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Abstract: Cyclodextrins (CDs) are ubiquitous excipients, constituted of cyclic glucopyranose units,
and possess a unique dual nature, that of a hydrophobic interior and a hydrophilic exterior. This
enables their interaction with lipid-affinitive compounds and hydrophilic compounds, thereby
augmenting their application in pharmaceutical formulations as agents for improving solubility, as
well as fundamental elements of advanced drug delivery systems. Additionally, CDs, upon suitable
modification, can strategically participate in the interaction with cellular components and physical
barriers, such as the blood-brain barrier, where their intricate and multifunctional engagement
leads to various biological impacts. This review consolidates the crucial features of CDs and their
derivatives, and summarizes the applications of them as drug delivery systems in neurodegenerative
disorders, emphasizing their notable potentials.
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1. Introduction

Neurodegenerative disorders impact a population exceeding one billion individuals
globally [1]. The rise in life expectancy coincides with a surge in the prevalence of chronic,
age-associated neurodegenerative disorders, notably Parkinson’s disease (PD), Alzheimer’s
disease (AD), and so on [2]. The progression rates of neurodegenerative disorders are
hastened by oxidative stress and inflammatory responses [3,4], leading to mitochondrial
dysfunction [5,6], cellular injury, and disruptions in DNA repair systems [7,8]. The existence
of the blood-brain barrier (BBB) poses additional hurdles, necessitating the urgent develop-
ment of novel therapeutic approaches for neurodegenerative disorders [9]. Moreover, a
majority of these disorders arise from the accumulation of lipids, such as cholesterol [10].

Nanoassemblies have garnered significant interest in biomedical fields due to their
multifaceted utilization, particularly in the realm of targeted and regulated drug release [11].
Cyclodextrin (CD) stands as a prominent example in this arena. For many decades, it
has been extensively and effectively utilized, primarily to augment the solubility, sta-
bility, and bioavailability of numerous therapeutic agents [12,13]. Similarly, interlocked
molecular structures based on CDs, including rotaxanes, polyrotaxanes, catenanes, and
polycatenanes, have been fabricated and have garnered significant interest [14,15]. Note-
worthy, a number of CDs display not only neuroprotective characteristics but also regulate
cholesterol metabolism within cortical neuron cultures [16]. Specifically, they demon-
strate the capacity to extract cholesterol from cellular membranes, thereby alleviating its
accumulation [17,18]. As an illustrative instance, methyl-p-cyclodextrin (M-f-CD) and
hydroxypropyl-p-cyclodextrin (HP-3-CD) have been shown to effectively mitigate lysoso-
mal cholesterol build-up in primary neuronal and glial cells originating from Niemann-Pick
type C1 (NPC1) mutant mice [19]. Thus, studying and understanding the properties of CDs,
and exploring CD-based drug delivery systems for neurodegenerative disorders holds
significant research value.
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2. Cyclodextrin (CD)

CD can be formed through starch fermentation processes carried out by specific bac-
terial strains, while industrially, they are mass-produced via the action of the enzyme
CD-glycosyltransferase, which catalyzes starch breakdown and subsequent ring forma-
tion [20,21]. It possesses a hollow truncated cone structure characterized by a hydrophobic
inner cavity and a hydrophilic outer surface. Hydrophobic drugs can be encapsulated
within the CD cavity via noncovalent interactions, resulting in the formation of inclusion
complexes without the need for complex chemical reactions. Hence, water solubility and
the stability of drugs can be greatly improved. Additionally, CD-based polymers or as-
semblies are capable of condensing DNA and RNA, which can then be utilized as genetic
therapeutic agents [22].

The US Food and Drug Administration (FDA) has approved HP-3-CD as an adjuvant
of itraconazole injection for the treatment of systemic fungal infections, and docetaxel
injection (driven by sulfobutyl-3-CD) for the treatment of breast cancer, non-small-cell lung
cancer, gastric adenocarcinoma, hormone-refractory prostate cancer, and head and neck
squamous cell cancer.

As previously introduced, since CD extracts cellular cholesterol and mitigates neuronal
accumulation [23], the FDA has approved HP-3-CD for the treatment of Niemann-Pick
Disease Type C (NPC) in twin sisters, which is referred to as “pediatric Alzheimer’s’ [24].
Wilson et al. evaluated the safety and effectiveness of intrathecal injection of HP-3-CD into
the lumbar spine. Patients with NPC1 who received an intrathecal injection of HP-3-CD
slowed down the progress of the disease, and the safety was acceptable. These results
support the initiation of a multinational, randomized, and controlled trial of intrathecal
injection of HP-3-CD [25]. Recently, Sharma et al. evaluated the safety, tolerability, and
efficacy across multiple clinical endpoints following intravenous administration of HP-
-CD in NPC1 patients. In pediatric and adult patients, HP-3-CD alleviated clinical
symptoms and was generally well-tolerated [26].

HP-B3-CD, which consists of seven glucose molecules [27], engages with amyloid-beta
(ApB), markedly diminishing its toxic impact in both cell and animal studies [28]. Below
are examples of studies on CDs and their derivatives in neurodegenerative diseases. Yao
et al. explored the effects of HP-3-CD in cellular and mouse models of AD [29]. They
observed that HP-3-CD reduced cholesterol accumulation in N2a cells overexpressing the
Swedish mutant form of amyloid precursor protein (SwiN2a) and significantly lowered
AR42 levels. In Tg19959 mice, a transgenic model of AD, four months of subcutaneous HP-
3-CD administration improved spatial learning and memory deficits, decreased A3 plaque
deposition, and reduced tau-immunoreactive dystrophic neurites. HP-3-CD reduced
Ap42 levels by inhibiting 3-secretase-mediated cleavage of amyloid precursor protein and
upregulating genes involved in cholesterol transport and A clearance. These findings
suggest a novel therapeutic strategy for AD by both reducing A production and enhancing
its clearance. Kilpatrick et al. demonstrated that chemical activation of transcription factor
EB using HP-3-CD facilitates the autophagic clearance of aggregated o-synuclein (x-
syn) [30]. These findings support the role of transcription factor EB as a therapeutic target
for the treatment of PD and potentially other neurodegenerative diseases characterized by
protein aggregation.

In addjition to the direct use of CDs, they can also be designed as functionalized systems
for the treatment of neurodegenerative diseases. Since the discovery in 1992 of a novel
structure assembled via the host—guest interaction between x-CD and polyethylene glycol
(PEG), there have been a plethora of reports on its applications in functional systems [31].
In the field of biomedical engineering, x-CDs have been pre-assembled into “molecular
abacuses” [32], subsequently functionalized to modify polyethylenimine (PEI) and drugs,
enabling gene or drug delivery [33,34]. Similarly, Puglisi et al. developed a novel f3-
CD-appended polymeric system, based on a pH-cleavable benzoic-imine linkage [35].
The conjugate self-assembled into polymersome microparticles, exhibiting stability at
physiological pH 7.4 and rapid hydrolysis at pH 5.5. Studies in human umbilical vein
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endothelial cells confirmed non-toxicity and rapid cellular uptake within 30 min. This (3-
CD-functionalized polymer represents a promising tool for developing therapies targeting
lysosomal cholesterol reduction.

Thus, both the direct and indirect impacts of the CDs have demonstrated efficacy,
and numerous research methodologies continuously assess their potential for therapeutic
applications in neurodegenerative diseases (Figure 1) [36].
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Figure 1. CDs used as brain delivery systems exert influences at multiple stages, including binding
to peptides reducing toxicity and aggregation, reducing inflammatory processes, and decreasing the
intracellular cholesterol pool in neurons, demonstrating therapeutic benefits in neurodegenerative
conditions. Reproduced with permission from [36].

3. Neurodegenerative Disorders

The escalating incidence of neurodegenerative conditions can partly be attributed to
advancements in longevity. Regrettably, despite concerted efforts, a definitive cure for these
ailments remains elusive at present [37].

3.1. Challenges in the Treatment of Neurodegenerative Diseases

The term neurodegenerative disorder covers a wide range of diseases [38]. Numerous
neurodegenerative disorders remain less recognized and studied extensively [39]. There
are several common features (pathological characteristics and biological pathways) that
overlap among neurodegenerative disorders [40], with the most significant shared feature
being the loss of neurons located in the cortical and hippocampal areas in AD, the striatal
areas in PD, and the cortical and striatal areas (specifically medium spiny neurons) in
Huntington’s disease (HD) [41]. Additionally, multiple sclerosis (MS) targets the myelin
sheath of central nervous system (CNS) neurons, leading to axon injury and neuronal
death [42], while amyotrophic lateral sclerosis (ALS) is characterized by the progressive
degeneration of motor neurons in the brain and spinal cord [43].

The high degree of overlap in clinical phenotypes makes accurate diagnosis or differ-
entiation between disorders extremely difficult [44]. For example, AD and frontotemporal
dementia may present with similar cognitive and behavioral symptoms in their early
stages [45].

