided insight into the role of GPR55 in a range of physiological and 

pathological contexts, including motor activity (Wu et al., 2013; Bjursell et al., 2016), energy 

metabolism and thermal nociception (Bjursell et al., 2016), or cardiac function (Walsh et al., 2014; 

Schopohl et al., 2025). Interestingly, despite its involvement in diverse biological processes, 

GPR55-deficient mice do not exhibit an overt pathological phenotype or significant differences in 

gross morphology, physical development, or survival rates in adulthood (Staton et al., 2008). 

Furthermore, a detailed characterization of CNS function by Wu and colleagues revealed that the 

absence of GPR55 does not significantly impair basic behaviours, including muscle strength, 

general motor coordination, sensorimotor integration, learning and memory, or 

anxiety/depression-like behaviour (Wu et al., 2013). However, impairments were observed in 

more complex motor tasks such as the rotarod test, indicating a possible role of GPR55 in fine 

motor control or motor learning. Our current results align with these findings. We have found that 

GPR55 KO animals displayed increased latency to fall off the rotarod test, while no significant 

differences were observed in other locomotor parameters measured in the actimeter test. In the 

same characterization conducted by Wu and colleagues, no significant alterations were observed 

in the development of neuronal circuits and brain structures either, with identical patterns of 

intense fibrous TH immunoreactivity throughout the striatum and SN (Wu et al., 2013). Likewise, 

our immunohistochemical analysis revealed no gross alterations in the expression of TH, nor in 
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the astrocytic marker GFAP, suggesting that dopaminergic integrity and astrocytic homeostasis 

are preserved in the absence of the receptor.  However, a significant reduction in microglial Iba1 

immunoreactivity was detected in GPR55-deficient mice, indicating a possible role for this 

receptor in regulating basal microglial activity. This observation is particularly relevant, as GPR55 

expression in microglial cells has been documented for over a decade (Pietr et al., 2009). 

Moreover, pharmacological inhibition of GPR55 has been shown to exert anti-inflammatory effects 

in reactive microglia (Saliba et al., 2018), likely mediated via NF-κB signalling pathway inhibition 

(Saliba et al., 2021). The reduction of Iba1 staining in our KO animals may therefore reflect a tonic 

pro-inflammatory action of GPR55, whose removal/inhibition could shift microglial towards a 

more quiescent or less reactive phenotype. 

Building upon these initial results, we next sought to investigate the role of GPR55 in two 

distinct PD models, each characterized by a different primary pathological driver: α-synA53T 

overload by its local overexpression using AAV9 vectors, and mitochondrial dysfunction and 

oxidative stress induced by the neurotoxin 6-OHDA. Importantly, these models also differ in their 

associated inflammatory profiles. In the α-syn-based proteinopathy model, we observed a 

pronounced upregulation of both Iba1 and GFAP immunoreactivity accompanied by expression of 

pro-inflammatory cytokines, indicative of robust microglial and astrocytic activation. This 

heightened inflammatory response is consistent with the strong antigenic potential of misfolded 

α-syn species, known to trigger acquired immune mechanisms within the CNS (Sulzer et al., 2017). 

In contrast, the inflammatory response in the 6-OHDA model appears considerably more subtle, 

as evidenced by only modest changes in Iba1 and GFAP immunoreactivity. This likely reflects the 

secondary nature of the glial activation in this model, which arises as a downstream consequence 

of dopaminergic neuronal degeneration rather than serving as one of the primary pathological 

drivers. Although the mice used in each model differ in age by 2–4 months, it is unlikely that this 

age gap alone explains the reduced inflammation observed in the older 6-OHDA-lesioned animals, 

as aging is generally associated with an enhanced and prolonged neuroinflammatory response 

(Godbout et al., 2005). Moreover, age-associated changes are typically investigated using age 

differences of over one year in mice (Ritzel et al., 2019); therefore, a 2–4 month difference is 

unlikely to represent a biologically meaningful gap. Thus, using these two models, we first 

investigated how the expression of GPR55 is modulated by these distinct types of lesions, 

particularly in the striatum, which exhibits the highest expression of this receptor (Sawzdargo 

et al., 1999; Wu et al., 2013). Notably, we identified significant differences between both models 

in terms of the overall impact of the lesion: the proteinopathic model showed an increase in 

striatal GPR55 expression, accompanied by a greater inflammatory response, while the 

mitochondrial model, with less inflammation, exhibited minimal effects. A previous study using a 

distinct parkinsonian model, based on mitochondrial dysfunction induced by MPTP and 

characterized by a low inflammatory response, reported a reduction in striatal GPR55 expression 

(Celorrio et al., 2017). These findings suggest that GPR55 expression may be differentially 

modulated depending on the specific pathophysiological mechanisms engaged by each model. 

Notably, our direct measurements of GPR55 expression in PD patient samples, including the 



DISCUSSION 

177 
 

midbrain and caudate-putamen nuclei, regions where the presence of this receptor has been 

confirmed (Sawzdargo et al., 1999; Henstridge et al., 2009), did not yield conclusive results, as no 

significant differences were observed between healthy controls and PD patients in any of the 

regions analysed, likely due to high inter-individual variability. Still, opposing trends may be 

inferred between both regions, with an upward tendency in the midbrain and a downward one in 

the striatum. This subtle pattern, at least in the case of striatum, is supported by a study employing 

nuclear-enriched transcript sort sequencing in post-mortem human tissue. That study reported 

reduced GPR55 transcription in donors with PD compared to non-neurodegenerative controls in 

both direct and indirect striatal MSNs (Hewer et al., 2023), suggesting a deficit in GPR55-mediated 

signalling in the disease. Additionally, studies in non-human primates have reported increased 

expression of GPR55–CB1R and GPR55–CB2R heteromers in the input nuclei of the basal ganglia 

of MPTP-treated animals (Martí nez-Pinilla et al., 2020), which is consistent with the upward trend 

observed in AAV9-α-synA53T model. However, this does not necessarily indicate an overall increase 

in GPR55 expression, but may instead result from alterations in cannabinoid receptor levels, which 

are more consistently reported. No data regarding the SN were found in the literature, but the 

observed increase in GPR55 expression could be associated with the pronounced microglial 

response. 

Although our hypothesis points to glial cells as the primary cellular substrate involved in these 

changes, we were not able to confirm the presence of the protein GPR55 in these cell types, as 

available analytical tools did not allow us to obtain reliable results. However, in the MPTP model 

and using in situ hybridization, GPR55 was reported to be expressed by neurons, but not by 

microglia and astrocytes (Celorrio et al., 2017), while other authors, using the same technique, 

have reported the expression of GPR55 mainly in Iba1-positive cells (Shen et al., 2022). Therefore, 

this type of study should be approached with caution, as it may yield controversial results.  

Pending a more detailed analysis (e.g., single-cell techniques) to identify the specific cell types 

expressing GPR55 in the parkinsonian models we employed, we performed the same parkinsonian 

lesions in GPR55-deficient mice to evaluate the impact of the absence of this receptor on 

pathological progression. Overall, we observed a clear effect of GPR55 deficiency on motor 

behaviour following the lesion, as assessed through several behavioural tests designed to detect 

motor impairments resulting from unilateral brain damage. Notably, GPR55-deficient lesioned 

animals generally exhibited reduced lateralized motor preference compared to their lesioned WT 

counterparts. This effect is unlikely to be attributed to alterations in general motor activity, as the 

behavioural assays used are based on intra-individual comparisons between the two body sides, 

both equally influenced by the genetic manipulation. Although GPR55 deficiency has been 

previously associated with impaired motor performance, under a pathological insult the absence 

of GPR55 appears to mitigate lesion-induced motor deficits, suggesting a potentially protective 

role. This putative protection elicited by the lack of GPR55 correlates with the outcomes observed 

when analysing the intensity of TH immunoreactivity in the SN. In the AAV9-α-synA53T model, the 

lesion induced a marked reduction in the lesioned WT group, whereas this reduction was notably 
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attenuated in lesioned KO animals, indicating lower neuronal deterioration associated with the 

absence of the receptor. Interestingly, the protection of dopaminergic neurons conferred by GPR55 

deficiency was less evident in the 6-OHDA mode and more pronounced in females than in males. 

Since GPR55 has also been reported to be expressed in dopaminergic neurons of the SN (Celorrio 

et al., 2017), although with some controversy (He et al., 2024), it is possible that within this 

degenerating cell population, GPR55 plays a selective role in activating intracellular pathways that 

promote pro-apoptotic signalling. Although it has been reported that GPR55 mediates cell death 

by overstimulating neuronal nitric oxide synthase and inducing oxidative stress through Gα13 

signalling, this has been described in cancer cells (Akimov et al., 2021), and it remains unclear 

whether this is also the case in neurons undergoing degeneration. However, the use of GPR55 

antagonists has suggested that the inhibition of this receptor may lead to neuroprotective effects 

associated with anti-inflammatory activity. In LPS-stimulated BV2 microglial cells, GPR55 

antagonists significantly suppressed the expression and release of pro-inflammatory cytokines 

and chemokines (Sun et al., 2024). Comparable effects were observed in primary rat microglia, 

where GPR55 antagonists inhibited PGE₂ release and reduced the expression of mPGES-1 and 

COX-2 (Saliba et al., 2018; 2021). These anti-inflammatory actions were partially mediated 

through modulation of signalling pathways such as MAPK, PKC, and NF-κB (Saliba et al., 2021; Sun 

et al., 2024). Furthermore, GPR55 expression has also been detected in monocytes and 

neutrophils, two leukocyte subtypes that appear to play a relevant role in PD (Grozdanov et al., 

2014; Mun oz-Delgado et al., 2021). In these immune cells, GPR55 activation enhances their pro-

inflammatory responses (Chiurchiu  et al., 2015) and promotes neutrophil migration (Balenga 

et al., 2011).  

Our results confirmed the involvement of this orphan GPCR in neuroinflammatory responses, 

since in the AAV9-α-synA53T model, we observed a subtle decrease in the GFAP immunostaining in 

the SN of GPR55 KO animals, but a significant reduction in the density of ‘reactive’ C3-positive 

astrocytes in those animals, albeit only in females. There are limited data on the expression of 

GPR55 in astrocytes (Kallendrusch et al., 2013; Garcí a-Gutie rrez et al., 2018), and its precise 

function in this neural cell type remains unclear. One possibility is that the observed effects may 

result from indirect mechanisms involving altered microglial activity. Indeed, although no 

significant changes in Iba1 immunoreactivity were detected in the SN, we have found that the 

GPR55 deletion impacted the morphology of microglial cells, increasing their amoeboid-like 

conformation after the overexpression of mutated α-synA53T. Typically, this kind of morphology 

has been associated with activated ‘M1’ microglial phenotype. However, this dichotomic 

perspective is currently under revision, and it is not possible to assert that specific morphological 

changes correspond to a particular activation state or defined functionality in microglia (Paolicelli 

et al., 2022). Nevertheless, there is some consensus that a more ameboid morphology may 

promote a pro-phagocytic state (Levtova et al., 2017), which could facilitate the removal of protein 

aggregates without necessarily promoting inflammation (Hurley et al., 1999; Magnus et al., 2001). 

Notably, previous in vitro studies have reported that GPR55 activation in BV-2 cells and primary 

microglia suppresses LPS-induced phagocytosis. In vivo, morphological alterations in microglial 
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cells have been observed following pharmacological manipulation of GPR55 in the striatum of 

MPTP-lesioned mice, including a reduction in microglial branching (Celorrio et al., 2017). 

Therefore, GPR55 deficiency might modulate the microglial phenotype beyond changes detectable 

by Iba1 staining alone. Further studies are warranted to investigate this hypothesis. Our cytokine 

expression analysis in the striatum of AAV9-α-synA53T-lesioned mice further supports the notion 

that GPR55 deficiency affects the manner glial cells and/or infiltrated immune cells are 

responding to the insult, given that in GPR55-deficient animals, specifically in females, there is a 

trend toward lower expression levels of IL-1β and IFN-γ. Notably, the effects on glial cells and 

cytokine profiles were less impacted by GPR55 deficiency in the 6-OHDA-lesioned mice, which is 

consistent with the lower level of inflammation observed in this model. All these findings suggest 

that GPR55 may represent a promising immunomodulatory target in pathologies such as PD, 

where neuroinflammation plays a key role. 

Another important finding was the consistent sex differences observed in this genetic model 

following the induction of a PD-like pathology, particularly with AAV9-α-synA53T. Research on the 

impact of sex in GPR55-deficient animals remains limited, with only a few studies suggesting a 

sexual dimorphism in the function of the receptor, and these primarily in non-neural physiological 

contexts (Schopohl et al., 2025). This is largely due to the predominant use of male mice in 

preclinical studies, especially those related to neurodegeneration, often aimed at avoiding the 

potential confounding effects of the estrous cycle on neuroprotection and related outcomes. 

However, our study has revealed a clear sex-dependent role of GPR55 in PD. Striatal Gpr55 mRNA 

levels did not explain the origin of the observed sex differences, even though single-cell 

approaches might help to determine whether sex-dependent variations could be restricted to a 

specific cell type(s). Therefore, additional factors such as hormonal influences or interactions with 

signalling pathways may modulate the neuroprotective effects of the genetic deletion, as suggested 

by the sex-specific differences observed in the rotarod test performance. Gonadal hormones, 

particularly estradiol, have been proposed to display functional and organizational effects on the 

ECS (Reich et al., 2009; Rubino & Parolaro, 2011; Craft et al., 2013; Levine et al., 2021). Although 

not yet explored, sex differences in cannabinoid pharmacology could also impact on GPR55, 

regarding the close link between this intercellular system and the orphan receptor, which can be 

targeted by eCBs (Sharir et al., 2012) and form heteromers with both CB1R (Martí nez-Pinilla et al., 

2014) and CB2R (Balenga et al., 2014). Thus, it is plausible to suggest that GPR55 deletion might 

lead to sex-specific outcomes, given its integration into signalling networks that exhibit sexual 

dimorphism, such as the ECS. Additionally, estrogens are well known to exert protective effects 

against chronic neuroinflammation (Morale et al., 2006), acting not only on resident glial 

populations (Crespo-Castrillo et al., 2020), but also on peripheral monocyte-derived cells (Villa 

et al., 2016). In these cells, estrogen signalling might be modulated by the absence of GPR55, 

potentially enhancing an anti-inflammatory profile, an effect that would likely be less pronounced 

in male animals, given their considerably lower estrogen levels.  
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Overall, our findings suggest that GPR55 may play a detrimental role in PD in a sex-dependent 

manner, as its genetic deletion reduces the susceptibility of female mice to certain parkinsonian 

lesions. This points to the potential of GPR55 antagonists as a promising pharmacological strategy 

for PD, specifically by modulating excessive neuroinflammatory responses. However, this 

approach should be taken with caution, as GPR55, like other GPCRs, exhibits complex 

pharmacology, with both agonists and antagonists producing comparable effects (Celorrio et al., 

2017; Fatemi et al., 2021). Therefore, it is critical to account for both the cellular context and the 

selective functionality of emerging ligands, as well as their potential sex-specific effects, to ensure 

targeted and effective therapeutic interventions. 

Lastly, as the final objective of this thesis, we aimed to further investigate another additional 

strategy, that involves the modification of a widely studied pharmacological cannabinoid-based 

intervention: the CBD. A significant portion of pharmacological research on cannabinoids has 

focused on exploring the potential therapeutic benefits of phytocannabinoids found in the plant 

Cannabis sativa. While Δ9-THC is the main plant-derived cannabinoid capable of interacting with 

both CB1R and CB2R receptors (Pertwee, 2008), which contributes to both its therapeutic 

potential and its unwanted adverse effects, the non-psychoactive CBD has gained increasing 

attention in the last decade due to its more favourable pharmacological profile from a clinical 

perspective (Martin-Santos et al., 2012). Indeed, extensive preclinical evidence (Lastres-Becker 

et al., 2005; Santos et al., 2015; Gugliandolo et al., 2020; Giuliano et al., 2021) and several clinical 

studies (Zuardi et al., 2009; Chagas et al., 2014a; 2014b) support the potential of CBD in the 

context of PD. However, despite the extensive research, the underlying mechanisms behind the 

reported beneficial effects remain elusive or not fully understood, particularly due to the low 

affinity of this phytocannabinoid for both CB1R and CB2R (Ferna ndez-Ruiz et al., 2013). 

Alternative mechanisms and pathways have been proposed for its beneficial properties. Among 

these, CBD has been found to exert allosteric modulation of canonical cannabinoid receptors 

(Laprairie et al., 2015; Martí nez-Pinilla et al., 2017), along with actions mediated by other 

molecular targets, including GPR55 (Pertwee, 2007), TRPV1 (Etemad et al., 2022), PPAR-γ 

(O’Sullivan, 2016), serotonin receptors (DeVuono et al., 2022; Billard et al., 2025) and the 

adenosine A2 receptor (Sa nchez-Ferna ndez et al., 2024). Additionally, CBD exhibits receptor-

independent mechanisms, particularly its antioxidant properties, which stem from the free 

radical-scavenging capacity of its chemical structure. These studies have been usually conducted 

using the (–)-trans enantiomer of CBD, which is the predominant form found in the plant. However, 

due to its structural complexity, CBD can adopt other enantiomeric conformations. Such variations 

in the spatial arrangement of its chemical groups may significantly influence its interaction with 

different receptors, including cannabinoid receptors, thereby altering its binding profile and 

modulating its activity upon interaction. Indeed, previous studies have briefly explored this 

possibility, reporting differences in affinity and potency towards cannabinoid receptors among 

enantiomers of the same molecule (Mechoulam, 2000; Bisogno et al., 2001; Fride et al., 2004; 

Hanus et al., 2005; Morales et al., 2017). Thus, building on this knowledge and after confirming 

how the stereochemical shift between (–)-trans and (+)-trans-CBD influences their interaction 
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with CB1R and CB2R, we aimed to assess the functional activity of the (+)-trans enantiomer of this 

phytocannabinoid on the cannabinoid receptors, particularly its potential to elicit beneficial 

effects primarily mediated through CB2R, with a focus on anti-inflammatory activity. Beyond this 

phytocannabinoid, we extended the analysis to a natural derivative (CBDV) and three synthetically 

designed analogues (CBDA-Me, CBDA-Gly, CBDA-Hyp). The addition of these esterifications to (–)-

CBD has been found to increase the affinity for both cannabinoid receptors (Go tz et al., 2019). 

Therefore, we were interested in assessing these modifications in (+)-CBD as well. For these five 

(+)-compounds, key pharmacokinetic parameters, including absorption, solubility, permeability, 

and toxicity, were evaluated through in silico predictions to support their potential clinical 

translation. 

Our data, already published (Rodrí guez-Carreiro et al., 2025), fully corroborated the 

predictions, with (+)-enantiomers consistently displaying higher affinities than (–)-enantiomers 

for both receptors, particularly for the CB2R, with the exception of CBDA-Me. Quantification of 

receptor affinities, measured as Ki values, for the (+)-enantiomers at CB1R revealed the following 

order: CBDA-Hyp > CBDV = CBDA-Me = CBDA-Gly > CBD; with only CBDA-Hyp exhibiting a Ki in 

the low nanomolar range. For the CB2R, the affinity order was as follows: CBDA-Hyp > CBDA-Gly 

> CBDA-Me = CBDV = CBD; with all compounds exhibiting a Ki lower than 50 nM. These data are 

consistent with those reported by Golliher and colleagues, who found that (+)-CBD showed lower 

Ki values for both CB1R and CB2R compared to (–)-CBD (Golliher et al., 2021). Similarly, Bosquez-

Berger and collaborators reported higher affinity for CB1R of (+)-CBD compared to its naturally 

occurring enantiomer, as well as greater potency in inhibiting depolarization-induced suppression 

of excitation. However, they also observed that the (+)-enantiomer was less potent than the (–)-

counterpart in other CB1R-mediated effects, such as the suppression of cAMP accumulation 

(Bosquez-Berger et al., 2022). The trend of higher affinity in the (+)-enantiomeric series has also 

been reported for certain CBD derivatives. For instance, the (+)-enantiomer of 8,9-dihydro-7-

hydroxy-CBD exhibited Ki values in the nanomolar range, whereas the (–)-enantiomer showed 

significantly lower affinity (Kozela et al., 2016). Furthermore, an earlier study comparing multiple 

CBD derivatives in both enantiomeric configurations found that the (+)-stereoisomers exhibited 

greater activity at CB1R within the low nanomolar range, while differences in CB2R binding were 

less pronounced (Hanus et al., 2005). This contrasts with our findings, where greater differences 

were observed for CB2R. However, since the CBD derivatives analysed in that study differ from 

those tested in our work, this discrepancy may be at least partially explained by differences in 

compound selection. 

Collectively, our findings, in conjunction with previous results, confirm that the stereoisomeric 

change of CBD leads to a significant alteration in its binding profile at cannabinoid receptors, 

transitioning from a lack of interaction with (–)-CBD to a notable affinity with (+)-CBD. Although 

not yet performed, molecular docking studies are planned and will help elucidate how the change 

in stereoisomerism of this phytocannabinoid facilitates its binding to cannabinoid receptors, 

predicting the spatial orientation relative to the receptor. Nevertheless, we decided to continue 
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with the pharmacological evaluation, focusing on investigating the intrinsic activity of those 

compounds that exhibited affinities in the low nanomolar range. Thus, we found that (+)-CBD, (+)-

CBDV, and (+)-CBDA-Me appear to act as agonists at the CB2R, while (+)-CBDA-Gly and (+)-CBDA-

Hyp exhibited antagonist/inverse agonist-like activity at the same receptor. Additionally, an 

agonist profile was observed for the latter molecule at the CB1R. Regarding functional assays, it is 

important to note that data can often be controversial when comparing different methods of 

studying intrinsic activity. For instance, while in an agonist-stimulated GTPγS binding assay, we 

reported that (+)-CBDA-Hyp appeared to act as a CB2R antagonist and a CB1R agonist, opposite 

behaviour was observed in a cell-based assay to measure cAMP-mediated signalling (Gonza lez-

Mariscal et al., 2021). Therefore, further experiments will be necessary to resolve this controversy. 

However, based on the results we obtained, the fact that some of the (+)-enantiomers investigated 

in our study (CBD, CBDV, and CBDA-Me) act as agonists of CB2R supports the idea that (+)-CBD 

isomeric derivatives generally hold promising potential for the treatment of inflammatory 

disorders (Fride et al., 2004; Rao et al., 2025). Building on this indication, we aimed to study in 

vitro the potential anti-inflammatory and neuroprotective profiles of these three compounds, 

using appropriate cell-based assays (Go mez-Can as et al., 2016). Our data strongly suggest that (+)-

CBD, (+)-CBDV, and (+)-CBDA-Me can attenuate the effects of LPS exposure in cultured iMG 

microglial-like cells, reducing the expression of proinflammatory cytokines and enzymes, thereby 

likely mitigating the proinflammatory environment induced by this toxin. When assessing the 

impact of microglial conditioned media on neuronal metabolic activity, and indirectly on neuronal 

viability, we confirmed that the three CB2R (+)-agonists, at the optimal concentrations, reversed 

the neurotoxic effects of LPS-activated, microglia-derived conditioned media. Notably, this anti-

inflammatory and neuroprotective activity seemed to involve the CB2R, but not the PPAR-γ, 

consistent with the binding profile observed for these compounds at the cannabinoid receptor 

compared to their (–)-enantiomers. We focused on these two receptors as they are the primary 

ones involved in the inflammatory actions of cannabinoids, although (+)-CBD has also been shown 

to be active on other receptors, such as CB1R, sphingosine-1-phosphate receptors (Bosquez-

Berger et al., 2022) or TRPV1 (Bisogno et al., 2001). 

As a final step and before proceeding with an in vivo characterisation of these compounds, we 

conducted an in silico analysis to predict the ADMET properties of the five compounds in the (+)-

enantiomeric form, with (–)-CBD as a reference molecule. The rationale for this analysis is based 

on previous studies, where pharmacodynamic differences observed between both enantiomeric 

configurations might be linked to pharmacokinetic differences, particularly in the ability of (+)-

enantiomers to cross the BBB. Indeed, it has been proposed that (+)-CBD and its derivatives could 

be useful to selectively target cannabinoid receptors at the periphery for treating gastrointestinal 

disorders or peripheral pain and inflammation (Fride et al., 2004). Thus, the predictive ADMET 

analysis aimed to further explore this hypothesis. The generated data identified (+)-CBD and (+)-

CBDV as the most pharmacodynamically favourable compounds, exhibiting optimal profiles in 

terms of toxicity, absorption, solubility, and the ability to cross tissue barriers, including the BBB. 

In contrast, the other (+)-enantiomers showed less favourable predicted values, often falling 
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outside the expected range. These predictions challenge the idea of (+)-CBD and some derivatives 

as peripherally restricted agonists. Indeed, we decided to perform a final in vivo evaluation of (+)-

CBD and (+)-CBDV in mice lesioned with LPS in the striatum. Interestingly, i.p. administration of 

these compounds produced distinct outcomes: while (+)-CBDV failed to improve any of the 

studied parameters affected by the pro-inflammatory insult, (+)-CBD exerted effects, attenuating 

the loss of TH immunoreactivity in the SN and improving motor performance in the CRT. The 

differences in the in vivo effects between the two molecules may arise from pharmacodynamic or 

pharmacokinetic factors that were not evident in the in vitro or in silico analyses, but which could 

manifest under more physiologically relevant conditions. Moreover, in contrast to previous studies 

that reported a lack of central activity of (+)-CBD (Fride et al., 2004), our findings provide evidence 

to the contrary, as demonstrated by its neuroprotective and motor effects. This controversy may 

be primarily explained by the fact that the study by Fride et al. assessed the lack of central activity 

based on parameters closely linked to CB1R activation. Conversely, our results demonstrate that 

this compound exhibits marked selectivity for CB2R, which could underlie the neuroprotective 

effects we observed. Notably, this CB2R-mediated activity does not appear to translate into 

modulation of glial reactivity, particularly in microglia or infiltrating monocytes, which are known 

to express this receptor at significant levels (Greco et al., 2021; Grabon et al., 2024). Although the 

doses employed in our study were lower than those used in other in vivo experiments with 

structurally related molecules (Fride et al., 2004; Gonza lez-Mariscal et al., 2021), the observed 

effects on dopaminergic neurons suggest that our dosing regime falls within an effective 

therapeutic range. Therefore, the lack of glial effects may be more attributable to methodological 

aspects, as glial activation was assessed solely by immunostaining. It would thus be of interest to 

investigate whether (+)-CBD modulates additional parameters such as microglial morphology and 

cytokine profiles, analyses we plan to undertake in future studies. Additionally, another 

perspective we aim to address in follow-up studies is the potential for bidirectional in vivo 

biotransformation between enantiomers, which may influence their activity at cannabinoid 

receptors and help elucidate a key aspect of the mechanism of action of this non-classical 

phytocannabinoid. 

In summary, this research builds upon previous investigations into the therapeutic potential of 

CBD in PD (Lastres-Becker et al., 2005; Garcí a-Arencibia et al., 2007; Go mez-Ga lvez et al., 2016; 

Alves et al., 2024). Traditionally, the reported beneficial effects of CBD have been assigned to 

cannabinoid receptor-independent mechanisms, owing to the lack of affinity of the 

phytocannabinoid for the CB1R and CB2R (Ferna ndez-Ruiz et al., 2013). However, it has long been 

recognized that changes in CBD stereoisomerism influence its binding profile to these receptors, 

potentially enhancing its pharmacological properties. Our study further advances this 

understanding by confirming that (+)-enantiomers exhibit higher affinities for CB1R and 

especially for CB2R, while also demonstrating their ability to interact with CB2R in vitro to induce 

anti-inflammatory and neuroprotective effects. These effects were also evaluated in vivo but only 

for (+)-CBD and (+)-CBDV, the compounds with the most favourable ADMET properties based on 

in silico predictions. In the murine PD model used, (+)-CBD demonstrated a clear neuroprotective 
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effect, as evidenced by increased TH immunoreactivity and improved performance in the CRT, 

although its impact on glial reactivity was less pronounced. While further studies are needed to 

advance the therapeutic potential of these (+)-enantiomers, our results suggest that (+)-CBD and 

its analogues may offer protection against neurodegeneration, likely through both CB2R-mediated 

and receptor-independent mechanisms.  

