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ABSTRACT
Cannabidiolic (CBDA) and cannabigerolic (CBGA) acids are naturally occurring compounds from Cannabis sativa plant, previ-
ously identified by us as dual PPARα/γ agonists. Since the development of multitarget-directed ligands (MTDL) represents a val-
uable strategy to alleviate and slow down the progression of multifactorial diseases, we evaluated the potential ability of CBDA 
and CBGA to also inhibit enzymes involved in the modulation of the cholinergic tone and/or β-amyloid production. A multidisci-
plinary approach based on computational and biochemical studies was pursued on selected enzymes, followed by behavioral and 
electrophysiological experiments in an AD mouse model. The β-arrestin assay on GPR109A and qPCR on TRPM7 were also car-
ried out. CBDA and CBGA are effective on both acetyl- and butyryl-cholinesterases (AChE/BuChE), as well as on β-secretase-1 
(BACE-1) enzymes in a low micromolar range, and they also prevent aggregation of β-amyloid fibrils. Computational studies 
provided a rationale for the competitive (AChE) vs. noncompetitive (BuChE) inhibitory profile of the two ligands. The repeated 
treatment with CBDA and CBGA (10 mg/kg, i.p.) improved the cognitive deficit induced by the β-amyloid peptide. A recovery 
of the long-term potentiation in the hippocampus was observed, where the treatment with CBGA and CBDA also restored the 
physiological expression level of TRPM7, a receptor channel involved in neurodegenerative diseases. We also showed that these 
compounds do not stimulate GPR109A in β-arrestin assay. Collectively, these data broaden the pharmacological profile of CBDA 
and CBGA and suggest their potential use as novel anti-AD MTDLs.
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1   |   Introduction

Alzheimer's disease (AD) is a chronic neurodegenerative dis-
ease and the most common cause of dementia in the elderly 
population. AD is characterized by a progressive and irrevers-
ible cognitive decline that leads to memory loss, language and 
speech impairments, disorientation, and mood and personal-
ity changes, usually accompanied by psychosis, aggressivity, 
depression, and other symptoms of dementia that severely 
affect the quality of life of patients with AD (Koch and 
Spampinato 2022; Livingston et al. 2017). Although the etiol-
ogy of AD is still unknown, genetics as well as environmental 
and metabolic risk factors, such as hypertension, diabetes, and 
hyperlipidemia, play a key role in the onset and progression of 
AD (Cheng et al. 2018; Elahi and Miller 2017). The hallmarks 
of AD include the formation of β-amyloid plaques and neuro-
fibrillary tau tangles and the severe deficit of the cholinergic 
system (Ferreira et al. 2021). In this view, two broad families 
of therapeutic approaches for AD involve the blocking of β-
amyloid peptide production, release or aggregation, or the pro-
motion of its clearance, and the modulation of the pathways 
contributing to the cholinergic system.

Within this strategy, β secretase-1 (BACE-1) represents a well-
validated target to address AD since it is the main enzyme re-
sponsible for β-amyloid peptide release (Prati et al. 2018).

PPARs, besides their better-known role in metabolic diseases 
and inflammation, also represent interesting targets for ap-
proaches targeting β-amyloid peptides. In fact, PPAR ago-
nists have been shown to improve cognition and memory in 
experimental models of AD, ameliorating the disease-related 
pathology (Wójtowicz et al. 2020). For example, PPARγ ago-
nists have been shown to decrease Aβ accumulation, either 
by reducing Aβ production or enhancing its clearance, thus 
counteracting neuroinflammation and improving mem-
ory impairments both in several AD rodent models and in 
humans with mild-to-moderate AD (Escribano et  al.  2010; 
Govindarajulu et al. 2018).

As for the cholinergic transmission, it ends with the hydroly-
sis of the neurotransmitter acetylcholine (ACh) by either ace-
tylcholinesterase (AChE) or butyrylcholinesterase (BuChE), 
two serine hydrolase enzymes which represent well-validated 
targets to alleviate AD symptoms. Under physiological con-
ditions, BuChE plays a complementary role in the brain, ac-
counting for about 10% of the ChE activity. However, BuChE 
contribution to ACh hydrolysis may become prominent under 
pathological conditions, as suggested by the combination of a 
decrease in AChE and stability or, even, an increase in BuChE 
levels observed in AD-affected brains (Mushtaq et al.  2014). 
Moreover, due to its presence in senile plaques, BuChE 
has been recently associated with Aβ pathology (Darvesh 
et al. 2012) and both a reduction in Aβ plaque deposition and 
a higher resistance to cognitive impairment have been ob-
served in BuChE knockout mice (Reid and Darvesh  2015). 
Altogether, these results support the role of the cholinergic 
system as a target for AD therapies, not only to alleviate symp-
toms but also to delay its progression. The activity of these 
enzymes can be regulated by competitive or noncompetitive 
inhibition, targeting their peripheral anionic site (PAS) and 

catalytic active site (CAS), located at the entrance and the bot-
tom, respectively, of a narrow gorge which forms the ligand-
binding pocket (Bajda et al. 2013).

The intrinsic multifactorial nature of AD disease, and, in par-
ticular, the possibility of simultaneously targeting the two fam-
ilies of target described above, solicits an effort to search for or 
develop compounds behaving as multitarget-directed ligands 
(MTDLs), that is, single molecules able to simultaneously mod-
ulate more than one molecular target involved in the pathology, 
thus maximizing the efficacy of the treatment and lowering the 
unwanted effects arising from the concomitant administration 
of different drugs (Rossi et al. 2021).

Natural compounds represent an invaluable reservoir of bio-
active molecules, many of these traditionally used for ages 
as therapeutics to treat a wide range of diseases (Atanasov 
et  al.  2021). Their high chemical and structural diversities, 
combined with the occurrence of specific functional groups 
able to engage polar interactions, render these molecules, 
particularly prone to interact with multiple-related targets, 
resulting potentially effective in the treatment of multifacto-
rial diseases. A representative example of natural compounds 
endowed with a multitarget profile is the meroterpenoid 
class of phytocannabinoids (pCBs) from the plant Cannabis 
sativa (Legare, Raup-Konsavage, and Vrana  2022; Rathod 
and Agrawal 2024; Vitale, Iannotti, and Amodeo 2021). The 
most extensively studied pCBs are the so-called “big-4”, that 
is, cannabigerol (CBG), cannabichromene (CBC), cannabi-
diol (CBD), and Δ9-tetrahydrocannabinol (Δ9-THC), with the 
latter two being already approved drugs for the treatment 
of refractory epilepsy CBD and spasticity, nausea, and pain 
(CBD/Δ9-THC) (Vitale, Iannotti, and Amodeo 2021). In partic-
ular, CBD has been reported to be effective in counteracting 
Δ9-THC-induced memory impairment (Castelli et  al.  2023), 
to exert neuroprotective effects in different models of beta-
amyloid-induced toxicity (Esposito et  al.  2007; Karl, Garner, 
and Cheng 2017), and to decrease Aβ accumulation through 
PPARγ activation (Esposito et al. 2011).