Effective treatments are presently absent for most neurodegenerative disorders [46].
For certain conditions, like Parkinson’s and Alzheimer’s diseases, therapeutic agents
exist but only offer symptomatic relief [47]. Nevertheless, symptomatic relief does not
meaningfully alter the disease progression.
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Additionally, effective animal models that accurately reflect the condition of most
neurodegenerative disorders in humans, including those with genetic origins, are currently
unavailable [48,49]. Take HD as an example, various animal models, including rodents
and non-human primates, have been established that replicate HD pathology and have
been utilized extensively in gene therapy investigations [50]. Typically, these models are
classified into nongenetic and genetic categories [51]. Chemically induced, nongenetic HD
models involve neuronal damage through the use of excitotoxic substances, like quinolinic
acid and kainic acid [52], or mitochondrial dysfunction agents, such as 3-nitropropionic
acid and malonic acid [53]. However, these models fail to replicate the genuine pathological
characteristics of HD. They do not produce mutant Huntingtin protein (mHTT). Addition-
ally, HD is a hereditary condition causing a gradual progression of cell death, whereas in
chemically induced models, cell death occurs rapidly. Consequently, their application is re-
stricted to research focusing on neurorestorative and neuroprotective strategies. Moreover,
several neurodegenerative disorders progress over extended periods, such as years or even
decades, which poses significant challenges in replicating these timelines in animal studies.

Considering the broad heterogeneity in the phenotypes for each disorder, the proper
classification of clinical trial participants into relatively homogeneous populations is diffi-
cult. Also, a rational strategy could involve defining endpoints that specifically address
the non-psychiatric symptoms impacting quality of life; yet, they may be more readily
quantifiable than more complex cognitive, social, or behavioral assessments. Nonetheless, a
fundamental challenge in conducting clinical trials for treating neurodegenerative disorders
is the absence of objective [54], reproducible treatment endpoints [55].

In summary, the major challenges in neurodegenerative diseases include the difficulty
in distinguishing between different degenerative processes, the lack of effective treatment
options, the absence of suitable animal models, the difficulty in properly classifying clinical
trial participants into relatively homogeneous populations, and the inability to define clear
endpoints for clinical trials, etc.

3.2. Opportunities for Drug Delivery

The diversity in neurodegenerative diseases introduces significant hurdles for pin-
pointing efficacious therapeutic targets and distinguishing individuals who are most likely
to profit from targeted treatments. The scheduling, dosing, and administration of drugs
are complex [56,57]. Moreover, while gene therapies exhibit considerable promise for
neurodegenerative disorders, the low transfection efficiency, due to inherent issues like
instability and negative charge, constrains their application [58]. Some cationic polymers
can be used to overcome the challenges faced by gene drugs [59]. Prolonged exposure
to drugs with side effects can be mitigated by using drug delivery systems in the nano
and micron size range, which extend the release of active substances, overcome the BBB,
improve patient compliance, and reduce side effects.

Currently, there are many strategies to fabricate drug delivery systems, including
passive targeting strategies that rely on the enhanced permeability and retention (EPR)
effect to accumulate drugs in diseased tissues, and active targeting strategies which use
ligands, antibodies, or other molecules to specifically seek out and bind to target cells or
tissues. The most frequently used drug delivery systems for passive targeting in the brain
are liposomes [60]. Active targeting strategies mainly depend on antibody-mediated and
receptor-specific delivery, wherein ligands are linked to nanoparticle surfaces to engage
with particular receptors [61].

Additionally, responsive release mechanisms are employed to control the timing and
rate of drug release based on environmental cues such as pH, temperature, or enzymes [62].
Multimodal imaging and therapeutic approaches are integrated into these systems to
allow for both diagnostic imaging and treatment, providing a comprehensive solution for
improved patient care and outcomes [63].

Enhanced intake of antioxidants has been shown to delay the onset of neurode-
generative disorders and improve the quality of life for those diagnosed with these dis-
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eases [64]. The current delivery systems for antioxidants mainly employ liposomes, poly-
meric nanoparticles, inorganic particles, hydrogels, and other types of delivery systems [65].
CD-based delivery systems belong to the category of polymeric nanoparticles. Antioxidants
can be encapsulated inside or adsorbed onto the surface of CD-based delivery systems. By
incorporating target molecules into delivery systems, antioxidants can exert their effects
at specific sites. An ideal delivery system should feature high loading efficiency, accu-
rate targeting, biodegradability, and biocompatibility [66,67]. As an example, resveratrol
exhibits strong lipophilic, antioxidant properties. The impact of its complexation with
CDs on antioxidant activity has been explored in numerous studies. Lucas-Abellan et al.
examined the effect of resveratrol complexed with HP-f-CD on antioxidant capacity [68].
The antioxidant efficacy of resveratrol was influenced by its complexation, as CDs function
as a controlled-release reservoir, shielding resveratrol from rapid oxidation by free radicals.
Consequently, the antioxidant activity is extended and achieves its peak when all the resver-
atrol is complexed. However, findings that contradict those reported by Lucas-Abellan et al.
were presented in another study regarding the impact on antioxidant activity [69]. In this
work, the authors assessed the scavenging capacity of both free and complexed resveratrol
at identical concentrations. According to their results, the differences in scavenging capacity
between free and complexed resveratrol were minimal, indicating that the inclusion process
had a negligible effect on antioxidant activity.

To sum up, the versatility of CDs allows for modifications that enable site-specific drug
release, thereby reducing systemic side effects and improving therapeutic outcomes. The
development of multifunctional CD complexes that combine diagnostic and therapeutic
capabilities (theranostics) represents a promising area for future exploration, especially in
the challenging realm of neurodegenerative disorders.

4. Construction of Cyclodextrin-Containing Drug Delivery Systems for
Neurodegenerative Disorders

4.1. Alzheimer’s Disease (AD)

AD is a progressive brain disorder that worsens over time [70]. Approximately 1% of
individuals aged between 50 and 70 years old experience AD, and the prevalence rises to
50% for those over 70 years old [71]. It is marked by the accumulation of specific proteins,
including Ap3. As AD progresses, a specific decline in cholinergic neurons is observed,
suggesting involvement of the acetylcholine neurotransmitter in memory and cognitive
brain regions [72]. AD leads to brain atrophy and the eventual death of brain cells. It is the
most frequent cause of dementia, which involves a gradual decline in memory, cognition,
behavior, and social abilities.

Donepezil, rifampicin, galantamine, and acetylcholinesterase inhibitors are frequently
used to increase the bioavailability of acetylcholine by preventing its breakdown [73].
Other proposed treatment options include the use of anti-inflammatory drugs, antioxidants,
and non-steroidal anti-inflammatory medications [74], and monoclonal antibodies for
immunotherapy, such as bapineuzumab and solanezumab [75].

Crocetin (CRT), an active compound derived from the fruits of gardenia (Gardenia
jasminoides Ellis) and the stigmas of saffron (Crocus sativus L.), can decrease the generation
of various neurotoxic molecules, inhibit A fibril formation, destabilize pre-existing Af3
fibrils, and enhance A{3 degradation [76]. Wong et al. utilized y-cyclodextrin (y-CD) as a
drug delivery system to enhance the solubility and bioavailability of CRT (Figure 2) [77].
The encapsulation efficiency of the system exceeded 95%, suggesting it is cost-effective and
suitable for large-scale industrial production. In addition, the synthetic route did not require
the use of organic solvents, thus avoiding potential toxicity, and in the toxicity assessment,
it was confirmed that CRT, y-CD, and the CRT-y-CD were safe for both neuronal cells and
AD model cells.
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Figure 2. Schematic illustration of CRT-y-CD for AD research. Reproduced with permission from [77].

Park et al. investigated the impact of reactive oxygen-sensitive nanoparticles loaded
with memantine for AD [78]. The nanoparticles were synthesized via the conjugation of suc-
cinyl B-cyclodextrin (bCDsu) with thioketal diamine and memantine (MEM) with thioketal
carboxylic acid. These two components were then combined to produce bCDsu-MEM
conjugates. In biodistribution studies, the brain uptake exhibited the highest fluorescence in-
tensity. In oxidative stress studies, SH-SY5Y and U87MG cells expressed a time-dependent
increase of the NMDARI receptor when exposed to reactive oxygen species, but this was
counteracted by introducing memantine conjugates as a treatment.

Sun et al. reported a novel mesoporous nano-selenium (MSe) release delivery system
(MSe-Res/Fc-3-CD/Bor) based on borneol (Bor)-targeting, 3-cyclodextrin nanovalves (Fc-
3-CD) loaded with resveratrol (Res) (Figure 3) [79]. Previous experiments showed that
MSe-Res/Fc-3-CD/Bor initially releases Bor through interaction with blood or intracellular
esterases, enabling the nanosystem to cross the BBB. Following this, Fc-3-CD opens in
response to redox (HyO,) at the lesion site, releasing Res. It was demonstrated that MSe-
Res/Fc-3-CD/Bor inhibits the aggregation of Af3 proteins, alleviates oxidative stress, and
suppresses tau hyperphosphorylation, while protecting nerve cells and improving memory
impairment in APP/PS1 mice. Interestingly, compared to rivastigmine (Riv) alone, MSe/Fc-
-CD/Bor loaded with Riv showed improved pharmacokinetic properties. These findings
indicate that MSe-Res/Fc-3-CD/Bor could be a promising therapy for AD.