Discussion summary 

The findings presented in this thesis advance our understanding of the therapeutic potential of 

cannabinoids and cannabinoid-related targets in the context of PD. By exploring a range of novel 

pharmacological strategies, including modulation of the classical CB1R and its intracellular 

interactor BiP, investigation of the orphan receptor GPR55, and the characterization of structurally 

modified (+)-CBD enantiomers, we highlight both the complexity and the therapeutic versatility 

of the ECS. Although CB1R and BiP interventions showed limited efficacy in a proteinopathy-based 

model of PD, the results obtained from GPR55-deficient mice revealed a sex-dependent 

neuroprotective and immunomodulatory phenotype, underscoring the relevance of this receptor 

as a promising therapeutic target, which warrants further investigation. Furthermore, the 

pharmacological profiling of (+)-CBD and its derivatives demonstrated improved CB2R affinity 

and in vitro anti-inflammatory and neuroprotective properties, which are also observed in vivo, 

although to a much lesser extent, yet still supported by favourable ADMET predictions. 

Collectively, these results underscore the value of targeting non-classical components of the ECS 

or using atypical compounds, while also accounting for variables such as sex differences and 

receptor stereoselectivity, as a foundation for developing more effective cannabinoid-based 

therapeutic strategies for PD and related neurodegenerative disorders.
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CHAPTER 1. Cannabinoid type-1 receptor in α-synuclein dysregulation 

1. In AAV9-α-synA53T-lesioned mice, pharmacological activation of CB1R did not confer clear 

neuroprotection to dopaminergic neurons in the SN nor improve symptoms. However, CB1R 

modulation influenced degradative pathways and astroglial responses, without detectable 

changes in microglial or infiltrating macrophage activity, or in the striatal gene expression profile. 

2. Partial deficiency of the CB1R-interacting chaperone BiP in AAV9-α-synA53T-lesioned mice did not 

significantly affect nigral dopaminergic degeneration, motor function, or glial involvement, 

although a mild increase in microglial reactivity was observed. 

CHAPTER 2. G protein-coupled receptor 55 and Parkinson’s disease 

3. GPR55 expression remains unchanged in affected brain regions of PD patients and in the striatum 

of mouse models subjected to intrastriatal 6-OHDA or intranigral of AAV9-α-synA53T inoculation, 

in both males and females; however, females displayed a more evident trend towards increased 

expression. 

4. GPR55 appears to play a detrimental role in PD, as its genetic deletion protects dopaminergic 

neurons in the SN and improves motor performance in two distinct parkinsonian models. This 

neuroprotective effect was more pronounced in response to AAV9-α-synA53T and, to a lesser 

extent, 6-OHDA. 

5. The neuroprotective afforded by GPR55 deletion, particularly in the AAV9-α-synA53T model, may 

be partly mediated by alterations in glial responses. This includes an increased cell body area-to-

branch length ratio in Iba1-positive microglia and reduced astroglial reactivity in the SN, 

evidenced by decreased colocalisation of C3 and GFAP.  

6. Sex-related differences indicate that the neuroprotective and glial modulatory effects of GPR55 

deletion are more prominent in female than male mice, suggesting sexual dimorphism in the role 

of this receptor in PD. 

CHAPTER 3. (+)-trans-enantiomer of cannabidiol and derivatives against 

neuroinflammation 

7. The (+)-trans enantiomeric series of CBD, CBDV, CBDA-Me, CBDA-Gly, and CBDA-Hyp 

demonstrated enhanced affinity for both cannabinoid receptors compared to their (–)-trans 

counterparts, with notable selectivity for CB2R. 

8. While (+)-CBD, (+)-CBDV, and (+)-CBDA-Me act as CB2R agonists, (+)-CBDA-Gly and (+)-CBDA-

Hyp function as CB2R antagonists. Additionally, (+)-CBDA-Hyp shows agonistic activity at CB1R. 

9. (+)-CBD, (+)-CBDV, and (+)-CBDA-Me exhibited in vitro anti-inflammatory effects, leading to 

neuroprotection in a CB2R-dependent manner. 

10. Among compounds with the most favourable in silico predicted pharmacokinetics, (+)-CBD and 

(+)-CBDV showed differing efficacy in the LPS-induced parkinsonian mouse model: (+)-CBDV 

lacked significant in vivo benefits, whereas (+)-CBD elicited marked neuroprotective and 

symptomatic improvements, despite limited impact on glial reactivity.
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A B S T R A C T

Cannabidiol (CBD) and cannabidivarin (CBDV) have shown promising clinical efficacy for the management of 
epilepsy, and beneficial effects have been demonstrated for CBD in a diversity of other pathologies (pain, 
schizophrenia, Tourette syndrome, anxiety). However, the mechanism(s) involved are still largely elusive, as are 
the molecular target(s) involved. CBD and CBDV do not orthosterically bind the cannabinoid type-1 (CB1) and 
type-2 (CB2) receptors, showing only modest allosteric modulation of both end-points. CBD and CBDV are 
biosynthesized as optically highly pure (− )-enantiomers, and most bioactivity data refer to these forms. (+)-CBD 
and related analogues [(+)-cannabidiolic acid (CBDA), its esters, and (+)-CBDV] can be obtained by chemical 
synthesis, and we present evidence that the (+)- and (− )-enantiomers of CBD, CBDV and of a selection of de
rivatives of CBDA have distinct binding profiles and functional activity at the CB1/CB2 receptors. Thus, with the 
single exception of the methyl ester of CBDA, all the (+)-enantiomers showed higher affinities than the 
(− )-isomers for both receptors, in particular for the CB2 receptors. The affinity of the (+)-enantiomers for both 
CB1 and CB2 receptors showed a marked dependence on the nature of the alkyl residue on the aromatic ring and 
the esterification pattern of CBDA. Potency was rarely in the low nM value for CB1, but generally so for CB2. 
Enantiomers showing low nM activity were further investigated for their intrinsic activity using GTPγS binding 
assays. This proved that (+)-CBD, (+)-CBDV and the methyl ester of (+)-CBDA are agonists at the CB2 receptor, 
with the β-hydroxyethyl ester of (+)-CBDA being an inverse agonist, and its β-hydroxypentyl ester behaving as an 
agonist at CB1 and an inverse agonist at CB2. Finally, we assayed in vitro the anti-inflammatory and neuro
protective properties of three compounds [(+)-CBD, (+)-CBDV and (+)-CBDA methyl ester] strongly activating 
CB2, showing their ability to reduce the production of proinflammatory factors and protecting neurons against 
their toxicity. Remarkably, these benefits were eliminated by the selective blockade of the CB2 receptor, 
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highlighting its role as a (+)-CBD target. In summary, our data show that remarkable differences between (− )- 
and (+)-enantiomers of CBD, CBDV and related compounds exist in terms of CB1/CB2 receptor binding profile 
and intrinsic activity. The observation that the natural (− )-enantiomers do not bind CB2 receptors suggests that 
their effects are associated with different targets.

1. Introduction

Cannabidiol (CBD) is a major non-psychotropic cannabis-derived 
cannabinoid, and has been shown to be endowed with pleiotropic 
properties potentially beneficial for numerous central and peripheral 
human disorders [1–5]. As regards CNS pathologies, CBD treatment has 
been associated to anticonvulsant [6,7], antiemetic [8,9], anxiolytic 
[10,11], antipsychotic [12,13], antioxidant [14,15], anti-inflammatory 
[16,17] and neuroprotective [1,18–20] activity in experimental 
models of epilepsy, vomiting and nausea, anxiety, schizophrenia, 
oxidative injury, neuroinflammation, and neurodegeneration, respec
tively (reviewed in Ref. [1,3–5]). However, these well-known broad-
spectrum therapeutic properties of CBD contrast with the fact that its 
underlying cellular and molecular mechanism(s) are not yet completely 
clarified [1,3–5,21]. Certain activities have been related to 
endocannabinoid-mediated mechanisms: e.g., inhibition of endocanna
binoid inactivation [22,23], allosteric modulation of classic cannabinoid 
receptors [24–27], activity at atypical cannabinoid receptors as G 
protein-coupled 55 receptor (GPR 55) [28,29] and members of the 
transient receptor potential (TRP) family, e.g., TRP vanilloid type-1 
(TRPV1) [30]. Conversely, others seem to be the result of 
endocannabinoid-independent processes: e.g., binding to serotonin re
ceptor types [31–33], adenosine uptake inhibition [2,34], targeting 
nuclear receptors of the peroxisome proliferator-activated receptor 
(PPAR) family [35], modulation of ion channels [1], among others.

None of these potential mechanisms links CBD with a direct inter
action with classic cannabinoid receptors, at least with their orthosteric 
sites, and this is why CBD has been frequently viewed as an atypical 
cannabinoid as concerns its pharmacodynamics profile [1,3–5]. The 
only and recent exception is the possibility that CBD could bind the 
allosteric site in the cannabinoid type-1 (CB1) receptor acting as a 
negative allosteric modulator (NAM) [24–27], then inhibiting the ac
tivity of Δ9-tetrahydrocannabinol (Δ9-THC) [36], something that has 
been recently extended to the cannabinoid type-2 (CB2) receptor [25,
37]. In both cases, the binding of CBD to classic cannabinoid receptors 
would be at regulatory rather than orthosteric sites, for which it shows 
negligible affinity [1,3–5], as confirmed by its lack of psychoactivity. 
The NAM activity of CBD was also demonstrated in endogenous and 
heterologous cell culture expression systems for ERK1/2 phosphoryla
tion and β-arrestin-1 recruitment in the presence of orthosteric ligands 
such as Δ9-THC and 2-arachydonoyl glycerol [24]. Subsequent model
ling studies showed that CBD binds to putative CB1 receptor allosteric 
sites [38,39]. In addition, some CBD derivatives (see Ref. [40] for a 
recent review) as its classic, mostly synthetic, metabolic analogues (e.g., 
desoxy-CBD, 7-hydroxy-CBD, cannabidiolic acid (CBDA)) [41,42], 
fluorinated CBD [43], CBD hydroxyquinones [44,45], abnormal CBD 
[46], or the (+)-CBD stereoisomers investigated in this study, have 
extended the pharmacodynamics profile of CBD (e.g., more potency 
(fluorinated CBD), activity at novel sites as GPR18 (abnormal CBD) or 
PPARs (CBD hydroquinones)), as well as its therapeutic potential 
[42–46], and could be useful also to better understand the mechanisms 
of action of CBD itself.

One of these derivatives is cannabidivarin (CBDV), which shows a 
shortened alkyl residue (3- versus 5-carbon length), and occurs naturally 
in the cannabis plant [47]. Its mechanism of action has long remained 
elusive (reviewed in Ref. [48]), despite its demonstrated anticonvulsant 
[49–51], antioxidant [52] and antitumoral [53] properties, with also 
beneficial effects for the management of autism-related disorders, like 
the Rett syndrome [51,54], and neurodegenerative disorders [55]. 

Overall, the biological profile of CBDV might well be independent of 
classic cannabinoid receptors, e.g., antioxidant effects associated to 
reactive oxygen species scavenging activity (also exerted by CBD [56]), 
activity at TRPV1, TRPV2 and transient receptor potential ankyrin type 1 
(TRPA1) receptors, as well as GPR55 antagonism (reviewed in 
Ref. [48]).

In the cannabis plant, CBD and CBDV exist in the (− )-enantiomer 
form, and the study of their biological profile has been based on these 
enantiomers (reviewed in Ref. [5,57]). Conversely, CBD and CBDV can 
be obtained by synthesis, which can generate also the non-natural (+)- 
enantiomeric form or the racemate [5,57]. It was early suggested that 
stereochemistry strongly affected the binding of Δ9-THC and analogues 
to CB1 and CB2 receptors ([41,58–62]; reviewed in Ref. [2,5]), with the 
(− )-forms being more active than the (+)-forms [63]. Thus, compared to 
(− )-trans-Δ9-THC (the major naturally-occurring isomer), 
(− )-cis-Δ9-THC was less potent as a CB1/CB2 receptor partial agonist in 
vitro, although activity in the cannabinoid tetrad was retained [64]. 
However, (+)-cis-Δ9-THC was almost inactive (Ki > 10 μM) at both CB1 
and CB2 receptors, compared with the (− )-trans-Δ9-THC and 
(− )-cis-Δ9-THC [61,65,66]. The same trend was observed in Δ9-THC 
derivatives, like those with a dimethylheptyl side chain, for which the 
(− )-enantiomer (HU-210) is highly active at CB1/CB2 receptors, whereas 
the (+)-enantiomer (HU-211 or dexanabinol) is devoid of any activity at 
these receptors [67], yet exhibiting interesting pharmacological prop
erties as a non-competitive antagonist for NMDA receptors, showing 
potential for the management of brain trauma [68].

Overall, few studies have investigated the influence of chirality on 
the activity of CBD and its derivatives, and this provided the rationale 
for this study, where various analogues of the natural product and its 
native acid form (CBDA), including CBDV, CBDA-methyl ester (CBDA- 
Me), CBDA-glycol ester (CBDA-Gly), CBDA-hydroxypentyl ester (CBDA- 
Hyp), CBDA-ethyl ester (CBDA-Et) and dimethylheptyl-CBD (DMH- 
CBD), were investigated, also investigating if differences existed in our 
assays between natural and synthetic CBD, a controversial issue [69].

2. Materials and methods

2.1. Chemistry

CBD, CBDV, CBDA-Me, CBDA-Gly and CBDA-Hyp were synthesized 
in (− )- and (+)-trans-enantiomeric forms in Symrise AG, Holzminden, 
Germany following procedures described in Fiebich et al. [70]. CBDA-Et 
and DMH-CBD were synthesized also in the two enantiomeric forms at 
the University of Eastern Piedmont, Italy, as described in Mattoteia et al. 
[71].

2.2. CB1/CB2 receptor binding affinity

All compounds under investigation in this study were analyzed by 
competition studies that allow the determination of their affinity (Ki 
values in a range of concentrations between 10− 11-10− 4 M) for both 
receptors against the classical cannabinoid ligand [3H]-CP55940 (164.5 
Ci/mmol, PerkinElmer, Boston, MA, USA). The competition studies were 
carried out with commercially available membranes prepared from CB1 
or CB2 receptor-stably transfected HEK-293 cells (RBHCB1M400UA and 
RBXCB2M400UA; PerkinElmer Life and Analytical Sciences, Boston, 
MA, USA) following procedures previously published [72]. Briefly, 
membranes were added in assay buffer (for CB1: 50 mM Tris-Cl, 5 mM 
MgCl2.H2O, 2.5 mM EDTA, 0.5 mg/ml bovine serum albumin, pH 7.4, or 
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for CB2: 50 mM Tris-Cl, 5 mM MgCl2.H2O, 2.5 mM EGTA, 1 mg/ml 
bovine serum albumin, pH 7.5) at a final concentration of 8 μg/well and 
4 μg/well for CB1 and for CB2 receptors, respectively. The radioligand 
was used at 0.4 nM for CB1 receptors or 0.53 nM for CB2 receptors, al
ways in a final volume of 200 μl for both receptors. The membranes were 
incubated for 90 min at 30 ◦C with the radioligand and the different 
concentrations of (− )- and (+)-CBD and derivatives. Non-specific 
binding was determined with non-radiolabeled WIN55,212-2 (Sigma 
Aldrich, Madrid, Spain, 10 μM) in the presence of radioligand. 100 % 
binding of the [3H]-CP55940 was determined by incubation of the 
membranes with radioligand in the absence of the compound under 
investigation. All plastic materials employed were siliconized with Sig
macote (Sigma-Aldrich, Madrid, Spain) to prevent possible adhesion of 
the compounds. After incubation, free radioligand was separated from 
bound radioligand, by filtration in GF/C filters, previously treated with a 
0.05 % (v/v) polyethylenimine solution. Then, filters were washed nine 
times with cold assay buffer, using the Harvester® filtermate equipment 
(PerkinElmer, Boston, MA, USA). Radioactivity was measured using a 
liquid scintillation spectrometer (Microbeta Trilux 1450 LSC & Lumi
nescence Counter (PerkinElmer, Boston, MA, USA)). Data were 
expressed as percentage of [3H]-CP55940 binding and were analyzed by 
using GraphPad Prism® version 7 (GraphPad Software Inc., San Diego, 
CA, USA), for the calculation of Ki values for each receptor. They were 
expressed as mean ± SEM of at least three experiments performed in 
triplicate for each point.

2.3. [35S]-GTPγS binding analysis

[35S]-GTPγS binding was analyzed using CB1 or CB2 receptor- 
containing membranes (HTS020M2, Eurofins Discovery Services, St. 
Charles, MO, USA). To this end, membranes (5 μg/well) were per
meabilized by addition of saponin (Sigma-Aldrich, Madrid, Spain), then 
mixed with 0.3 nM [35S]-GTPγS (PerkinElmer, Boston, MA, USA) and 10 
μM GDP (Sigma-Aldrich, Madrid, Spain) in 20 mM HEPES (Sigma- 
Aldrich, Madrid, Spain) buffer containing 100 mM NaCl (Merck, Madrid, 
Spain) and 10 mM MgCl2 (Merck, Madrid, Spain), at pH 7.4. Increasing 
concentrations of the compounds of interest: (+)-CBD, (+)-CBDV, 
(+)-CBDA-Me, (+)-CBDA-Gly and (+)-CBDA-Hyp (from 10− 12 to 10− 5 

M) were added in a final volume of 100 μl and incubated for 30 min at 30 
◦C. The non-specific signal was measured with 10 μM GTPγS (Sigma- 
Aldrich, Madrid, Spain). All 96-well plates and the tubes necessary for 
the experiment were previously siliconized with Sigmacote® (Sigma- 
Aldrich, Madrid, Spain). The reaction was terminated by rapid vacuum 
filtration with a filter mate Harvester apparatus (PerkinElmer, Boston, 
MA, USA) through Filtermat A GF/C filters. The filters were washed nine 
times with ice-cold filtration buffer (10 mM sodium phosphate, pH 7.4), 
and bound radioactivity was measured with a 1450 LSC & Luminiscence 
counter Wallac MicroBeta TriLux (PerkinElmer, Boston, MA, USA). 
[35S]-GTPγS binding data were analyzed to determine the EC50 or IC50, 
as well as the Emax values by using an iterative curve-fitting procedure 
with the GraphPad Prism version 6.01 (GraphPad Software Inc., San 
Diego, CA, USA). Values are expressed as mean ± SEM of at least three 
experiments performed in triplicate for each point.

2.4. Cell-based assays for analyzing anti-inflammatory and 
neuroprotective effects

The anti-inflammatory and neuroprotective properties of some of the 
(− )- and (+)-enantiomers were investigated in two cell-based assays 
using cultures of the mouse induced-(or immortalized) microglial (iMG) 
cell line (generously provided by Dr. Isabel Lastres-Becker, Universidad 
Autónoma de Madrid, Spain), and of the mouse striatal neuronal cell line 
M213-2O (generously donated by Dr. WJ Freed, National Institute on 
Drug Abuse, Bethesda, MD, USA). In the first experiment, cultured iMG 
cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, 
Lonza, Verviers, Belgium) supplemented with 10 % fetal bovine serum 

(FBS, Sigma-Aldrich, Madrid, Spain), 2 mM Ultraglutamine and antibi
otics (Lonza, Verviers, Belgium) in a humidified atmosphere of 5 % CO2 
at 37 ◦C. For experiments, cells were plated at a density of 2.25 x 105 

cells per well in 12-well culture plates and incubated in DMEM with a 
reduction of FBS to 1 %. Three hours later, cells were treated for 24 h 
with 100 ng/ml LPS (from Escherichia coli 055:B5, Sigma-Aldrich, 
Madrid, Spain), alone or in combination with some of the (− )- and 
(+)-enantiomers, used at three different concentrations: 0.01, 0.1 and 1 
μM, and added 1 h before LPS. Twenty-four hours after the addition of 
LPS, media were removed, whereas cell pellets were collected for ana
lysing mRNA levels of tumour necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase 
(iNOS) by qPCR. In a second experiment, cultured iMG cells were again 
maintained in DMEM (Lonza, Verviers, Belgium) supplemented with 10 
% FBS (Sigma-Aldrich, Madrid, Spain), 2 mM Ultraglutamine and anti
biotics (Lonza, Verviers, Belgium) in a humidified atmosphere of 5 % 
CO2 at 37 ◦C. Again, they were plated at a density of 2.25 x 105 cells per 
well in 6-well culture plates and incubated in DMEM with a reduction of 
FBS to 1 %. Three hours later, cells were treated for 24 h with 100 ng/ml 
LPS (from Escherichia coli 055:B5, Sigma-Aldrich, Madrid, Spain), alone 
or in combination with (+)-CBD, (+)-CBDV and (+)-CBDA-Me at the 
concentration of 1 μM (this was the concentration most active in 
reducing LPS-induced elevation of proinflammatory markers in the 
previous experiment) added 1 h before LPS. This experiment also 
included two additional groups for each (+)-enantiomer which con
sisted in co-treatment with the selective CB2 receptor antagonist 
SR144528 (Cayman Chemical Co., Ann Arbor, MI, USA) or the selective 
PPAR-γ inhibitor T0070907 (Cayman Chemical, Ann Arbor, MI, USA), 
both at 10 μM, as well as control cells only treated with vehicle (0.1 % 
DMSO). Twenty-four hours after the addition of LPS, media were 
removed to be added to cultures of the rat M-213-2O striatal cells to 
induce cell death following a procedure described previously [72]. To 
this end, M-213-2O cells were maintained in DMEM supplemented with 
10 % FBS, 2 mM Ultraglutamine, and 1 % antibiotics (Lonza, Verviers, 
Belgium) and under a humidified 5 % CO2 atmosphere at 37 ◦C. For 
cytotoxicity experiments, cells were seeded at 50000 cells/well in 
24-well plates and maintained under a humidified atmosphere (5 % 
CO2) at 37 ◦C overnight. Afterwards, normal medium was completely 
replaced by the different conditioned media generated in iMG cell ex
periments. Cells were incubated for 40 h before the neuronal death was 
analyzed with the MTT assay (Panreac AppliChem., Barcelona, Spain). 
The data were normalized in relation with a control group consisting in 
M-213-2O cells exposed to those conditioned media generated by iMG 
cells in absence of LPS.

2.5. Real time qRT-PCR analysis

Cell pellets from the in vitro experiments were used for qRT-PCR 
analysis. Total RNA was isolated using TRI Reagent® (Sigma-Aldrich, 
Madrid, Spain) following the procedure described by manufacturers. 
The total amount of RNA extracted was measured by spectrometry at 
260 nm and its purity from the ratio between the absorbance values at 
260 and 280 nm. After genomic DNA was removed (to eliminate DNA 
contamination), single-stranded complementary DNA was synthesized 
from up to 1 μg of total RNA using the commercial kit Rneasy Mini 
Quantitect Reverse Transcription (Qiagen, Hilgen, Germany). The re
action mixture was kept frozen at − 20 ◦C until enzymatic amplification. 
Quantitative RT-PCR assays were performed using TaqMan Gene 
Expression Assays (Applied Biosystems, Foster City, CA, USA) to quan
tify mRNA levels for TNF-α (ref. Mm99999064_m1), IL-1β (ref. 
Mm00434228_m1), iNOS (ref. Mm01309902_m1), COX-2 (ref. 
Mm00478372_m1), using GAPDH expression (ref. Mm99999915_g1) as 
an endogenous control gene for normalization. The PCR assay was 
performed using the 7300 Fast Real-Time PCR System (Applied Bio
systems, Foster City, CA, USA) and the threshold cycle (Ct) was calcu
lated by the instrument’s software (7300 Fast System, Applied 
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Biosystems, Foster City, CA, USA). Expression levels were calculated 
using the 2− ΔΔCt method.

2.6. Calculation of in silico ADME parameters

A set of 34 physicochemical descriptors was computed using QikProp 
version 3.5 integrated in Maestro (Schrödinger, LLC, New York, USA). 
The QikProp descriptors are shown in Supplementary Material 1. The 3D 
conformations used in the calculation of QikProp descriptors were 
generated using the program Spartan’08 (Wave function, Inc., Irvine, 
CA, USA) as follows: The structure of each molecule was built from the 
fragment library available in the program. Then, ab initio energy mini
mizations of each structure at the Hartree− Fock 6-31G* level were 
performed. A conformational search was next implemented using Mo
lecular Mechanics, followed by a minimization of the energy of each 
conformer calculated at the Hartree− Fock 6-31G* level. The global 
minimum energy conformer of each compound was used as input for 
ADME studies with QikProp.

2.7. Statistical analysis

All statistical analyses were carried out using GraphPad Prism 10.2.0 
for Windows (GraphPad Software, San Diego, CA, USA). Values were 
expressed as mean ± standard error of the mean (SEM). Data in cell- 
based assays were assessed for multiple comparison using the one-way 
analysis of variance followed by the Tukey’s (data of cell viability) or 
Dunnett’s (data of proinflammatory mediators) test.

3. Results

3.1. Binding affinity of (− )- and (+)-cannabinoids in receptor binding 
assays

Competition studies using CB1 or CB2 receptor-transfected mem
branes, [3H]-CP55940 as a radioactive probe, and different concentra
tions of the compounds (always within the interval 10− 4-10− 12 M) under 
investigation were conducted with the different (− )- and/or (+)-can
nabinoids. This served to calculate their Ki values as an index of their 
CB1 and CB2 receptor affinities. In our first analysis, we compared 
naturally-occurring (− )-CBD (isolated from cannabis plant) and syn
thetic (− )-CBD for their affinity (Ki) at the CB1 and CB2 receptors. In 
both cases, (− )-CBD showed similar very low affinity values for both 
receptors (Ki > 3 μM) (Fig. 1), with an expected lack of selectivity that 
was visible even despite the very low affinity values (CB1/CB2 Ki ratio =
2.3 for synthetic (− )-CBD and 1.9 for natural (− )-CBD). This occurred in 
both (− )-CBD forms, then being irrespective of their natural or synthetic 
origin, with binding curves in Fig. 1 that reflect the characteristic hy
perbole profile of those compounds having a small or negligible affinity 
(Ki in the μM range), which contrasts with the classic sigmoid pattern of 
those compounds having a high affinity (Ki in the nM range) (see below). 
Therefore, we can conclude that there is not any significant difference 
when synthetic and plant-derived (− )-CBD are analyzed for their bind
ing at both CB1 and CB2 receptors (Fig. 1). This confirms that chemical 
synthesis per se does not affect the binding profile of (− )-CBD that was 
previously described using naturally-occurring (− )-CBD [69] and was 
not the reason for the differences that will be presented below when 
(− )-enantiomers are compared with (+)-enantiomers.