Since, in our previous study, we identified cannabidiolic 
(CBDA) and cannabigerolic (CBGA) acids as dual PPARα/γ 
agonists (D'Aniello et  al. 2019), we decided to evaluate the 
suitability of CBDA and CBGA to act as MTDLs against the 
well-known enzymatic targets relevant in AD (AChE, BuChE, 
and BACE-1 enzymes) (Maiuolo et al. 2023; Vitale et al. 2018) 
and to also extend the analysis to other emerging pathways 
related to neurological diseases (GPR109A and TRPM7) (Sun 
et al. 2015; Taing, Chen, and Weng 2023), to broaden the po-
tential applications of these compounds in neurodegenerative 
disorders In fact, differently from their neutral counterpart, 
the pharmacological profile of acidic derivatives of pCBs still 
remains poorly investigated, especially in the context of neu-
rological diseases.

To provide insights at different levels of biological complexity, 
we pursued a multidisciplinary approach, starting from in silico 
up to in  vivo studies. Furthermore, computational studies, by 
elucidating and rationalizing the mechanism of action of bioac-
tive compounds at the molecular level, could drive their opti-
mization or the de novo design of nature-inspired compounds.
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2   |   Materials and Methods

2.1   |   Computational Methods

Starting ligands geometry were built with UCSF Chimera 
program (Pettersen et  al.  2004), followed by initial energy 
minimization (EM) at the AM1 semiempirical level. The 
molecules were then fully optimized using the GAMESS pro-
gram (Schmidt et al. 1993) at the Hartree–Fock level with the 
STO-3G basis set and subjected to HF/6-31G*/STO-3G single-
point calculations to derive the partial atomic charges using 
the RESP procedure (Fox and Kollman 1998). Docking studies 
were performed with AUTODOCK 4.2 (Morris et al. 2009) fol-
lowing the protocol already published (Iannotti et  al.  2020). 
The crystallographic structures of human AChE and BuChE 
(PDB: 7RB5 and 7BO3, respectively), two structures for 
human BACE-1, representative of the flap open (PDB: 7MYI) 
or closed (PDB: 3TPP), along with the ligands, were processed 
with AutoDock Tools (ADT) package version 1.5.6rc1 (Morris 
et  al.  2009) to merge nonpolar hydrogens and calculate 
Gasteiger charges. Grids for docking evaluation with a spac-
ing of 0.375 Å and 70 × 70 × 70 points for AChE and BuChE 
and 70 × 70 × 60 points for BACE-1, centered in the ligand-
binding pocket, were generated using the program AutoGrid 
4.2 included in Autodock 4.2 distribution. Representative 
complexes for each ligand were completed by addition of 
all hydrogen atoms and underwent EM and then molecular 
dynamics (MD) simulations with pmemd.cuda module of 
Amber20 package (Case et al. 2020), using ff14SB force field 
for the protein and gaff2 parameters for the ligands. To per-
form MD simulations in solvent, the protein was confined in 
a TIP3P water periodic box exhibiting a minimum distance 
between solute atoms and box surfaces of 10 Å, using the tleap 
module of the AmberTools20 package. The systems were then 
neutralized by addition of counterions and subjected to EM 
and MD simulations following a previously published protocol 
(Iannotti et  al.  2020). Production MD simulations were car-
ried out at constant temperature (300 K) and pressure (1 atm) 
for 100–200 ns, with a time step of 2 fs. Cpptraj module of 
Amber20 package has been used to perform the analysis of 
MD trajectories, while UCSF Chimera 2004 has been used to 
draw the figures.

2.2   |   Purification of CBDA and CBGA

CBDA and CBGA were isolated from raw plant material accord-
ing to the procedure of (Appendino et al. 2008). The strains of 
Cannabis sativa used for the isolation came from greenhouse 
cultivation at CRA-CIN, Rovigo (Italy), where voucher speci-
mens are kept for each of them, and were collected in July 2021. 
The purity of the compounds (> 99%) was confirmed by NMR 
analysis (Figures S1 and S2), and the structures were identified 
in accordance with the literature data.

2.3   |   Biochemical Assays

Acetylcholinesterase from Electrophorus electricus AChE, 
butirrylcholinesterase from equine serum BuChE, acetylth-
iocholine, butirrylthiocholine, 5′,5′-dithiobis-2-nitrobenzoic 

acid (DTNB), thioflavine T, and the fluorescent peptide for 
β-secretase activity were purchased from Sigma-Aldrich 
(Milano, Italy). Human β-amyloid peptide (1–40, cat. 
ab120479) was obtained from Abcam (Cambridge, UK). 
Mouse BACE-1 was from Life Technology. HCA2-Tango was 
a gift from Bryan Roth (Addgene plasmid # 66396; http://​n2t.​
net/​addge​ne:​66396​; RRID:Addgene 66,396). HTLA-HEK293 
cells were kindly provided by Dr. Richard Axel and were 
provided by Dr. Gilad Barnea (Barnea et  al.  2008). BACE-1 
activity was determined by a fluorimetric method essentially 
as previously reported (Vitale et al. 2018). The reaction mix-
tures, prepared in 50 mM ammonium acetate buffer, pH 4.5 
supplemented with 1 mM triton ×-100, contained 2.1 ng/
μL mouse BACE-1, and different amounts of the inhibitors. 
After 10 min at room temperature, the reaction was initiated 
by adding 100 nM final concentration of the fluorescent pep-
tide substrate. The increase in fluorescence was followed ki-
netically using excitation and emission wavelengths of 320 
and 420 nm, respectively, using the Enspire Multimode Plate 
Reader (PerkinElmer). The rate was derived from the linear 
portion of the kinetics, usually in the first 30 min of the re-
action. The concentration of inhibitor required to reduce the 
enzymatic activity to 50% (IC50) was derived from semi log-
arithmic plots. Aβ1–40 self-aggregation inhibition assay was 
evaluated by incubating 96 μM peptide in 12 μL of 200 mM so-
dium phosphate buffer (pH 8.0) containing 0.5% (v/v) DMSO 
at 37°C for 24 h in the absence or presence of the inhibitors. 
Then, 0.5 mL of 1.6 μM thioflavine T in 50 mM glycine-NaOH 
buffer (pH 8.5) was added, and the fluorescence intensity was 
measured over a 300 s time scan, using excitation and emis-
sion wavelengths of 446 and 490 nm, respectively (slits were 
set to 10 nm for both the excitation and the emission beams), 
by a Cary Eclipse Spectrofluorimeter (Agilent). The fluores-
cence values at plateau were averaged over a scan of at least 
2 min. The extent of the inhibition was calculated from the 
decrease in the fluorescence signal after the subtraction of the 
background fluorescence. The concentration leading to 50% 
residual self-aggregation (IC50) was derived from a semi log-
arithmic plot.