’FCCOOH ‘Rmcmml ‘MAHBCD . Bomeol

MSe MSe/Fe MSe-Res/Fc  MSe-Res/Fc-B-CD  MSe-Res/Fe--CD/Bor

Esterase @¢ H,0,
B¥8 AP Plaques

Figure 3. Schematic illustration of MSe-Res/Fc-3-CD/Bor for AD research. (A) The synthesis of
MSe-Res/Fc-3-CD/Bor. 1. MSe modified with ferrocene. 2. Resveratrol encapsulated within MSe/Fc.
3. 3-CD modified with MAH enclosing MSe-Res/Fc. 4. Borneol attached to the nanoparticle surface
via ester linkage. (B) MSe-Res/Fc-f3-CD/Bor in vivo. 1. MSe-Res/Fc-3-CD/Bor released borneol
and crossed the BBB. (2) MSe-Res/Fc-f3-CD/Bor selectively targeted amyloid plaques, achieving
resveratrol release triggered by H,O,. Reproduced with permission from [79].
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The above studies provide some useful information for pharmaceutical research for
AD therapy, and offer insights for the overall advancement of CD-based drug delivery
systems by altering the systems to enhance drug transport across the BBB more effectively
for AD therapy.

4.2. Parkinson’s Disease (PD)

Second to AD in prevalence among the neurodegenerative diseases, PD is etiologically
linked to the malfunctioning folding and accumulation of «-syn proteins, causing neuronal
death prominently in the dopaminergic nerve cells located within the substantia nigra [80].

Currently, only symptomatic treatments are available for PD, aimed at alleviating or
preventing associated symptoms and enhancing dopamine action duration. Dopaminergic
agonists, such as levodopa and carbidopa, are commonly used [81]. Levodopa functions as
a dopaminergic agonist while carbidopa inhibits peripheral metabolism.

Barros et al. aimed to enhance the applicability of levodopa (L-DOPA) using CDs in a
controlled drug delivery system for PD [82]. Various formulations in aqueous solution were
proposed and characterized to understand molecular interactions. Two CDs were chosen,
-CD and its derivative, HP-f3-CD, to evaluate the impact of substituent groups on L-DOPA
solubility and interactions. The behavior of L-DOPA in the presence of these CDs was
assessed through mutual diffusion coefficients, volumetric, and viscosimetric properties,
providing insights into the potential of these systems for controlled drug delivery.

Trotta et al. focused on synthesizing a new type of CD-based nanosponge, using
molecular imprinting technology to create molecularly imprinted nanosponges (MIP-NSs)
for the controlled and prolonged release of L-DOPA (Figure 4) [83]. L-DOPA is unsta-
ble and prone to degradation when exposed to light or in aqueous solutions, which can
diminish its therapeutic benefits. The synthesis process involved cross-linking (3-CD
with 1,1’-carbonyldiimidazole in N, N-Dimethylformamide, with L-DOPA as the template
molecule. Characterization techniques included thermal gravimetric analysis, differen-
tial scanning calorimetry, and Fourier transform infrared spectroscopy to analyze the
interactions between L-DOPA and the nanosponge structures. Quantitative nuclear mag-
netic resonance spectroscopy determined the amount and affinity of L-DOPA entrapped
within the nanosponges. High-performance liquid chromatography was used to assess
the in vitro release kinetics of L-DOPA from the nanosponges. The results showed that
MIP-NSs provided a slower and more prolonged release profile compared to non-imprinted
nanosponges. Importantly, no degradation of L-DOPA was observed within the MIP-NSs
during long-term storage at room temperature. This indicates that 3-CD-based MIP-NSs
are a promising drug delivery system for protecting L-DOPA and achieving its sustained
release, which could be particularly beneficial for oral administration.

Saitani et al. developed advanced drug delivery systems incorporating poloxamer 407,
a non-ionic surfactant (Tween 80), and CDs (M-3-CD or HP-3-CD) for the potential nasal
administration of ropinirole to treat PD [84]. The hybrid systems were fabricated using the
thin-film hydration technique. They found that the drug release was diffusion-controlled
and showed a gradual increase throughout the experiment. An ex vivo permeation study
through rabbit nasal mucosa demonstrated superior performance of the hybrid systems
compared to a ropinirole solution. The promising results in terms of drug release and
mucosal permeation suggest that these hybrid systems could serve as effective platforms
for targeted nose-to-brain delivery of ropinirole, potentially benefiting the treatment of PD.

Truzzi et al. chose 3-CD and its hydrophilic variant, HP-3-CD, as potential carriers
for geraniol (GER) to facilitate its nose-to-brain administration [85]. The biocompatibility
of geraniol inclusion complexes with nasal tissues, along with drug bioavailability in
cerebrospinal fluid (CSF), was evaluated in rodent models. Studies confirmed that stable 1:1
GER-CD complexes could be formed. The GER-HP-$3-CD-5 and GER-$3-CD-2 complexes
showed similar characteristics. Although both complexes enabled safe and direct GER
delivery to the CNS, the GER-p-CD-2 complex demonstrated a greater capacity for releasing
GER into the CSE.
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Figure 4. Schematic illustration of the MIP-NS synthesis process. Reproduced with permission
from [83].

In summary, these results highlight the significant role of CD as a promising therapeu-
tic agent for enhancing a-syn aggregate degradation during disease progression.

4.3. Multiple Sclerosis (MS)

MS is an autoimmune disease that affects the CNS, including the brain and spinal cord.
MS has a genetic predisposition, triggered by a combination of unidentified environmental
factors, likely including viral infections [86]. Globally, approximately 2.8 million individuals
are affected by MS, including young people, and it is a primary cause of disability in this age
group [87]. Typical symptoms may include numbness, muscle weakness, vision problems,
balance issues, dizziness, bladder control difficulties, tiredness, and depressive moods [88].

Currently, there is no cure for MS. Despite the reporting of numerous structurally
diverse MS drug candidates in the literature, two primary classes of compounds, based
on their specificity, are utilized for MS treatment: immunomodulators and immunosup-
pressants [89]. Filippini et al. reviewed 44 trials, involving 17,401 participants who were
randomized [90]. They found that natalizumab and interferon beta-1a (Rebif) demonstrated
superior outcomes within a 24-month period compared to placebo. However, these thera-
pies are linked with serious adverse events over the long term, potentially leading to an
unfavorable benefit-risk profile. Interferon beta-1b (Betaseron) and mitoxantrone likely
reduce the likelihood of relapses, supported by moderate-quality evidence when contrasted
with placebo. The efficacy and safety balance for azathioprine remains unclear. Nonetheless,
it may effectively decrease relapse rates and disability progression over 24 to 36 months
relative to placebo. Additionally, various cell-based therapies have now been introduced
for MS treatment [91]. Phase I trials using tolerogenic dendritic cells (TolDCs), mesenchy-
mal stem cells (MSCs), and Tregs in MS patients demonstrated safety and good tolerance,
without significant adverse reactions. MSCs exhibit strong immunomodulatory impacts,
TolDCs pulsed with self-antigens induce tolerance, whereas Tregs, including newer CAR-
Tregs, target the disease’s root cause—the autoimmune reaction to CNS myelin—while
preserving protective immunity. Furthermore, though less investigated, certain cell-based
treatments display neuroprotective and reparative capabilities. Such cells have yielded
encouraging outcomes in experimental setups, with some like hfNSCs, MSC-NPs, and
hESCs currently under clinical evaluation.
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Strategies enhancing access and accumulation within the CNS might provide MS
treatments with new chances to address the neuro-inflammatory and neurodegenerative
processes characteristic of progressive forms of MS [92]. Alternatively, an intriguing non-
invasive method for delivering drugs directly to the CNS, bypassing the BBB, involves
utilizing the nose-to-brain (N2B) pathway [93]. Permeation enhancers, such as CDs, surfac-
tants, and saponins, can increase membrane fluidity, tight junction permeability, and /or
generate hydrophilic pores, which are strategies to enhance N2B transport and further
support drug delivery to the CNS [94]. To assess how adding a mucoadhesive component
influences the absorption of drugs into the brain, Khan et al. compared brain levels of the
drug post intravenous administration, intranasal application as a solution lacking chitosan
or CDs, and intranasal delivery as a solution containing 1% chitosan and 5% HP--CD [95].
They found that CDs might have additionally enhanced the brain concentration by boosting
the drug’s permeability through the tight junctions of the nasal epithelium.

4.4. Amyotrophic Lateral Sclerosis (ALS)

ALS is a devastating condition that results from motor neuron degeneration. Similar to
other major neurodegenerative disorders, developing therapies poses significant challenges
for various reasons [96]. In approximately 97% of ALS patients, ALS involves TAR DNA-
binding protein 43 proteinopathy [97]. However, there is also significant pathological
heterogeneity: ALS caused by mutations in the SOD1 (Cu-Zn superoxide dismutase)
and FUS (fused in sarcoma) genes does not involve TDP-43 proteinopathy, although
cytoplasmic protein aggregates of varying composition are present [98]. Additionally,
the most common genetic subtype of ALS, linked to intronic hexanucleotide GGGGCC
expansions in the chromosome 9 open reading frame 72 gene, exhibits TAR DNA-binding
protein 43 mislocalization but also contains additional p62-positive protein aggregates due
to pathological dipeptide repeat proteins [99].