Fig. 1. Representative competition curves for the binding of plant-derived (natural) and synthetic (− )-CBD at the CB1 and CB2 receptors. Ki values were expressed as 
means ± SEM and were obtained from three independent experiments conducted with triplicates.
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Next, we compared the two enantiomers for the seven cannabinoid 
derivatives under investigation in this study, all of them, (− )- and 
(+)-enantiomers generated always by chemical synthesis. Our data 
revealed, in general, a greater affinity of (+)- versus (− )-enantiomers of 
these derivatives at the CB1 and, in particular, CB2 receptors (Figs. 2–7). 
Thus, in the case of CBD, the (+)-enantiomer reached an affinity in the 
nM range (~100 fold higher versus (− )-CBD) for the CB2 receptor, 
whereas the increase was lower and in the high nM range (~10 fold 
versus (− )-CBD) for the CB1 receptor (Fig. 2). These different increases in 
affinity between both receptors affected the CB1/CB2 Ki ratio, which 
informs about receptor selectivity, being 2.3 for the (− )-CBD, but 
elevated up to 24.3 for (+)-CBD. In the case of CBDV, the (+)-enan
tiomer also reached an affinity in the nM range (~100 fold higher versus 
(− )-CBDV) for the CB2 receptor, again with a lower increase, but suffi
cient to situate the affinity in a medium nM range (~40 fold versus 
(− )-CBD), for the CB1 receptor (Fig. 3). The CB1/CB2 Ki ratio of 
(− )-CBDV was 3.5, whereas it elevated to 8.9 in the case of (+)-CBDV, 
again indicating that the (+)-enantiomer was more active at the CB2 
receptor.

CBDA-Me was the exception as both (− ) and (+) enantiomer forms 
showed relatively similar affinities, which are in the nM range (<50 nM) 
for the CB2 receptor and in a much more moderate nM range (>300 nM) 
for the CB1 receptor (Fig. 4). The CB1/CB2 Ki ratios were 12.3 for the 
(+)-enantiomer and 8.1 for the (− )-enantiomer. As for CBDA-Gly, (− )- 
and (+)-enantiomers bind the CB2 receptor, but the affinity of the 
(+)-enantiomer was again in a low nM range (~30 fold higher versus 
(− )-CBDA-Gly), whereas their affinities for the CB1 receptor were lower, 
in particular in the case of the (− )-enantiomer (~10 fold lower versus 
(+)-CBDA-Gly) whose binding ability was almost negligible (Ki in the 
μM range) (Fig. 5). Again, the (+)-enantiomer displayed a much higher 
preference for the CB2 receptor (CB1/CB2 Ki ratio = 27.8) compared with 

the (− )-enantiomer (CB1/CB2 Ki ratio = 10.5). CBDA-Hyp resulted in 
being one of the derivatives having the highest affinities for both re
ceptors, in particular in the case of the (+)-enantiomer (~330 fold and 
~80 fold higher versus (− )-CBDA-Hyp for the CB1 and CB2 receptor, 
respectively), which showed Ki values in a low nM range (Ki < 3 nM) 
(Fig. 6). Contrarily to the above compounds, the (− )-enantiomer showed 
much more preference for the CB2 receptor (CB1/CB2 Ki ratio = 10.9) 
compared with the (+)-enantiomer (CB1/CB2 Ki ratio = 2.6), although in 
this case the differences turned out to be lower. All (− )- and (+)-CBDA- 
Hyp data (including similar data to those obtained here for (− )- and 
(+)-CBD) agree with previous results already published for this CBD 
derivative in a study addressed to investigate its benefits for the treat
ment of diabetic nephropathy in mice [73].

Two additional derivatives (CBDA-Et and DMH-CBD) were also 
analyzed for their affinity at the CB1 and CB2 receptors and showed 
again that the (+)-enantiomers resulted in being more active at these 
receptors than (− )-enantiomers (Figs. 7 and 8). Thus, (+)-CBDA-Et 
showed higher affinities (~5 fold higher versus (− )-CBDA-Et) for both 
receptors, with a CB1/CB2 Ki ratio also similar for the (− )- and (+)-en
antiomers (13.7 and 12.6, respectively) (Fig. 7), strongly indicating their 
preference for the CB2 receptor. As regards to (− )- and (+)-enantiomers 
of DMH-CBD, they were all highly active (Ki < 10 nM) at both receptors, 
with the (+)-enantiomer having a higher affinity (~20 fold and ~3 fold 
higher versus (− )-DMH-CBD for the CB1 and CB2 receptors, respectively) 
(Fig. 8). Their CB1/CB2 Ki ratios were 1.3 for the (− )-enantiomer, 
indicating no preference, but lower (0.2) for the (+)-enantiomer. This 
may indicate a certain preference for the CB2 receptor despite the low Ki 
values which enable the (+)-enantiomer to be active at both receptors. It 
is important to remark that the high affinity and potency of DMH-CBD 
for cannabinoid receptors was already disclosed in the early 90s, 
showing that the presence of a dimethyl-heptyl side chain, both in Δ9- 

Fig. 2. Representative competition curves for the binding of synthetic (− )- and (+)-CBD at the CB1 and CB2 receptors, including the analysis of the intrinsic activity, 
using the procedure of [35S]GTPγS binding, of those derivatives showing affinity in the low nM range. Ki for receptor binding and EC50 and Emax(%) values for [35S] 
GTPγS binding were expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.
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THC and some analogues, as well as in CBD, enhanced cannabimimetic 
activity [58–62]. As regards its (− )- and (+)-stereoisomers, our data 
support their activity at both CB1 and CB2 receptors, in contrast to data 
reviewed in Burstein [2] and Rao et al. [5], who concluded that 
(− )-DMH-CBD is equally active at both receptors, whereas 
(+)-DMH-CBD has a lower preference for the CB2 receptor than for the 
CB1 receptor [22,41,74].

3.2. Intrinsic activity of (− )- and (+)-cannabinoids in the [35S]-GTPγS 
assay

Some of these novel enantiomers, in particular those showing af
finities in a relatively low nM range, were furtherly investigated for their 
intrinsic activity (agonist, antagonist or inverse agonist) using GTPγS 
binding assays, focusing almost exclusively on the CB2 receptor, based 
on the higher preference of all compounds for this receptor (Figs. 2–6, 
and Table 1). These assays proved that (+)-CBD (Fig. 2), (+)-CBDV 
(Fig. 3) and (+)-CBDA-Me (Fig. 4) have agonist activity at the CB2 re
ceptor, with (+)-CBDV having the higher potency (EC50 < 100 nM) 
followed by (+)-CBD (EC50 < 1 μM) and (+)-CBDA-Me (EC50 < 50 μM) 
(Figs. 2–4, respectively). On the other hand, (+)-CBDA-Gly was an in
verse agonist at this receptor (IC50 < 400 nM; Fig. 5), whereas 
(+)-CBDA-Hyp behaved as agonist at the CB1 receptor (EC50 < 20 nM) 
but as an inverse agonist at the CB2 receptor (IC50 < 10 nM) (Fig. 6). 
DMH-CBD was excluded from these analyses as it was already investi
gated for its intrinsic activity in previous studies [58–62,75], whereas 
CBDA-Et was not investigated due to compound availability.

3.3. In silico analysis of ADME properties of (+)-CBD and derivatives

Given that previous studies have indicated that different pharma
codynamics of some of these enantiomers could be associated with dif
ferences in their pharmacokinetics (e.g., restriction at the brain-blood 
barrier (BBB) to enter the brain; see Ref. [41,74]), we also wanted to 
analyze some of the ADME properties of these compounds using in silico 
predictions. This possibility would explain why some (+)-CBD de
rivatives (including some of the (+)-enantiomers investigated here) bind 
the CB1 receptor in vitro, but did not reproduce the classical cannabinoid 
tetrad in vivo [74]. This analysis was carried out with five of the 
(+)-enantiomers (CBD, CBDV, CBDA-Me, CBDA-Gly and CBDA-Hyp) 
using (− )-CBD as the reference compound. Our data indicated that 
ADME properties for all compounds, especially for (+)-CBD and 
(+)-CBDV, were, in general, within the expected ranges (see Supple
mentary Files 1 and 2). Of particular interest was the case of: (i) QPlogS 
and CIQPlogS (aqueous solubility) were higher for (+)-CBD and 
(+)-CBDV than for the three (+)-CBDA derivatives (Supplementary Files 
1 and 2); (ii) QPlogHERG (potential cardiotoxicity problems), with some 
concern for (+)-CBDA-Gly and, in particular, (+)-CBDA-Hyp 
(Supplementary Files 1 and 2); (iii) QPPCaco, QPlogBB and QPPMDCK 
(crossing tissue barriers from blood including the BBB), higher for 
(+)-CBD and (+)-CBDV and lower for (+)-CBDA-Gly (Supplementary 
Files 1 and 2); and (iv) HumanOralAbsorption (human oral absorption), 
higher for (+)-CBD and (+)-CBDV, lower for the three (+)-CBDA de
rivatives. These differences were not found with the equivalent param
eter PercentHumanOralAbsorption (Supplementary Files 1 and 2), 
although this last parameter does not have to correlate with the previous 
one.

Fig. 3. Representative competition curves for the binding of synthetic (− )- and (+)-CBDV at the CB1 and CB2 receptors, including the analysis of the intrinsic activity, 
using the procedure of [35S]GTPγS binding, of those derivatives showing affinity in the low nM range. Ki for receptor binding and EC50 and Emax(%) values for [35S] 
GTPγS binding were expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.

S. Rodríguez-Carreiro et al.                                                                                                                                                                                                                   European Journal of Medicinal Chemistry Reports 14 (2025) 100262 

6 



3.4. Anti-inflammatory and neuroprotective effects of some (− )- and 
(+)-enantiomers in cell-based assays

The last experiment in this study was aimed at exploring the ability 
of (+)-CBD, (+)-CBDV and (+)-CBDA-Me, the three (+)-enantiomers 
that showed an agonist activity at the CB2 receptor in [35S]-GTPγS 
binding assays, to exert anti-inflammatory and neuroprotective prop
erties in some cell-based assays useful for this purpose. Such capability 
should be an expected consequence of their acquired or improved af
finity and agonist activity for this receptor. To this end, we analyzed first 
the effect of three different concentrations of these three (+)-enantio
mers against LPS-induced elevation of gene expression of some relevant 
proinflammatory markers, IL-1β, TNF-α, COX-2 and iNOS, in cultured 
iMG cells. Our results confirmed that the addition of LPS to these cells 
elevated the expression of the four markers analyzed (Fig. 9), whereas 
the co-incubation with (+)-CBD, (+)-CBDV or (+)-CBDA-Me was able to 
decrease (or tended to reduce) this elevated expression for all markers 
(except for (+)-CBDA-Me), with effects more evident for IL-1β (F(10,37) 
= 2.15, p < 0.05; Fig. 9), but apparently lower for TNF-α (F(10,39) =
6.94, p < 0.0001; Fig. 9) and, to a lower extent, COX-2 (F(10,37) = 2.61, 
p < 0.05; Fig. 9) and iNOS (F(10,39) = 1.05, ns; Fig. 9). In all cases, the 
highest concentration of 1 μM was the most active and the only being 
statistically significant with respect to the LPS-treated cells (Fig. 9), with 
the lower concentrations being inactive or remaining as mere numerical 
trends (Fig. 9). This is the case of the 0.1 μM which showed values of 
probability levels respect to the LPS-treated cells close to statistical 
significance for IL-1β in the case of (+)-CBDA-Me (p = 0.09), (+)-CBDV 
(p = 0.11) and (+)-CBD (p = 0.18).

In a second experiment, the aim was to demonstrate that the changes 
elicited by LPS (marked elevation) and by the three (+)-enantiomers 
(reduction or trends towards a decrease) on the gene expression of these 
proinflammatory markers in cultured cells would be reflected in the 

release of these proinflammatory cytokines or other factors in their 
cultured media as has been described in previous studies [72], so that 
their addition to cultured neurons may compromise the cell viability. To 
this end, we generated conditioned media from iMG cells treated with 
vehicle or LPS in absence or presence of the most active concentration 
for each (+)-enantiomer in the previous experiment (1 μM), which were 
added to M-213-2O cells (these cells do not express CB2 receptors [72]) 
to induce cell death. Our data confirmed that conditioned media from 
LPS-exposed iMG cells reduced the cell viability of M-213-2O cells by 
approximately 40 %, whereas (+)-CBD, (+)-CBDV and (+)-CBDA-Me (F 
(10,43) = 9.52, p < 0.0001; Fig. 10) partially reversed the reduction in 
cell viability (loss of statistical significance respect LPS-treated cells), in 
particular in the case of (+)-CBDV and (+)-CBDA-Me (Fig. 10). In this 
experiment, two additional experimental groups of cells were included 
with the purpose to confirm that the beneficial effects elicited by 
(+)-enantiomers against LPS-induced cell death were dependent on the 
activation of CB2 receptors by the (+)-enantiomer, as well as to discard 
the contribution of other related receptors (e.g., PPAR-γ). Our data 
demonstrated that the conditioned media generated by the 
co-incubation of the (+)-enantiomer and the CB2 receptor antagonist 
SR144528 in LPS-exposed iMG cells eliminated the beneficial effect of 
the (+)-enantiomer alone in the three cases, whereas this did not happen 
when the co-incubation was with T0070907, an inhibitor of the PPAR-γ 
(Fig. 10). In fact, in the case of (+)-CBD, but not in the case of the other 
two (+)-enantiomers, the presence of T0070907 apparently improved 
the beneficial effect of (+)-CBD on cell viability (Fig. 10). A clarification 
of the rationale for this improvement will require further research, but a 
priori this could indicate that the activity of (+)-CBD at the CB2 receptor 
may be more intense when the enantiomer has a restriction in its 
capability to act at the PPAR-γ due to the blockade of this receptor. 
However, the data showed in previous studies using T0070907 or 
similar covalent antagonists of PPAR-γ, which demonstrated that they 

Fig. 4. Representative competition curves for the binding of synthetic (− )- and (+)-CBDA-methyl-ester (CBDA-Me) at the CB1 and CB2 receptors, including the 
analysis of the intrinsic activity, using the procedure of [35S]GTPγS binding, of those derivatives showing affinity in the low nM range. Ki for receptor binding and 
EC50 and Emax(%) values for [35S]GTPγS binding were expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.
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exert only a partial blockade of the orthosteric binding site allowing that 
certain ligands may still activate PPAR-γ signaling through their binding 
to so-called omega site in the ligand binding domain [76–78], provide 
additional explanations based on the activity of (+)-CBD at this omega 
pocket. Such possibility was also claimed in our previous study carried 
out with a cannabigerol derivative, so-called VCE-003.2, in an experi
mental model of Parkinson’s disease [79].

The last experiment in this part of the study was aimed at investi
gating whether (− )-CBD and (− )-CBDV, which, according to our 
competition studies for the CB2 receptor are unable to bind and activate 
this receptor, may, nevertheless, to be also active in reducing the LPS- 
induced elevation of proinflammatory factors in iMG cells, as their 
(+)-enantiomers, which are able to bind and activate the CB2 receptor, 
did. If this were the case, the mechanism(s) for these effects should be 
other than the activation of the CB2 receptor (e.g., activity at the PPAR-γ 
or other targets), or would imply a possible in vivo biotransformation of 
the (− )-enantiomer into the (+)-isomer. Our data open these two pos
sibilities or others, as we recorded mostly similar patterns in the effects 
of (− )-enantiomers compared to (+)-enantiomers, in particular for IL-1β 
(F(7,31) = 3.36, p < 0.01; Supplementary File 3), COX-2 (F(7,31) =
9.73, p < 0.0001; Supplementary File 3), iNOS (F(7,31) = 15.61, p <
0.0001 Supplementary File 3) and, to a lower extent (it happened only 
for (− )-CBDV), TNF-α (F(7,31) = 10.78, p < 0.0001; Supplementary File 
3), in all cases with the higher concentration (1 μM) being the most 
active, but also having statistically significant effects (or numerical 
trends) with the 0.1 μM concentration in some cases (e.g., (− )-CBD and 
(− )-CBDV for iNOS).

4. Discussion

The aim of this study was to compare the CB1/CB2 receptor binding 
profile and/or intrinsic activity of several synthetic (− )- and 

(+)-cannabinoids, including CBD, CBDV and some CBDA derivatives, 
with the aim of demonstrating the existence of important differences 
between (− )- and (+)-enantiomeric forms of these cannabinoids. How
ever, before addressing this major objective, we wanted to discard the 
hypothesis that any enantiomer-dependent difference (see below) may 
be the result of the natural or synthetic origin of the different isomers. 
The rationale for addressing this question is that most binding data for 
CBD have been obtained with (− )-CBD from cannabis [58–62] and one 
recent study claimed that using (− )-CBD generated by chemical syn
thesis could result in different pharmacodynamics parameters [69]. 
However, our data confirmed that, independently from the origin: (i) 
(− )-CBD has a poor affinity at the classic cannabinoid receptors, with Ki 
values for both CB1 and CB2 receptors within the low μM range; (ii) the 
binding of (− )-CBD to CB2 receptors was certainly higher (approxi
mately 2-fold) than to CB1 receptors, although always within the μM 
range; and (iii) the receptor binding affinity of (− )-CBD was always 
similar comparing the synthetic (− )-CBD with the plant-derived com
pound. This result is in agreement with a previous report showing that 
CBD is a partial agonist for CB2 receptor at high concentrations [80]. In 
general, our results confirm previous data showing that (− )-CBD, irre
spective of its origin, is a low-affinity ligand for the cannabinoid re
ceptors [81], yet capable to modulate certain intracellular signals that 
are dependent on the activation of these receptors [82]. Thus, our results 
may also confirm previous observations on the possible activity of 
(− )-CBD as a negative allosteric modulator at the CB1 receptor [69,83]. 
They also confirm its proposed behavior at the CB2 receptor, in which 
claims for an agonist activity have been made in specific experimental 
conditions [84], despite other studies have also claimed for a similar 
antagonist/negative allosteric modulator activity [38] that has been 
proposed for the CB1 receptor.

Having discarded the possible influence of the natural or synthetic 
origin of the different compounds under investigation in their receptor 

Fig. 5. Representative competition curves for the binding of synthetic (− )- and (+)-CBDA-glycol-ester (CBDA-Gly) at the CB1 and CB2 receptors, including the 
analysis of the intrinsic activity, using the procedure of [35S]GTPγS binding, of those derivatives showing affinity in the low nM range. Ki for receptor binding and 
IC50 and Emax(%) values for [35S]GTPγS binding were expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.

S. Rodríguez-Carreiro et al.                                                                                                                                                                                                                   European Journal of Medicinal Chemistry Reports 14 (2025) 100262 

8 



binding profile, we addressed our major objective, namely evaluating if 
(− )- and (+)-enantiomeric forms of various chiral cannabinoids showed 
differences in their receptor affinity for CB1 and/or CB2 receptors, as 
well as in their intrinsic activity at these receptors, following previous 
results that have been reviewed by Burstein [2] and Rao et al. [5]. Our 
data fully confirmed this hypothesis, with (+)-enantiomers always 
showing higher affinities than (− )-enantiomers for both receptors, in 
particular for the CB2 receptor, except in the case of CBDA-Me. Our 
quantification of receptor affinities (Ki) of (+)-enantiomers for the CB1 
receptor yielded to the following order: DMH-CBD = CBDA-Hyp >
CBDA-Et > CBDV = CBDA-Me = CBDA-Gly > CBD, with only DMH-CBD 
and CBDA-Hyp having a Ki in a low nM range. In the case of the CB2 
receptor, the order was CBDA-Hyp > DMH-CBD > CBDA-Et > CBDA-Gly 
> CBDA-Me = CBDV = CBD, all of them with Ki < 50 nM. These data, 
however, present differences from those published by Bosquez-Berger 
et al. [85] who reported that effectively (+)-CBD was more potent 
than (− )-CBD for some responses related to CB1 receptor activity (e.g., 
~5 fold higher affinity (lower Ki) at the CB1 receptor; ~10 fold greater 
potency at inhibiting depolarization-induced suppression of excitation), 
but lower for others (e.g., CB1 receptor-mediated suppression of cAMP 
accumulation). These authors also demonstrated that (+)-CBD, but not 
(− )-CBD, was active at some non-cannabinoid receptors as 
sphingosine-1-phosphate receptors [85]. In addition, Golliher and co
workers also described higher affinity to CB1/CB2 receptors for (+)-CBD 
than the natural enantiomer [57], and the same happened with some 
CBD derivatives as 8,9-dihydro-7-hydroxy-CBD, with the (+)-enan
tiomer having Ki in the nM range, but the (− )-enantiomer showing very 

low affinity [86]. A former study also compared several CBD derivatives 
in both enantiomeric forms and found higher activity of (+)-stereoiso
mers for the CB1 receptor in the low nM range, whereas the differences 
for the CB2 receptor binding were smaller [41]. These data showed the 
opposite that we found in our study, although the only common com
pound with our study was DMH-CBD [41].

In our study, some (+)-enantiomers, selected because their affinities 
were in the low nM range and also because of their availability and the 
absence of previous data, were also investigated for their intrinsic ac
tivity using GTPγS binding assays. These assays proved that (+)-CBD, 
(+)-CBDV and (+)-CBDA-Me are agonists at the CB2 receptor and 
(+)-CBDA-Gly was an inverse agonist, whereas (+)-CBDA-Hyp behaved 
as agonist at the CB1 receptor but as an inverse agonist at the CB2 re
ceptor. However, it is important to highlight that these intrinsic activ
ities were found in agonist-stimulated GTPγS binding assays, but, in 
previous studies carried out using a cell-based assay to measure cAMP- 
mediated signaling, receptor activity for the (+)-CBDA-Hyp proved 
opposite behaviors with the compound acting as an antagonist at the CB1 
receptor and as an agonist for the CB2 receptor ([73]; reviewed in 
Ref. [5]). These differences appear to be related to certain limitations of 
the agonist-stimulated GTPγS binding assay with respect to similar 
cell-based assays, which may be based on whether compounds bind 
orthosteric and/or allosteric sites, the subtype of G protein involved, the 
possibility of heteromer formation which modifies individual receptor 
activity, and even possible signaling crosstalks. Further experiments will 
be necessary to clarify this controversy. Irrespective of this, the fact that 
some of the (+)-enantiomers investigated in our study (CBD, CBDV and 

Fig. 6. Representative competition curves for the binding of synthetic (− )- and (+)-CBDA-hydroxypenthyl-ester (CBDA-Hyp) at the CB1 and CB2 receptors, including 
the analysis of the intrinsic activity, using the procedure of [35S]GTPγS binding, of those derivatives showing affinity in the low nM range. Ki for receptor binding and 
EC50 (or IC50) and Emax(%) values for [35S]GTPγS binding were expressed as means ± SEM and were obtained from three independent experiments conducted with 
triplicates.
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CBDA-Me) are active as agonists of the CB2 receptors agree with the 
idea, recently reviewed in Rao et al. [5], that (+)-CBD isomeric de
rivatives show, in general, a good potential for the treatment of neuro
inflammatory disorders. In fact, we investigated here this 
anti-inflammatory and neuroprotective profile using adequate 
cell-based assays already used in previous studies [72]. Our data 
strongly indicated that (+)-CBD, (+)-CBDV and (+)-CBDA-Me were 
capable of attenuating the effect of LPS exposure in cultured iMG cells on 
the expression of several proinflammatory cytokines (IL-1β and TNF-α) 

and enzymes (COX-2 and iNOS), likely reducing the proinflammatory 
scenario elicited by this inflammatory toxin. As previous studies have 
demonstrated [72], the use of conditioned media containing several 
factors generated in this proinflammatory scenario may result toxic for 
cultured neurons when added in their incubation media. We used this 
strategy to confirm: (i) the reduced neuronal viability observed with 
conditioned media derived from iMG cells incubated with LPS; (ii) the 
reversion of these neurotoxic effects with conditioned media derived 
from LPS-exposed iMG cells that were treated with the most active 

Fig. 7. Representative competition curves for the binding of synthetic (− )- and (+)-CBDA-ethyl-ester (CBDA-Et) at the CB1 and CB2 receptors. Ki values were 
expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.

Fig. 8. Representative competition curves for the binding of synthetic (− )- and (+)-dimethyl heptyl-CBD (DMH-CBD) at the CB1 and CB2 receptors. Ki values were 
expressed as means ± SEM and were obtained from three independent experiments conducted with triplicates.
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concentration of these (+)-enantiomers; and (iii) the contribution of CB2 
receptors, but not PPAR-γ receptors in the effects of (+)-enantiomers, 
which agree with the binding profile found for these compounds at the 
CB2 receptor compared with their (− )-enantiomers. In addition, in a 
preliminary experiment addressed to explore an additional objective, we 
also demonstrated that (− )-CBD and (− )-CBDV mostly mimicked the 
effects of their (+)-enantiomers despite the (− )-stereoisomers do not 
bind and activate the CB2 receptor. Obviously, this observation will 
require further research to be explained following two major lines of 
hypothesis: (i) that the molecular mechanism(s) for these effects should 
be other than the activation of the CB2 receptor (e.g., activity at the 
PPAR-γ or other targets); and (ii) the possibility of an in vivo biotrans
formation of the (− )-enantiomer into the (+)-isomer by the activity of 
cellular racemases that may transform one enantiomer in the other and 
vice versa, something that will represent the follow-up studies generated 
by the experiments included in the present study. In the case that this 
racemic transformation may be confirmed, an additional question of 
high interest would be the relevance that this biotransformation may 
have in those pathologies in which CBD has been found to be beneficial. 
An important case for us is Parkinson’s disease, in which we and other 
groups have described numerous neuroprotective effects of CBD in 
experimental models of this disease ([18,19,87,88]; reviewed in 
Ref. [89]), which have been frequently assigned to cannabinoid 
receptor-independent effects of CBD, frequently because the assumption 
of lack of affinity of (− )-CBD for the two classic cannabinoid receptors 
(reviewed in Ref. [1]). The present demonstration that (+)-enantiomers 
of CBD and derivatives are, however, able to more efficiently bind and 
eventually activate these receptors opens the possibility of alternative 

mechanisms of action derived from a possible in vivo biotransformation 
of these derivatives, something that will require to be investigated in 
such follow-up studies.

Finally, we also carried out some in silico analyses to predict possible 
ADME properties of the different (+)-enantiomers (CBD, CBDV, CBDA- 
Me, CBDA-Gly and CBDA-Hyp) using (− )-CBD as the reference com
pound. The rationale for this analysis was based on the fact that previous 
studies have remarked that the differences in pharmacodynamics of (− )- 
and (+)-enantiomers of CBD and derivatives could be associated with 
differences in their pharmacokinetics, in particular with a restriction of 
(+)-enantiomers to enter the brain at the BBB [74]. This fact led authors 
to propose (+)-CBD and derivatives (e.g., (+)-DMH-CBD) as useful 
peripherally-restricted CB1 receptor agonists active against gastroin
testinal disorders or peripheral pain and inflammation [74]. Therefore, 
our in silico analysis of ADME properties of (+)-enantiomers was aimed 
at further exploring this question. Our data indicated positive predicted 
ADME properties for all compounds, especially for (+)-CBD and 
(+)-CBDV, including some parameters (QPPCaco, QPlogBB and 
QPPMDCK), which allow the prediction of the ability of these com
pounds to cross tissue barriers from blood (including the BBB). The 
predictions indicated that (+)-CBD and (+)-CBDV may be apparently 
able to cross these barriers with values similar to (− )-CBD, which were 
lower for the remaining (+)-CBD derivatives, in particular for the 
(+)-CBDA-Gly which showed values outside the normal range. These 
predictions would oppose the idea of (+)-CBD derivatives as 
peripherally-restricted agonists [74], although they would need to be 
confirmed in follow-up in vitro and in vivo studies. In fact, preliminary in 
vivo experiments that are being currently in progress in our laboratory 
with (+)-CBD and (+)-CBDV in an experimental model of Parkinson’s 
disease appear to indicate benefits against the motor impairment of 
these compounds which would be presumably caused by their activity at 
the brain (Rodríguez-Carreiro, unpublished data).