2.4   |   In Vivo Experimental Design

Soluble amyloid-β (1–42) peptide (sAβ) was sourced from 
Tocris (Bristol, UK). Stock solutions were initially prepared 
by dissolving the peptide in DMSO to a concentration of 1 mM 
to address preaggregates, and then further diluted to 40 μM 
with double-distilled water. These stock solutions were stored 
at −20°C. For injections, a fresh solution was prepared by di-
luting the stock with sterile double-distilled water (vehicle) to 
achieve a final concentration of 4 μM. CBGA and CBDA were 
administered intraperitoneally at the dose of 10 mg/kg, or 
vehicle (DMSO diluted 1:9 in distilled water), from days 3 to 
10 following the sAβ injection (H. Y. Kim et al. 2016; Mhillaj 
et al. 2018; Tucci et al. 2014).

A total number of 56 CD1 male mice (7–8 weeks), purchased 
from Envigo (Italy), were housed under controlled illumi-
nation and environmental conditions for 1 week before the 
commencement of experiments. The experimental proce-
dures were approved by the Animal Ethics Committee of the 

http://n2t.net/addgene:66396
http://n2t.net/addgene:66396
https://scicrunch.org/resolver/RRID:Addgene
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University of Campania “Luigi Vanvitelli,” Naples. Animal 
care complied with the IASP and European Community (E.C. 
L358/1 18/12/86) guidelines on the use and protection of ani-
mals in experimental research (MOH project N. 627/2022-PR). 
All efforts were made to minimize animal suffering and to 
reduce the number of animals employed. In this study, soluble 
amyloid-β (1–42) peptide (sAβ) (5 μL) was slowly injected into 
the lateral ventricle of mice using a 10-μL Hamilton microsy-
ringe. The injection coordinates, based on the Paxinos and 
Franklin mouse brain atlas, were AP = −0.5 mm, ML = 1 mm, 
and DV = −2.3 mm. As a control, sham mice received an in-
tracerebroventricular (i.c.v.) injection of an equal volume of 
vehicle solution. To prevent solution reflux along the needle 
track, the needle was left in place for an additional 5 min post-
injection. AD-like symptoms began to appear by the seventh 
day postinjection, as documented in previous studies (Mhillaj 
et al. 2018). To evaluate the effectiveness of CBGA and CBDA 
in mitigating or reversing sAβ-induced AD-like symptoms, we 
administered both drugs (CBGA and CBDA at 10 mg/kg i.p.) 
or a vehicle through repeated dosing regimens. The dose was 
based on previous (Anderson et al. 2019; Moore et al. 2023). 
Behavioral assessments were conducted 10 days after sur-
gery. Electrophysiological studies were performed following 
the behavioral tests to confirm the presence of cognitive im-
pairments. Mice were randomly assigned to one of four ex-
perimental groups for the repeated treatments: Sham/vehicle, 
sAβ/vehicle, sAβ/CBGA, and sAβ/CBDA. Each group was as-
signed an alphanumeric code, and all procedures were carried 
out by operators who were blinded to the group assignments.

2.5   |   Tail Suspension Test (TST)

The depressive-like behavior was assessed using the TST. 
Mice were individually hung by their tails from a horizontal 
rod (50 cm above the floor) using adhesive tape placed about 
2 cm from the end of the tail. The period of immobility, mea-
sured in seconds, was observed during the final 4 min of a 6-
min test by a timer. Immobility was defined as a lack of any 
escape-related movements. Mice were considered immobile 
if they exhibited no body motion, hanging passively and en-
tirely still.

2.6   |   Novel Object Recognition Test (NOR)

The NOR test, used to assess recognition memory, consists 
of three phases: Habituation, familiarization, and testing. 
During the habituation stage, conducted the day before the ac-
tual test, mice were allowed to freely explore a dimly lit poly-
vinyl chloride (PVC) box (40 × 30 × 30 cm) for 10 min, without 
any objects present, to familiarize themselves with the envi-
ronment. During the familiarization phase, each mouse had 
5 min to explore two identical objects placed in opposite cor-
ners at the back of the box. In the test phase, conducted 1 h 
after the familiarization session, one of the two identical ob-
jects was replaced with a novel, different object. The duration 
of time spent exploring each object was recorded. The results 
were expressed as a recognition index (NOR index), calcu-
lated using the following formula: (time spent exploring the 
novel object—time spent exploring the familiar object)/total 

exploration time (Guida et al. 2022). In acute therapeutic tests, 
the drug or placebo was administered 15 min before the famil-
iarization trial.

