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Abstract: Cyclodextrins are often used as molecular carriers for small active ingredients in medicine.
Recently, the intrinsic medicinal activity of some of these compounds has been under investigation,
mainly related to their ability to interfere with cholesterol and, therefore, prevent and treat cholesterol-
related diseases such as cardiovascular disease and neuronal diseases arising from altered cholesterol
and lipid metabolism. One of the most promising compounds within the cyclodextrin family is
2-hydroxypropyl-p-cyclodextrin (HPBCD), owing to its superior biocompatibility profile. This work
presents the most recent advances in the research and clinical use of HPBCD against Niemann-—
Pick disease, a congenital condition involving cholesterol accumulation inside lysosomes in brain
cells, Alzheimer’s and Parkinson’s. HPBCD plays a complex role in each of these ailments, going
beyond the mere sequestering of cholesterol molecules and involving an overall regulation of protein
expression that helps restore the normal functioning of the organism.

Keywords: 2-hydroxypropyl-B-cyclodextrin, Niemann-Pick disease; Parkinson’s; Alzheimer’s;
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1. Introduction
1.1. Overview of Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides that can occur spontaneously in the
natural environment by bacterial fermentation of starch [1,2] or be produced in a bioengi-
neering facility by the action of enzymes on starch-rich substrates [3-5]. Naturally occurring
cyclodextrins are usually named ‘native CDs” and include «-CD, 3-CD and y-CD, having
six, seven and eight glucose units, respectively. Their unique structure, first described
in 1948 [6], features the D-glucose units linked by «-1,4-bonds, with the secondary and
primary hydroxyl facing the upper and lower rims of the ring, and the inner cavity is lined
with protons. The geometry of cyclodextrins makes them excellent solubilising agents for
non polar molecules, with applications in controlled delivery, solubilisation and shelf-life
extension of active ingredients in the pharmaceutical, cosmetic and food industries [7-10].
Chemical modification of cyclodextrins by placing functional groups at the available hy-
droxyl groups affords a variety of derivatives and allows fine-tuning the depth of their
cavity and some physico-chemical properties such as solubility and aggregation. The
structures of the cyclodextrin molecules that are most employed in pharmacy and medicine
are depicted in Figure 1.

1.2. Cyclodextrin Regulatory Status and Pharmaceutical Use as Excipients

Native cyclodextrins are approved as excipients by the European Medicines Agency
(EMA) [11] and they have the GRAS status, i.e., ‘generally recognised as safe’ from the US
Food and Drugs Administration (FDA) [12-14]. They are also approved as food additives
by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) [15-17]. Within
chemically modified cyclodextrins, (2-hydroxy)propyl-3-CD (HPRCD) is one of the safest,
being approved for parenteral, oral, rectal, dermal and ocular pharmaceutical formulations,
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while sulphobutylether-3-CD (SBE-3-CD) is used in parenteral and oral formulations.
Methylated cyclodextrins have lower biological safety because of their higher lipophilicity
and high potential to cause haemolysis. Because of this, most of the methylated derivatives
of cyclodextrins are banned from pharmaceuticals. Nevertheless, one of these molecules
is allowed for external use: randomly methylated 3-CD (RAMEB), approved for topical
administration, appears in the composition of nasal and ocular formulations [11].

SBEBCD RAMEB HPBCD

Figure 1. Schematic depiction of the structure of 3-CD and its derivatives of pharmaceutical use. The
hydroxyl groups located at the rims of 3-CD, highlighted in red, serve as anchoring sites for chemical
functionalisation. In the derivatives, only the functional groups (hydroxypropyl, sulphobutylether
and methoxyl) are highlighted with colour. Adapted from Braga et al. [9] under a Creative Commons
licence (CC BY 4.0).

In their classical pharmaceutical application, cyclodextrins are usually regarded as
excipients with drug solubilising and stabilising action. Nowadays, one can find numerous
examples of applications of cyclodextrins as excipients in commercial drugs. In liquid
formulations, the most well-known are Sporanox®oral and injectable solutions that use
HPBCD as solubiliser [18,19], with other examples being the use of SBEACD in injectable
antiviral remdesivir [20], heptakis-2,6-di-O-methyl-3-CD in chloramphenicol eye drops [21]
and y-CD in the paediatric form of the sedative midazolam [22]. Cyclodextrins are fre-
quently found in solid dosage forms. An example of widespread use by female patients is
Yaz®, a birth control and acne-treating tablet formulation containing the inclusion com-
plex of 23CD-ethinylestradiol [23]. Cyclodextrins also help formulate many other drugs
into tablets, being found in association with antibiotics such as cefotiam, cefditorem and
norfloxacin, anti-histamine drugs such as cetirizine and loratadine, the anti-hypertensive
agent amlodipine, the expectorant bromhexin, anti-acids such as omeprazole and famo-
tidine, the painkiller paracetamol, and numerous anti-inflammatory drugs (nimesulide,
rofecoxib, meloxicam, piroxicam, tiaprofenic acid and aceclofenac); for a comprehensive
list of cyclodextrins in commercial drug formulations, the reader is referred to the reviews
of Puskas et al. [24] and Klein and Zoller [25].