Taken together, the results of our investigation of the CB1 and CB2 
receptor binding profile and intrinsic activity of CBD and its derivatives 
show marked differences in the biological profile of (− )- and 
(+)-enantiomeric forms (higher affinity). A direct consequence of this is 
the acquired (or enhanced) ability of (+)-enantiomers to act through 
these receptors, in particular through the CB2 receptor, a fact that may 
help to elucidate the mechanisms of action that underlie in some phar
macological effects of these compounds as their anti-inflammatory and 
neuroprotective effects that have been described here. However, the fact 
that (− )-CBD and (− )-CBDV mostly mimicked the in vitro anti- 
inflammatory effects found for their (+)-enantiomers, despite the 
(− )-stereoisomers not binding to and activating the CB2 receptor, opens 
the possibility that the activity of these compounds at these receptors in 
the two enantiomer forms may be influenced by a possible bidirectional 
biotransformation between these enantiomers in the body, something 
that will require further research as a highly relevant objective that may 
impact our understanding on the therapeutic use of these compounds.
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Summary of data for the affinity and intrinsic activity at the CB1 and CB2 re
ceptors of (− )- and (+)-enantiomers of CBD, CBDV and some derivatives (see 
details in Figs. 1–8).

Compound CB1 receptor CB2 receptor

Affinity Intrinsic 
activity

Affinity Intrinsic 
activity

(− )-CBD Negligible (Ki >

3 μM)
not 
measureda

Negligible (Ki >

3 μM)
not 
measureda

(+)-CBD Low (Ki > 500 
nM)

not 
measureda

High (Ki < 40 
nM)

agonist

(− )-CBDV Negligible (Ki >

3 μM)
not 
measureda

Negligible (Ki >

3 μM)
not 
measureda

(+)-CBDV Moderate (Ki >

200 nM)
not 
measureda

High (Ki < 40 
nM)

agonist

(− )-CBDA- 
Me

Moderate (Ki >

200 nM)
not 
measureda

Moderate to 
high (Ki > 40 
nM)

not 
measureda

(+)-CBDA- 
Me

Moderate (Ki >

200 nM)
not 
measureda

High (Ki < 40 
nM)

agonist

(− )-CBDA- 
Gly

Negligible (Ki >

3 μM)
not 
measureda

Moderate (Ki >

200 nM)
not 
measureda

(+)-CBDA- 
Gly

Moderate (Ki >

200 nM)
not 
measureda

High (Ki < 40 
nM)

antagonist

(− )-CBDA- 
Hyp

Low (Ki > 500 
nM)

not 
measureda

Moderate to 
high (Ki > 40 
nM)

not 
measureda

(+)-CBDA- 
Hyp

Very high (Ki <

5 nM)
agonistb Very high (Ki <

5 nM)
antagonistb

(− )-CBDA- 
Et

Moderate (Ki >

200 nM)
not 
measureda

High (Ki < 40 
nM)

not 
measured

(+)-CBDA- 
Et

Moderate to 
high (Ki > 40 
nM)

not 
measureda

High (Ki < 40 
nM)

not 
measured

(− )-DMH- 
CBD

High (Ki < 40 
nM)

not 
measuredc

High (Ki < 40 
nM)

not 
measuredc

(+)-DMH- 
CBD

Very high (Ki <

5 nM)
not 
measuredc

Very high (Ki <

5 nM)
not 
measuredc

a not measured due to the absence of affinity in the low nM range.
b opposite results using cell assays instead [35S]GTPγS binding [73].
c already described as agonists (see references in the text).
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[19] M. García-Arencibia, S. González, E. de Lago, J.A. Ramos, R. Mechoulam, 
J. Fernández-Ruiz, Evaluation of the neuroprotective effect of cannabinoids in a rat 
model of Parkinson’s disease: importance of antioxidant and cannabinoid receptor- 
independent properties, Brain Res. 1134 (2007) 162–170.

[20] E. Del-Bel, N. Barros-Pereira, R.P. Moraes, B.A. Mattos, T.A. Alves-Fernandes, L. 
B. Abreu, G.C. Nascimento, D. Escobar-Espinal, J.F.C. Pedrazzi, G. Jacob, B. 
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Abstract: (1) Background: A cannabigerol aminoquinone derivative, so-called VCE-003.2, has been
found to behave as a neuroprotective agent (administered both i.p. and orally) in different experimen-
tal models of Parkinson’s disease (PD) in mice. These effects were exerted through mechanisms that
involved the activation of a regulatory site within the peroxisome proliferator-activated receptor-γ
(PPAR-γ). (2) Methods: We are now interested in comparing such neuroprotective potential of
VCE-003.2, orally administered, with the effect of the classic dopaminergic replacement therapy with
L-DOPA/benserazide in similar conditions, using 6-hydroxydopamine-lesioned mice. (3) Results:
The oral administration of VCE-003.2 during 14 days at the dose of 20 mg/kg improved, as expected,
the neurological status (measured in motor tests) in these mice. This correlated with a preservation of
TH-labelled neurons in the substantia nigra. By contrast, the treatment with L-DOPA/benserazide
(during 7 days at 2 mg/kg) was significantly less active in these experimental conditions, in concor-
dance with their profile as a mere symptom-alleviating agent. (4) Conclusions: Our results confirmed
again the therapeutic profile of VCE-003.2 in experimental PD and revealed a different and more
relevant effect, as a disease modifier, compared to the classic symptom-alleviating L-DOPA treatment.
This reinforces the interest in VCE-003.2 for a future clinical development in this disease.

Keywords: VCE-003.2; L-DOPA/benserazide; Parkinson’s disease; 6-OHDA-lesioned mice; cannabi-
noids; PPAR-γ

1. Introduction

Cannabinoids are pleiotropic compounds that, acting through multiple pharmaco-
logical targets within the endocannabinoid system, as well as in other signaling systems,
have demonstrated to be promising neuroprotective agents [1]. Such neuroprotective
potential has been preclinically investigated in different neurological conditions, such as
accidental brain damage (e.g., stroke and brain trauma) and chronic progressive disor-
ders (e.g., Alzheimer’s disease, amyotrophic lateral sclerosis, and Huntington’s disease
(HD)) [2]. One of the disorders that has been more investigated to date is Parkinson’s
disease (PD). In this disease, cannabinoid-based therapies may serve to delay disease
progression, but also to alleviate specific parkinsonian symptoms [3,4]. Thus, preclinical
studies have demonstrated that modulating the cannabinoid receptor type 1 (CB1) may
serve for reducing parkinsonian signs such as bradykinesia and immobility [5], tremor [6]
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and/or L-DOPA-induced dyskinesia [7], This can occur even combined in combination
with other agents, such adenosine receptor ligands [8,9] such as these receptors may form
heteromers with the CB1 receptor resulting in possible synergic effects at a pharmacological
level [10,11]. Such a combination between CB1 and adenosine receptor ligands has been
already investigated in pathological conditions other than PD [12,13].

Modulating the CB1 receptor may also serve to afford neuroprotective effects in
PD [14,15]. However, most cannabinoids proposed as neuroprotectant agents in this disease
target the cannabinoid receptor type 2 (CB2), whose activation entails anti-inflammatory ef-
fects in different PD models [16–19]. A similar effect has been found with cannabinoids that
activate the peroxisome proliferator-activated receptor (PPAR)-γ [20,21] and even that tar-
get GPR55, an orphan receptor that has been recently associated with the endocannabinoid
system [22,23]. Lastly, the neuroprotective effects in PD of some specific phytocannabinoids
(e.g., cannabidiol) have been assigned to receptor-independent antioxidant effects [24] or
even associated to activity as modulators of the antioxidant transcription factor Nrf2 [25].
Therefore, these studies have placed several cannabinoid compounds in a promising po-
sition for serving to generate a cannabinoid-based therapy for specific symptoms and, in
particular, for disease progression in patients affected by PD.

An interesting cannabinoid compound in PD is the non-thiophilic CBG quinone deriva-
tive VCE-003.2, whose chemical structure, mechanism of action and other characteristics
(in comparison with CBG, its original naturally-occurring phytocannabinoid) have been
previously published [20,26,27]. VCE-003.2 behaves as a PPAR-γ activator with no activity
at the CB1/CB2 receptors [26]. This study investigated the effect of VCE-003.2 in murine
models of HD, confirming its neuroprotectant profile exerted by activating PPAR-γ and
its ability to cross the blood–brain barrier after systemic administration. Moreover, VCE-
003.2, given orally, was found to also be neuroprotective and to induce neurogenesis in
experimental HD [28]. As regards to experimental models of PD, VCE-003.2, given i.p.
or orally, has been found to be active as an anti-inflammatory and neuroprotective agent
against inflammation-driven neuronal deterioration in LPS-lesioned mice [20,21]. It was
also active in 6-hydroxydopamine (6-OHDA)-lesioned mice [29], a model characterized by
mitochondrial dysfunction and oxidative stress. These effects were found to be mediated
by its binding at a functional alternative site (different from the canonical binding site
used by glitazones) in the PPAR-γ receptor, as revealed in in vitro studies carried out in
cell-based assays [20,29].

We wanted now is to further explore the neuroprotective potential of VCE-003.2,
using an oral formulation, comparison with the reference therapy in PD using L-DOPA/
benserazide [30]. Such a comparison is a necessary step in the development of any new
antiparkinsonian agent, in this case VCE-003.2, towards its clinical exploitation in PD.
However, it is important to remark that such dopaminergic replacement therapy with
L-DOPA/benserazide was approved to alleviate specific parkinsonian symptoms (e.g.,
akinesia and rigidity) in PD patients [30]. By contrast, it is generally accepted that L-
DOPA/benserazide has no effect on disease progression, despite a few studies that reported
certain neuroprotective effects in experimental models [31,32] pending further confirmation.
To this end, our experimental design was aimed at evaluating the neuroprotective effect of
a chronic administration of VCE-003.2 given orally to 6-OHDA-lesioned mice for 14 days,
which was compared with the effect of a chronic administration of L-DOPA/benserazide
given i.p. for 7 days (to use a shorter treatment was necessary to diminish the occurrence
of dyskinesia [33]). The efficacy of both treatments was determined with motor tests and
immunostaining for tyrosine hydroxylase (TH) and glial markers (GFAP and CD68) in
the substantia nigra. It is important to remark that all analyses, but this is particularly
important in the case of behavioral tests, were carried out at 24 h from the last injection. This
means that the possible behavioral effects found should be related more to neuroprotection
rather than to symptom alleviation, which would be visible only at shorter times (1–2 h).
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2. Materials and Methods
2.1. Animal and Surgical Lesions

Male C57BL/6 mice were housed in our animal facilities (CAI-Animalario, Faculty of
Medicine, Complutense University, ref. ES280790000086) under controlled photoperiod
(08:00–20:00 light) and temperature (22 ± 1 ◦C), and with free access to standard diet and
water. They were used at adult age (6–8 month-old; 24–30 g weight) for experimental
purposes. All experiments were conducted according to national and European guidelines
(directive 2010/63/EU), as well as conforming to ARRIVE guidelines, and were approved
by the “Comité de Experimentación Animal” of our university (PROEX: 201.8/22). Mice
were anaesthetized (ketamine 40 mg/kg + xylazine 4 mg/kg, i.p. purchased from Sigma-
Aldrich, Madrid, Spain). This was followed by pretreatment with desipramine (25 mg/kg,
i.p., purchased from Sigma-Aldrich, Madrid, Spain) just 30 min before mice received 6-
OHDA free base (2 µL at a concentration of 2 µg/µL saline in 0.02% ascorbate to avoid
oxidation; both purchased from Sigma-Aldrich, Madrid, Spain) or saline (for control mice)
injected stereotaxically into the right striatum at a rate of 0.5 µL/min. To this end, we used
the following coordinates: +0.4 mm AP, ±1.8 mm ML and −3.5 mm DV, as described in
Alvarez-Fischer et al. [34]. Once injected, the needle was left in place for 5 min before being
slowly withdrawn. This avoided generating reflux and a rapid increase in intracranial
pressure. Control animals were sham-operated and injected with 2 µL of saline using
the same coordinates. After the application of 6-OHDA or saline, mice were subjected
to pharmacological treatments as described in the following section. The lesions were
generated using unilateral injection with the contralateral structures serving as controls for
the different analyses.

2.2. Pharmacological Treatments and Sampling

After the application of 6-OHDA, animals were treated with the following compounds:
(i) VCE-003.2 (provided by Emerald Health Pharmaceuticals, San Diego, CA, USA) given
orally at a dose of 20 mg/kg according to previous studies [29], initiating the treatment at
24 h after the lesion and daily repeating during 14 days; (ii) L-DOPA (Sigma-Aldrich Chem.,
Madrid, Spain) and benserazide (Sigma-Aldrich Chem., Madrid, Spain), given i.p. at the
dose of 2 mg/kg in both cases according to previous studies [33], initiating the treatment
7 days after the lesion and daily repeating during 7 additional days (as indicated before,
the use of a shorter treatment was necessary to diminish the occurrence of dyskinesia [33]);
or (iii) the vehicle for VCE-003.2 (sesame oil) given orally during 14 days (50% of mice
in this group) and the vehicle for L-DOPA/benserazide (0.9% saline) given i.p. during
7 days (remaining 50% of animals). At the end of the treatment (24 h after the last injection),
mice were analysed in different behavioural tests just before being killed by rapid and
careful decapitation. Their brains were rapidly removed and fixed for one day at 4 ◦C in
fresh 4% paraformaldehyde (Sigma-Aldrich, Madrid, Spain) prepared in 0.1 M PBS, pH
7.4. Samples were cryoprotected by immersion in a 30% sucrose (Sigma-Aldrich, Madrid,
Spain) solution for 48 h, and finally stored at −80 ◦C for immunohistochemical analysis in
the substantia nigra.

2.3. Behavioural Tests

Cylinder rearing test (CRT). Given that the lesions were unilateral, this test attempts to
quantify the degree of forepaw (ipsilateral, contralateral, or both) preference for wall contacts
after placing the mouse in a methacrylate transparent cylinder (diameter: 15.5 cm; height:
12.7 cm; [35]). Each score was made from a 3 min trial with a minimum of 4 wall contacts.

Pole test. Mice were placed head upward on the top of a vertical rough-surfaced
pole (diameter 8 mm; height 55 cm) and the time until animals descended to the floor
was recorded with a maximum duration of 90 s. When the mouse was not able to turn
downward and instead dropped from the pole, the time was taken as 90 s (default value).
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2.4. Immunohistochemical Procedures

Brains were sliced in coronal sections (30 µm thick; containing the substantia nigra)
in a cryostat (Leica Biosystems, Wetzlar, Germany) and collected on antifreeze solution
(glycerol/ethylene glycol/PBS; 2:3:5) and stored at −20 ◦C until used. Brain sections were
mounted on gelatin-coated slides, and once adhered, washed in 0.1 M potassium PBS
(KPBS) at pH 7.4. Endogenous peroxidase was blocked by 30 min incubation at room
temperature in peroxidase blocking solution (Dako Cytomation, Glostrup, Denmark). Af-
ter several washes with KPBS, sections were incubated overnight at room temperature
with the following polyclonal antibodies: (i) rabbit anti-mouse TH (Chemicon-Millipore,
Temecula, CA, USA) used at 1:200; (ii) rat anti-mouse CD68 antibody (AbD Serotec, Oxford,
UK) used at 1:200; or (iii) rabbit anti-mouse GFAP antibody (Dako Cytomation, Glostrup,
Denmark) used at 1:200. Dilutions were carried out in KPBS containing 2% bovine serum
albumin and 0.1% Triton X-100 (both purchased in Sigma-Aldrich, Madrid, Spain). After
incubation, sections were washed in KPBS, followed by incubation with the corresponding
biotinylated secondary antibody (1:200) (Vector Laboratories, Burlingame, CA, USA) for 1 h
at room temperature. Avidin–biotin complex (Vector Laboratories, Burlingame, CA, USA)
and 3,3′-diaminobenzidine substrate–chromogen system (Dako Cytomation, Glostrup,
Denmark) were used to obtain a visible reaction product. Negative control sections were
obtained using the same protocol with omission of the primary antibody. A Leica DMRB
microscope and a DFC300FX camera (both from Leica Biosystems, Wetzlar, Germany) were
used for the observation and photography of the slides, respectively. For quantification
of TH, CD68, or GFAP immunostaining in the substantia nigra, we used the NIH Image
Processing and Analysis software (ImageJ; NIH, Bethesda, MD, USA) using 4–5 sections,
separated approximately by 200 µm, and observed with a 10× objective. In all sections, the
same areas of the substantia nigra were analyzed. The analyses were always conducted by
experimenters who were blinded to all animal characteristics. Data were expressed as per-
centage of immunostaining intensity in the ipsilateral (lesioned) side over the contralateral
(non-lesioned) side.

2.5. Statistics

Data were assessed using one-way ANOVA, followed by the Tukey test using Graph-
Pad Prism, version 8.00 for Windows (GraphPad Software, San Diego, CA, USA). A p value
lower than 0.05 was used as the limit for statistical significance. The sample sizes in the
different experimental groups for both behavioral and histopathological analyses were
always ≥5 (exact sample sizes are visible in the scatter plots presented in the figures). In
the case of the groups treated with vehicle, there was not any significant difference between
the values in the two subgroups (sesame oil given orally during 14 days and saline given
i.p. during 7 days) for both behavioral and histopathological data, so they were combined
for statistical analysis and presentation.

3. Results

In this study, we first pursued to confirm whether an oral formulation of VCE-003.2
in sesame oil at 20 mg/kg (two weeks of daily treatment) is active as a neuroprotectant
in 6-OHDA-lesioned mice, as previously found in this [29] and other experimental mod-
els [20,21] of PD. Thus, our data indicated the occurrence of motor (deteriorated animal
performance in the pole test and the CRT) and histopathological (loss of TH-positive neu-
rons in the substantia nigra) abnormalities in 6-OHDA-lesioned mice to an extent similar to
the data described in previous studies using this model [29]. These motor and histopatho-
logical abnormalities were again attenuated after the oral administration of VCE-003.2, to
an extent similar to the previous data obtained in this model [29] and also in additional
models [20,21]. These beneficial effects were evident, in particular, in the animal response
in the CRT, as the elevation in the score of 6-OHDA-lesioned mice that reflects hemiparesis
was significantly reversed by the treatment with oral VCE-003.2 (F(3,29) = 7.42, p < 0.001;
Figure 1). Similar changes were seen in the pole test, with a total reversion of the elevated
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time to descend the pole after the treatment with oral VCE-003.2 (F(3,28) = 6.01, p < 0.005)
(Figure 1).
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Figure 1. Response in the cylinder rearing and pole tests of 6-OHDA-lesioned mice treated with
VCE-003.2 (at an oral dose of 20 mg/kg), L-DOPA/benserazide (at an i.p. dose of 2 mg/kg) or
vehicle (sesame oil or 0.9% saline, respectively), and the corresponding controls. Data corresponded
to 24 h after the last dose of VCE-003.2 (2 weeks of daily treatment) or L-DOPA (1 week of daily
treatment). Values are mean ± SD and were analyzed by one-way ANOVA followed by the Tukey
test (** p < 0.01, *** p < 0.005 versus vehicle-treated sham mice; ## p < 0.01 versus vehicle-treated
6-OHDA-lesioned mice).

These neurological benefits elicited by VCE-003.2 were associated with an apparent
preservation of nigrostriatal neurons as detected using TH immunostaining in the sub-
stantia nigra (Figure 2). Thus, TH immunoreactivity levels in 6-OHDA-lesioned mice
were strongly reduced compared to the control mice, but this reduction was significantly
reversed by the chronic treatment with oral VCE-003.2 (F(3,29) = 11.31, p < 0.0001; Figure 2).
It is true that our analysis only detected immunoreactivity levels for TH and that this is not
necessarily a confirmation of more TH-positive cells. However, the morphological analysis
of TH-immunostained sections in the different experimental groups appears to confirm the
existence of more TH-immunolabelled cells in VCE-003.2-treated mice.

As indicated in the Introduction, we also pursued to compare the efficacy of VCE-
003.2 as an antiparkinsonian agent with the effects of L-DOPA/benserazide (2 mg/kg,
i.p., one week of daily treatment following the method described in Lundblad et al. [33]).
This is the reference dopaminergic replacement therapy approved for PD patients, but
this therapy is, in general, not active as a disease modifier being exclusively addressed
to alleviate certain parkinsonian signs [30]. Thus, our data confirmed that the treatment
with L-DOPA/benserazide only caused very modest effects (without reaching statistical
significance compared to vehicle-treated 6-OHDA-lesioned mice) in the CRT and the pole
test (Figure 1), as well as in TH immunostaining (Figure 2), in concordance with the notion
that it only serves as a symptom-alleviating agent. Such an observation discards the data
published previously in a few studies that suggest a certain neuroprotective activity for
L-DOPA/benserazide too [31,32]. In addition, it demonstrates that the expected benefits
of L-DOPA/benserazide against parkinsonian symptoms (without preservation of TH-
positive neurons) were not visible here, as the response in the motor tests was analyzed
at 24 h after the last injection, and not at shorter times (1–2 h) when they should be much
more visible.

Lastly, our study also included immunohistochemical analysis of glial reactivity. How-
ever, according to the data described in our previous study [29], the elevation of immunore-
activity levels for the astrocyte marker GFAP (F(3,29) = 0.62, ns) and for the microglial
marker CD68 (F(3,29) = 1.88, ns) was modest (or did not exist) with this 6-OHDA lesion,
counteracting the determination of whether VCE-003.2 or L-DOPA/benserazide may be
active at this level (Figures 3 and 4).
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Figure 2. TH immunoreactivity levels (expressed as % over the contralateral non-lesioned side) in
the substantia nigra of 6-OHDA-lesioned mice treated with VCE-003.2 (at an oral dose of 20 mg/kg),
L-DOPA/benserazide (at an i.p. dose of 2 mg/kg) or vehicle (sesame oil or 0.9% saline, respectively),
and the corresponding controls. The figure also includes representative microphotographs of ipsi-
lateral lesioned and contralateral non-lesioned sides for each experimental group (scale bar = 200 µm).
Data corresponded to 24 h after the last dose of VCE-003.2 (2 weeks of daily treatment) or L-DOPA
(1 week of daily treatment). Values are mean ± SD, and were analyzed by one-way ANOVA followed
by the Tukey test (** p < 0.01, *** p < 0.005 versus vehicle-treated sham mice; # p < 0.05 versus
vehicle-treated 6-OHDA-lesioned mice).
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Figure 3. GFAP immunoreactivity levels (expressed as % over the contralateral non-lesioned side) in
the substantia nigra of 6-OHDA-lesioned mice treated with VCE-003.2 (at an oral dose of 20 mg/kg),
L-DOPA/benserazide (at an i.p. dose of 2 mg/kg) or vehicle (sesame oil or 0.9% saline, respectively),
and the corresponding controls. Data corresponded to 24 h after the last dose of VCE-003.2 (2 weeks
of daily treatment) or L-DOPA (1 week of daily treatment). Values are mean ± SD and were analyzed
by one-way ANOVA followed by the Tukey test.
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Figure 4. Cd68 immunoreactivity levels (expressed as % over the contralateral non-lesioned side) in
the substantia nigra of 6-OHDA-lesioned mice treated with VCE-003.2 (at an oral dose of 20 mg/kg),
L-DOPA/benserazide (at an i.p. dose of 2 mg/kg) or vehicle (sesame oil or 0.9% saline, respectively),
and the corresponding controls. Data corresponded to 24 h after the last dose of VCE-003.2 (2 weeks
of daily treatment) or L-DOPA (1 week of daily treatment). Values are mean ± SD and were analyzed
by one-way ANOVA followed by the Tukey test.

4. Discussion

Our study is a new step in the process to move the phytocannabinoid derivative VCE-
003.2 towards the clinical scenario as a potential neuroprotective therapy for PD patients.
The first step in this process was to demonstrate the efficacy of VCE-003.2 as neuroprotective
agent in different in vivo models of PD that recapitulate the different pathogenic events in
this disease. Thus, we demonstrated that VCE-003.2 was active against inflammatory events
eliciting neuronal injury (LPS model) [20,21], as well as against mitochondrial dysfunction
and oxidative stress (6-OHDA model) [20,29] and could also be effective against α-synuclein
dysregulation and aggregation (work in progress). This was followed, in a second step, by
the confirmation that VCE-003.2 was also active not only after i.p. administration, but also
when given orally (LPS model) [21], which facilitates its formulation for administration
in patients.

Now, a necessary new step is to compare the efficacy of VCE-003.2 with the ef-
fect in the same conditions of the classic dopaminergic replacement therapy with L-
DOPA/benserazide licensed for PD patients. It is important to remark, as indicated in the
Introduction, that L-DOPA/benserazide treatment is addressed to attenuate specific parkin-
sonian symptoms (e.g., akinesia, rigidity, and postural instability), not to slow disease
progression. However, this comparison is necessary given that this dopaminergic replace-
ment treatment is the reference therapy approved in PD patients [28]. In this sense, any
new antiparkinsonian agent needs to confirm that it offers advantages, for example, more
potent effects, less side effects, or activity at areas not covered by the approved therapy
(the latter is the option investigated here). It was also necessary to confirm, or not, the data
provided by a few studies that reported certain neuroprotective activity in experimental PD
models with this dopaminergic replacement therapy [31,32]. Thus, according to the data
obtained in the study presented here, we can confirm that VCE-003.2 was also active given
orally in 6-OHDA-lesioned mice and presented a neuroprotective effect that was not found
with L-DOPA/benserazide. This was seen in the animal response in the two motor tests
analyzed here, in which the effects of VCE-003.2 almost completely reversed the motor
deficiencies. Nevertheless, L-DOPA/benserazide only showed very small trends towards
a reversion that were not statistically significant compared to lesioned animals treated
with the vehicle. It is likely that these modest effects only reflect the symptom-alleviating
effect of L-DOPA/benserazide. In addition, its small magnitude may be caused because
the motor tests were carried out at 24 h after the last administration, and not during the
acute period (e.g., 1–2 h) where this combination should be more active as a symptomatic
treatment. By contrast, VCE-003.2 showed a complete reversion seen at the behavioral
level, which should be caused by its capability to preserve nigral TH-positive neurons. In
the case of L-DOPA/benserazide, such capability was not evident at the statistical level, as
already indicated in previous studies [31,32]. This different response is possibly associated
with the molecular mechanisms that are activated by each of these two treatments. In the
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case of L-DOPA/benserazide, the mechanism would be the recovery of dopamine levels
enabling only symptom-alleviating effects [30]. In the case of VCE-003.2, the mechanism
would be the activation of PPAR-γ signaling, which would result in the preservation of
TH-positive neurons, as demonstrated in previous studies [20,21]. It is also important to
remark that PPAR-γ receptors have been already found to serve as a neuroprotective target
in PD when activated by non-cannabinoid compounds (e.g., glitazones) [36]. Therefore,
this is possibly the major difference between the two treatments investigated here, which
situates PPAR-γ as a relevant protein that may work as a promising target to develop a
cannabinoid-based neuroprotective therapy.

Another aspect of our study that requires some discussion is the lack of any changes
in astroglial and microglial reactivity with this 6-OHDA lesion. This avoids to see whether
the treatment with VCE-003.2 was effective against this pathogenic event as found in PD
models in which inflammation drives neuronal deterioration [20,21]. Our observation here
is likely associated with the fact that glial reactivity in the 6-OHDA model is relatively
residual and always secondary to neuronal injury, as described in previous studies [18,29].