2.7   |   Long-Term Potentiation (LTP)

LTP recording was used to investigate memory and synap-
tic plasticity. Mice were first anesthetized with urethane 
(1.5 g/kg, i.p.) and fixed in a stereotaxic device (David Kopf 
Instruments, Tujunga, CA). Body temperature was main-
tained at 37°C with a temperature-controlled heating pad 
(Harvard Apparatus Limited, Edenbridge, Kent). Extracellular 
field recording of LTP was performed 7 days after β-amyloid 
injection. For LEC-DG pathway recording, the skull was ex-
posed, and a hole was drilled for the placement of a recording 
electrode into the DG (AP: −2.1 mm from bregma, L: 1.5 mm 
from midline; and V: 1.2 mm below dura) and a stimulating 
electrode into the LEC (AP: −4.0 mm from bregma; L: 4.5 mm 
from midline; and V: 2.9 mm below the dura). The stimulating 
and recording electrodes were lowered slowly into the LEC 
and DG, respectively, until a field excitatory postsynaptic 
potential (fEPSP) induced by test pulses (0.2 ms in duration 
delivered at the frequency of 0.033 Hz) was observed. After 
stabilization of the responses, a baseline was recorded for 
30 min, and a high-frequency stimulation (TBS, consisting of 
6 trains, 6 bursts, and 6 pulses at 400 Hz; interburst interval: 
200 ms; and intertrain interval: 20 s) was applied in the LEC 
to stimulate the perforant path fibers for inducing LTP.13 LTP 
was considered as an increase in the amplitude and slope of 
the fEPSPs that exceeded the baseline by 20% and lasted for 
at least 30 min from the TBS. After TBS, the recording of the 
fEPSPs was continued for 90–120 min. Field recordings were 
performed with a tungsten microelectrode (1–5 Mohm), and 
EPSPs were recorded at 20 kHz every 30 s for 60 min. In addi-
tion, the excitatory responses were amplified (×100), filtered 
at 5 kHz, and digitized by an interface (Digidata 1320A, Axon 
Instruments, Indonesia) connected to a computer on which 
the analysis software (WinLTP 2.10) was installed. At the 
end of experiments, mice were euthanized with lethal dose of 
urethane.

2.8   |   RNA Extraction and Quantitative PCR 
(qPCR)

Total RNA was isolated from the mouse hippocampus by use 
of RNeasy Micro Kit (cat# 74004, Quiagen IT) followed by 
spectrophotometric quantification. Subsequently, the RNA 
integrity number (RIN) for each sample was analyzed on the 
Agilent 2100 bioanalyzer. Purified RNA was then reverse-
transcribed by the use of the iScript cDNA Synthesis Kit (cat# 
1708841 Biorad).

Quantitative PCR (qPCR) was carried out in a real-time PCR 
system CFX384 (Bio-Rad) using the SYBR Green PCR Kit 
(Cat# 1725274, Bio-Rad for mRNAs). Each sample was ampli-
fied simultaneously in quadruplicate in a one-assay run with 
a nontemplate control blank for each primer pair to control for 
contamination or primer-dimer formation, and the cycle thresh-
old (Ct) value for each experimental group was determined. The 
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housekeeping genes ribosomal protein S16 were used to normal-
ize the Ct values, using the 2^−ΔCt formula.

The primer sequences used were murine TRPM7 forw 
5’-AGGATGTCAGATTTGTCAGCAAC-3′; murine TRPM7 
rev 5’-CCTGGTTAAAGTGTTCACCCAA-3′; murine S16 forw 
5’-CTGGAGCCTGTTTTGCTTCTG-3′; and murine S16 rev 
5’-CTGGAGCCTGTTTTGCTTCTG-3′.

2.9   |   β-Arrestin Recruitment Assay

An adapted reporter gene method from the published pro-
tocol (Kroeze et  al.  2015) was used with minor changes. 
HTLA-HEK293 cells stably expressing β-arrestin2-TEV and 
tTA-driven luciferase were kept in complete Dulbecco's mod-
ified Eagle's medium (DMEM) supplemented with 5% of fetal 
bovine serum, 5% of bovine calf serum, 2.5 μg/mL of puromy-
cin, 50 μg/mL of hygromycin, 100 U/mL penicillin, and 100 μg/
mL streptomycin at 37°C in a humidified incubator containing 
5% CO2. Cells were transfected with the HCA2-Tango plasmid 
(GPR109) using Lipofectamine and incubated overnight at 37°C. 
After 24 h, cells were transferred to a poly-L-Lysine coated 384-
well optical bottom plate and were stimulated in starving me-
dium (DMEM supplemented with 1% fetal bovine serum and 
1 x antibiotic/antimycotic (complete medium with 2.5 μg/mL 
of puromycin, 50 μg/mL of hygromycin, 100 U/mL penicillin, 
and 100 μg/mL streptomycin)) with the according substances 
(CBDA and CBGA) in 9 replicate wells for 20 h. The following 
day, a 20-fold dilution of BrightGlo from Promega in assay buffer 
(20 mM HEPES, 1 × HBSS, pH 7.40) was added to the cells, and 
the luminescence was read using a Mithras2 LB 943 multimode 
microplate reader (Berthold technologies) with an integration 
time of 1 s/well. As a positive control, the cannabinoid receptor 
CNR2-Tango plasmid was activated with its ligand JWH-133 in 
duplicate replicates. Negative controls were the empty vector, 
and the receptors stimulated with vehicle solution (0.1% DMSO). 
The experiments were replicated 2–3 times with comparable re-
sults. The RLU values were depicted as mean ± SD values using 
GraphPad Prism Software Version 10.2.3.

2.10   |   Statistical Analysis

All results were plotted in graphs and analyzed statistically 
using GraphPad Prism 9.0 (GraphPad Software, USA). In all 
tests, p < 0.05 was considered significant. Data are presented as 
mean ± SEM. The D'Agostino-Pearson normality test was used 
to assess the normal distribution of the data. The statistical anal-
ysis was performed using the Mann–Whitney's U test for two ex-
perimental groups or Kruskal–Wallis/Dunn's tests were used to 
analyze more than two experimental groups. Two-way ANOVA 
followed by Holm-Sidak's multiple comparison test was used to 
evaluate simultaneously the effect of two grouping variables (A 
and B) on a response variable.

3   |   Results

3.1   |   In Silico Study of CBDA and CBGA as 
Potential Inhibitors of AChE, BuChE, and BACE-1 
Enzymes

The potential ability of CBDA and CBGA to act as inhibitors of 
AChE, BuChE, and BACE-1 enzymes was investigated in sil-
ico using a combined approach of molecular docking and MD 
simulations. The best poses in terms of cluster population and 
binding energy from molecular docking underwent 100 ns MD 
simulations to assess their stability. When a rearrangement oc-
curred during the simulated period, MD was prolonged to allow 
further evolution of the system. Only the poses that resulted sta-
ble over a time-window of 90 ns (see Figure S3) were considered 
representative and discussed in detail. Biochemical assays were 
then used to experimentally validate the computational results.