Linda et al. indicated that HP-3-CD fails to provide any therapeutic advantage in
SOD1G93A mice. Nonetheless, the lack of harmful effects is insightful, considering the fre-
quent application of CDs as complexing agents in various pharmaceuticals, their potential
for independent therapeutic use, and the newly recognized link between dyslipidemia and
ALS advancement [100].

4.5. Huntington’s Disease (HD)

HD is a rare autosomal dominant neurodegenerative disorder triggered by the ex-
pression of a toxic Huntingtin (HTT) protein. HD affects cognitive and motor abilities,
with a prevalence of five to seven cases per 100,000 people [101]. Furthermore, evidence
indicates that alterations in cholesterol metabolism may contribute to disease progression,
while increased caveolin-1 expression plays a crucial role in cholesterol transport and
balance [102,103].

Godinho et al. explored the use of short interfering RNAs (siRNAs) to silence the
mutant HTT protein [104]. The main challenge in siRNA-based approaches is the lack of
effective and non-toxic delivery systems for siRNA transport to the CNS. They evaluated
modified amphiphilic 3-CDs as innovative siRNA carriers. They demonstrated that CDs
formed stable nanoscale particles in artificial CSF and were capable of reducing HTT
gene expression in rat striatal cells (ST14A-HTT120Q) and human HD primary fibroblasts.
Minimal toxicity was observed with CD.siRNA nanoparticles. Sustained knockdown effects
were evident in the striatum of the R6/2 mouse model of HD after single direct injections of
CD.siRNA nanoparticles. Repeated brain injections of CD.siRNA complexes led to selective
improvements in motor deficits in the mouse model.

Mendonga et al. developed three CDs with unique chemical compositions. Their
efficiencies were evaluated as potential carriers for antisense oligonucleotides targeting HTT.
Outcomes from experiments using striatal neurons and HD-patient-derived fibroblasts
showed that modified y-CDs demonstrated superior uptake efficiency and effectively
reduced mHTT at both the protein and allele levels. Integrating the brain-targeting peptide
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rabies virus glycoprotein (RVG) into the modified y-CDs resulted in enhanced reduction of
the mHTT protein and HD-causing effects [105].

The application of histone deacetylase (HDAC) inhibitors has been observed to coun-
teract lethality and photoreceptor degeneration in Drosophila models of polyglutamine
diseases. To delve deeper into the therapeutic potential of HDAC inhibitors, researchers con-
ducted preclinical experiments using suberoylanilide hydroxamic acid (SAHA), a powerful
HDAC inhibitor, in the context of the R6/2 HD mouse model. Their findings revealed that
SAHA is capable of crossing the BBB and increasing histone acetylation levels in the brain.
It was also noted that SAHA could be effectively administered orally through drinking
water when it was complexed with CDs. The study showed that SAHA led to a significant
improvement in motor impairments experienced by R6/2 mice, thereby reinforcing the
viability of pursuing HDAC inhibitors as a therapeutic approach for HD [106].

Mendonga et al. developed an innovative delivery system that utilized modified
CDs, loaded with siRNAs targeting HTT, and conjugated with the brain-barrier-crossing
peptide RVG (Figure 5) [107]. The results from an in vitro BBB model showed that this
formulation can effectively cross brain endothelial cells, release the encapsulated siRNAs
into the neuronal cell cytoplasm, and mediate the downregulation of HTT. Overall, this
CD platform showed broad application prospects as a means of delivering siRNA-based
treatments for HD and potentially for other conditions with genetically validated targets in
the CNS.

Figure 5. Schematic illustration of CDs loaded with siRNAs, and conjugated with RVG peptide,
which could cross the BBB, target HTT, and restore damaged neurons to a healthy state [107].

5. Conclusions

The investigation of CD-containing drug delivery systems spans several decades,
yielding substantial insights into their efficacy in enhancing the solubility and bioavailabil-
ity of pharmaceutical compounds [108]. Despite extensive research in diverse therapeutic
areas, the application of CDs specifically for the treatment of neurodegenerative disorders
remains a largely underexplored domain. The intricate nature of the BBB presents a signifi-
cant obstacle to drug delivery [109,110]; however, CDs demonstrate potential as a vehicle
capable of navigating this complex physiological barrier.

Preliminary studies suggest that CD-based formulations can facilitate the transport
of therapeutic agents to the brain, yet the field lacks comprehensive clinical validation
and standardized methodologies tailored for neurological conditions. The development
of more effective drug delivery strategies is essential for addressing the complexities
of neurodegeneration. CD-containing systems, through their ability to encapsulate and
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protect drugs, may serve as a pivotal tool in advancing treatments for conditions such as
AD and PD.

Future research endeavors should focus on refining CD formulations to ensure effective
penetration of the BBB, enhance the stability of neuroactive drugs, and achieve targeted
delivery to specific brain regions. Comprehensive preclinical evaluations and well-designed
clinical trials are crucial for establishing the safety and efficacy of these novel delivery
systems. Through such efforts, the groundwork can be laid for transformative therapies
aimed at addressing the urgent needs of patients with neurodegenerative disorders.

In summary, while CDs have been extensively studied in the context of drug delivery,
their specialized application in neurology represents a fertile area for further exploration.
Harnessing the unique properties of CDs holds promise for the development of advanced
therapeutic approaches that may redefine the treatment landscape for neurodegenera-
tive diseases.

Author Contributions: Conceptualization, Q.C.; writing—original draft preparation, Y.X.; writing—
original draft preparation, B.M.; writing—review and editing, Q.C.; project administration, Q.C.;
funding acquisition, Q.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (82301093)
and the startup foundation of Fuzhou University (0115/511372).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge Shuang Zou and Yulong Lan for discussion.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.

12.

13.

Nasir, A.; Rehman, M.U.; Khan, T.; Husn, M.; Khan, M.; Khan, A.; Nuh, A.M.; Jiang, W.; Farooqi, HM.U.; Bai, Q. Advances
in nanotechnology-assisted photodynamic therapy for neurological disorders: A comprehensive review. Artif. Cells Nanomed.
Biotechnol. 2024, 52, 84-103. [CrossRef] [PubMed]

Hou, Y.J.; Dan, X.L.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative
disease. Nat. Rev. Neurol. 2019, 15, 565-581. [CrossRef] [PubMed]

Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative stress: A key modulator in neurodegenerative diseases. Molecules 2019,
24,1583. [CrossRef] [PubMed]

Houldsworth, A. Role of oxidative stress in neurodegenerative disorders: A review of reactive oxygen species and prevention by
antioxidants. Brain Commun. 2023, 6, fcad356. [CrossRef] [PubMed]

Zong, Y,; Li, H.; Liao, P.; Chen, L.; Pan, Y,; Zheng, Y.Q.; Zhang, C.Q.; Liu, D.L.; Zheng, M.H.; Gao, ].J. Mitochondrial dysfunction:
Mechanisms and advances in therapy. Signal Transduct. Target. Ther. 2024, 9, 124. [CrossRef]

Norat, P; Soldozy, S.; Sokolowski, ].D.; Gorick, C.M.; Kumar, ].S.; Chae, Y.; Yagmurlu, K.; Prada, F; Walker, M.; Levitt, M.R; et al.
Mitochondrial dysfunction in neurological disorders: Exploring mitochondrial transplantation. NP] Regen. Med. 2020, 5, 22.
[CrossRef] [PubMed]

Guo, C.Y,; Sun, L.; Chen, X.P,; Zhang, D.S. Oxidative stress, mitochondrial damage and neurodegenerative diseases. Neural Regen.
Res. 2013, 8,2003-2014. [CrossRef]

Welch, G.; Tsai, L.H. Mechanisms of DNA damage-mediated neurotoxicity in neurodegenerative disease. EMBO Rep. 2022,
23,e54217. [CrossRef]

Pino, A.; Fumagalli, G.; Bifari, F; Decimo, I. New neurons in adult brain: Distribution, molecular mechanisms and therapies.
Biochem. Pharmacol. 2017, 141, 4-22. [CrossRef]

Cheon, S.Y. Impaired cholesterol metabolism, neurons, and neuropsychiatric disorders. Exp. Neurobiol. 2023, 32, 57—67. [CrossRef]
Kataoka, K.; Harada, A.; Nagasaki, Y. Block copolymer micelles for drug delivery: Design, characterization and biological
significance. Adv. Drug Deliv. Rev. 2012, 64, 37—48. [CrossRef]

Mura, P. Advantages of the combined use of cyclodextrins and nanocarriers in drug delivery: A review. Int. J. Pharm. 2020, 579,
119181. [CrossRef] [PubMed]