5. Conclusions

Our data confirmed that 6-OHDA-lesioned mice exhibited an altered response in the
cylinder rearing and pole tests, recapitulating some PD-like neurological signs. These
responses were provoked by an intense loss of nigral dopaminergic neurons. The treatment
with an oral dose of VCE-003.2 (20 mg/kg) avoids the deterioration of animal performance
in the two motor tests, and such a benefit was associated with a parallel preservation of
nigral TH-containing neurons. All these beneficial effects were not seen (or were resulted
to be mere trends) after the treatment with L-DOPA/benserazide, then revealing the advan-
tages of VCE-003.2 against the standard L-DOPA/benserazide therapy in PD. This finding
will require further confirmation in future studies aimed at exploring VCE-003.2 admin-
istered with: (i) L-DOPA/benserazide to optimize the combination of disease modifying
and symptom-alleviating effects; (ii) other cannabinoids active at CB1, CB2, and/or GPR55
receptors to obtain more intense neuroprotective effects; and (iii) with non-cannabinoid
ligands (e.g., adenosine-active ligands) to sum additional therapeutic properties.
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Role of non-neuronal cells in neurorepair: a focus on 
proteinopathy and neurodegeneration

Despite advances in biomedicine, therapies that prevent neuronal loss have not been effective. Several strategies 
targeting the defining markers of the main neurodegenerative diseases, such as amyloid beta or tau, which are pivotal 
in Alzheimer’s disease or frontotemporal dementia, or α-synuclein, the leading actor in Parkinson’s disease, have shown 
limited success. Nevertheless, these proteins do not act only in neurons but also are part of a network involving non-
neuronal brain cells, such as astrocytes, microglia and oligodendrocytes, as well as the peripheral immune system. In 
this review, we aim to cover the role of non-neuronal central and peripheral cells in proteinopathies associated with 
α-synuclein, amyloid-β and tau, with the objective of identifying new options for regenerative medicine aimed at 
neuroprotection and neurorepair.
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regenerative medicine; regenerative therapy; synuclein; tau
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Abstract

INTRODUCTION
The deposition of protein aggregates in specific brain 
regions is a common feature of many neurodegenerative 
conditions. In particular, the accumulation of misfolded 
amyloid-β (Aβ) and tau in Alzheimer’s disease (AD) and of 
α-synuclein in Parkinson’s disease (PD) is closely associated 
with neurodegeneration. Traditionally, research has 
focused predominantly on neurons, as neuronal loss is a 
hallmark of these disorders. However, despite extensive 
efforts, these diseases remain incurable, and existing 
treatments offer only temporary relief without addressing 

the underlying neurodegeneration, underscoring the need 
for a broader perspective. Emerging evidence highlights 
the significant role of non-neuronal cells, including central 
cells — astrocytes, microglia, and oligodendrocytes — 
and peripheral cells, such as lymphocytes, in modulating 
disease processes and contributing to neurorepair. 
These insights have opened new avenues for therapeutic 
interventions in regenerative medicine. In this review, we 
examine recent advances in understanding the role of 
non-neuronal cells in the pathogenesis of proteinopathies. 
We begin by providing an overview of the physiology of 
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these cells, followed by a discussion of their contributions 
to proteinopathies induced by α-synuclein, Aβ and tau, 
focusing on their roles in protein aggregation, clearance 
and spread. Modulating these non-neuronal functions 
in regenerative medicine has promising potential for 
developing therapies aimed at promoting neurorepair in 
patients with proteinopathies.

SEARCH STRATEGY
We searched PubMed for journal articles using 
different terms such as “astrocytes,” “microglia,” 
“oligodendrocytes,” “peripheral immune cells,” 
“tau,” “amyloid beta,” “alpha synuclein,” “Alzheimer’s 
disease,” “Parkinson’s disease,” “frontotemporal 
dementia,” “proteinopathy,” “uptake,” “spreading,” and 
“removal.” We included those papers judged to be more 
relevant for this review, prioritizing papers published in 
the last 5 years. We also included seminal papers with 
groundbreaking findings.

PHYSIOLOGICAL ROLE OF NON-NEURONAL CELLS
Non-neuronal cells in the brain: microglia, astrocytes 
and oligodendrocytes
When discovered, glial cells were considered mere 
backup players, while neurons the main character 
within the central nervous system (CNS) (Figure 1). 

This misconception was initiated when, in 1846, Rudolf 
Virchow described glia as connective tissue that served 
as support for nervous elements in the brain, the spinal 
cord and higher sensory nerves. Thus, he named this 
supportive structure “neuroglia” or “Nervenkitt,” a 
German word meaning “nerve glue.” Throughout the 19th 
and 20th centuries, the development of several staining 
techniques led to a more refined characterization of glia, 
distinguishing different types of glial cells. Additionally, 
by this time, the scarce functions attributed by Virchow 
had already been questioned by Golgi and Ramón y 
Cajal. Currently, the scope of glial cells has a wide variety 
of functions beyond being a connective tissue and will 
be briefly reviewed below.

Astrocytes
Michael von Lenhossek was the first to introduce 
the term “astrocyte” to describe these star-shaped 
cells, although it was popularized by Ramón y Cajal, 
who developed an astroglia-specific gold-sublimated 
staining technique that labels glial fibrillary acidic 
protein (GFAP). Astrocytes, as well as neurons and 
oligodendrocytes, are derived from neuroepithelium 
radial glia through a process involving extracellular and 
intracellular signals that regulate the neural or glial fate 
of progenitors.1

Figure 1: Timeline of research on non-neuronal cells and alpha-synuclein, amyloid-beta and tau proteinopathies. 
Note: Created with BioRender.com. AD: Alzheimer’s disease; PD: Parkinson’s disease.
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These GFAP-positive cells are essential for maintaining 
CNS homeostasis and carry out pivotal functions 
both in development and in the adult brain. During 
development, astrocytes shape synapses and induce 
synapse maturation, whereas in the adult brain, they 
participate in neurotransmitter recycling, maintenance 
of the blood‒brain barrier (BBB), ionic buffering, energy 
homeostasis and neural synapsis.2, 3 Astrocytes respond 
extensively to CNS injury. Although in the past, there 
were binary divisions of “good” vs. “bad” or “A1” vs. 
“A2,” the explosion of “omic” tools has expanded our 
knowledge of molecular alterations. Although there 
has been some confusion and controversy in the field, 
the accepted term underlying these changes during 
damage or neurodegeneration is “reactive astrogliosis.”4 
These reactive astrocytes are astrocytes that undergo 
profound and multifactorial functional, molecular and 
morphological changes in response to brain damage.4

Among the alterations during neurodegeneration, 
astrocytes display calcium dyshomeostasis, altered 
glutamate uptake or mitochondrial dysfunction,3 
contributing to synapse loss and inflammation. The 
outcomes of manipulating reactive astrocytes in different 
neurodegenerative diseases suggest complex and 
context-dependent roles. Reactive astrocytes can both 
lose beneficial functions and gain harmful functions, 
impacting synaptic function, neuroinflammation and 
neuronal survival, highlighting their potential for 
protective and detrimental effects.3

Microglia
The term “microglia” was first used by the Spanish 
researcher Pio del Río-Hortega, who proposed a 
mesodermal origin for these cells. This proposal took 
hold over the years with several studies identifying 
typical macrophage markers within microglial cells.5 This 
supposed a change of paradigm, as macrophages derive 
from the hematopoietic system, which differentiates 
from mesoderm. Thus, the current hypothesis is that 
macrophage progenitors, which originate in the yolk sac 
during primitive hematopoiesis, migrate throughout the 
embryo to the CNS to form microglia.6

The microglial depletion paradigm and ablation of 
microglial genes have led to the discovery of a variety 
of functions controlled by microglia. Because they 
are immune cells, they oversee immunosurveillance 
through surface receptors that act as immune pattern 
recognition receptors, leading to signaling pathways 
that mediate neuroinflammation. Microglia contribute 
to CNS homeostasis, accomplishing a variety of 
functions, such as regulating brain development 

through the modulation of synapses via a process called 
“synaptic pruning.”7 Moreover, microglia adapt the CNS 
structure by controlling neurogenesis, phagocytizing 
apoptotic neurons during development, guiding 
vasculogenesis or contributing to myelinization.8

Traditionally, microglia were classified into two 
main states: a “bad” state, associated with disease, in 
which microglia are reactive, change to an ameboid 
morphology and are proinflammatory (also M1), and a 
“good” state, associated with a homeostatic situation, 
in which microglia are resting and have a ramified 
morphology (also M2). This dichotomy is no longer 
accepted, as it has been described that microglia are 
heterogeneous and plastic cells in constant adjustment 
depending on their local environment stimulus: 
even in a “homeostatic” state, microglia can change 
depending on intrinsic cues such as age, sex or circadian 
rhythms.8, 9 According to this theory, many microglia 
coexist in a variety of context-dependent microglial 
states depending on environmental perturbations and 
can actively switch among these phenotypes.8

Interestingly, specific phenotypes have been described 
to appear in neurodegenerative diseases, with the first 
phenotype being disease-associated microglia in a model 
of AD.10 These neurodegenerative phenotypes present 
a signature morphology and gene expression that varies 
throughout the progression of the disease. However, 
whether these profiles are detrimental is still elusive.

Oligodendrocytes
We  a l s o  o w e  t h e  i n t r o d u c t i o n  o f  t h e  t e r m 
“oligodendrocytes” to Pío del Río-Hortega, which was 
the first to stain and precisely describe these cells. Like 
neurons and astrocytes, oligodendrocytes originate 
from neuroepithelial cells in the neural tube. Thus, radial 
glia serve as common progenitors for these three types 
of cells, in the case of oligodendrocytes, through the 
generation of oligodendrocyte precursor cells (OPCs).1

Owing to their similarities to Schwann cells, which are 
in charge of myelinating the peripheric neural system, 
the hallmark roles of oligodendrocytes are myelinization 
and myelin regeneration within the developing and 
injured CNS,11 which are essential for reducing energy 
consumption and increasing the velocity of electrical 
transmission along neurons.12 Apart from maintaining 
neuronal function through enhancing neuronal action 
potentials, they also support neurons metabolically 
by accumulating metabolites and shuttling them 
to the neurons in accordance with their metabolic 
necessity.13, 14 Moreover, OPCs are involved in innate 
immunity by communicating with microglia to modulate 
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neuroinflammation.15

Emerging evidence points to oligodendrocytes, the cells 
that have received less attention, as the most vulnerable 
cell types in response to brain changes that occur during 
neurodegenerative diseases.16 Their functionality is 
extensively compromised during neurodegeneration, 
including disruption of metabolic and trophic support 
to neurons as well as aggravation of oxidative stress. 
Different oligodendrocyte subsets are described in the 
context of aging and neurodegeneration,17 although 
more research is needed to fully understand their role in 
disease.

Peripheral cells: crosstalk between the central nervous 
system  and the peripheral immune system
In addition to the non-neuronal cells previously 
reviewed, brain homeostasis and damage are also 
shaped by the collaboration of peripheral cells. 
Although the CNS has been regarded as immune-
privileged for many years, there is evidence supporting 
the idea of central‒peripheral immune crosstalk, 
especially in pathological conditions.18 In this context, 
cytokines released in the periphery can cross the 
BBB and directly cause neurotoxicity, as well as 
activate microglia and other glial cells.18 Additionally, 
immune cells from the periphery can enter the brain 
and worsen neuroinflammation, especially after 
BBB disruption, highlighting the relevance of the 
peripheral immune system (both innate and adaptive) 
in neuropathological events, including proteinopathy 
and neurodegeneration.19 The innate immune system 
serves as the body’s initial line of defense, which is 
predominantly nonspecific and driven by monocytes, 
macrophages, neutrophils, dendritic cells, mast cells 
and natural killers. In contrast, adaptive immunity offers 
highly specific responses, confers long-lasting protection 
against pathogens20 and is composed of B cells and T 
cells. In the context of neuropathological processes, 
lymphocytes and monocytes/macrophages seem to be 
the main players19; therefore, we will focus on them.

Lymphocytes: responsible for adaptive immunity
Lymphocytes const i tute the pr incipal  cel lu lar 
components of lymphoid tissue present in the blood, 
and on the basis of their receptors and functionality, 
lymphocytes are classified into two main populations. 
One type, thymus-derived T cells, is involved in 
mediating cellular immunity, whereas the other type, 
bone marrow or bursa-derived B cells, is responsible 
for synthesizing and secreting antibodies, thereby 
mediating the humoral immune response.20

T lymphocytes are characterized by the expression 
of the T-cell receptor, which simultaneously recognizes 
two distinct molecules, an antigen and a molecule 
encoded by the genes of the major histocompatibility 
complex (MHC), and they can be classified as CD8+ or 
CD4+.20 Under normal conditions, lymphocyte trafficking 
into the CNS is significantly lower than that into other 
organs because of the tight junctions in the cerebral 
vasculature and the lower binding affinity to cultured 
cerebral and retinal endothelium than to nonspecialized 
endothelia.21 However, activated T cells express 
adhesion molecules (such as the intercellular (ICAM-1) 
and vascular (VCAM) adhesion molecules), chemokine 
receptors and integrins that allow them to traverse 
the BBB to carry out immune surveillance of the CNS.22 
Although naïve T cells, which do not express crucial 
proteolytic enzymes and adhesion ligands, are believed 
to circulate only between the blood, lymph, and 
secondary lymphoid organs, they can also be present in 
the healthy, noninflamed CNS.23

B lymphocytes originate and differentiate in the bone 
marrow. Unlike T lymphocytes, the B-cell receptor on 
B cells is an immunoglobulin that recognizes only one 
molecule, the antigen, leading to B-cell activation.24 
Upon activation, naïve B cells undergo proliferation 
and differentiation, resulting in the production of 
humoral responses through antibody production by 
terminally differentiated plasma cells and thereby the 
establishment of long-term immunity.24 Additionally, B 
cells play crucial roles in neutrophil recruitment and the 
activation of other immune cells, such as T cells.24 Like 
T lymphocytes, the infiltration of B lymphocytes into 
the CNS and their contribution to neurodegenerative 
diseases have been demonstrated.25

Monocytes and macrophages: part of the peripheral 
innate immune system
Myeloid cells are a group of hematopoietic-derived cells 
that include neutrophils, monocytes, macrophages and 
dendritic cells and play essential roles in inflammation; 
antimicrobial defense; and tissue repair and remodeling. 
Specifically, monocytes and macrophages are central 
to tissue homeostasis and immune responses and are 
essential components of the mononuclear phagocyte 
system.26 Monocytes are present in the blood and spleen, 
but their largest reservoir under homeostatic conditions 
is the bone marrow. Monocytes leave the bone marrow 
and move to inflamed tissues through the peripheral 
blood system. They are attracted to and mobilized 
from the bloodstream by adhering to the endothelium, 
followed by transendothelial migration and movement 
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to the target tissue in response to immunologic or 
inflammatory stimuli. In tissues, monocytes differentiate 
and mature into macrophages, which are the active 
cells of their lineage.26 Macrophages are highly plastic 
cells whose phenotype and transcriptional program 
are adjusted on the basis of the microenvironmental 
stimuli they encounter. As a result, macrophages exhibit 
a diverse range of activation states.27 In addition, they 
colonize every organ in the body and have specific names 
depending on their location, such as Kupffer cells in the 
liver, microglia in the brain, and osteoclasts in the bone.26

Like lymphocytes, monocytes can infiltrate the 
CNS.28, 29 Regarding neuropathological processes, several 
studies have indicated that monocyte infiltration into 
the brain is correlated with various forms of injury 
and disorders, suggesting that monocyte infiltration is 
involved in neurodegenerative diseases, not only in the 
context of inflammatory diseases.30

ROLE OF NON-NEURONAL CELLS IN 
PROTEINOPATHY, NEURODEGENERATION, AND 
REGENERATIVE MEDICINE
AD, PD and frontotemporal dementia (FTD) are 
neurodegenerative disorders characterized by progressive 
cognitive and/or motor impairments. A common factor 
among these diseases is the abnormal accumulation 
of specific proteins in the brain, a condition known as 
proteinopathy. This pathological build-up disrupts normal 
neuronal function and leads to the deterioration of brain 
tissue, ultimately resulting in the clinical manifestations 
of each disease.31 In the following sections, we focus on 
proteinopathies derived from non-neuronal α-synuclein, 
Aβ and tau dysregulation, which are leading factors of 
PD, AD and FTD. Moreover, we review the contribution 
of non-neuronal cells to the pathology derived from the 
dysregulation of these proteins. The role of non-neuronal 
cells in proteinopathy is summarized in Figure 2.

Figure 2: Schematic illustration of the role of non-neuronal cells in proteinopathy.
Note: Created with BioRender.com.

-
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α-Synuclein
α-Synuclein was first identified in 1988 as a neuron-
specific protein localized to presynaptic terminals and 
the nucleus32; hence, it was named synuclein, with 
“syn” referring to synaptic vesicles and “nuclein” to 
the nuclear envelope. This small protein (14.5 kDa) 
consists of a 140 amino acid sequence characterized 
by three distinct regions: an amphipathic N-terminal 
lipid-binding domain, which facilitates interaction with 
membranes and vesicles; a hydrophobic nonamyloid 
component prone to clustering; and an intrinsically 
disordered acidic  C -terminal  region,  enabl ing 
interactions with metals and other proteins. This 
structural organization allows α-synuclein to adopt a 
dual conformation, transitioning between a soluble 
unfolded monomer33 and membrane-bound multimers 
with helical structures.34 While the normal cellular role 
of α-synuclein has not been fully elucidated, its ability 
to bind to phospholipid membranes and its presynaptic 
distribution suggest functions in vesicle trafficking,35 
neurotransmitter release36 and synaptic plasticity.37

Since the discovery of α-synuclein as the main 
component in Lewy bodies, this protein has been 
the focus of numerous investigations because of its 
prominent role in several neurodegenerative disorders 
characterized by the accumulation of α-synuclein 
aggregates in the brain.38, 39 These disorders are 
collectively known as synucleinopathies and include 
PD, dementia with Lewy bodies and multiple system 
atrophy (MSA). In this type of disorders, α-synuclein 
appears to acquire neurotoxic effects upon its 
misfolding and fibrillation, which ultimately leads 
to neuron degeneration.40 Moreover, α-synuclein 
is thought to propagate in a cell-to-cell manner,41 
spreading the synucleinopathy to different brain areas. 
Much of the research on α-synuclein pathology has 
focused on neurons, but the involvement of other non-
neuronal cell populations, such as glial cells, in these 
disorders should not be underestimated.

α-Synuclein expression in central non-neuronal cells
α-Synuclein is most highly expressed in neurons, where 
it primarily aggregates, resulting in the formation of 
Lewy bodies. In addition to neuronal aggregation, 
glial α-synuclein inclusions are also a well-described 
feature of synucleinopathies. Aggregates of this protein 
have been observed in astrocytes in PD and dementia 
with Lewy bodies,42 as well as in oligodendrocytes in 
MSA.43 The origin of protein inclusions in glial cells 
is debated, but it is generally agreed that neuron-
to-glia transfer may contribute to the propagation 

of synucleinopathy.44, 45 Endogenous expression of 
α-synuclein has also been identified in glial populations 
(see www.brainrnaseq.org), which points to the 
possibility of de novo induction of α-synuclein pathology 
in glia. Indeed, the detection of α-synuclein-positive 
astrocytes in the human brain, which usually do not 
display Lewy bodies,46 might support this idea. However, 
the level of α-synuclein expression in these glial cells is 
notably lower than what would be expectedly required 
to initiate de novo-templated aggregation.47 Therefore, 
there is still controversy regarding this theory.

Tanji et al.48 were the first to detect α-synuclein mRNA 
and protein in human astrocytic cell lines, confirming 
the presence of this protein via an immunofluorescence 
assay. In vitro evidence has also shown that, under 
conditions of inflammation or oxidative stress, the 
expression of α-synuclein in astrocytes increases,48, 49 
indicating that the increase in α-synuclein levels is 
related to the activation status of astrocytes. Since 
then, numerous transcriptomic studies conducted in 
astrocytes have confirmed the expression of α-synuclein 
in this brain cell type,50-53 even though its expression 
is much lower than that in neurons. This consistent 
evidence of α-synuclein expression by astrocytes may 
indicate a role of this protein in normal astrocytic 
function. In fact, α-synuclein in astrocytes has been 
implicated in fatty acid metabolism,54 glutamate uptake, 
BBB function and water transport.55

Like in other immune cells, detectable expression 
levels of α-synuclein have also been identified in 
microglia,56 but to a much lesser extent than in 
astrocytes.57, 58 Through these studies, it has been 
possible to establish a main role of α-synuclein 
during microglial differentiation, as higher levels of 
expression were found in microglial precursors than 
in mature cells.59 Both overexpression and deficiency 
of α-synuclein lead to impaired cytokine release and 
phagocytosis, ultimately affecting the overall reactive 
phenotype.60, 61 One speculation about how α-synuclein 
can affect these processes is that, as occurs in neurons, 
it may also contribute to SNARE complex assembly 
in microglia. This step is crucial for the formation of 
vesicles that participate in autophagic clearance and 
the release of cytokines.62

Different α-synuclein conformations can induce 
activation in astrocytes and microglia, upregulate the 
expression of proinflammatory cytokines,63, 64 promote 
the generation of reactive oxygen and nitrogen species 
and induce morphological changes.64, 65 Extracellular 
α-synuclein can induce this activated glial state through 
its interaction with different cell surface receptors, such 
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as toll-like receptors (TLRs),66 and others.
Finally, glial cytoplasmic inclusions, consisting of 

inclusions of α-synuclein residing in oligodendrocytes, 
are a major hallmark of MSA.67 Although increasing 
evidence supports the neuronal origin of the α-synuclein 
that composes these inclusions,45, 68 the aggregation 
of endogenous oligodendroglial α-synuclein should 
not be dismissed. Among brain cells, oligodendrocytes 
and OPCs exhibit the highest levels of α-synuclein 
expression, after neurons57(see www.brainrnaseq.
org). Most studies have confirmed the expression and 
presence of α-synuclein in oligodendrocyte lineage 
cells in vitro,69 revealing a developmental pattern 
in the expression of this protein. Djelloul et al.70 
conducted one of the most comprehensive studies 
on the expression of α-synuclein in oligodendroglial 
lineage cells of rodent and human origin, both in vitro 
and in vivo. Using quantitative PCR, Western blotting 
and immunocytochemistry, they reported a significant 
decrease in α-synuclein during oligodendrocyte 
maturation,70 similar to what was found in microglia. 
This compelling evidence for α-synuclein expression 
during oligodendrocyte lineage cell development 
substantiates a functional role for α-synuclein, even 
though this role has not been adequately clarified. 
When synucleinopathy reaches oligodendrocytes, as 
occurs in MSA, it leads to oligodendroglial dysfunction, 
demyelination and neuroinflammation.71

α-Synuclein uptake and spreading
The low endogenous expression of α-synuclein by 
astrocytes, microglia, and oligodendrocytes suggests 
that additional mechanisms are involved in the spread 
of synucleinopathy. An increasing body of evidence 
shows that α-synuclein can propagate through neurons 
in the CNS72, 73 in a widely accepted prion-like manner, 
with misfolded α-synuclein serving as a template for 
monomeric α-synuclein.74 α-Synuclein can be transferred 
to surrounding neurons either through passive release 
into the extracellular space from dead neurons75 
or through active secretion from diseased neurons 
overloaded with α-synuclein as part of the cellular 
quality control system to eliminate damaged and harmful 
proteins. These mechanisms include the formation of 
exosomes76 and tunneling nanotubes (TNTs).77

Importantly, α-synuclein is taken up not only by 
neighboring neurons but also by glia in a more efficient 
way.44, 78, 79 Thus, glial cells can be initially activated 
in response to extracellular α-synuclein, promoting 
a resolutive inflammatory profile, phagocytosis and 
clearance. However, the eventual accumulation of 

damage associated with protein overload drives a 
harmful, disease-accelerating phenotype,79, 80 which 
alters glial homeostasis and favors the spread of the 
synucleinopathy.

In addition to receptor-mediated endocytosis,44, 81 
other pathways synergistically contribute to the 
internalization of neuronal α-synuclein into glial cells. 
Exosomes, which are small membrane-enclosed 
vesicles in the extracellular space, allow more efficient 
uptake of α-synuclein in neurons and microglia.76, 82 
Although the uptake mechanism responsible for 
exosome incorporation has not yet been established, 
phagocytosis seems to involve professional phagocytes 
such as microglia.83 Clathrin-mediated, lipid raft-
mediated and actin network-dependent endocytosis 
have also been reported as potential means for 
exosome internalization.84

With respect to astrocytes, little evidence has proven 
the ability of this cell type to take up exosomes, 
which are very rare compared with those of neurons 
and microglia.85 The other means by which neurons 
transfer α-synuclein to glial cells is based on networks 
of TNTs, which are actin-based membranous extensions 
50–200 nm in diameter that allow communication and 
exchange between neighboring cells.86 These structures 
commonly connect neurons to astrocytes as well as 
astrocytes with each other.77 This astrocyte-to-astrocyte 
communication appears to act as a double-edged sword 
in synucleinopathy, given that overloaded astrocytes can 
recruit functional mitochondria from healthy astrocytes 
as a rescue strategy, whereas aggregated α-synuclein is 
also transferred from affected to unaffected astrocytes, 
initiating α-synuclein pathology and propagating 
proteinopathy.87 Although a similar behavior has been 
described among microglia,88 the presence of functional 
TNTs between neuronal and microglial cell lines that 
allow the movement of mitochondrial and α-synuclein 
aggregates uni- and bidirectionally has been reported 
recently.89

Astrocytes and microglia can act as “spreaders” when 
they eventually become overloaded by synucleinopathy. 
The means by which these glial cells can transmit 
α-synuclein to glia and neurons are primary exosomes 
and TNTs. Exosomes are released by microglia and 
astrocytes90, 91 and are able to selectively target neurons 
and induce further aggregation in those that assimilate 
them. In the case of TNTs, aggregated α-synuclein 
increases the formation of nanotubes in microglia,88 
which permits the accumulation of proteins through 
an intercellular network. As mentioned previously, 
astrocytes can also display TNTs for α-synuclein 
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transmission.77 These connections do not appear to be 
formed indistinctively among brain cells, but each cell 
type preferentially connects to specific cell populations. 
For example, while microglia tend to communicate 
among themselves for putative collaborative clearance,88 
astrocytes can connect with neurons,55 other astrocytes92 
and microglia87 to potentially recruit help for removing 
α-synuclein, playing a pivotal role as major spreading 
agents. Less is known about the role of oligodendrocytes, 
given that more studies are necessary to explore their 
ability to spread α-synuclein, in which new models of 
propagation from peripheral tissues to white matter 
within the CNS are used.93

The accumulation of intracellular α-synuclein in 
oligodendrocytes may have a more complex origin than 
that in astrocytes and microglia. Although α-synuclein 
transfer from neurons must occur,94 it is believed that 
increased expression70 and decreased degradation95 
might contribute to α-synuclein aggregation in 
oligodendrocytes. Nevertheless, several studies have 
shown that oligodendrocytes and OPCs have the ability 
to take up neuronal secreted α-synuclein monomers and 
oligomers both in vitro45, 69 and in vivo.45 These studies 
suggest that endocytic mechanisms are involved in the 
internalization of α-synuclein in oligodendrocytes. This 
process seems to be mediated by cell surface heparan 
sulfate proteoglycans, at least for α-synuclein fibrils.96 
Moreover, the release of neuronal α-synuclein through 
vesicles is believed to also be a crucial mechanism, 
considering the role of exosomes in communication 
between neurons and oligodendrocytes.97

α-Synuclein removal and clearance 
Once α-synuclein is internalized by cells, it is degraded, 
mainly  through two pathways:  the ubiquit in‒
proteasome system 98 and lysosomal-mediated 
pathways (phagocytosis and autophagy).99 In microglia, 
a specific α-synuclein degradation pathway termed 
“synucleinphagy” has been identified.100 Synucleinphagy 
is regulated by TLR4/nuclear factor-κB signaling, through 
which the transcription of the autophagy receptor 
p62/SQSTM1 is upregulated. p62 binding to ubiquitin-
linked α-synuclein is likely to mediate the sequestration 
of the protein into autophagosomes for lysosomal 
degradation. These findings correlate with previous 
studies involving microglial TLR4 in the clearance 
of extracellular α-synuclein.66 Ingested α-synuclein 
aggregates are also thought to be efficiently degraded 
by astrocytes following proteasomal101 and lysosomal 
digestion,81 even more efficiently than neurons.78 Thus, 
when α-synuclein is recognized by specific receptor(s) 

on the astrocytic surface, it is enclosed in phagosomes, 
which finally fuse with lysosomes.44, 79 Multiple studies 
have also reported several forms of autophagy as 
degradative processes for α-synuclein within affected 
oligodendroglia in MSA, including macroautophagy 
and chaperone-mediated autophagy,69, 102 as well as the 
ubiquitin‒proteasome system.103

In addition to being cleared via intracel lular 
degradative pathways, various forms of α-synuclein in 
the extracellular space have been shown to be cleared 
directly by extracellular proteases, including plasmin, 
neurosin or matrix metalloproteases (MMPs).104-106 
Some species of these proteolytic enzymes are secreted 
by glial cells, such as microglial insulin-degrading 
enzymes or MMP1, MMP3, MMP9 and MMP13107 or 
the oligodendroglial serine protease KLK6.108 However, 
when cleavage occurs at specific sites, it can contribute 
to pathology though the generation of truncated 
species that favor nucleation and aggregation.109

Overall, the ability of glial cells to clear α-synuclein 
is suggested to be initially beneficial, as these cells act 
as neuroprotective scavengers that do not contribute 
to the propagation of the disease.78, 87 However, 
upon extensive uptake, the lysosomal machinery 
may become overloaded, resulting in incomplete 
degradation of α-synuclein. Indeed, α-synuclein has 
been shown to inhibit autophagic flux in microglia,110, 111 
astrocytes,101 and oligodendrocytes.103 This situation 
of autophagy blockage leads to the formation of 
intracellular deposits in astrocytes.79 Astrocytic 
deposits exhibit distinctive characteristics from those 
of neuronal inclusions, such as truncation of the N- 
and C-termini as well as phosphorylation at tyrosine 
39.42 These unique structural properties can alter the 
dynamics of α-synuclein in terms of aggregation and 
prion-like transmission.112 Therefore, owing to excessive 
burden, a threshold is eventually reached whereby glial 
impairment occurs, affecting several specific cellular 
processes, such as mitochondrial damage,79 aberrant 
calcium signaling113 and the establishment of an 
inflammatory microenvironment that leads to sustained 
neuronal damage.44, 64

Implication of peripheral cells in α-synuclein pathology 
Among peripheral players, T cells, which have been 
found in the brains of PD mice,114 particularly in 
the substantia nigra, are known to be triggered by 
α-synuclein expression.115 Notably, microglia and 
astrocytes can function as antigen-presenting cells. 
Partial digestion-derived α-synuclein peptides may be 
displayed by MHC class II molecules on microglial and 
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astrocytic surfaces and act as epitopes for CD4+ T-cell 
activation,116 leading to an adaptative immune response 
in which α-synuclein is targeted.