3.1.1   |   CBDA/CBGA-AChE Theoretical Complexes

The CBDA and CBGA starting docking poses only underwent 
moderate rearrangement during MD, mainly due to a trans-
lation toward the active site, driven by the polar interaction 
established with residues belonging to the CAS. As shown in 

FIGURE 1    |    Representative MD frames of AChE (light gray) in complex with CBDA (steel blue, panel A) and CBGA (slate gray, panel B). A stick 
representation is used for heavy atoms of the ligand and protein sidechains within 5 Å of the ligand. Water molecules within 10 Å from the ligand 
involved in H-bonds are shown in stick representation. Hydrogen, nitrogen, oxygen, and sulfur atoms are painted white, blue, red, and yellow, 
respectively. Half-transparency is employed for the ribbon representation of protein regions overlying the ligand in the selected view. A green wire 
representation is adopted for H-bonds.
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Figure  1, the two ligands adopt an opposite orientation, with 
the terpenoid chain of CBGA extending toward the entrance of 
the gorge and forming hydrophobic interactions with Phe295, 
Phe297, and Val293, while the correspondent terpenoid ring of 
CBDA forms hydrophobic interactions with Trp86, His447, and 
Tyr337. However, the dihydroxy-benzoic acid moiety of the two 
ligands engages a similar network of stable H-bonds, involving 
its carboxylate group and both the catalytic Ser203 and His447 
sidechains and the amide backbone of the residues forming 
the oxyanion hole, that is, Gly121 and Gly122. The 2,4 hydroxy 
groups of CBGA engage additional H-bonds with Ser203 and 
Tyr337, while those of CBDA form a direct H-bond with Tyr337 
sidechain and a water-mediated H-bond with the Glu202 side-
chain. A water-mediated H-bond is also observed between the 
carboxylate group of CBGA and both Glu202 and Tyr133 side-
chains. The aromatic ring in both complexes forms π-π interac-
tions with Trp86. The overall arrangement of both pCBs into the 
active site of AChE and their direct interactions with residues 
of the catalytic site suggest that both ligands could act as AChE 
competitive inhibitors.

3.1.2   |   CBDA/CBGA-BuChE Theoretical Complexes

The starting docking poses for both ligands were similar to 
those obtained for AChE. While MD of AChE complexes only 
resulted in a slight rearrangement finalized to reinforce the 
network of interactions with the catalytic site, MD of BuChE 
complexes produced a progressive loss of the polar interactions 
engaged with the catalytic residues, with a consequent drift 
from the CAS toward the PAS. To evaluate the stability of these 
new poses, MD was further prolonged by 100 ns (see plot in 
Figure S3). The representative poses for both ligands are shown 
in Figure 2: The terpenoid ring of CBDA is hosted in an aromatic 
cleft formed by Phe329, Tyr440, and Trp430, while the carboxyl-
ate group forms a bidentate interaction with Ser72 backbone and 
sidechain and Ser79 sidechain. CBGA adopts a similar orienta-
tion, with its terpenoid chain interacting with Phe329, Tyr332, 
and Trp430. However, its aromatic ring is more deeply inserted 
into the catalytic site, forming a π-π stacking with Trp82 and 

an H-bond between 4-hydroxy group and Tyr440 sidechain. The 
different binding mode of both ligands toward the two cholin-
esterase enzymes could be ascribed to the larger catalytic site 
of BuChE respect to AChE, mainly due to the replacement of 
AChE Tyr337 with an Ala residue in BuChE. However, since the 
resulting binding modes of both ligands after MD are stable and 
located into the PAS of BuChE, it is possible to speculate that 
they could act as noncompetitive inhibitors of this enzyme.

3.2   |   Effect of CBDA and CBGA on Cholinesterase 
Activity

To test the inhibition capacity of CBDA and CBGA on cholin-
esterase activity, the kinetics parameters of AChE or BuChE 
were determined either in the absence or in the presence of 
different concentrations of the compounds. This procedure, al-
though appropriate to determine the inhibition constant of the 
compounds, is also useful to assess the corresponding inhibition 
type. The data are reported in Figures S3 and S4 for represen-
tative experiments and collected in Tables S1 and S2 for all the 
experiments carried out. They indicate that both compounds act 
as competitive inhibitors of AChE and noncompetitive inhib-
itors of BuChE, respectively. In fact, regardless of the method 
applied for the calculation, the compounds induced, at all the 
sampled concentrations, an increase in Km, without affecting 
Vmax values in the case of AChE (Figure  S4, Table  S1), and a 
decrease of Vmax without affecting Km in the case of BuChE 
(Figure S5, Table S2). The calculated Ki is 7.9 ± 4.3 μM (n = 6) for 
CBDA and 10.5 ± 2.9 μM (n = 7) for CBGA in the case of AChE 
and 6.7 ± 0.6 μM (n = 4) for CBDA and 23.3 ± 12.0 μM (n = 4) for 
CBGA in the case of BuChE. Thus, CBDA is slightly more ef-
ficient than CBGA in inhibiting AChE and significantly more 
potent on BuChE.

3.3   |   CBDA/CBGA-BACE-1 Theoretical Complexes

Then, we also explored the suitability of these compounds as beta-
secretase 1 (BACE-1) inhibitors, using the same computational 

FIGURE 2    |    Representative MD frames of BuChE (light blue) in complex with CBDA (steel blue, panel A) and CBGA (slate gray, panel B). A 
stick representation is used for heavy atoms of the ligand and for protein sidechains within 5 Å of the ligand. Water molecules within 10 Å from the 
ligand involved in H-bonds are shown in stick representation. Hydrogen, nitrogen, oxygen, and sulfur atoms are painted white, blue, red, and yellow, 
respectively. Half-transparency is employed for the ribbon representation of protein regions overlying the ligand in the selected view. A green wire 
representation is adopted for H-bonds.
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FIGURE 3    |    Representative MD frames of BACE-1 (tan) in complex with CBDA (steel blue, panel A) and CBGA (slate gray, panel B). A stick 
representation is used for heavy atoms of the ligand and protein sidechains within 5 Å of the ligand. Water molecules within 10 Å from the ligand 
involved in H-bonds are shown in stick representation. Hydrogen, nitrogen, oxygen, and sulfur atoms are painted white, blue, red, and yellow, 
respectively. Half-transparency is employed for the ribbon representation of protein regions overlying the ligand in the selected view. A green wire 
representation is adopted for H-bonds.