Guo, J.W,; Li, D.D,; Tao, H.; Li, G.; Liu, R.E; Dou, Y;; Jin, T.T,; Li, L.L.; Huang, J.; Hu, H.Y; et al. Cyclodextrin-derived intrinsically
bioactive nanoparticles for treatment of acute and chronic inflammatory diseases. Adv. Mater. 2019, 31, €1904607. [CrossRef]
[PubMed]


https://doi.org/10.1080/21691401.2024.2304814
https://www.ncbi.nlm.nih.gov/pubmed/38235991
https://doi.org/10.1038/s41582-019-0244-7
https://www.ncbi.nlm.nih.gov/pubmed/31501588
https://doi.org/10.3390/molecules24081583
https://www.ncbi.nlm.nih.gov/pubmed/31013638
https://doi.org/10.1093/braincomms/fcad356
https://www.ncbi.nlm.nih.gov/pubmed/38214013
https://doi.org/10.1038/s41392-024-01839-8
https://doi.org/10.1038/s41536-020-00107-x
https://www.ncbi.nlm.nih.gov/pubmed/33298971
https://doi.org/10.3969/j.issn.1673-5374.2013.21.009
https://doi.org/10.15252/embr.202154217
https://doi.org/10.1016/j.bcp.2017.07.003
https://doi.org/10.5607/en23010
https://doi.org/10.1016/j.addr.2012.09.013
https://doi.org/10.1016/j.ijpharm.2020.119181
https://www.ncbi.nlm.nih.gov/pubmed/32112928
https://doi.org/10.1002/adma.201904607
https://www.ncbi.nlm.nih.gov/pubmed/31583783

Int. J. Mol. Sci. 2024, 25, 10834 12 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Higashi, T.; Taharabaru, T.; Motoyama, K. Synthesis of cyclodextrin-based polyrotaxanes and polycatenanes for supramolecular
pharmaceutical sciences. Carbohydr. Polym. 2024, 337, 122143. [CrossRef]

Tong, F.; Zhou, Y.; Xu, Y.Y.; Chen, Y.X.; Yudintceva, N.; Shevtsov, M.; Gao, H.L. Supramolecular nanomedicines based on
host-guest interactions of cyclodextrins. Exploration 2023, 3, 20210111. [CrossRef]

Abulrob, A.; Tauskela, ].S.; Mealing, G.; Brunette, E.; Faid, K.; Stanimirovic, D. Protection by cholesterol-extracting cyclodextrins:
A role for N-methyl-d-aspartate receptor redistribution. J. Neurochem. 2005, 92, 1477-1486. [CrossRef]

Zidovetzki, R.; Levitan, I. Use of cyclodextrins to manipulate plasma membrane cholesterol content: Evidence, misconceptions
and control strategies. Biochim. Biophys. Acta-Biomembr. 2007, 1768, 1311-1324. [CrossRef]

Lopez, C.A.; de Vries, A.H.; Marrink, S.J. Computational microscopy of cyclodextrin mediated cholesterol extraction from lipid
model membranes. Sci. Rep. 2013, 3, srep02071. [CrossRef]

Peake, K.B.; Vance, ].E. Normalization of cholesterol homeostasis by 2-Hydroxypropyl--cyclodextrin in neurons and glia from
Niemann-Pick C1 (NPC1)-deficient mice. J. Biol. Chem. 2012, 287, 9290-9298. [CrossRef]

Kelly, R.M.; Dijkhuizen, L.; Leemhuis, H. The evolution of cyclodextrin glucanotransferase product specificity. Appl. Microbiol.
Biotechnol. 2009, 84, 119-133. [CrossRef]

Wu, H; Li, X.X,; Ji, H.Y.; Svensson, B.; Bai, Y.X. Improved production of gamma-cyclodextrin from high-concentrated starch using
enzyme pretreatment under swelling condition. Carbohydr. Polym. 2022, 284, 119124. [CrossRef] [PubMed]

Zhang, D.J.; Lv, P; Zhou, C.; Zhao, Y.L.; Liao, X.L.; Yang, B. Cyclodextrin-based delivery systems for cancer treatment. Mater. Sci.
Eng. C-Mater. Biol. Appl. 2019, 96, 872-886. [CrossRef] [PubMed]

Koli, M.G.; Fogolari, F. Exploring the role of cyclodextrins as a cholesterol scavenger: A molecular dynamics investigation of
conformational changes and thermodynamics. Sci. Rep. 2023, 13, 21765. [CrossRef]

Pontikis, C.C.; Davidson, C.D.; Walkley, S.U.; Platt, EM.; Begley, D.]. Cyclodextrin alleviates neuronal storage of cholesterol in
Niemann-Pick C disease without evidence of detectable blood-brain barrier permeability. J. Inherit. Metab. Dis. 2013, 36, 491-498.
[CrossRef] [PubMed]

Wilson, M.L.; Fleming, K.A.; Kuti, M.A.; Looi, L.M.; Lago, N.; Ru, K. Pathology and laboratory medicine in low-income and
middle-income countries 1: Access to pathology and laboratory medicine services: A crucial gap. Lancet 2018, 391, 1927-1938.
[CrossRef]

Sharma, R.; Hastings, C.; Staretz-Chacham, O.; Raiman, J.; Paucar, M.; Spiegel, R.; Murray, B.; Hurst, B.; Liu, B.Y.; Kjems, L.; et al.
Long-term administration of intravenous Trappsol® Cyclo™ (HP-B-CD) results in clinical benefits and stabilization or slowing
of disease progression in patients with Niemann-Pick disease type C1: Results of an international 48-week Phase I/1I trial. Mol.
Genet. Metab. Rep. 2023, 36, 100988. [CrossRef]

Sandilya, A.A.; Natarajan, U.; Priya, M.H. Molecular view into the cyclodextrin cavity: Structure and hydration. ACS Omega 2020,
5, 25655-25667. [CrossRef]

Danielsson, J.; Jarvet, J.; Damberg, P.; Graslund, A. Two-site binding of 3-cyclodextrin to the Alzheimer Ap(1-40) peptide
measured with combined PFG-NMR diffusion and induced chemical shifts. Biochemistry 2004, 43, 6261-6269. [CrossRef]

Yao, ].Q.; Ho, D.; Calingasan, N.Y.; Pipalia, N.H.; Lin, M.T,; Beal, M.F. Neuroprotection by cyclodextrin in cell and mouse models
of Alzheimer disease. J. Exp. Med. 2012, 209, 2501-2513. [CrossRef]

Kilpatrick, K.; Zeng, Y.M.; Hancock, T.; Segatori, L. Genetic and chemical activation of TFEB mediates clearance of aggregated
a-Synuclein. PLoS ONE 2015, 10, 0120819. [CrossRef]

Harada, A.; Li, J.; Kamachi, M. The molecular necklace—A rotaxane containing many threaded alpha-cyclodextrins. Nature 1992,
356, 325-327. [CrossRef]

Shigekawa, H.; Miyake, K.; Sumaoka, J.; Harada, A.; Komiyama, M. The molecular abacus: STM manipulation of cyclodextrin
necklace. J. Am. Chem. Soc. 2000, 122, 5411-5412. [CrossRef]

Lv, P; Zhou, C.; Zhao, Y.L; Liao, X.L.; Yang, B. Modified-epsilon-polylysine-grafted-PEI-[3-cyclodextrin supramolecular carrier
for gene delivery. Carbohydr. Polym. 2017, 168, 103-111. [CrossRef]

Tan, L.; Zheng, T.; Li, M.; Zhong, X.E; Tang, Y.; Qin, M.; Sun, X. Optimization of an mRNA vaccine assisted with cyclodextrin-
polyethyleneimine conjugates. Drug Deliv. Transl. Res. 2020, 10, 678-689. [CrossRef]

Puglisi, A.; Bayir, E.; Timur, S.; Yagci, Y. PH-responsive polymersome microparticles as smart cyclodextrin-releasing agents.
Biomacromolecules 2019, 20, 4001-4007. [CrossRef]

Coisne, C.; Tilloy, S.; Monflier, E.; Wils, D.; Fenart, L.; Gosselet, F. Cyclodextrins as emerging therapeutic tools in the treatment of
cholesterol-associated vascular and neurodegenerative diseases. Molecules 2016, 21, 1748. [CrossRef]

Heemels, M.-T. Neurodegenerative diseases. Nature 2016, 539, 179. [CrossRef]

Mekkes, N.J.; Groot, M.; Hoekstra, E.; de Boer, A.; Dagkesamanskaia, E.; Bouwman, S.; Wehrens, S.M.T.; Herbert, M.K.; Wever,
D.D.; Rozemuller, A; et al. Identification of clinical disease trajectories in neurodegenerative disorders with natural language
processing. Nat. Med. 2024, 30, 1143-1153. [CrossRef]

Feczko, E.; Miranda-Dominguez, O.; Marr, M.; Graham, A.M.; Nigg, ].T.; Fair, D.A. The heterogeneity problem: Approaches to
identify psychiatric subtypes. Trends Cogn. Sci. 2019, 23, 584—601. [CrossRef] [PubMed]