The activation of T cells by α-synuclein has been 
shown to kill dopaminergic neurons, contributing to 
pathology.114, 117 This response elicited by T cells to 
α-synuclein presentation seems to be dependent on 
MHCII.118 Furthermore, it was recently shown by Sulzer 
et al.119 that peptides derived from α-synuclein act as 
antigenic epitopes displayed by MHC alleles, driving the 
T-cell response in PD patients. The specificity of MHCII 
alleles in the T-cell response draws a bridge between 
the known genetic associations of MHC alleles and PD 
observed through genome-wide association studies.120 
Similarly, T-cell depletion has been demonstrated to 
prevent reverse behavioral deficits and most histological 
alterations in PD model mice114 and reduce CNS myeloid 
activation associated with α-synuclein expression.115

Conversely, the role of B cells in PD is less well 
understood and is still under investigation.121 A recent 
study explored the associations between B-cell 
immunological traits and more than 480,000 individuals 
from genome-wide association studies via Mendelian 
randomization.122 Although no significant associations 
were observed, several B-cell traits were observed to be 
either detrimental or protective at a nominal p value.

Other peripheral immune cells also seem to be 
involved in α-synuclein pathology. In this context, natural 
killer cells have been proven to internalize and degrade 
α-synuclein aggregates via the endosomal/lysosomal 
pathway, playing a beneficial role in modulating synuclein 
pathology and motor symptoms in a preclinical mouse 
model of PD.123 In contrast, a variety of studies have 
shown how monocytes and macrophages can respond to 
α-synuclein and in a murine model of α-synuclein fibril 
expression, where monocytes have been shown to be 
recruited to the striatum and can express MHCII.124 This 
peripheral immune recruitment seems to occur prior 
to neurodegeneration and might also be implicated in 
neuronal loss.

Amyloid-β
Aβ was identified in the 1980s as the main component 
of neuritic plaques, which are extracellular plaques that 
deposit in the brains of patients with AD.125 Since then, 
its deposition has long been considered the central 
event in the pathogenesis of the disease, leading to the 
so-called “amyloid cascade hypothesis.”126 Many efforts 
have been made in recent years to pharmacologically 
target this protein in the development of therapies 
for AD, leading to repeated failures but also promising 

results.127 In recent years, a more complex hypothesis 
in which AD is explained as a multifactorial disease 
in which glial cells and the immune system also 
interact with Aβ during disease progression has been 
formulated.128

Aβ is a peptide of approximately 40 amnoacids formed 
by proteolytic cleavage of the amyloid precursor protein 
(APP). APP is a transmembrane protein found mainly 
in the axonal and somatodendritic compartments 
of neurons and is thought to play a role in many 
aspects of neuronal homeostasis, including neuronal 
development, signaling and intracellular transport.129 
It undergoes sequential proteolytic processing, which 
occurs via two alternate pathways, leading to the 
extracellular release of different peptides: processing 
by β- and γ-secretase complexes is involved in the 
amyloidogenic processing of APP, which generates 
Aβ, whereas α- and γ-secretases are involved in the 
nonamyloidogenic pathway, which generates soluble 
fragments not linked to disease.129 Under physiological 
conditions, APP is processed predominantly through 
the nonamyloidogenic pathway. However, some 
mutations in APP and/or in the γ-secretases, which 
cause familial AD, as well as certain age-related risk 
factors, increase the processing of APP through the 
amyloidogenic pathway, leading to an increase in the 
relative production of Aβ.130 Aβ monomers can rapidly 
aggregate to form oligomers and later fibrils, which are 
deposited into neuritic plaques. While fibrils are larger 
and insoluble, Aβ oligomers are soluble and are thought 
to play a key role in the pathogenic process and the 
spread of the protein through the brain.130

Amyloid-β  expression in non-neuronal cells 
Traditionally, excitatory neurons have been considered 
the main source of Aβ in AD.131 However, there is 
evidence that glial cells also contribute to the overall Aβ 
load in the brain.131, 132

Although to a much lesser extent than neurons, 
reactive astrocytes recruited to amyloid plaques 
positively regulate APP,133 β-secretase134 and γ-secretase 
in the brain.132 This increased expression is mediated 
by cellular stress and proinflammatory cytokines,135 
although the influence of inflammation on γ-secretase 
expression has not yet been demonstrated. Aβ 
itself from nearby neurons induces Aβ production 
in astrocytes,136, 137 thus generating a vicious cycle 
in which astrocytes produce Aβ in a self-sustaining 
manner. During this cycle, exposure of astrocytes to 
Aβ triggers reactive astrogliosis, including increased 
GFAP, hypertrophy, and the release of proinflammatory 
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cytokines such as tumor necrosis factor α, interleukin 
(IL)-6, IL-1β, and IL-1α.138 Aβ also leads to dysregulation 
of astrocytic calcium levels, leading to disruption 
of gliotransmission and, consequently, to neuronal 
hyperactivity.139 Synaptic dysregulation is also linked 
to an Aβ-induced decrease in astrocytic uptake of 
glutamate140 and GABA141 and an increase in the release 
of both neurotransmitters by these cells.141, 142 Finally, 
astrocytes exposed to Aβ exhibit decreased glycolytic 
metabolism, leading to reduced lactate production 
for neuronal consumption143 and mitochondrial 
dysfunction, which further worsens pathology.144

There is not much evidence about the involvement 
of microglia in Aβ synthesis, although microglia have 
been shown to possess the cellular machinery to 
cleave APP145 and generate Aβ.131 When microglia are 
exposed to Ab, they release profinlammatory cytokines 
and reactive oxygen and nitrogen species through 
the activation of several receptors in the surface of 
microglia, including TLRs or the receptor for advanced 
glycation end products.146 Similarly, Aβ stimulates 
the microglial NLRP3 inflammasome, leading to IL-1β 
release, Aβ aggregation and phagocytic dysfunction.147

High levels of APP mRNA and amyloidogenic processing 
enzymes have been detected in oligodendrocytes, 
although they seem to be less efficient in the production 
of Aβ than neurons.148 Interestingly, myelin dysfunction 
affects APP metabolism and alters microglial responses, 
which fail to clear Aβ deposits in a mouse model of AD.149

In summary, there is evidence that glial cells possess 
the Aβ synthesis machinery and can produce Aβ, 
especially under neuroinflammatory conditions such 
as those characteristic of AD. However, it is important 
to develop studies that provide quantitative data to 
determine to what extent astrocytes, microglia and 
oligodendrocytes contribute to the Aβ burden in the AD 
brain. Importantly, soluble oligomeric Aβ and amyloid 
plaque-deposited Aβ interact not only with neurons but 
also with microglia, astroglia, and oligodendrocytes, 
triggering a range of harmful cellular responses that 
eventually result in neuronal dysfunction and death.

Amyloid-β  uptake and spreading
Aβ is known to spread through the AD brain via different 
mechanisms, including the seeding of soluble forms of 
Aβ150 and neuron–neuron transfer.151 Importantly, glial 
cells also play an indirect role in Aβ diffusion in AD.

Microglia are the key players in the uptake and 
removal of Aβ. During pathology, microglia lose their 
ability to clear Aβ, as they reduce the expression 
of Aβ-binding receptors and exhibit deleterious 

phagocytosis.152,  153 While soluble Aβ forms are 
commonly  interna l i zed  by  microg l ia  through 
pinocytosis,154 fibrillar forms of Aβ are recognized 
primarily through the activation of innate immunity 
receptors, most notably TLRs.154,  155 Another key 
receptor involved in this process is triggering receptor 
expressed on myeloid cells 2 (TREM2), which is 
expressed on the surface of microglia and is involved in 
Aβ phagocytosis.156 However, the R47H mutation of this 
receptor, a major risk factor for sporadic AD, impairs the 
ability of TREM2 to recognize Aβ.157 Another recently 
described receptor is PIEZO1, a mechanosensory ion 
channel expressed in microglia, which translates the 
stiffness elicited by Aβ plaques into a cell signaling 
cascade that promotes phagocytosis.158 This channel is 
altered in specific subpopulations of microglia in AD in 
humans and in mouse models of AD. Activation of these 
receptors by Aβ stimulates microglial phagocytosis,154, 155 
although the proinflammatory state characteristic of 
AD leads to inhibition of phagocytosis,159 contributing 
to amyloid accumulation.  When microgl ia  are 
overwhelmed in their ability to phagocytose and 
degrade Aβ, they release soluble neurotoxic Aβ 
species within microvesicles, thus contributing to the 
spread of Aβ to other brain regions.160, 161 The release 
of these microvesicles is induced by ATP released by 
damaged neurons and reactive astrocytes.162 Moreover, 
microglia increase the production of proinflammatory 
cytokines that further reduce the expression of the Aβ 
degradation machinery153 and, as previously mentioned, 
induce its synthesis in neurons and glial cells.135

In addition to microglia, astrocytes can also efficiently 
internalize large amounts of soluble Aβ aggregates. 
Astrocytes internalize Aβ monomers and oligomers via 
phagocytosis and subsequent lysosomal degradation.163 
Oligomeric and fibrillar Aβ can be internalized via 
receptor-mediated endocytosis. Low-density lipoprotein 
receptor-related protein 1 (LRP1) takes up Aβ either 
directly or indirectly through its association with 
apolipoprotein E (ApoE).164 ApoE is expressed and 
secreted mainly by astrocytes under basal conditions, 
although in the context of neurodegeneration, it can 
also be secreted by activated microglia.165 In addition to 
mediating Aβ clearance through LRP1 via its Aβ-binding 
site, ApoE promotes Aβ degradation by proteases164 
and mediates the chemotaxis of microglia toward Aβ 
plaques.166 There are three polymorphic alleles of APOE 
(ε2, ε3 and ε4),167 which have different effects on Aβ 
clearance and aggregation and, therefore, may contribute 
to Aβ deposition. While ApoE2 is a protective factor for 
AD, ApoE4 dose-dependently increases the probability 
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of AD and reduces the age of onset.167 Compared with 
ApoE2 and ApoE3, ApoE4 forms fewer stable complexes 
with Aβ and confers greater stability to Aβ oligomers.168 
The different ApoE isoforms also affect microglial uptake 
of different substrates.169 Other receptors that mediate 
Aβ internalization in astrocytes include receptor for 
advanced glycation end products, some TLRs, some 
scavenger receptors, and Fc receptors.163 Using induced 
pluripotent-derived astrocytes, it has been demonstrated 
that after uptake, astrocytes can truncate and pack Aβ 
with the subsequent release of toxic forms, affecting 
neighboring cells.170

As mentioned above, oligodendrocytes also produce 
Aβ and contribute to amyloid plaque formation 
in AD, even in the primary setting of pathology. 
According to a recent preprint, a threshold of Aβ 
accumulation is required for amyloid plaque to occur, 
and it appears that this threshold cannot be reached 
without the contribution of excitatory neurons; thus, 
oligodendroglia Aβ monomers can only aggregate if 
there is previous deposition.171 These findings suggest 
that oligodendroglial Aβ assembles in the secondary 
nucleation phase of amyloid aggregate production. 
However, further studies on the aggregation kinetics of 
Aβ peptides from this cellular source are needed.

Amyloid-β  removal and clearance
Some authors note that while in early-onset familial AD, 
there is increased production of Aβ or species that are 
more prone to aggregation, in late-onset sporadic AD, 
there is defective clearance of Aβ.172 Therefore, efficient 
clearance of Aβ appears to be essential for preventing 
its accumulation in the brain.

Astrocytes use several mechanisms to degrade 
and eliminate Aβ from the brain. First, they express 
different enzymes that cleave Aβ into smaller, less 
toxic peptides.173 Metalloendopeptidases and MMPs, 
such as MMP-2 and MMP-9 expressed by these cells, 
can degrade both Aβ monomers and fibrils.163, 174 
Nevertheless, AD is associated with dysregulation of 
the levels of these enzymes, which could contribute 
to pathology.175 Lysosomal degradation may also be 
altered in astrocytes, as LC3 expression in astrocytes 
surrounding amyloid plaques in AD mice is decreased, 
possibly due to senescence-associated autophagic 
decline.176 Moreover, astrocytes can scavenge Aβ 
through the BBB owing to their projections around 
blood vessels.163 Maintenance of the BBB is also 
compromised in AD,177 causing an imbalance in the 
clearance of Aβ through the BBB, thereby promoting its 
deposition in the brain.

Aβ monomers can also be degraded by microglia via 
proteolytic enzymes or LRP1-mediated endocytosis, 
but these are not the main pathways of Aβ degradation 
in these cells.154 Microglia mediate Aβ degradation 
mainly through phagocytosis and subsequent lysosomal 
degradation. In AD, lysosomal acidification and the 
autophagic flux of microglia are impaired, leading to 
increased secretion of proinflammatory cytokines, 
recruitment and activation of immune cells, and 
induction of astrocyte reactivity.178 Furthermore, there 
is a bidirectional relationship between lysosomal 
dysfunction in microglia and Aβ accumulation, which 
perpetuates neuroinflammation and exacerbates 
neurodegeneration.178 One study detected colocalization 
of Iba1 (a microglial marker), ubiquitin and p62 in 
amyloid plaque-associated microglia. In contrast to 
what was observed in astrocytes, the presence of 
p62 indicates that autophagic flux could underlie Aβ 
phagocytic dysfunction178 and could be compensated 
for by the ubiquitin‒proteasome system.179

Implication of peripheral cells in amyloid-β  pathology 
Regarding the peripheral alterations driven by the 
Aβ burden, early in pathology, Aβ accumulation is 
associated with abnormalities in peripheral cells, 
especially T cells,180 although its contribution to AD 
is still under study. General knowledge has pointed 
to a detrimental role of T cells in AD, mainly due to 
a more proinflammatory status,181 although a recent 
investigation identified a subset of CD8+ T cells that 
seem to have a suppressive role in Aβ pathology.182 
They demonstrated that CD8+ T cells that express 
CXCR6 communicate with microglia and localize 
in close proximity to plaque-associated microglia. 
Interestingly, ablation of this subset of T cells seems to 
be detrimental, increasing Aβ deposition.

The contribution of B cells to Aβ pathology has been 
less studied, with conflicting results. While B-cell 
depletion has been shown to retard the Aβ burden 
and reduce the damage-associated microglia;183 other 
authors pointed to interleukin 35 release by B cells to 
be protective, as neutralization of this cytokine led to 
an increased burden of Aβ.184

Peripheral monocytes are also capable of taking 
up Aβ, and phagocytosis is compromised in AD 
patients.185, 186 These abnormalities may be derived from 
the reduced expression of TREM2 and CD33, which are 
involved in Aβ internalization and phagocytosis.187, 188 
Additionally, in vivo murine animal models have shown 
the presence of monocytes associated with vascular 
Aβ, whereas selective depletion of monocyte subsets 



42  ｜REGENERATIVE MEDICINE REPORTS｜Vol 1｜No. 1｜September 2024

  REVIEW  Rodríguez-Carreiro et al. / Regen Med Rep

contributes to Aβ deposition in the APP/PS1 model.189 
The extent of infiltrating myeloid cells vs. resident-
derived cells is still elusive, as is their beneficial or 
detrimental role.190

Tau
Tau was first isolated in 1975 from the porcine brain 
as a protein present in association with tubulin, which 
is essential for microtubule assembly.191 Its main 
known physiological role is the stabilization of the 
cytoskeleton, whereas in neurons, where it is highly 
expressed, it has an essential role in the maintenance 
of neuronal integrity and axoplasmic transport.192 In 
addition, it participates in the protection of genomic 
architecture, the regulation of myelination, synaptic 
plasticity, iron homeostasis and neurogenesis.193 The 
tau protein is encoded by the MAPT gene, which is 
located on chromosome 17q21.3. It contains 16 exons, 
and alternative splicing of exons 2, 3 and 10 of the 
pre-mRNA results in 6 isoforms between 352 and 441 
aminoacids, which are classified into two main groups 
depending on the number of microtubule-binding 
domains (encoded in exons 9–12) that they express: 3R 
(exon 10 exclusion) and 4R (exon 10 inclusion).193

Under normal conditions, tau is soluble and unfolded, 
but different pathological modifications, such as 
hyperphosphorylation, lead to its polymerization and 
insolubilization. Abnormal processing of tau results in 
its deposition in the brain in the form of intraneuronal 
neurofibrillary tangles and glial inclusions. These are 
common hallmarks of neurodegenerative disorders, 
such as AD, FTD and other disorders, which are 
collectively termed tauopathies and have very different 
clinical and neuropathological manifestations.194 The 
alteration of tau homeostasis is thought to lead to the 
impairment of several physiological functions as well 
as apoptosis and neuronal loss, processes that are 
reflected as cognitive impairment and even death in the 
late stages of the disease.195

Tau expression in non-neuronal cells
Tau protein is expressed mainly in neurons, but non-
neuronal cells also play a role in tau homeostasis. In 
fact, although neurofibrillary tangles have been more 
widely studied in the context of neurodegeneration, 
tau aggregates are also found in astrocytes in different 
tauopathies. Interestingly, different tauopathies are 
associated with different tau–astroglial morphologies, 
and the presence of predominant specific astrocytic 
tau immunoreactivity is a defining hallmark in some 
tauopathies. For example, the neuropathological 

diagnosis of progressive supranuclear palsy includes the 
presence of “tufted” astrocytes, which accumulate 4R 
tau aggregates,196 whereas astrocytic plaques are found 
in corticobasal degeneration and ramified astrocytes in 
Pick´s disease.197 These specific tau immunoreactivities 
in astrocytes present in the so-cal led primary 
tauopathies listed above differ from the astrocytic 
inclusions found in age-related tau astrogliopathy, 
which comprises a group of astroglial tau pathologies 
detected in the elderly population. In these pathologies, 
tau deposition induces the formation of thorn-shaped 
astrocytes and granular/fuzzy astrocytes197, 198 in the 
absence of neuronal tau accumulation.

The presence of tau aggregates in glial cells has 
been interpreted in the verse of glial cells internalizing 
tau released from neurons, assuming that glial cells 
do not express enough amounts of tau to construct 
fibrillar inclusions independently.199 Although this is the 
general view, the presence of tau has been observed 
in oligodendrocytes, suggesting that this protein has 
a role in myelinization.200 Moreover, other studies 
using human and cultured cells have shown that 
oligodendrocytes contain all six tau isoforms and that 
tau mRNA and protein expressions are developmentally 
regulated.201, 202 More recently, RNA-seq studies have 
shown that the MAPT gene is expressed mainly in 
neurons but also at lower levels in fetal and mature 
astrocytes as well as in oligodendrocytes and microglia 
(see www.brainrnaseq.org), all of which were isolated 
from the human brain.51 Recent studies have confirmed 
that, in addition to neurons, MAPT mRNA is consistently 
expressed in ol igodendrocytes and astrocytes, 
indicating that cellular MAPT expression varies between 
and within cell types even within the same anatomical 
area.199 The authors suggest that this MAPT expression 
provides a pool for local protein production that can 
accentuate the pathological process by, for example, 
being phosphorylated and aggregated.199 Interestingly, 
studies in induced pluripotent stem cells-derived cells 
with the FTD-associated mutation 10+16 revealed 
a different regulation of tau production when these 
cells were derived to either neurons or astrocytes.203 
This intronic mutation increases the 4R:3R ratio of the 
protein, which is otherwise balanced in the adult brain. 
When derived to astrocytes, these cells presented 
a much greater increase in the 4R:3R-tau ratio than 
induced pluripotent stem cells-derived neurons 
did, implicating glial cells in the pathogenic process 
and supporting the existence of cell type-specific 
regulation.203 In addition to its pathological role, the fact 
that astrocytes and oligodendrocytes express tau under 
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physiological conditions indicates that this protein may 
play a role in the correct functioning of these cell types.

The accumulation of tau in non-neuronal cells, either 
by expression or uptake, can have detrimental effects 
on glial function. For example, in some studies, tau 
pathology induced an astrocyte signature involving the 
repression of bioenergetic and translational processes 
as well as the induction of inflammation pathways 
and protein degradation/proteostasis genes such as 
the inflammatory mediator Spi1 and stress-activated 
cytoprotective Nrf2.204 Tau-induced impairment of glial 
function has also been shown to affect neighboring 
neurons. Uptake and accumulation of extracellular tau 
oligomers in astrocytes impaired ATP release, disrupting 
synaptic transmission in neighboring neurons.205 Similar 
effects were found in a transgenic tau mouse model, in 
which early tau pathology affected the neurosupportive 
capacity of astrocytes, leading to neuron loss,206 
whereas transplantation of control astrocytes in the 
same transgenic mouse model rescued neuronal 
death.207 Conversely, intraneuronal aggregation of tau 
specifically induces oxidative stress and activation of 
the integrated stress response in astrocytes.208

Together with astrocytes, tau pathology is associated 
with microglial activation and polarization to an 
inflammatory phenotype. Specifically, microglia has 
been reported to sense extrinsic tau 3R/4R proteins 
by direct interaction and trigger an innate immune 
response promoting brain inflammation and cognitive 
impairment in mice.209 Furthermore, studies have 
shown that Aβ and tau pathologies act synergistically to 
induce disease stage-specific microglial subtypes, such 
as early-stage AD-associated microglia and late-stage 
AD-associated microglia, with distinct magnitudes and 
compositions of gene signatures.210

Tau uptake and spreading
As part of its cellular pathways, tau can be released 
into the extracellular space, both physiologically and 
by dying neurons. Released tau can then be taken 
up by surrounding neurons and spread, inducing 
the progression of the disease through synaptically 
connected regions of the brain but also in neurons 
that are not connected by synapses.211 In the case of 
AD, tau protein spreads from the entorhinal cortex 
to the hippocampal region early in the disease.212 Tau 
has been shown to colocalize with microglia in the 
postmortem brain tissue of AD patients and healthy 
controls, suggesting a role for this cell type in this 
process.213 Asai et al.214 showed that microglia promote 
the dissemination of tau in two independent models 

of tauopathy: transgenic PS19 mice and an adeno-
associated virus-based mouse model, in which neuronal 
tau rapidly propagates from the entorhinal cortex to the 
dentate gyrus. Depletion of microglia in these models 
suppressed the propagation of tau via a mechanism 
involving tau phagocytosis by microglia and secretion 
via exosomes. Further studies confirmed that microglia 
can take up both soluble and insoluble tau.213 The 
molecular mechanisms linking microglial activation and 
tau uptake, release and pathology are still unknown. A 
recent study has shown that tau-dependent activation 
of microglial nuclear factor-κB signaling is a key 
transcription factor in tau seeding and spreading in PS19 
mice.215 In this work, the authors showed that genetic 
activation of microglial nuclear factor-κB promoted tau 
spreading, whereas its inactivation rescued learning and 
memory deficits.215

Astrocytes can also internalize extracellular tau216 and 
contribute to tau spread via multiple mechanisms.196 
Some works have investigated how astrocytic and 
microglial-associated genetic factors affect the spread 
of tau in AD. This is the case for ApoE. It is known that 
ApoE4 carriers present exacerbated tau pathology, but 
the mechanisms are not well understood. Wang et al.217 
recently showed that the selective deletion of ApoE4 
in astrocytes of P301S tau transgenic mice reduced tau 
pathology and synaptic loss, and decreased synaptic 
phagocytosis by microglia, connecting both processes. 
Importantly, the astrocyte-secreted protein GPC-4 has 
been described as an inducer of ApoE4-dependent 
tau accumulation and propagation by promoting its 
endocytosis.218 In addition to ApoE4, TREM2, a pattern 
recognition receptor highly expressed in microglia, 
represents another genetic risk factor for AD. Employing 
an AAV-based tau spread model, Zhu et al.219 reported 
that TREM2 KO mice presented exacerbated propagation 
of tau into the dentate gyrus via exosomes, leading to 
cognitive decline and synaptic loss. Nevertheless, the 
role of TREM2 in tau pathology remains controversial, 
with different models of tauopathy presenting variable 
effects of TREM2 on tau pathology.220 Indeed, sustained 
activation of TREM2 appears to exacerbate amyloid-
induced tau pathology.221

Tau removal and clearance
Int r ins i ca l l y  connected  wi th  tau  uptake ,  the 
maintenance of controlled levels of tau is essential 
for cellular function and health. Thus, alterations in 
tau clearance mechanisms are pivotal contributors 
to tauopathies. The two main cellular mechanisms 
that drive tau degradation are the proteasome and 
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the autophagy‒lysosome pathway,222 with astrocytes, 
particularly microglia, playing a key role at the cellular 
level. Some studies have proposed that astrocyte‒
microglia crosstalk may contribute to tau clearance. 
In humans and mice, IL-3 produced by astrocytes 
causes transcriptional, morphological, and functional 
reprogramming of microglia to clear aggregates of 
Aβ and tau.223 The role of microglia is particularly 
important in the process of clearance and removal 
and has a dual and opposite role: while they are able 
to engulf tau seeds and process them, alterations in 
microglial function, or the inability to degrade the seeds 
might lead to further microglial dysfunction and the 
spread of tau.224 Interestingly, a recent cross-sectional 
postmortem study with 40 different human brains 
examined the effects of tau oligomers on synapse 
loss.225 The authors reported that tau-containing 
synapses were preferentially engulfed by microglia 
and astrocytes in the brains of patients with dementia, 
suggesting a cycle of glial-mediated elimination of tau-
containing synapses, followed by glial dysfunction and 
subsequent release and propagation of oligomers, 
which could explain the progression of pathology.225

In  recent years,  a lthough st i l l  causing some 
controversy, a new mechanism for tau (as with other 
proteins that accumulate in neurodegenerative 
disorders) removal and clearance from the brain 
has emerged. This system is the glymphatic system, 
akin to the lymphatic system but in the CNS, which 
is claimed to be crucial for directing the movement 
of interstitial fluid and clearing waste.226 This system 
appears to facilitate the flux of cerebrospinal fluid 
into the brain and the clearance of metabolic waste, 
sparking growing interest in its role in the pathogenesis 
of proteinopathies.227 Astrocytes are believed to be the 
main regulators of glymphatic fluid movement, with 
aquaporin-4, a water channel situated in the endfeet of 
astrocyte membranes, considered a primary driver of 
the clearance system. Recent studies have shown that 
aquaporin-4 facilitates the elimination of extracellular 
tau from the brain to the cerebrospinal fluid and then to 
deep cervical lymph nodes.228 Deletion of aquaporin-4 
led to increased tau levels in the cerebrospinal fluid and 
worsened phosphorylated tau deposition and related 
neurodegeneration in transgenic mice expressing the 
P301S MAPT mutant tau.228 These data highlight the 
essential role of astroglia in tau clearance and removal.