FIGURE 4    |    Effect of CBGA, and CBDA on BACE-1 activity. Panel A. The residual BACE-1 activity was determined in the absence or in the 
presence of the indicated concentration of CBDA (red circles) or CBGA (yellow circles) as reported in the Materials and Methods Section. The data 
of at least three different determinations were reported as mean percentage of that measured in the absence of the inhibitor. Panel B. Logarithmic 
transformation of the data shown in panel A.

FIGURE 5    |    Effect of CBGA and CBDA on amyloidogenesis. Panel A: The amount of Aβ 1–40 self-aggregation was determined in the absence or in 
the presence of the indicated concentration of CBDA (red circles) or CBGA (yellow circles) as reported in the Materials and Methods Section. The data 
of at least three different determinations were reported as a mean percentage of that measured in the absence of the inhibitor. Panel B. Logarithmic 
transformation of the data shown in panel A.
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protocol described above. To account for the open and closed 
conformations of the flap loop that covers the BACE-1 catalytic 
site, two different protein x-ray structures (PDB id: 7MYI and 
3TPP for open and closed conformations, respectively) were 
used as targets. However, due to the higher stability of the li-
gand docking poses obtained for the closed conformation of the 
flap loop during 100 ns MD, only these latter are discussed in 
detail. The representative MD frames for both ligand complexes 
are shown in Figure 3. During MD, the CBGA starting docking 
pose optimized both its π-stacking with Tyr71 and a network of 
H-bonds. In particular, the ligand carboxylate is H-bonded to 
the backbone and sidechain of Thr72, and the 2-hydroxy group 
interacts with the same sidechain, while the 4-hydroxy group 
forms a stable H-bond with the catalytic Asp32. The CBDA 
starting docking pose underwent a slight rearrangement during 
MD, then remaining stable over an additional 50 ns run. The 
terpenoid ring stacks against Tyr71 and forms hydrophobic in-
teraction with Phe108, while the carboxylate group engages an 
H-bond with Thr232 sidechain, and the 4-hydroxy group forms 
a water-mediated H-bond with Thr72 sidechain.

3.4   |   Effect of CBDA and CBGA on BACE-1 Activity

The effect of CBDA and CBGA on BACE-1 activity was checked 
using a fluorometric method in which the hydrolytic activity of 
mouse BACE-1 is revealed by the formation of a fluorescence 
product obtained from a mutated and labeled Aβ peptide. The 
results reported in Figure  4A clearly show that CBGA and 
CBDA both inhibit BACE-1 activity in a dose–response manner. 
The data treated in a semilogarithmic way (Figure 4B) allow the 
calculation of the IC50, and the values obtained, 1.4 ± 0.1 μM for 
CBGA and 6.1 ± 0.2 μM for CBDA, indicate that the former is 
roughly 4 times more efficient in inhibiting mBACE-1.

3.5   |   Effect of CBDA and CBGA on 
Amyloidogenesis

Encouraged by the results described above, next, we tested the 
potential efficacy of CBDA and CBGA in preventing β-amyloid 
fibril formation. The data shown in Figure  5A indicate that 
both compounds inhibit the fibrillation of the Aβ 1–40 peptide 
to the same extent. However, although comparable IC50 values 
(47.7 ± 2.1 μM for CBGA vs. 57.5 ± 0.8 μM for CBDA) can be cal-
culated from the semilogarithmic plot of the data reported in 
Figure 5B, a slightly higher efficiency was found for CBGA.

3.6   |   CBGA and CBDA Do Not Activate GPR109A in 
β-Arrestin Assay

GPR109A (also known as acid receptor 2 (HCAR2)) plays a crit-
ical role in neuroinflammation related to neurological diseases 
(Taing, Chen, and Weng 2023). Since preliminary data on KO 
mice for GPR109 suggested a possible involvement of this recep-
tor in mediating the anti-inflammatory effect of CBDA (unpub-
lished results), we decided to evaluate this receptor as a direct 
target for the investigated compounds. Therefore, we applied 
the β-arrestin assay for GPR109A and stimulated HTLA-HEK 
293 cells expressing HCA2 receptors with CBDA and CBGA in 

different doses. The measured luminescence revealed similar 
values for cells stimulated with the substances in comparison to 
the negative control (vehicle solution) indicating no recruitment 
of β-arrestin and no direct receptor activation (Figure S6).

3.7   |   Evaluation of CBDA and CBGA on Cognitive 
Impairment in an AD Mouse Model

The efficacy of the repeated treatment of investigated com-
pounds (10 mg/kg, i.p.) was evaluated using behavioral assays 
such as the NOR test and TST for cognitive performance and 
depressive-like behavior, respectively. Similarly to our pre-
vious findings (Infantino et  al. 2022), on the 10th-day postin-
duction, the administration of soluble amyloid β peptide 1–42 
(sAβ) caused a significant reduction in discrimination ability 
in mice in the sAβ/veh group compared to the control group 
(−0.115 ± 0.030 vs. 0.383 ± 0.069, p = 0.028) (Figure  6A), and 
immobility recorded during the test was significantly higher 
in AD mice compared to the Ctrl group (74.250 ± 7.465 vs. 
15.750 ± 3.816, p = 0.00006) (Figure 6B).

Repeated treatment with CBGA improved cognitive perfor-
mance in mice in the sAβ/CBGA group compared to ani-
mals treated with sAβ/veh (0.183 ± 0.052 vs. −0.115 ± 0.030, 
p = 0,0038). Similarly, the use of CBDA enhanced the discrim-
ination abilities of mice in the sAβ/CBDA group (0.133 ± 0.068 
vs. −0.115 ± 0.030, p = 0.013) (Figure 6C).

CBGA administration was effective in improving depressive-
like behavior in the sAβ/CBGA group compared to the vehicle-
treated group (20.500 ± 6.764 vs. 74.250 ± 7.465 p = 0.028). In 
contrast, CBDA administration was not significantly effective 
in reducing immobility times in the test (64.000 ± 12.523 vs. 
74.250 ± 7.465, p > 0.99) (Figure 6D).