Selvackadunco, S.; Langford, K.; Shah, Z.; Hurley, S.; Bodi, L; King, A.; Aarsland, D.; Troakes, C.; Al-Sarraj, S. Comparison of
clinical and neuropathological diagnoses of neurodegenerative diseases in two centres from the brains for dementia research
(BDR) cohort. J. Neural Transm. 2019, 126, 327-337. [CrossRef] [PubMed]


https://doi.org/10.1016/j.carbpol.2024.122143
https://doi.org/10.1002/EXP.20210111
https://doi.org/10.1111/j.1471-4159.2005.03001.x
https://doi.org/10.1016/j.bbamem.2007.03.026
https://doi.org/10.1038/srep02071
https://doi.org/10.1074/jbc.M111.326405
https://doi.org/10.1007/s00253-009-1988-6
https://doi.org/10.1016/j.carbpol.2022.119124
https://www.ncbi.nlm.nih.gov/pubmed/35287887
https://doi.org/10.1016/j.msec.2018.11.031
https://www.ncbi.nlm.nih.gov/pubmed/30606602
https://doi.org/10.1038/s41598-023-49217-8
https://doi.org/10.1007/s10545-012-9583-x
https://www.ncbi.nlm.nih.gov/pubmed/23412751
https://doi.org/10.1016/S0140-6736(18)30458-6
https://doi.org/10.1016/j.ymgmr.2023.100988
https://doi.org/10.1021/acsomega.0c02760
https://doi.org/10.1021/bi036254p
https://doi.org/10.1084/jem.20121239
https://doi.org/10.1371/journal.pone.0120819
https://doi.org/10.1038/356325a0
https://doi.org/10.1021/ja000037j
https://doi.org/10.1016/j.carbpol.2017.02.036
https://doi.org/10.1007/s13346-020-00725-4
https://doi.org/10.1021/acs.biomac.9b01083
https://doi.org/10.3390/molecules21121748
https://doi.org/10.1038/539179a
https://doi.org/10.1038/s41591-024-02843-9
https://doi.org/10.1016/j.tics.2019.03.009
https://www.ncbi.nlm.nih.gov/pubmed/31153774
https://doi.org/10.1007/s00702-018-01967-w
https://www.ncbi.nlm.nih.gov/pubmed/30730007

Int. J. Mol. Sci. 2024, 25, 10834 13 of 15

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kiaei, M. New hopes and challenges for treatment of neurodegenerative disorders: Great opportunities for young neuroscientists.
Basic Clin. Neurosci. 2013, 4, 3—4. [PubMed]

Alvarez-Sanchez, N.; Dunn, S.E. Potential biological contributers to the sex difference in multiple sclerosis progression. Front.
Immunol. 2023, 14, 1175874. [CrossRef] [PubMed]

Taylor, J.P.; Brown, R.H.; Cleveland, D.W. Decoding ALS: From genes to mechanism. Nature 2016, 539, 197-206. [CrossRef]
[PubMed]

Crevier-Sorbo, G.; Rymar, V.V,; Crevier-Sorbo, R.; Sadikot, A.F. Thalamostriatal degeneration contributes to dystonia and
cholinergic interneuron dysfunction in a mouse model of huntington’s disease. Acta Neuropathol. Commun. 2020, 8, 14. [CrossRef]
Si, Y.; He, R; Jiang, L.; Yao, D.; Zhang, H.; Xu, P; Ma, X,; Yu, L.; Li, E Differentiating between alzheimer’s disease and
frontotemporal dementia based on the resting-state multilayer EEG network. IEEE Trans. Neural Syst. Rehabil. Eng. 2023, 31,
4521-4527. [CrossRef]

Lamptey, RN.L.; Chaulagain, B.; Trivedi, R.; Gothwal, A.; Layek, B.; Singh, J. A review of the common neurodegenerative
disorders: Current therapeutic approaches and the potential role of nanotherapeutics. Int. J. Mol. Sci. 2022, 23, 1851. [CrossRef]
Cuny, G.D. Neurodegenerative Diseases: Challenges and opportunities. Future Med. Chem. 2012, 4, 1647-1649. [CrossRef]
Dawson, T.M.; Golde, T.E.; Lagier-Tourenne, C. Animal models of neurodegenerative diseases. Nat. Neurosci. 2018, 21, 1370-1379.
[CrossRef]

Gitler, A.D.; Dhillon, P; Shorter, J. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Models Mech. 2017, 10,
499-502. [CrossRef]

Godinho, B.M.D.C.; Malhotra, M.; O'Driscoll, C.M.; Cryan, ].E Delivering a disease-modifying treatment for huntington’s disease.
Drug Discov. Today 2015, 20, 50-64. [CrossRef]

Ramaswamy, S.; McBride, J.L.; Kordower, J.H. Animal models of huntington’s disease. ILAR ]. 2007, 48, 356-373. [CrossRef]
[PubMed]

Beal, M.E; Ferrante, R.J.; Swartz, K.J.; Kowall, N.W. Chronic quinolinic acid lesions in rats closely resemble huntingtons-disease. J.
Neurosci. 1991, 11, 1649-1659. [CrossRef] [PubMed]

Beal, M.E; Brouillet, E.; Jenkins, B.G.; Ferrante, R.J.; Kowall, N.W.; Miller, ].M.; Storey, E.; Srivastava, R.; Rosen, B.R.; Hyman, B.T.
Neurochemical and histologic characterization of striatal excitotoxic lesions produced by the mitochondrial toxin 3-nitropropionic
acid. J. Neurosci. 1993, 13, 4181-4192. [CrossRef] [PubMed]

Krainc, D.; Martin, W.J.; Casey, B.; Jensen, EE.; Tishkoff, S.; Potter, W.Z.; Hyman, S.E. Shifting the trajectory of therapeutic
development for neurological and psychiatric disorders. Sci. Transl. Med. 2023, 15, eadg4775. [CrossRef] [PubMed]

Mukherjee, A.; Biswas, S.; Roy, I. Imnmunotherapy: An emerging treatment option for neurodegenerative diseases. Drug Discov.
Today 2024, 29, 103974. [CrossRef]

Schmidt, S.J.; Wurmbach, V.S.; Lampert, A.; Bernard, S.; Wilm, S.; Mortsiefer, A.; Altiner, A.; Sparenberg, L.; Szecsenyi, J.;
Peters-Klimm, F,; et al. Individual factors increasing complexity of drug treatment—A narrative review. Eur. J. Clin. Pharmacol.
2020, 76, 745-754. [CrossRef]

Qods, P; Arkat, J.; Batmani, Y. Optimal administration strategy in chemotherapy regimens using multi-drug cell-cycle specific
tumor growth models. Biomed. Signal Process. Control 2023, 86, 105221. [CrossRef]

Ozpolat, B.; Sood, A K.; Lopez-Berestein, G. Liposomal siRNA nanocarriers for cancer therapy. Adv. Drug Deliv. Rev. 2014, 66,
110-116. [CrossRef]

Wang, H.; Ding, S.; Zhang, Z.; Wang, L.; You, Y. Cationic micelle: A promising nanocarrier for gene delivery with high transfection
efficiency. J. Gene Med. 2019, 21, e3101. [CrossRef]

Ekhator, C.; Qureshi, M.Q.; Zuberi, A.W.; Hussain, M.; Sangroula, N.; Yerra, S.; Devi, M.; Naseem, M.A.; Bellegarde, S.B.;
Pendyala, PR. Advances and opportunities in nanoparticle drug delivery for central nervous system disorders: A review of
current advances. Cureus 2023, 15, e44302. [CrossRef]

Roda, F; Caraffi, R.; Picciolini, S.; Tosi, G.; Vandelli, M.A.; Ruozi, B.; Bedoni, M.; Ottonelli, I.; Duskey, ].T. Recent advances on
surface-modified GBM targeted nanoparticles: Targeting strategies and surface characterization. Int. J. Mol. Sci. 2023, 24, 2496.
[CrossRef] [PubMed]

Alarcén, C.d.LH.; Pennadam, S.; Alexander, C. Stimuli responsive polymers for biomedical applications. Chem. Soc. Rev. 2005, 34,
276-285. [CrossRef]

Vermeulen, I; Isin, E.M.; Barton, P; Cillero-Pastor, B.; Heeren, R.M.A. Multimodal molecular imaging in drug discovery and
development. Drug Discov. Today 2022, 27, 2086-2099. [CrossRef]

Grabska-Kobylecka, I.; Szpakowski, P.; Krdl, A.; Ksiazek-Winiarek, D.; Kobytecki, A.; Glabiniski, A.; Nowak, D. Polyphenols and
their impact on the prevention of neurodegenerative diseases and development. Nutrients 2023, 15, 3454. [CrossRef] [PubMed]
Mitchell, M.].; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef]

Etter, E.L.; Mei, K.-C.; Nguyen, J. Delivering more for less: Nanosized, minimal-carrier and pharmacoactive drug delivery
systems. Adv. Drug Deliv. Rev. 2021, 179, 113994. [CrossRef] [PubMed]