Implication of peripheral cells in tau pathology
Tau pathology has also been recently described to 
be modulated by adaptive immune cells. A greater 

proportion of T cells associated with tauopathies 
have been widely described, but its involvement in 
pathogenesis is not clearly understood. Recently, Chen 
and collaborators demonstrated a greater proportion of 
T cells associated with tau-related neurodegeneration229 
than in models associated with amyloid burden. 
Authors show how T cells directly interact with specific 
subsets of disease-associated microglia, while either 
microglia or T-cell depletion prevents immune activation 
and tau-related neurodegeneration.229 The specific 
antigens implicated in the mechanism are still elusive; 
either myelin debris, forms of tau or other proteins are 
candidates, although further analyses are needed.

LIMITATIONS
Despite the comprehensive nature of this review on 
the role of non-neuronal cells in proteinopathies, 
several limitations should be acknowledged. First, the 
review primarily synthesizes findings from various 
animal models and in vitro studies, which may not fully 
capture the complexity of human disease pathology. 
The heterogeneity of non-neuronal cell types and their 
diverse functions further complicates the integration of 
results across different studies, potentially leading to 
generalized conclusions that may not apply universally. 
Additionally, the rapid pace of research in this field 
means that new discoveries could quickly shift the 
current understanding, which may impact the relevance 
of some reviewed studies. Although we have tried our 
best to include all the most recent advances in the field, 
it is not possible to include all of them, so we might 
have failed at identifying all the relevant literature. 
Finally, the review may be limited by publication bias, 
as studies with positive or novel findings are more likely 
to be published, potentially overlooking negative or 
inconclusive results.

CONCLUSIONS
Synuclein, amyloid or tau proteins, among others, 
play multifaceted roles in both neuronal and non-
neuronal cells, contributing to the maintenance of 
cellular integrity and function. However, pathological 
modif icat ions  of  these proteins  lead to  their 
accumulation and the formation of aggregates, which 
are central to the development of proteinopathies 
such as PD, AD disease or FTD. Importantly, the cross-
collaboration of non-neuronal cells, such as microglia, 
astrocytes and oligodendrocytes, in these pathologies 
highlights the complex interplay between different 
cell types in the brain (Figure 3). Non-neuronal cells 
participate in protein homeostasis through, among 
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other processes, the uptake, clearance, and degradation 
of these proteins, which is crucial for preventing 
neurodegeneration and promoting neurorepair. 
However, protein overload often leads to impaired 
protein function, which can contribute to the spread and 
exacerbation of pathology. Additionally, the emerging 
role of peripheral immune cells in modulating pathology 

underscores the intricate immune responses involved 
in proteinopathy-related diseases. Understanding 
these diverse mechanisms is essential for advancing 
regenerative medicine, as it offers potential for targeted 
therapies aimed at mitigating synuclein, amyloid and 
tau pathology and promoting neuronal regeneration to 
counteract associated neurodegenerative processes.

Figure 3: The role of non-neuronal cells in proteinopathy and neurodegeneration.
Note: The aggregation of specific proteins, such as synuclein, amyloid, and tau, is a hallmark of various neurodegenerative 
disorders, including Parkinson’s disease, Alzheimer’s disease, and frontotemporal dementia. The interaction and collaboration 
between non-neuronal cells, such as microglia, astrocytes, and oligodendrocytes, play a significant role in this process. These 
cells initially contribute to the uptake and removal of these proteins through proteasomal or autophagy pathways. As the 
disease progresses, protein overload disrupts the primary functions of both neuronal and non-neuronal cells, leading to 
further protein release and spread, creating a vicious cycle that exacerbates the pathology. Additionally, peripheral cells such 
as lymphocytes may infiltrate the brain and contribute to neurodegeneration. Created with BioRender.com.
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Abstract
Background  The cannabigerol derivative VCE-003.2, which has activity at the peroxisome proliferator-activated 
receptor-γ has afforded neuroprotection in experimental models of Parkinson’s disease (PD) based on mitochondrial 
dysfunction (6-hydroxydopamine-lesioned mice) and neuroinflammation (LPS-lesioned mice). Now, we aim to 
explore VCE-003.2 neuroprotective properties in a PD model that also involves protein dysregulation, other key event 
in PD pathogenesis.

Methods  To this end, an adeno-associated viral vector serotype 9 coding for a mutated form of the α-synuclein gene 
(AAV9-SynA53T) was unilaterally delivered in the substantia nigra pars compacta (SNpc) of mice. This model leads to 
motor impairment and progressive loss of tyrosine hydroxylase-labelled neurons in the SNpc.

Results  Oral administration of VCE-003.2 at 20 mg/kg for 14 days improved the performance of mice injected with 
AAV9-SynA53T in various motor tests, correlating with the preservation of tyrosine hydroxylase-labelled neurons 
in the SNpc. VCE-003.2 also reduced reactive microgliosis and astrogliosis in the SNpc. Furthermore, we conducted 
a transcriptomic analysis in the striatum of mice injected with AAV9-SynA53T and treated with either VCE-003.2 or 
vehicle, as well as control animals. This analysis aimed to identify gene families specifically altered by the pathology 
and/or VCE-003.2 treatment. Our data revealed pathology-induced changes in genes related to mitochondrial 
function, lysosomal cell pathways, immune responses, and lipid metabolism. In contrast, VCE-003.2 treatment 
predominantly affected the immune response through interferon signaling.

Conclusion  Our study broadens the neuroprotective potential of VCE-003.2, previously described against 
mitochondrial dysfunction, oxidative stress, glial reactivity and neuroinflammation in PD. We now demonstrate its 
efficacy against another key pathogenic event in PD as α-synuclein dysregulation. Furthermore, our investigation 
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Introduction
Cannabinoids have emerged as promising neuroprotec-
tive agents given their ability to work as pleiotropic com-
pounds against the multiple events that affect neural cell 
homeostasis, integrity and survival in conditions of brain 
damage and neurodegeneration [31]. This pleiotropism 
is facilitated by the activity of cannabinoids at multiple 
pharmacological targets within the endocannabinoid sys-
tem (e.g., cannabinoid type-1 (CB1), cannabinoid type-2 
(CB2) and GPR55 receptors, fatty acid amide hydrolase 
(FAAH) and monoacylglycerol lipase (MAGL) enzymes; 
see [31], [6, 20, 27, 32]. Additionally, cannabinoids inter-
act with other signaling systems, such as transient recep-
tor potential vanilloid type-1 (TRPV1), peroxisome 
proliferator-activated receptors (PPARs), adenosine and 
serotonin receptors [31, 70, 73]. This neuroprotective 
potential has been preclinically investigated in different 
neurological conditions, such as accidental brain dam-
age (e.g., stroke, brain trauma, spinal cord injury) and in 
chronic progressive disorders (e.g., Alzheimer’s disease 
and related dementias, amyotrophic lateral sclerosis, 
Huntington’s disease and others; see [4, 23, 30, 55, 65].

One of the disorders that has recruited more research 
with cannabinoids to date is Parkinson’s disease (PD). 
Several cannabinoids have been found to be able to 
alleviate specific parkinsonian symptoms such as bra-
dykinesia and immobility [46], tremor [67] and/or 
L-DOPA-induced dyskinesia [26]. However, a signifi-
cantly greater interest has been recruited with those 
cannabinoid treatments active at preserving neuronal 
integrity then resulting in delayed disease progression [3, 
7, 27, 29, 43]. Such neuroprotective properties include 
cannabinoid receptor-independent antioxidant effects, 
mainly afforded by the non-psychotropic phytocan-
nabinoid cannabidiol (CBD), whose structure allows this 
compound to act as scavenger of reactive oxygen species 
[51], as well as it modulates the antioxidant transcription 
factor Nuclear Factor (Erythroid-derived 2)-related fac-
tor 2 (NRF-2) pathway too [40]. Activating the CB1 recep-
tor was furtherly proposed as a neuroprotective therapy 
in experimental PD in a few studies [22, 62], despite it 
may aggravate akinetic signs in certain circumstances 
and produce psychoactive effects (reviewed in Fernán-
dez-Ruiz [28], . This has limited the studies with this 
cannabinoid receptor type and redirected the research 
to non-psychotropic cannabinoid receptors, for example 
the CB2 receptor, whose activation with HU-308, Δ9-
tetrahydrocannabivarin (Δ9-THCV), VCE-004.8 and 

other agonists entails anti-inflammatory and neuropro-
tective effects in different experimental models of PD 
[13, 35, 39, 44, 74]. A similar reduction of inflammatory 
events, resulting in preservation of nigrostriatal dopami-
nergic neurons in the basal ganglia, has been found with 
cannabinoids that are able to target the orphan recep-
tor GPR55, which has been recently associated with the 
endocannabinoid system [14, 19]. In addition, the activa-
tion of PPAR-γ with glitazones [78], but also with some 
cannabinoids (e.g., VCE-003.2, CBGA-Q, GBGA-Q Salt), 
have been also associated with neuroprotective effects 
in different experimental models of PD [12, 15, 36]. Col-
lectively, these studies have situated several cannabinoid 
compounds in a promising position for serving to gener-
ate a cannabinoid-based therapy for specific symptoms 
and, in particular, for disease progression in patients 
affected by PD (reviewed recently in Jain et al., [43].

Recent studies have demonstrated that an interesting 
and clinically promising cannabinoid compound in PD is 
the non-thiophilic and antioxidant CBG quinone deriva-
tive VCE-003.2, which behaves as a PPAR-γ partial ago-
nist with no activity at the CB1/CB2 receptors [24]. The 
compound crosses the blood-brain barrier (BBB) after 
systemic administration [1, 24] and has been investi-
gated here in relation with other preclinical attributes 
such as metabolism and toxicology. VCE-003.2 shows a 
favorable profile and rodent pharmacokinetic data guar-
anteeing high plasma exposure and rapid excretion after 
its oral administration, which overall may facilitate fur-
ther translational studies towards the clinical scenario. In 
our hands, VCE-003.2 has been found to be active as a 
neuroprotective agent against inflammation-driven neu-
ronal deterioration in LPS-lesioned mice [12, 36], as well 
as against mitochondrial impairment and oxidative stress 
in 6-hydroxydopamine (6-OHDA)-lesioned mice [15]. 
These cytoprotective effects were confirmed in experi-
ments with cell-based models reproducing in vitro the 
in vivo models, which also revealed that these benefits 
were mediated by its binding at a functional alternative 
site (different from the canonical binding site used by 
glitazones) in the PPAR-γ receptor [15, 36]. We are now 
interested in further reinforcing the neuroprotective 
profile of VCE-003.2 in PD using experimental models 
based on protein (α-synuclein) dysregulation and accu-
mulation, a key event in PD pathogenesis. α-Synuclein is 
a key protein in the formation of Lewy bodies in which 
this protein is a major component [69]. Their muta-
tions have been associated with autosomal dominant or 

sheds light on the molecular mechanisms underlying VCE-003.2 revealing its role in regulating interferon signaling. 
These findings, together with a favorable ADMET profile, enhance the preclinical interest of VCE-003.2 towards its 
future clinical development in PD.

Keywords  VCE-003.2, Parkinson’s disease, alpha-synuclein , Cannabinoids, PPAR-γ
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recessive forms of genetic PD, whereas gene duplications 
or triplications have been also associated with the genetic 
parkinsonism (reviewed in Marmion and Kordower [56]. 
To this end, we used a murine model based on the local 
overexpression of α-synuclein carrying the A53T muta-
tion, which is one of the most frequent mutation used in 
experimental models of PD, in the substantia nigra pars 
compacta (SNpc) through the local application of an 
adeno-associated viral vector serotype 9 (AAV9) encod-
ing the mutated gene, as previously used in other preclin-
ical studies [18, 45, 48, 66]; see details in a recent review 
by Björklund and Mattsson [10]. The local overexpres-
sion of A53T α-synuclein in the SN leads to a pathologi-
cal phenotype visible in a short time (2 weeks after viral 
inoculation) consisting in motor defects, α-synuclein 
dysregulation, loss of dopaminergic neurons, autophagy 
induction, and microglial reactivity [18, 66]. Using these 
mice, we have investigated the neuroprotective poten-
tial of a chronic oral administration of VCE-003.2 by 
analyzing whether this cannabigerol derivative prevents 
behavioural, biochemical, and histopathological altera-
tions elicited by A53T α-synuclein accumulation. The 
analysis of nigral dopaminergic neurons was carried out 
using first classic immunostaining, but the results were 
furtherly confirmed with a stereological-like procedure 
based on a deep-learning dedicated algorithm (Aifo-
ria®) that has been successfully validated and published 
by Penttinen et al. [61]. It presently represents a useful 
tool with significant advantages (mainly reproducibility, 
elimination of human error, and fast high-capacity analy-
sis) compared to unbiased stereological analysis. In our 
hands, it has been used with success in previous studies 
[21, 63]. Transcriptomic analysis of the striatum identi-
fied possible genes and pathways underlying the benefi-
cial effects of VCE-003.2, as well as some of them related 
to the pathology.

Materials and methods
Viral vector production
A recombinant AAV vector serotype 2/9 expressing the 
SNCA gene with A53T mutation driven by the human 
synapsin promoter was produced by Vector Builder 
(www.vectorbuilder.com; catalog No. P211024-1010fpa; 
lot No. 211221AAVJ03). The virus was formulated in PBS 
buffer (pH 7.4) supplemented with 200 nM NaCl and 
0.001% pluronic F-68. Obtained vector concentration was 
9.62 × 1013 GC/ml. Virus purity was determined by SDS-
PAGE followed by silver staining, resulting in > 80% pure. 
Plasmid map for pAAV-synapsin-SynA53T and sequence 
are provided in Supplementary File 1.

Animals and surgical lesions
Male C57BL/6 mice were housed in our animal facili-
ties (CAI-Animalario, Faculty of Medicine, Complutense 

University, ref. ES280790000086) in a room with a con-
trolled photoperiod (08:00–20:00 light) and tempera-
ture (22 ± 1ºC). They had free access to standard food 
and water and were used at adult age (6–8-month-old; 
weight = 28–33  g). All animal experiments were con-
ducted by researchers having the necessary accreditation 
and following local, national and European guidelines 
(directive 2010/63/EU), as well as conformed to ARRIVE 
guidelines and were approved by our local Ethical 
Committee for Animal Experimentation (ref: PROEX 
201.8/22).

Mice were used for the in vivo overexpression of human 
α-synuclein with the A53T mutation using recombinant 
AAV9 encoding for this gene under the control of human 
synapsin 1 promoter. To this purpose, mice were anaes-
thetized (ketamine 40  mg/kg + xylazine 4  mg/kg, i.p.) 
and subjected to unilateral injections of viral particles 
(AAV9-SynA53T) into the SNpc of the right hemisphere 
following the procedure described in Lastres-Becker 
et al. [52]. In brief, 1 µl of a viral suspension containing 
3.33 × 1012 GC/ml (selected from a preliminary concen-
tration-response experiment using a range for the viral 
suspension of 3.33 × 1012 − 3.33 × 1013 GC/ml) was uni-
laterally injected at predefined stereotaxic coordinates: 
-2.5  mm posterior to bregma, − 1.4  mm lateral to mid-
line and − 4.5 mm ventral to dura. The volume of 1 µl was 
pressure-injected in pulses of 0.2 µl/min and, once com-
pleted, the needle was left in place for 5 min before with-
drawal to minimize reflux of viral suspension through the 
injection tract. Control animals were sham-operated and 
injected with 1 µl of a viral suspension of an empty AAV9 
(AAV9-null) containing 1.07 × 1012 GC/ml using the same 
coordinates. The lesions were generated using unilateral 
inoculation, so that contralateral structures serve as con-
trols for the different analyses (see Fig.  1 for a diagram 
showing the schedule used).

Pharmacological treatments and sampling
After the application of AAV9-SynA53T or control 
AAV9-null vectors, animals were distributed into 3 
groups in each experiment, and were subjected to a daily 
treatment with VCE-003.2 (20 mg/kg), or vehicle (sesame 
oil) by oral administration (see Fig. 1 for a diagram show-
ing the schedule used). The number of animals in each 
experimental group was: (i) vehicle-treated sham-oper-
ated mice: 4–6; (ii) vehicle-treated AAV9-SynA53T mice: 
8–10; and (iii) VCE-003.2-treated AAV9-SynA53T mice: 
8–10 (ranges are due to elimination of potential outliers 
in those cases that the statistical analysis recommended 
to do it). The first administration, in all cases, was done 
approximately 24  h after the lesion and the treatment 
was prolonged for two weeks. At the end of the treat-
ment (24  h after the last injection), they were analysed 
in different behavioural tests just before being killed by 

http://www.vectorbuilder.com
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rapid and careful decapitation, and their brains rapidly 
removed and divided coronally in two parts. The anterior 
halves were used to dissect the striatum. Tissues were 
rapidly frozen by immersion in cold 2-methylbutane and 
stored at -80ºC for RNA sequencing analysis (RNAseq). 
The posterior halves containing the midbrains were fixed 
for one day at 4  °C in fresh 4% paraformaldehyde pre-
pared in 0.1 M PBS, pH 7.4. Samples were cryoprotected 
by immersion in a 30% sucrose solution for a further day, 
and finally stored at -80  °C for immunohistochemical 
analysis in the SN.

Pharmacokinetic and ADMET analysis
Pharmacokinetic for oral VCE-003.2 in mice and in vitro 
off-target binding, transporter interactions, micronucleus 
assay, and comparative metabolism assays for VCE-003.2 
in hepatocytes from different species were performed by 
Charles River (Edinburgh, UK) and Eurofins Panlabs Dis-
covery Services (New Taipei City, TW), using protocols 
summarized in Supplementary File 2.

Behavioural tests
Cylinder rearing test (CRT) Given that the lesions were 
unilateral, this test attempts to quantify the degree of 
forepaw (ipsilateral, contralateral, or both) preference 
for wall contacts in rearing movements after placing the 
mouse in a methacrylate transparent cylinder (diameter: 
15.5 cm; height: 12.7 cm; Fleming et al., [33]. Each score 
was calculated from a 3  min trial with a minimum of 4 
wall contacts. See Supplementary File 3 for an example of 
video recording in the three experimental groups.

Elevated-body swing test (EBST) Mice were placed 
head-downward hanging by their tail in a vertical axis 
(about 15 cm from the surface) and recorded for 60 s [8, 
11]. A swing was recorded whenever the animal moved 
its head out of the vertical axis to either side, whereas 
for the next swing to be counted, the animal must have 
returned to the vertical position first. See Supplemen-
tary File 4 for an example of video recording in the three 
experimental groups.

Computer-aided Actimeter For the analysis of motor 
activity, we used a computer-aided actimeter (Actitrack, 
Panlab, Barcelona, Spain). This apparatus consisted of a 
45 × 45 cm area, with infra-red beams all around, spaced 
2.5 cm, coupled to a computerized control unit that ana-
lyzes the following parameters: (i) distance run in the 
actimeter (ambulation); (ii) time spent in inactivity; (iii) 
frequency of vertical activity (rearing); (iv) mean and 
maximal velocity developed during the running; and (v) 
time spent in fast (> 5  cm/s) and slow (< 5  cm/s) move-
ments. Animals remained for a period of 10  min in the 
actimeter, but measurements were only recorded during 
the final 5 min (first 5 min was used only for animal accli-
mation). These data are presented as Supplementary File 
5.

Immunohistochemical procedures
Brains were sliced in coronal sections (containing the 
SN) in a cryostat (30 µm thick) and collected in anti-
freeze solution (glycerol/ethylene glycol/PBS, 2:3:5) and 
stored at -20ºC until being used. Brain sections were 
mounted on gelatine-coated slides, and once adhered, 
washed in 0.1 M potassium PBS (KPBS) at pH 7.4. Then, 

Fig. 1  Representative scheme of the experimental protocol used for the induction of α-synuclein-based PD model used in this study and the treatment 
with VCE-003.2, with indication of timelines for treatments, behavioral analysis and animal euthanasia
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endogenous peroxidase was blocked by 30 min incuba-
tion at room temperature in peroxidase blocking solution 
(Dako Cytomation, Glostrup, Denmark). After several 
washes with KPBS, sections were incubated overnight at 
4ºC with the following antibodies: (i) monoclonal mouse 
anti-human α-synuclein (sc-53955; Santa Cruz Biotech-
nology, Dallas, TX, USA) used at 1:2000; (ii) polyclonal 
rabbit anti-mouse tyrosine hydroxylase (TH) (AB152; 
Chemicon-Millipore, Temecula, CA, USA) used at 1:200; 
(iii) polyclonal rat anti-mouse CD68 antibody (MCA-
1957; AbD Serotec, Oxford, UK) used at 1:200; or (iv) 
polyclonal rabbit anti-mouse GFAP antibody (Z0334; 
Dako Cytomation, Glostrup, Denmark) used at 1:200. 
Dilutions were carried out in KPBS containing 2% bovine 
serum albumin and 0.1% Triton X-100 (Sigma Chem., 
Madrid, Spain). After incubation, sections were washed 
in KPBS, followed by 1 hour incubation at room tempera-
ture with the corresponding biotinylated secondary anti-
body (1:1000 for α-synuclein; 1:200 for the rest) (Vector 
Laboratories, Burlingame, CA, USA) for 1 hour at room 
temperature. Avidin-biotin complex (Vector Laborato-
ries, Burlingame, CA, USA) and 3,3’-diaminobenzidine 
substrate–chromogen system (Dako Cytomation, Glos-
trup, Denmark) were used to obtain a visible reaction 
product. Negative control sections were obtained using 
the same protocol with omission of the primary antibody. 
A Leica DMRB microscope and a DFC300FX camera 
(Leica, Wetzlar, Germany) were used for the observation 
and photography of the slides, respectively. For quantifi-
cation of the intensity of α-synuclein, TH, CD68 or GFAP 
immunostaining in the SN (at both ipsilateral and con-
tralateral sides), we used the NIH Image Processing and 
Analysis software (ImageJ; NIH, Bethesda, MD, USA) 
using 4–5 sections, separated approximately by 200 μm, 
and observed with 5x-20x objectives depending on the 
immunostaining under quantification. In all sections, 
the same area of the SNpc was analysed. Analyses were 
always conducted by experimenters who were blinded 
to all animal characteristics. Data were expressed as per-
centage of immunostaining intensity in the ipsilateral 
(lesioned) side over the contralateral (non-lesioned) side. 
In addition, in the case of CD68 immunostaining, images 
at higher magnification were also used for a qualitative 
analysis of certain morphological characteristics (cell 
body volume; number, thickness and length of cell pro-
cesses) that may reflect the state of quiescence (low cell 
body volume and tiny and long processes) or activation 
(amoeboid-like morphology: high cell body volume and 
thick and short processes) of these cells.

In a further analysis, a deep-learning dedicated algo-
rithm was prepared with Aiforia® [61], validated and 
released (resulting in an error of 4.82%) for quantify-
ing the number of TH-positive neurons in TH-stained, 
equally-spaced coronal sections covering the whole 

rostrocaudal extent of the SNpc. The dedicated algorithm 
was customized to count all positive neurons, indepen-
dently of the intensity of staining. Sections were scanned 
at 20x in a slide scanner (Aperio CS2; Leica, Wetzlar, 
Germany) and uploaded to the Aiforia® cloud. Next, the 
boundaries of each selected ROI were outlined at low 
magnification and the dedicated algorithm was then 
used as a template quantifying the TH-positive neurons. 
Details on this analysis have been previously published 
[21, 63].

Transcriptomic analysis
RNA isolation and sequencing RNA was isolated from the 
striatum samples using the RNeasy Lipid Tissue Mini kit 
(Qiagen, Barcelona, Spain) following the manufacturer’s 
instructions, including the optional DNase I step. Once 
RNA was isolated, samples were stored at − 80 °C follow-
ing library preparation. RNA concentration and RNA 
integrity number (RIN) was assessed using Nanodrop 
and Bioanalyzer (Centre for Genomic Regulation, Bar-
celona, Spain). Library preparation and sequencing was 
outsourced to the Centre for Genomic Regulation (CRG, 
Barcelona, Spain). Briefly, libraries were prepared using 
the TruSeq mRNA Library prep following the manu-
facturer’s instructions. mRNA selection was performed 
using poly(A)-mRNA selection strategies. Libraries were 
prepared and sequenced by 50  bp sequencing using 
Illumina NextSeq 2000 run system (Illumina, Inc., San 
Diego, CA, USA).

RNA-seq data processing and normalization Raw reads 
were aligned against the GRCm38 genome (v84) from 
ENSEMBL with HISAT2 (v2.1.0) [47, 59]. This resulted 
in a ~ 99% alignment rate with 60% of reads aligned to 
exonic regions. The count matrix was obtained from the 
alignments using the corresponding ENSEMBL annota-
tion file with featureCounts (v2.0.0) [54]. Then, counts 
per million (CPM) were calculated using CPM function 
from the EdgeR packing in R [53]. Lowly expressed genes 
were filtered out, which were defined as having less than 
one CPM in at least 25% of the samples leading to a total 
of 13,980 genes. Principal Component Analysis (PCA) 
was used to identify sources of variation and outliers. As 
samples were sequenced in two independent batches, 
we regressed out sequencing batch to control variation. 
The final dataset was composed by 17 samples (6 from 
vehicle-treated sham-operated mice, 5 vehicle-treated 
AAV9-SynA53T-injected mice, and 6 VCE-003.2-treated 
AAV9-SynA53T-injected mice).

Differential expression analysis Differential expression 
analysis was performed using the R package limma [64]. 
EdgeR was used for data normalization using TMM val-
ues and followed by voom transformation. P-values were 
corrected using the Benjamini-Hochberg false discovery 
rate (FDR).
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Pathway enrichment analysis. We used Gene Set 
Enrichment Analysis (GSEA) focusing on Hallmark 
gene sets [72]. To perform pathway analysis, ranked 
DEGs in terms of t-value were used as input. We used 
the fGSEA R-package [49]. Only pathways with adjusted 
P-value < 0.05 were considered.