3.7.1   |   Repeated Administration of CBGA 
and CBDA Reverses sAβ-Induced LTP Impairment in 
the Hippocampus

To assess the effect of sAβ on long-term synaptic plasticity in 
the hippocampus, the lateral entorhinal cortex-dentate gyrus 
(LEC-DG) pathway, which is involved in learning and memory 
processes, was analyzed as illustrated in Figure 7. As expected, 
the LTP evoked in the dentate gyrus of sham mice treated with 
vehicle induced a significant increase in amplitude (30–60 min: 
187.4 ± 5.1% vs. 0–15 min: 100.96 ± 1.37%, p < 0.0001) and slope 
(144.93 ± 4.93% vs. 0–15 min: 99.33 ± 1.38%, p = 0.0116), as 
shown in Figure 7D–F. In contrast, in mice injected with sAβ 
and treated with vehicle, TBS in the LEC did not alter the fEPSP 
amplitude (30–60 min: 110.5 ± 1.73% vs. 0–15 min: 100 ± 0.8%, 
p = 0.5249; Figure  7C) and only marginally affected the slope 
(110.92 ± 0.86% vs. 101.9 ± 1.18%, p = 0.0204; Figure  7E), con-
firming that Aβ oligomers impair memory. Repeated treatment 
with CBGA significantly improved synaptic efficiency after 
LTP induction in terms of amplitude (30–60 min: 174.34 ± 6.97% 
vs. 0–15 min: 100.8 ± 0.61%, p < 0.0001; Figure  7D) and slope 
(203.21 ± 22.55% vs. 0–15 min: 100.94 ± 1.15%, p < 0.0001; 
Figure  7F). Similarly, repeated treatment with CBDA signifi-
cantly increased the amplitude (30–60 min: 132.08 ± 2.83% 
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vs. 0–15 min: 99.97 ± 0.024%, p = 0.0001; Figure  7D) and 
slope (157.46 ± 14.5% vs. 0–15 min: 99.95 ± 0.27%, p = 0.0036; 
Figure 7F). Finally, a two-way ANOVA with repeated measures 
identified significant effects for treatment (F (3, 12) = 57.92, 
p < 0.0001), time (F (1, 12) = 495.2, p < 0.0001), and treatment 
x time interaction (F (3, 12) = 60.73, p < 0.0001) for amplitude. 
Similarly, significant effects for treatment (F (3, 12) = 7.592, 
p = 0.0042), time (F (1, 12) = 61.80, p < 0.0001), and treat-
ment × time interaction (F (3, 12) = 7.975, p = 0.0034) were also 
observed for slope.

3.8   |   Repeated Administration of CBGA and CBGA 
Restores the Physiological Expression Level 
of Trpm7

Trpm7 gene encodes for the transient receptor potential melas-
tatin 7 (TRPM7), a receptor channel involved in the homeostasis 
of Ca2+ and Mg2+ and highly expressed in neuronal cells. Due to 
the emerging role of TRPM7 in neurodegenerative diseases (Sun 
et al. 2015) and the recent findings of the inhibitory effect of neg-
atively charged pCBs, in particular CBGA, on TRPM7 (Suzuki 
et  al.  2023), we decided to investigate whether the treatment 
with CBGA and CBDA could also affect the expression level 
of Trpm7 mRNA in the hippocampus. As shown in Figure  8, 
the Trpm7 expression, measured by RT-PCR, is significantly 

upregulated in treated mice with sAβ, a trend reverted to the 
basal level upon treatment (from day 3 to 10 postinduction) with 
both compounds.

4   |   Discussion

The aim of the study was to evaluate the suitability of CBDA 
and CBGA to act as MDTLs in the context of neurogenerative 
diseases, encouraged by our previous results on their activity as 
dual PPARα/γ agonists (D'Aniello et al. 2019) and by recent brain 
pharmacokinetic profile studies on acidic pCBs and in particu-
lar on CBDA, which showed that it can cross the blood–brain 
barrier (BBB), especially when administrated in a tween-based 
vehicle (Anderson et al. 2019). The same study demonstrated a 
higher potency of CBDA as an anticonvulsant agent than CBD 
(Anderson et  al.  2019). Interestingly, neither CBD nor CBG 
were detected in the brain following i.p. injection of CBDA and 
CBGA, respectively (Anderson et al. 2019), supporting the no-
tion that the activity of these compounds is not due to their neu-
tral counterparts.

As for other complex and multifactorial diseases, the use of MDTLs 
as a pharmacological strategy to slow down AD cognitive impair-
ment is by far preferable over selective single-target ligands, due 
to their ability to overcome the resistance to the treatment arising 

FIGURE 6    |    Panel A: Recognition index in Aβ-injected mice versus control mice, at 10 days postinjection in novel object recognition test. Panel B: 
Immobility time in Aβ-injected mice versus control mice, at 10 days postinjection in tail suspension test. Kruskal–Wallis/Dunn's tests were used to 
analyze more than two experimental groups. Panel C: Effect of repeated treatment with vehicle, CBGA, and CBDA (10 mg/kg i.p.) on discrimination 
ability, indicated as the NOR index in the novel object recognition test at 1 h, in a model of AD induced by sAβ injection-like behavior in the 
tail suspension test, in a model of AD induced by sAβ injection. The statistical analysis was performed using the Mann–Whitney's U test for two 
experimental groups. Each bar represents the mean, and the vertical lines indicate SEM for 4–7 mice/group.
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from the occurrence of redundant pathways (Rossi et  al.  2021). 
For example, while under physiological conditions, BuChE only 
accounts for about 10% of the ChE activity, the dramatic increase 
in the BuChE/AChE ratio in AD-affected brains makes its role 
predominant in Ach hydrolysis (Mushtaq et al. 2014).

In this study, we pursued a combined computational and ex-
perimental approach to evaluate the propensity of CBDA and 
CBGA to act as MTDL agents against molecular targets relevant 
to AD, such as AChE, BuChE, and BACE-1 enzymes. Although 
in principle counterintuitive, being the classical inhibitors of 
these enzymes endowed with a positive charge to better mimic 
the natural substrate, as in the case of cholinesterases, or to in-
teract with negatively charged aspartate residues in the case of 
BACE enzyme, few examples have been reported for negatively 
charged inhibitors (Tommonaro et al. 2016). In particular, the 
occurrence of shared structural features, such as the terpenoid 
chain and an aromatic scaffold, between the ChEI avarol deriv-
atives and the investigated compounds, prompted us to investi-
gate in silico the potential ability of CBDA and CBGA to act as 
inhibitors of these enzymes.