Choukrani, G.; Freile, J.A.; Avtenyuk, N.U.; Wan, W.; Zimmermann, K.; Bremer, E.; Daehne, L. High loading efficiency and
controlled release of bioactive immunotherapeutic proteins using vaterite nanoparticles. Part. Part. Syst. Charact. 2021, 38,
2100012. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/25337322
https://doi.org/10.3389/fimmu.2023.1175874
https://www.ncbi.nlm.nih.gov/pubmed/37122747
https://doi.org/10.1038/nature20413
https://www.ncbi.nlm.nih.gov/pubmed/27830784
https://doi.org/10.1186/s40478-020-0878-0
https://doi.org/10.1109/TNSRE.2023.3329174
https://doi.org/10.3390/ijms23031851
https://doi.org/10.4155/fmc.12.123
https://doi.org/10.1038/s41593-018-0236-8
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1016/j.drudis.2014.09.011
https://doi.org/10.1093/ilar.48.4.356
https://www.ncbi.nlm.nih.gov/pubmed/17712222
https://doi.org/10.1523/JNEUROSCI.11-06-01649.1991
https://www.ncbi.nlm.nih.gov/pubmed/1710657
https://doi.org/10.1523/JNEUROSCI.13-10-04181.1993
https://www.ncbi.nlm.nih.gov/pubmed/7692009
https://doi.org/10.1126/scitranslmed.adg4775
https://www.ncbi.nlm.nih.gov/pubmed/38190501
https://doi.org/10.1016/j.drudis.2024.103974
https://doi.org/10.1007/s00228-019-02818-7
https://doi.org/10.1016/j.bspc.2023.105221
https://doi.org/10.1016/j.addr.2013.12.008
https://doi.org/10.1002/jgm.3101
https://doi.org/10.7759/cureus.44302
https://doi.org/10.3390/ijms24032496
https://www.ncbi.nlm.nih.gov/pubmed/36768820
https://doi.org/10.1039/B406727D
https://doi.org/10.1016/j.drudis.2022.04.009
https://doi.org/10.3390/nu15153454
https://www.ncbi.nlm.nih.gov/pubmed/37571391
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.addr.2021.113994
https://www.ncbi.nlm.nih.gov/pubmed/34619287
https://doi.org/10.1002/ppsc.202100012

Int. J. Mol. Sci. 2024, 25, 10834 14 of 15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Lucas-Abellan, C.; Mercader-Ros, M.T.; Zafrilla, M.P,; Fortea, M.1.; Gabalddn, J.A.; Nufez-Delicado, E. Orac-fluorescein assay
to determine the oxygen radical absorbance capacity of resveratrol complexed in cyclodextrins. J. Agric. Food Chem. 2008, 56,
2254-2259. [CrossRef]

Lu, Z,; Cheng, B.; Hu, Y.; Zhang, Y.; Zou, G. Complexation of resveratrol with cyclodextrins: Solubility and antioxidant activity.
Food Chem. 2009, 113, 17-20. [CrossRef]

Seo, D.O.; Holtzman, D.M. Current understanding of the alzheimer’s disease-associated microbiome and therapeutic strategies.
Exp. Mol. Med. 2024, 56, 86-94. [CrossRef]

Modi, G; Pillay, V.; Choonara, Y.E. Advances in the treatment of neurodegenerative disorders employing nanotechnology. Year
Neurol. 22010, 1184, 154-172. [CrossRef]

Swartz, R.E; Black, S.E.; St George-Hyslop, P. Apolipoprotein E and alzheimer’s disease; a genetic, molecular and neuroimaging
review. Can. J. Neurol. Sci. 1999, 26, 77-88. [PubMed]

Lled, A.; Greenberg, S.M.; Growdon, ].H. Current pharmacotherapy for alzheimer’s disease. Annu. Rev. Med. 2006, 57, 513-533.
[CrossRef] [PubMed]

Etminan, M.; Gill, S.; Samii, A. Effect of non-steroidal anti-inflammatory drugs on risk of alzheimer’s disease: Systematic review
and meta-analysis of observational studies. BMJ 2003, 327, 128. [CrossRef] [PubMed]

Bard, F.; Cannon, C.; Barbour, R.; Burke, R.-L.; Games, D.; Grajeda, H.; Guido, T.; Hu, K.; Huang, J.; Johnson-Wood, K; et al.
Peripherally administered antibodies against amyloid 3-peptide enter the central nervous system and reduce pathology in a
mouse model of Alzheimer disease. Nat. Med. 2000, 6, 916-919. [CrossRef]

Tiribuzi, R.; Crispoltoni, L.; Chiurchit, V.; Casella, A.; Montecchiani, C.; Del Pino, A.M.; Maccarrone, M.; Palmerini, C.A;
Caltagirone, C.; Kawarai, T.; et al. Trans-crocetin improves amyloid-f degradation in monocytes from alzheimer’s disease
patients. J. Neurol. Sci. 2017, 372, 408—412. [CrossRef]

Wong, K.H,; Xie, Y.; Huang, X.; Kadota, K.; Yao, X.-S.; Yu, Y.; Chen, X.; Lu, A.; Yang, Z. Delivering crocetin across the blood-brain
barrier by using y-cyclodextrin to treat alzheimer’s disease. Sci. Rep. 2020, 10, 3654. [CrossRef]

Park, J.S.; Kim, T.; Kim, D.; Jeong, Y.I. The effect of oxidative stress and memantine-incorporated reactive oxygen species-
sensitive nanoparticles on the expression of N-Methyl-d-aspartate receptor subunit 1 in brain cancer cells for alzheimer’s disease
application. Int. J. Mol. Sci. 2021, 22, 12309. [CrossRef]

Sun, ].; Wei, C,; Liu, Y.; Xie, W.; Xu, M.; Zhou, H.; Liu, J. Progressive release of mesoporous nano-selenium delivery system for the
multi-channel synergistic treatment of alzheimer’s disease. Biomaterials 2019, 197, 417-431. [CrossRef]

Bendor, ].T.; Logan, T.P.; Edwards, R.H. The function of a-synuclein. Neuron 2013, 79, 1044-1066. [CrossRef]

Kanwar, J.R.; Sriramoju, B.; Kanwar, R.K. Neurological disorders and therapeutics targeted to surmount the blood-brain barrier.
Int. |. Nanomed. 2012, 7, 3259-3278. [CrossRef] [PubMed]

Barros, M.C.E.; Ribeiro, A.C.E; Esteso, M.A. Cyclodextrins in parkinson’s disease. Biomolecules 2019, 9, 3. [CrossRef] [PubMed]
Trotta, F.; Caldera, F; Cavalli, R.; Soster, M.; Riedo, C.; Biasizzo, M.; Uccello Barretta, G.; Balzano, F.; Brunella, V. Molecularly
imprinted cyclodextrin nanosponges for the controlled delivery of L-DOPA: Perspectives for the treatment of parkinson’s disease.
Expert Opin. Drug Deliv. 2016, 13, 1671-1680. [CrossRef] [PubMed]

Saitani, E.-M.; Pippa, N.; Perinelli, D.R.; Forys, A.; Papakyriakopoulou, P; Lagopati, N.; Bonacucina, G.; Trzebicka, B.; Gazouli,
M.; Pispas, S.; et al. Fabricating polymer/surfactant/cyclodextrin hybrid particles for possible nose-to-brain delivery of ropinirole
hydrochloride: In vitro and ex vivo evaluation. Int. J. Mol. Sci. 2024, 25, 1162. [CrossRef] [PubMed]

Truzzi, E.; Rustichelli, C.; de Oliveira Junior, E.R.; Ferraro, L.; Maretti, E.; Graziani, D.; Botti, G.; Beggiato, S.; lannuccelli, V.;
Lima, E.M.; et al. Nasal biocompatible powder of geraniol oil complexed with cyclodextrins for neurodegenerative diseases:
Physicochemical characterization and in vivo evidences of nose to brain delivery. J. Control. Release 2021, 335, 191-202. [CrossRef]
Noseworthy John, H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker Brian, G. Multiple sclerosis. N. Engl. . Med. 2000, 343, 938-952.
[CrossRef]

Sandi, D.; Kokas, Z.; Biernacki, T.; Bencsik, K.; Klivényi, P.; Vécsei, L. Proteomics in multiple sclerosis: The perspective of the
clinician. Int. J. Mol. Sci. 2022, 23, 5162. [CrossRef]

Calabresi, P.A. Diagnosis and management of multiple sclerosis. Am. Fam. Physician 2004, 70, 1935-1944.