Transcription factor enrichment analysis For explor-
ing if genes were enriched for specific transcription fac-
tors, we used DoRothEA [37, 41]. Regulons were filtered 
at confidence levels “A” and “B”. Regulon enrichment 
was runned using fgsea with preranked data in terms of 
t value. Only regulons with adjusted P-value < 0.05 were 
considered.

Statistics
Data were assessed using one-way ANOVA, followed by 
the Tukey test using GraphPad Prism, version 8.00 for 
Windows (GraphPad Software, San Diego, CA, USA). A 
p value lower than 0.05 was used as the limit for statisti-
cal significance. The sample sizes in the different experi-
mental groups were always ≥ 5.

Results
Pharmacokinetic, metabolic, and toxicological properties 
of VCE-003.2
We have previously shown that VCE-003.2 crossed 
the BBB after oral administration in rats [1]. Now, we 
extended our PK studies in mice, found that plasma 
VCE-003.2 levels peaked at 4 h (Tmax) and then slowly 
declined to basal levels at 24 h. Oral VCE-003.2 resulted 
in 69% bioavailability (F) in mice (Supplementary Table 
1), which was significantly higher than the one observed 
in rats (F = 13,77%) [1]. Moreover, VCE-003.2 did not 
significantly inhibit the activity of relevant cytochrome 
P450 isoforms, did not inhibit hERG channel activity and 
it was not genotoxic as assessed by AMES assays [1]. To 
complement these studies, we interrogated for potential 
off-targets and genotoxicity of VCE-003.2. Using radioli-
gand binding assays, we explored the interaction with a 
panel of 172 receptors and channels, and we found that 
VCE-003.2 did not show a significant binging activity 
to these targets (Supplementary File 2). The potential 
genotoxicity of VCE-003.2 was investigated using micro-
nucleus assays either in the presence or absence of a 
metabolic activation system (S9-mix), in cultured human 
lymphocytes (in vitro) and in rat bone marrow cells (in 
vivo). We observed that VCE-003.2 is not clastogenic or 
aneugenic either in human lymphocytes or in the bone 
marrow micronucleus test of male rats up to a dose of 
2000 mg/kg (Supplementary File 2).

We also investigated the metabolic stability and metab-
olite profiles of VCE-003.2 using suspensions of cryo-
preserved hepatocytes from CD-1 mouse, Wistar rat, 
Beagle dog, Göttingen minipig, cynomolgus monkey and 

human. The rates of metabolism and the metabolite pro-
files were compared across the species tested. Twenty-six 
metabolites of VCE-003.2 were found in the hepatocyte 
incubations of the six species investigated. Based on the 
MS peak intensities, no human specific metabolites were 
observed and five major metabolites of VCE-003.2 were 
detected in at least four of the six species tested. Meta-
bolic reactions observed included oxidations, the loss of 
C3H6 in combination with two oxidations, and a desatu-
ration in combination with one or two oxidations. The 
postulated major metabolic pathway VCE-003.2 was also 
predicted (Supplementary File 2).

Finally, we explored the in vitro interaction of VCE-
003.2 with human BCRP, BSEP and MDR1 efflux (ABC) 
transporters, and with human solute carrier (SLC) trans-
porters MATE1, MATE2-K, OAT1, OAT3, OATP1B1, 
OATP1B3, OCT1 and OCT2. VCE-003.2 did not inhibit 
SLC transported and up to 22.5 µM showed inhibitory 
activity of the ABC transporters (BCR = 89% inhibition, 
BSEP = less than 50% inhibition; MDR1 = 81% inhibition) 
(Supplementary File 2). Altogether, VCE-003.2 repre-
sents an excellent ligand for studying the relevance of 
PPAR-γ activation in experimental models of PD, as has 
been demonstrated in previous studies [12, 15, 36] and 
situates this compound in a clear advantage for future 
translational development.

Behavioural readouts of treatment with VCE-003.2 in mice 
injected with AAV9-SynA53T
To explore the neuroprotective potential of an oral 
administration of VCE-003.2 against the overexpres-
sion of neuronal (A53T)α-synuclein, we first analysed 
the motor performance of these animals using CRT and 
EBTS. These motor tests discriminate the unilateral 
hemiparesis and were assessed 24  h after the last VCE-
003.2 administration, avoiding any acute effect of the 
drug. CRT showed a preference for the ipsilateral right 
paw (controlled by the non-lesioned contralateral SN) 
in mice-injected with AAV9-SynA53T, which was pre-
vented by the treatment with VCE-003.2 (F(2,17) = 11.50, 
p < 0.001; Fig.  2 and Supplementary File 3). Also, we 
noticed a general mobility increase, reflected in the total 
number of rearings, in the VCE-003.2-treated animals, 
which tended to be elevated with respect to both vehi-
cle-treated sham-operated and AAV9-SynA53T-injected 
mice (F(2,18) = 2.99, p = 0.075; Fig. 2).

Next, we performed EBST, which is useful to detect the 
side more frequent in the torsion movements depend-
ing on the lesioned side. We found that vehicle-treated 
AAV9-SynA53T-injected mice tended to show a prefer-
ence for contralateral turns, which was not attenuated 
by the treatment with VCE-003.2, even it tended to be 
enhanced (F(2,19) = 1.49, ns; Fig.  2 and Supplementary 
File 4). However, as in CRT, we observed a higher number 
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of total turns (irrespective of the side) shown during the 
test performance (F(2,19) = 5.13, p < 0.05; Fig. 2), demon-
strating a greater activity in the treated animals.

Such elevated motor activity elicited by VCE-003.2 in 
AAV9-SynA53T-injected mice in comparison with the 
other two groups was also visible in the data obtained 
in a computer-aided actimeter (actitrack), with statisti-
cally significant increases in locomotor parameters such 
as general activity (F(2,19) = 4.39, p < 0.05), ambulation 
(F(2,19) = 4.55, p < 0.05), mean and maximal velocities 
(F(2,19) = 4.14, p < 0.05 and F(2,19) = 5.53, p < 0.05, respec-
tively), and frequency of slow movements (F(2,19) = 5.82, 
p < 0.01). This increase remained as a mere numerical 
trend in parameters as vertical activity (F(2,19) = 1.56, 
p = 0.24) and frequency of fast movements (F(2,19) = 2.65, 
p = 0.096), whereas the opposite (lower values) was 
detected, as expected, for resting time (F(2,19) = 5.13, 
p < 0.05), then confirming that VCE-003.2-treated AAV9-
SynA53T-injected mice frequently exhibited a greater 
motor activity (see these data in the Supplementary File 
5).

Histopathological readouts of treatment with VCE-003.2 in 
mice injected with AAV9-SynA53T
Immunohistochemical analysis demonstrated an AAV9-
driven overexpression of human α-synuclein all over the 
midbrain in the lesioned mice, in particular in the SNpc 

(F(2,18) = 19.42, p < 0.0001; see Supplementary File 6) [18, 
66]. Furthermore, the enhanced neuronal expression of 
mutated α-synuclein was associated with a significant 
reduction (around 35%) of TH immunoreactivity in the 
SNpc (F(2,21) = 20.67, p < 0.0001; Fig. 3). Treatment with 
VCE-003.2 of mice injected with AAV9-SynA53T did not 
alter the immunoreactivity levels of α-synuclein (Sup-
plementary File 6). However, it prevented the reduction 
in TH immunoreactivity to the same value detected in 
sham-operated mice (Fig.  3). This observation supports 
the idea that VCE-003.2 treatment preserves the integrity 
of TH-positive neurons in the SNpc against the enhanced 
neuronal expression of mutated α-synuclein, despite our 
analysis only served to measure immunoreactivity levels. 
In a further analysis, using a stereological-like analysis 
based on a deep-learning dedicated algorithm (Aiforia®), 
we could confirm that the reduction in TH measured in 
the SNpc of mice injected with AAV9-SynA53T, as well 
as the recovery detected after the treatment with VCE-
003.2, reflected both a loss and a preservation in the num-
ber of TH-positive neurons, respectively (F(2,21) = 6.72, 
p < 0.01; see Supplementary File 7). This preservation may 
contribute to the behavioral improvements indicated in 
the previous subsection.

The neuronal overexpression of mutated α-synuclein 
in the SN also induced robust glial reactivity in both 
microglia (CD68: F(2,17) = 27.58, p < 0.0001; Fig.  4), and 

Fig. 2  Behavioural analysis in the Cylinder Rearing Test (CRT) and in the Elevated-Body Swing Test (EBST) of vehicle-treated control (sham-operated) adult 
male mice and unilaterally AAV9-SynA53T-injected adult male mice treated with vehicle or VCE-00.2 (20 mg/kg) given orally. Treatments were daily and 
prolonged for 2 weeks. Data (preference score (left) and total number of movements (right)) corresponded to 24 h after the last dose and were expressed 
as means ± SEM of more than 4 animals per group. They were analyzed by one-way ANOVA followed by the Tukey test (**p < 0.01 versus vehicle-treated 
sham-operated mice; #p < 0.05, ##p < 0.01 versus vehicle-treated AAV9-SynA53T-injected mice)
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astrocytes (GFAP: F(2,21) = 26.17, p < 0.0001; Fig.  4 and 
representative images in Supplementary File 8). In addi-
tion, a simple morphological analysis of CD68-labelled 
cells revealed a higher presence of cells with apparently 
amoeboid aspect (greater cell body volume and thick 
and short cells branches) in the SN of vehicle-treated 
AAV9-SynA53T mice compared to vehicle-treated sham-
operated mice (Supplementary File 9), which is com-
patible with an activated state of these cells. VCE-003.2 
treatment attenuated both responses, with a statistically 
significant effect in CD68 immunostaining (Fig.  4) and 
a numerical trend in GFAP immunostaining (Fig.  4 and 
representative images in Supplementary File 8). VCE-
003.2 treatment of AAV9-SynA53T mice also reduced 
the number of CD68-labelled cells with apparently acti-
vated phenotype to a more quiescent state (smaller cell 
bodies and more, tiny and longer processes) (Supplemen-
tary File 9).

Transcriptomic readouts of treatment with VCE-003.2 in 
mice injected with AAV9-SynA53T
Having established the neuroprotective efficacy of VCE-
003.2 in this α-synuclein model of PD, and recognizing 
that functional recovery likely involves the survival of 
nigrostriatal terminals arising the striatum, we aimed 
sought to delve into downstream cellular pathways 
through transcriptomic analysis of this specific brain 

region. To this end, we carried out RNA-Seq analysis in 
the right (lesioned) striatum of mice from the three dif-
ferent experimental groups (Supplementary Table 2). We 
first examined the impact of α-synuclein lesion on gene 
expression, comparing the AAV9-SynA53T-injected 
mice versus sham-operated animals, all treated with 
vehicle. We did observe a strong transcriptomic dysregu-
lation with 1055 differentially expressed genes (DEGs) 
at FDR < 0.05 (50.8% up-regulated and 49.2% down-reg-
ulated) (Fig.  5, left panel; Supplementary Table 3). The 
oral administration of VCE-003.2 in the AAV9-SynA53T-
injected mice produced a much more modest effect, 
with only 14 genes (Irf2, Ifitm3, Ifit1, Ifit3, Oasl2, H2-Q6, 
Mir6236, Lgals9, Samd9, B2m, Oas2, H2-K1, H2-D1 and 
ligp1) becoming significantly altered from their expres-
sion in vehicle-treated AAV9-SynA53T-injected mice, 
most of them up-regulated, with 9 additional genes being 
close to be statistically significant (Fig.  5, right panel; 
Supplementary Table 4). Interestingly, these 23 genes 
appear to be part of a network of proteins related to 
interferon biology, as confirmed through Local Network 
Cluster Analysis using STRING (data not shown). The 
treatment with VCE-003.2 in AAV9-SynA53T-injected 
mice did not alter the expression of genes encoding for 
cannabinoid receptors or for those enzymes involved in 
the endocannabinoid synthesis and degradation in com-
parison with those animals treated with vehicle, despite 

Fig. 3  Intensity of the immunostaining for TH measured in a selected area of the SNpc of vehicle-treated control (sham-operated) adult male mice and 
unilaterally AAV9-SynA53T-injected adult male mice treated with vehicle or VCE-00.2 (20 mg/kg) given orally. Treatments were daily and prolonged for 
2 weeks. Data corresponded to 24 h after the last dose and were expressed as means ± SEM of more than 5 animals per group. They were analyzed by 
one-way ANOVA followed by the Tukey test (***p < 0.005 versus vehicle-treated sham-operated mice; ###p < 0.005 versus vehicle-treated AAV9-SynA53T-
injected mice). Representative immunostaining images for each experimental group, with indication of the approximate area quantified, are shown in 
right panels (scale bar = 200 μm)
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Fig. 5  Volcano plots showing differentially expressed genes (DEGs). X-axis shows the logFC and Y-axis shows -log(P-value). Every dot represents a specific 
gene (black are genes at FDR > 0.05 and red are genes at FDR < 0.05). Left panel: Volcano plot of the DEGs of AAV9-SynA53T-injected mice versus sham-
operated mice, both treated with vehicle. Right panel: Volcano plot of the DEGs of VCE-003.2-treated AAV9-SynA53T-injected mice versus those treated 
with vehicle. DEGs were observed at FDR < 0.05

 

Fig. 4  Intensity of the immunostaining for CD68 and GFAP measured in a selected area of the SN of vehicle-treated control (sham-operated) adult male 
mice and unilaterally AAV9-SynA53T-injected adult male mice treated with vehicle or VCE-00.2 (20 mg/kg) given orally. Treatments were daily and pro-
longed for 2 weeks. Data corresponded to 24 h after the last dose and were expressed as means ± SEM of more than 5 animals per group. They were ana-
lyzed by one-way ANOVA followed by the Tukey test (**p < 0.01, ***p < 0.005 versus vehicle-treated sham-operated mice; ##p < 0.01 versus vehicle-treated 
AAV9-SynA53T-injected mice). Representative CD68 immunostaining images for each experimental group are shown in right panels (scale bar = 200 μm)
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some of them did result altered by the local injection of 
AAV9-SynA53T into the SN. This was the case of the 
Cnr1 (down-regulated: logFC=-1.068; FDR = 0.007) and 
the Gpr55 (up-regulated: logFC = + 1.14; FDR = 0.006) 
encoding the CB1 and GPR55 receptors, respectively, 
as well as the Faah gene (down-regulated: logFC=-0.47; 
FDR = 0.029) encoding the FAAH enzyme (Supplemen-
tary Tables 3 and 4). As regards to some PD-related 
proteins (e.g., α-synuclein, parkin, leucine-rich repeat 
kinase-2 (LRRK2)), our data indicated an important 
and expected up-regulation of Snca gene (logFC = 0.48; 
FDR = 0.0058) by the local injection of AAV9-SynA53T 
into the SN, but not in Prkn or Lrrk2, and no effect of the 
VCE-003.2 in any of these three genes (Supplementary 
Tables 3 and 4).

To understand the biological implications of the tran-
scriptomic dysregulation, we performed GSEA using 
Hallmark Pathways from Gene Ontology. Pathway analy-
sis revealed that DEGs affected by mutated α-synuclein 
overexpression were enriched for pathological hall-
marks (see Supplementary Table 5) such as an impaired 

mitochondrial function affecting the oxygen species 
pathway and the oxidative phosphorylation (Fig.  6 and 
Supplementary Table 5). We also observed down-regu-
lation in pathways associated with autophagy and lyso-
somal function (e.g., mTORC1 signaling), as well as lipid 
metabolism (e.g., fatty acid metabolism, adipogenesis) 
and the interferon response (Fig.  6 and Supplementary 
Table 5). In contrast, treatment with VCE-003.2 led to a 
significant increase in the expression of genes related to 
the interferon signaling, which was the opposite response 
when compared with the one detected after the delivery 
of AAV9-SynA53T (Fig. 6 and Supplementary Table5).

To determine whether the observed transcriptomic 
dysregulation was orchestrated by specific transcription 
factors, we conducted regulon enrichment analysis using 
DoRothEA [37, 41]. In a first set of analysis, we detected 
a significant enrichment in several regulons, which were 
down-regulated in vehicle-treated AAV9-SynA53T-
injected mice with respect to vehicle-treated sham-oper-
ated animals (Fig. 7; see Supplementary Table 6). Among 
them was the finger family transcription factor Specificity 

Fig. 6  Pathway enrichment analysis using Hallmark Pathways from GO using pre-ranked GSEA. Pathways represented are significant at q-value < 0.05. X-
axis shows the directionality and Y-axis the biological pathway, with the green color tone reflecting the levels of significance. The significant enrichment 
for the comparison of AAV9-SynA53T-injected mice versus sham-operated mice, both treated with vehicle, is presented on the left, whereas the one for 
the comparison of VCE-003.2-treated AAV9-SynA53T-injected mice versus those treated with vehicle is presented on the right
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protein-1 (Sp1), the tumorigenic factor Forkhead box 
I2 (FoxI2), and others such as Erythroblast transforma-
tion specific-1 (Ets1) and Hypoxia-inducible factor-1a 
(Hif1a) (Fig. 7 and Supplementary Table 6). Other down-
regulated regulon of interest is Interferon regulatory fac-
tor-1 (Irf1), along with other transcription factors such 
as Signal transducer and activator of transcription-1 
(Stat1) and − 2 (Stat2), the latter also down-regulated 
(Fig.  7 and Supplementary Table 6). When we com-
pared VCE-003.2-treated AAV9-SynA53T-injected mice 
with the same animals treated with vehicle, we observed 
up-regulation for Stat1, Stat2, Irf1 and Irf9 (Fig.  7 and 
Supplementary Table 6). This suggests that VCE-003.2 
may reverse the transcriptomic deficiencies in these fac-
tors induced by the neuronal overexpression of mutated 
α-synuclein (Fig.  7). Whether this mechanism of action 
is a key event in the ability of VCE-003.2 to preserve the 
structure and functionality of the nigrostriatal projection 
in the basal ganglia, or whether a mere consequence of 
such neuroprotective effect exerted by VCE-003.2 will 
require further research. Nevertheless, this finding is a 

novel and significant result of our transcriptomic analy-
sis. All raw RNA-Seq data have been uploaded to Array-
Express repository to make them available for further 
analysis (accession number: E-MTAB-13768).

Discussion
The non-thiophilic CBG quinone derivative VCE-003.2 
administered i.p. has been intensely investigated in dif-
ferent experimental models of PD with positive results 
as a potential disease modifying agent [15, 36]. Its effi-
cacy has also been confirmed through alternative routes 
of administration (e.g., oral) that may facilitate its fur-
ther clinical development [12, 15]. However, the in vitro 
and in vivo models employed in these studies (e.g., 
LPS-lesioned mice, 6-OHDA-exposed SH-SY5Y cells, 
6-OHDA-lesioned mice) fail to reproduce the dysregula-
tion and aggregation of α-synuclein, a seminal event in 
PD pathogenesis [16]. In this study, our aim was to assess 
the potential efficacy of the orally administered VCE-
003.2 in a model based on α-synuclein dysregulation and 
accumulation, which would contribute to positioning 

Fig. 7  Transcription factor enrichment analysis using DoRothEA showing the altered regulons that were significant at q-value < 0.05. X-axis shows the 
directionality and Y-axis the different regulons, with the green color tone reflecting the levels of significance. The significant enrichment for the compari-
son of AAV9-SynA53T-injected mice versus sham-operated mice, both treated with vehicle, is presented on the left, whereas the one for the comparison 
of VCE-003.2-treated AAV9-SynA53T-injected mice versus those treated with vehicle is presented on the right
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this cannabinoid derivative for a promising translation 
to the clinical scenario. Moreover, we have investigated 
some additional pharmacological characteristics of VCE-
003.2 in relation with its ADMET, pharmacokinetics, and 
secondary pharmacology properties that demonstrate 
that it counts with high druglikeness and a solid pre-
clinical characterization, which reinforce its promising 
translational potential for this and similar pathological 
conditions.

To achieve this major objective of our study, we used 
an experimental model of PD based on the intrapa-
renchymal delivery of AAV9-SynA53T in the SN. This 
model, previously employed in similar studies evaluat-
ing various neuroprotective compounds [18, 66], has 
demonstrated robustness in recapitulating the expected 
PD-pathogenic events such as motor defects, elevated 
levels of α-synuclein and loss of TH-positive neurons in 
the SNpc, and the activation of astrocytes and microglial 
cells. Using this model, we show how the oral administra-
tion of VCE-003.2 resulted in preservation of nigral TH-
containing neurons, attenuation of glial (microglia and 
astrocytes) reactivity, and improved performance in the 
motor tests used. Notably, there was a significant recov-
ery in the CRT and, overall, an increased mobility with 
respect to mice injected with AAV9-SynA53T. While we 
anticipated that VCE-003.2 treatment may also reduce 
α-synuclein overexpression, given its potential effects by 
enhancing autophagic and/or lysosomal functions [12], 
no changes were observed in α-synuclein levels in the 
SNpc of mice injected with AAV9-SynA53T after admin-
istration of VCE-003.2. Further research is needed to 
investigate if VCE-003.2 may prevent aggregation leading 
to the neuroprotection observed.

To shed light in the molecular pathways underlying the 
biological effects, especially the functional recovery, we 
performed RNA-Seq analysis of the striatum where we 
shall observe the consequences of preserving nigrostria-
tal innervation. We found a substantial transcriptomic 
change driven by this mutant α-synuclein overexpres-
sion, which fit with some expected changes in gene fami-
lies encoding for proteins associated, for example, with 
the oxygen species pathway and the oxidative phos-
phorylation, features importantly associated to PD [34]. 
We also observed alterations in pathways associated 
with autophagy and lysosomal function (e.g., mTORC1 
signaling), as well as lipid metabolism (e.g., fatty acid 
metabolism, adipogenesis), inflammation and the inter-
feron response, all of them previously implicated in the 
development of PD [2, 5, 42, 50, 58, 68]. Our analysis also 
included some important PD-related genes such as Prkn 
and Lrrk2, which were not altered, and also Snca gene 
which exhibited an important and expected up-regula-
tion derived from the local injection of AAV9-SynA53T 
into the SN. These findings reinforce the suitability of 

the experimental model for preclinical studies in PD in 
relation with the overexpression of SynA53T, which it is 
expected that may also reach the caudate-putamen (e.g., 
through the axons of transfected nigral neurons) despite 
the AAV9-SynA53T was injected in the SNpc. In fact, 
the possibility that the AAV9-SynA53T could also reach 
the caudate-putamen and transfect non-dopaminergic 
neurons (e.g., striatal projection neurons, striatal inter-
neurons) is an option that cannot be discarded with the 
present experimental approach, and that may, in part, 
may explain the singularity in some of changes observed 
in transcriptomic data (e.g., interferon response). To con-
firm this possibility will require additional research. Fur-
thermore, we also identified novel groups of genes naïve 
for PD that would require further analysis to unravel 
their implication and relevance in the context of PD 
(Supplementary Tables 2–5). Our transcriptomic anal-
ysis also revealed changes in a few genes related to the 
endocannabinoid system (i.e., Cnr1, Gpr55, Faah) which 
were exclusively associated with the overexpression of 
mutated α-synuclein into the SN, remaining unaltered 
by the treatment with VCE-003.2. However, what we 
did observe was a down-regulation of genes involved in 
interferon signaling pathways driven by α-synuclein over-
expression, the main responsible for anti-viral responses 
[57]. This effect was reverted by the treatment with VCE-
003.2, presumably through the activation of the PPAR-γ 
receptor, according to our previous findings [36]. The 
PPAR-γ receptor is known to be one of the most crucial 
mediators in the inflammatory response in the brain [9] 
and also outside the brain (e.g., immune system; Straus 
and Glass [71], , so it is likely that VCE-003.2 may be 
active in modulating interferon response. In this case, 
the pharmacological correction caused by this treatment 
seems to be orchestrated by Irf1 and Irf9 transcription 
factors, and their coregulators Stat1 and Stat2, respon-
sible for immune and anti-viral responses [57], as their 
downstream genes were significantly activated after 
VCE-003.2 treatment. As indicated above, whether this 
mechanism of action is a key event in the ability of VCE-
003.2 to preserve the structure and functionality of the 
nigrostriatal projection in the basal ganglia, or whether a 
mere consequence of such neuroprotective effect exerted 
by VCE-003.2 will require further research. Neverthe-
less, this finding is a novel and significant result of our 
transcriptomic analysis. It is also important to remark 
that the present findings align with existing evidence 
that highlights an interaction between the signaling 
pathways of the PPAR-γ receptor and type-1 interfer-
ons together with their protective effect even observed 
in an oncological context [25]. When we correlate these 
upregulated pathways with the diminished expression 
observed in glial markers, particularly CD68, it may indi-
cate a microglial phenotypic shift characterized by less 
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reactive microglia and different inflammatory processes 
[17]. In other words, we hypothesize that the activa-
tion of PPAR-γ is triggering a protective inflammatory 
response, which may contribute to the safeguarding of 
dopaminergic neurons, which we will delve into in future 
experiments. In support of this idea, our transcriptomic 
analysis revealed that one of the up-regulated genes 
by the local overexpression of SynA53T was Ppargc1b 
(logFC = + 0.44; FDR = 0.04; Supplementary Tables 3 and 
4), whereas Ppargc1a resulted down-regulated (logFC=-
0.42; FDR = 0.006; Supplementary Tables 3 and 4). These 
genes encode for proteins that function as coactivators of 
PPAR-γ, a response triggered in our study by the AAV9-
SynA53T-mediated lesion. These results could be inter-
preted as an endogenous protective response involving 
PPAR-γ signaling upon AAV9-SynA53T inoculation. 
Treatment with VCE-003.2 may strengthen this signal-
ing pathway through its ability to bind the regulatory site 
in the PPAR-γ receptor, although this will require further 
research.

Lastly, we also detected a significant enrichment in 
several regulons of interest in relation with the context 
(neurodegeneration) of this study, which were down-reg-
ulated in vehicle-treated AAV9-SynA53T-injected mice 
with respect to vehicle-treated sham-operated animals. 
This was the case of Specificity protein-1 (Sp1), which is 
a zinc finger family transcription factor that can regulate 
a number of genes that influence cell survival and pro-
liferation [77]. Similar changes were detected for: (i) the 
tumorigenic factor Forkhead box I2 (FoxI2), which has 
been associated with the control of cellular identity [75]; 
(ii) Erythroblast transformation specific-1 (Ets1), which 
is expressed at high levels mainly in immune tissues [38], 
but has been also linked to cellular senescence [76]; and 
(iii) hypoxia-inducible factor-1a (Hif1a), which appears 
to play an important role in conditions of oxygen depri-
vation also in chronic neurodegeneration [60].

Conclusion
Our results extend the neuroprotective potential of 
VCE-003.2, already described against mitochondrial 
dysfunction, oxidative stress, glial reactivity and neu-
roinflammation in PD, to other key pathogenic event in 
this disease, as α-synuclein dysregulation and accumu-
lation, and identified some relevant pathways of interest 
(e.g., interferon signaling) for further research in relation 
with the molecular mechanisms underlying these benefi-
cial effects. It is true that this potential was particularly 
evident in relation with behavioral responses and his-
topathological markers, but the results at the trancrip-
tomic level were not so conclusive, affecting mainly the 
aforementioned alterations in interferon signaling. This 
fact opens the door to other regulatory processes such 
as post-transcriptional modifications or protein activity 

modulation that will be investigated in future projects. In 
any case, these results, together with a favorable absorp-
tion, distribution, metabolism, excretion, and toxicology 
(ADMET) profile, reinforce the preclinical interest of 
VCE-003.2 towards its future clinical development in PD.
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