We used a computational protocol based on molecular docking 
and MD simulations on a 100 ns time scale to ensure a deeper 
exploration of the conformational space accessible to the ligands 
and allow possible rearrangements from the starting docking 
poses. In this way, it was possible to predict a different behav-
ior for both the investigated compounds in the inhibition profile 

between the two close homolog cholinesterase enzymes, then 
confirmed by biochemical assays. In fact, both ligands behave 
as competitive inhibitors toward AChE and noncompetitive in-
hibitors toward BuChE. The different activity profile arises from 
the different binding modes adopted by the ligands in the ac-
tive site of the enzymes: in the AChE complexes, both ligands 
engage polar interactions in the CAS, namely with catalytic 
residues Ser203 and His447, while in BuChE complexes, this 
binding mode was unstable during MD, probably because of its 
wider active site, resulting from the substitution of the bulky 
AChE Tyr337 with an alanine residue in BuChE. Instead, both 
ligands stably interact with a more external region in BuChE 
involving residues in the PAS. Thus, the network of polar inter-
actions directly engaged by the carboxylate group, as well as the 
occurrence of water bridges between the carboxylate groups and 
protein residues in the complexes with cholinesterase enzymes, 
appears to allow a favorable accommodation of this group in 
the active site. Then, the potential activity of BACE-1 for these 
compounds was investigated. The computational data suggested 
that both ligands could stably bind close to the catalytic site of 
this enzyme too, with CBGA forming a direct H-bond with the 
catalytic Asp32 through the 4-hydroxy group. A direct interac-
tion with the catalytic aspartate residues was not observed with 
CBDA, probably due to its more rigid scaffold, which, however, 
stably interacts with the aromatic residues of the flap loop.

The biochemical assays confirmed the ability of these com-
pounds to inhibit BACE-1 in a low micromolar range. Moreover, 

FIGURE 7    |    In vivo LTP recordings in the LEC-DG pathway. A. Schematic representation of the stimulation electrode placement (lateral 
entorhinal cortex, LEC) and recording electrode placement (dentate gyrus, DG). The protocol for theta burst stimulation (TBS) to evoke long-term 
potentiation (LTP) in the DG consists of 6 trains, each with 6 bursts, each burst containing 6 pulses at 400 Hz, with an interburst interval of 200 ms 
and an intertrain interval of 20 s. B. Representation of individual fEPSP recorded in the DG before and after the TBS protocol. C. Graph showing 
the changes over time in fEPSP amplitude after the TBS protocol. Data are expressed as a percentage of amplitude relative to baseline (0–15 min). 
D. Bar graph of amplitude 30–60 min after TBS, normalized to baseline (mean ± SEM). Data were analyzed by two-way ANOVA followed by Holm-
Sidak's multiple comparison test. Statistical significance was set at p < 0.05. Significant differences relative to baseline (0–15 min); #Significant 
differences compared to sham/vehicle; *Significant differences compared to sAβ/vehicle. E. Data representing the mean slope (mean ± SEM) after 
TBS induction, normalized to baseline values (0–15 min). F. Bar graph of slope data 30–60 min after TBS, normalized to baseline (mean ± SEM). 
Data were analyzed by two-way ANOVA followed by Holm-Sidak's multiple comparison test, with statistical significance set at p < 0.05. Each bar 
represents the mean, and the vertical lines indicate SEM for 4 mice/group.
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both compounds are also able to directly counteract β-amyloid 
self-aggregation by inhibiting the fibrillation of the Aβ 1–40 
peptide with the same potency, showing both a direct and a 
BACE-1-mediated effect in counteracting β-amyloid forma-
tion. Spurred by preliminary observations in KO mice (data 
not shown), we also evaluated GPR109A, a GPCR involved in 
neuroinflammation, as a potential target. However, both com-
pounds were unable to activate this receptor in the β-arrestin 
recruitment assay, although further studies are required in this 
direction since the occurrence of a β-arrestin–independent acti-
vation via biased signaling cannot be ruled out. Once assessed 
the activity on these targets, we decided to also evaluate their 
in vivo efficacy in contrasting cognitive impairment, using be-
havioral tests conducted on AD mice models. In fact, both their 
actions as dual PPAR agonists and as inhibitors of the aforemen-
tioned cholinesterase enzymes have been proven to counteract 
cognitive impairment in AD animal models (Aksoz, Akyol, and 
Korkut  2024; Sato et  al.  2011; Wójtowicz et  al.  2020). Indeed, 
the treatment with both compounds revealed an enhancement 
in cognition (discriminative memory) in βA-mice treated with 
both compounds (10 mg/kg, i.p.). The efficacy of the compounds 
following i.p. administration also demonstrate that both com-
pounds are able to cross the BBB. The retrieval of the LTP in the 
DG, indication of a functional restoration of the hippocampal 
neuroplasticity, supported the improvement in cognitive func-
tioning. Interestingly, we observed that, unlike CBDA, CBGA 
also reduced the depressive-like behavior, measured as immo-
bility time. The effectiveness of CBGA alone in reducing the 
depressive-like behavior suggests that CBGA is able to selectively 
modulate other molecular targets, possibly of the monoaminer-
gic system (Mendiguren, Aostri, and Pineda 2018), and deserve 
further investigation. Finally, the recent finding that CBDA and 
CBGA act as inhibitors of TRPM7 (Suzuki et al. 2023), a receptor 

channel highly expressed in neuronal cells and supposed to play 
a relevant role in neurodegenerative diseases (Sun et al. 2015), 
prompted us to evaluate whether its expression level is affected 
by the treatment of βA peptide. Indeed, we found that TRPM7 is 
upregulated in the hippocampus of βA treated mice and such up-
regulation is reverted to the physiological level by the treatment 
with both compounds. This result demonstrates that CBDA and 
CBGA are not only able to target this channel but also modulate 
its expression level. In this view, we speculate an active role of 
this receptor channel in contributing to the in vivo efficacy of 
these compounds. Our results agree with the recent findings of 
(Kim et al. 2023), who showed that CBDA and THCA are able to 
rescue memory deficit in Aβ-treated mice. In summary, we have 
shown that both CBDA and CBGA are endowed with a multitar-
get ligand profile, acting not only as dual PPARα/γ agonists but 
also as inhibitors of both cholinesterase and BACE-1 enzymes, 
and molecular targets are currently used in the AD therapy to 
show down the cognitive impairment associated to the disease, 
thus providing a rationale for their in vivo activity. However, it 
should be noted that the limitations of current study, such as the 
lack of a dose–response curve or the use of only male mice, call 
for other preclinical and clinical studies to confirm a potential 
role of CBGA and CBDA in the treatment of neurodegenerative 
diseases.
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