Boster, A.; Edan, G.; Frohman, E.; Javed, A.; Stuve, O.; Tselis, A.; Weiner, H.; Weinstock-Guttman, B.; Khan, O. Intense
immunosuppression in patients with rapidly worsening multiple sclerosis: Treatment guidelines for the clinician. Lancet Neurol.
2008, 7, 173-183. [CrossRef]

Filippini, G.; Del Giovane, C.; Vacchi, L.; D’Amico, R.; Di Pietrantonj, C.; Beecher, D.; Salanti, G. Inmunomodulators and
immunosuppressants for multiple sclerosis: A network meta-analysis. Cochrane Database Syst. Rev. 2013, 6, CD008933. [CrossRef]
Mansilla, M.].; Presas-Rodriguez, S.; Teniente-Serra, A.; Gonzélez-Larreategui, I.; Quirant-Sanchez, B.; Fondelli, F.; Djedovic, N.;
Iwaszkiewicz-Grzes, D.; Chwojnicki, K.; Miljkovic, D.; et al. Paving the way towards an effective treatment for multiple sclerosis:
Advances in cell therapy. Cell. Mol. Immunol. 2021, 18, 1353-1374. [CrossRef] [PubMed]

Mwema, A.; Muccioli, G.G.; des Rieux, A. Innovative drug delivery strategies to the CNS for the treatment of multiple sclerosis. J.
Control. Release 2023, 364, 435-457. [CrossRef] [PubMed]

Md, S.; Bhattmisra, S.K.; Zeeshan, F; Shahzad, N.; Mujtaba, M.A.; Srikanth Meka, V.; Radhakrishnan, A.; Kesharwani, P.; Baboota,
S.; Ali, J. Nano-carrier enabled drug delivery systems for nose to brain targeting for the treatment of neurodegenerative disorders.
J. Drug Deliv. Sci. Technol. 2018, 43, 295-310. [CrossRef]


https://doi.org/10.1021/jf0731088
https://doi.org/10.1016/j.foodchem.2008.04.042
https://doi.org/10.1038/s12276-023-01146-2
https://doi.org/10.1111/j.1749-6632.2009.05108.x
https://www.ncbi.nlm.nih.gov/pubmed/10352866
https://doi.org/10.1146/annurev.med.57.121304.131442
https://www.ncbi.nlm.nih.gov/pubmed/16409164
https://doi.org/10.1136/bmj.327.7407.128
https://www.ncbi.nlm.nih.gov/pubmed/12869452
https://doi.org/10.1038/78682
https://doi.org/10.1016/j.jns.2016.11.004
https://doi.org/10.1038/s41598-020-60293-y
https://doi.org/10.3390/ijms222212309
https://doi.org/10.1016/j.biomaterials.2018.12.027
https://doi.org/10.1016/j.neuron.2013.09.004
https://doi.org/10.2147/IJN.S30919
https://www.ncbi.nlm.nih.gov/pubmed/22848160
https://doi.org/10.3390/biom9010003
https://www.ncbi.nlm.nih.gov/pubmed/30583478
https://doi.org/10.1080/17425247.2017.1248398
https://www.ncbi.nlm.nih.gov/pubmed/27737572
https://doi.org/10.3390/ijms25021162
https://www.ncbi.nlm.nih.gov/pubmed/38256239
https://doi.org/10.1016/j.jconrel.2021.05.020
https://doi.org/10.1056/NEJM200009283431307
https://doi.org/10.3390/ijms23095162
https://doi.org/10.1016/S1474-4422(08)70020-6
https://doi.org/10.1002/14651858.CD008933.pub2
https://doi.org/10.1038/s41423-020-00618-z
https://www.ncbi.nlm.nih.gov/pubmed/33958746
https://doi.org/10.1016/j.jconrel.2023.10.052
https://www.ncbi.nlm.nih.gov/pubmed/37926243
https://doi.org/10.1016/j.jddst.2017.09.022

Int. J. Mol. Sci. 2024, 25, 10834 15 of 15

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.
109.

110.

Warnken, Z.N.; Smyth, H.D.C.; Watts, A.B.; Weitman, S.; Kuhn, ].G.; Williams, R.O. Formulation and device design to increase
nose to brain drug delivery. |. Drug Deliv. Sci. Technol. 2016, 35, 213-222. [CrossRef]

Khan, S.; Patil, K.; Yeole, P.; Gaikwad, R. Brain targeting studies on buspirone hydrochloride after intranasal administration of
mucoadhesive formulation in rats. J. Pharm. Pharmacol. 2009, 61, 669—675. [CrossRef]

Mead, R.J.; Shan, N.; Reiser, H.].; Marshall, F.; Shaw, PJ. Amyotrophic lateral sclerosis: A neurodegenerative disorder poised for
successful therapeutic translation. Nat. Rev. Drug Discov. 2023, 22, 185-212. [CrossRef]

Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T.; Bruce, J.; Schuck, T.; Grossman, M.; Clark,
C.M,; et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 2006, 314,
130-133. [CrossRef]

Hardiman, O.; Al-Chalabi, A.; Chio, A.; Corr, E.M.; Logroscino, G.; Robberecht, W.; Shaw, PJ.; Simmons, Z.; van den Berg, L.H.
Correction: Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers 2017, 3, 17085. [CrossRef]

Ramos-Campoy, O.; Avila-Polo, R.; Grau-Rivera, O.; Antonell, A.; Clarimén, J.; Rojas-Garcia, R.; Charif, S.; Santiago-Valera, V.;
Hernandez, I.; Aguilar, M.; et al. Systematic screening of ubiquitin/p62 aggregates in cerebellar cortex expands the neuropatho-
logical phenotype of the c9orf72 expansion mutation. J. Neuropathol. Exp. Neurol. 2018, 77, 703-709. [CrossRef]

Greensmith, L.; Bryson, ].B. The cholesterol depleting agent, (2-Hydroxypropyl)-B-cyclodextrin, does not affect disease progres-
sion in SOD1G93A mice. Amyotroph. Lateral Scler. Front. Degener. 2023, 24, 756-762. [CrossRef]

Walker, FO. Huntington’s disease. Lancet 2007, 369, 218-228. [CrossRef] [PubMed]

Valenza, M.; Cattaneo, E. Cholesterol dysfunction in neurodegenerative diseases: Is huntington’s disease in the list? Prog.
Neurobiol. 2006, 80, 165-176. [CrossRef] [PubMed]

del Toro, D.; Xifr6, X.; Pol, A.; Humbert, S.; Saudou, F.; Canals, ].M.; Alberch, J. Altered cholesterol homeostasis contributes to
enhanced excitotoxicity in Huntington’s disease. J. Neurochem. 2010, 115, 153-167. [CrossRef] [PubMed]

Godinho, BM.D.C; Ogier, J.R.; Darcy, R.; O'Driscoll, C.M.; Cryan, J.F. Self-assembling modified (3-cyclodextrin nanoparticles as
neuronal siRNA delivery vectors: Focus on huntington’s disease. Mol. Pharm. 2013, 10, 640-649. [CrossRef]

Mendonga, M.C.P; Sun, Y.; Cronin, M.E; Lindsay, A.J.; Cryan, ].E,; O'Driscoll, C.M. Cyclodextrin-based nanoparticles for delivery
of antisense oligonucleotides targeting huntingtin. Pharmaceutics 2023, 15, 520. [CrossRef]

Hockly, E.; Richon, VM.; Woodman, B.; Smith, D.L.; Zhou, X.; Rosa, E.; Sathasivam, K.; Ghazi-Noori, S.; Mahal, A.; Lowden,
P.A.S,; et al. Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, ameliorates motor deficits in a mouse model of
huntington’s disease. Proc. Natl. Acad. Sci. USA 2003, 100, 2041-2046. [CrossRef]

Mendonga, M.C.P,; Cronin, M.E,; Cryan, J.F.; O'Driscoll, C.M. Modified cyclodextrin-based nanoparticles mediated delivery of
siRNA for huntingtin gene silencing across an in vitro BBB model. Eur. J. Pharm. Biopharm. 2021, 169, 309-318. [CrossRef]
Braga, S.S. Cyclodextrin superstructures for drug delivery. |. Drug Deliv. Sci. Technol. 2022, 75, 103650. [CrossRef]

Wu, D,; Chen, Q.; Chen, X.]J.; Han, E; Chen, Z.; Wang, Y. The blood-brain barrier: Structure, regulation, and drug delivery. Signal
Transduct. Target. Ther. 2023, 8, 217. [CrossRef]

Terstappen, G.C.; Meyer, A.H.; Bell, R.D.; Zhang, W.D. Strategies for delivering therapeutics across the blood-brain barrier. Nat.
Rev. Drug Discov. 2021, 20, 362-383. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jddst.2016.05.003
https://doi.org/10.1211/jpp.61.05.0017
https://doi.org/10.1038/s41573-022-00612-2
https://doi.org/10.1126/science.1134108
https://doi.org/10.1038/nrdp.2017.85
https://doi.org/10.1093/jnen/nly047
https://doi.org/10.1080/21678421.2023.2239867
https://doi.org/10.1016/S0140-6736(07)60111-1
https://www.ncbi.nlm.nih.gov/pubmed/17240289
https://doi.org/10.1016/j.pneurobio.2006.09.005
https://www.ncbi.nlm.nih.gov/pubmed/17067733
https://doi.org/10.1111/j.1471-4159.2010.06912.x
https://www.ncbi.nlm.nih.gov/pubmed/20663016
https://doi.org/10.1021/mp3003946
https://doi.org/10.3390/pharmaceutics15020520
https://doi.org/10.1073/pnas.0437870100
https://doi.org/10.1016/j.ejpb.2021.11.003
https://doi.org/10.1016/j.jddst.2022.103650
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1038/s41573-021-00139-y
https://www.ncbi.nlm.nih.gov/pubmed/33649582

	Introduction 
	Cyclodextrin (CD) 
	Neurodegenerative Disorders 
	Challenges in the Treatment of Neurodegenerative Diseases 
	Opportunities for Drug Delivery 

	Construction of Cyclodextrin-Containing Drug Delivery Systems for Neurodegenerative Disorders 
	Alzheimer’s Disease (AD) 
	Parkinson’s Disease (PD) 
	Multiple Sclerosis (MS) 
	Amyotrophic Lateral Sclerosis (ALS) 
	Huntington’s Disease (HD) 

	Conclusions 
	References