1.3. Cyclodextrins in Medicine

The potential role of cyclodextrins as medicinal compounds started to attract the
attention of researchers in the end of the XX century. This change of paradigm was trig-
gered by the development of polysulphated cyclodextrin derivatives as part of a program
investigating drug candidates to treat HIV (human immunodeficiency virus). Among other
substrates, native cyclodextrins were used as polysulphonation scaffolds, yielding dozens
of sulphated derivatives [26] of which some were able to stop HIV replication in vitro, but
ultimately failed in vivo because HIV was able to become resistant to them [27]. In the early
2000’s, cholesterol was identified a target for HIV therapy [28], re-sparkling the interest
in the medicinal use of cyclodextrins and broadening the span of research to a number of
viral infections and cholesterol-associated metabolic disfunctions. Native and chemically
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modified cyclodextrins are able to bind to cholesterol with varying degrees of affinity.
Those with a higher sequestering ability are 3-CD and RAMEB, followed by HPBCD and
then by TRIMEB, as determined in vitro in human vascular endothelial cells [29]. The high
biocompatibility of HPBCD makes it typically the cyclodextrin of choice for medicinal
applications that require cholesterol sequestering.

Currently, there is only one cyclodextrin approved as a medicine—this molecule,
a per-6-sulphanylpropanoate derivative of y-CD, is specifically designed to bind to the
anaesthetic agent rocuronium bromide and revert its effect, helping patients recover their
senses quickly (1.5 min) in postoperative settings [30,31]. Nevertheless, research in medic-
inal uses of cyclodextrins for a variety of diseases has grown exponentially in the last
two decades [27] and these compounds are already in the drug development pipeline of
several companies.

A relevant example is the field of cardiovascular disease. HPRCD has promising
anti-atherosclerotic properties, helping to reduce inflammation in atherosclerotic tissue [32],
dissolving cholesterol deposits in mouse arterial walls to facilitate its removal and repro-
gramming macrophage cells to metabolise cholesterol and form soluble oxysterol metabo-
lites [33]. New research is revealing cardioprotective properties for HPBCD, particularly
in preventing abdominal aortic aneurism; a study on a mouse model demonstrated its
effectiveness in stopping disease progression [34].

A second example is the treatment of a genetic disease of the kidney characterised
by abnormal build-up of cholesterol and lipids in the glomeruli (the cells responsible for
filtration). This disease is called focal segmental glomerulosclerosis and it manifests by the
presence of proteins in the urine (leaked by the lipid-damaged cells). HPBCD can restore
normal renal function by removing the excess cholesterol from the glomeruli [35]. The use
of HPRCD on human patients for the treatment of focal segmental glomerulosclerosis in
phase Ila trials has been approved by the FDA [36]; the trials are currently being designed
and they are set to start soon [37].

The neuroprotective role and cholesterol-regulating action of several cyclodextrins
on cortical neuronal cultures is reported [38], with consequent changes in the activity
of various proteins such as receptors, transporters and ion channels, and a significant
role in the pathogenesis of several ischemic brain conditions, such as stroke [39], as well
as in the progression of Alzheimer’s and Parkinson’s diseases. These two age-related
neurodegenerative disorders currently have no effective therapeutic approaches to stop
their progression. Therefore, the development of new drugs against them is the target
of intense research. Impaired cholesterol trafficking and metabolism is a common trait
in Parkinson’s and Alzheimer’s. It is also the root cause of a congenital brain disease,
Niemann-Pick type C. This review describes the developments on the medicinal use of
HPBCD as a cholesterol-regulating molecule in the field of neurodegenerative diseases,
focusing on the three abovementioned conditions—the ones for which stronger scientific
developments are available.

2. Hydroxypropyl-f3-cyclodextrin in the Treatment of Niemann-Pick Disease

Niemann-Pick disease (NPD) of the type C is a congenital brain disease involving
the excessive accumulation of cholesterol sphingolipids inside the lysosomes of brain
cells. The disease has a genetic origin, being caused by malfunction in the gene encoding
NPC1, a transport protein responsible for removing lipids out of the cells. Patients carrying
the active mutation suffer from strong neurological dysfunction that manifests through
symptoms such as ataxia, tremors, loss of muscle tone and even possible loss of vision.
NPD starts to manifest during childhood and it causes progressive loss of bodily control
and function that may ultimately lead to death [40].
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2.1. Pre-Clinical Evaluation in Different Animal Models and Investigations into the Possible Mode
of Action at the Cellular Level

Research on HPBCD as a possible drug for NPD was triggered by the lack of medicines
for the disease and by the known ability of this cyclodextrin to sequester cholesterol and
other lipids. Pre-clinical studies in mice using intravenous administration showed no
results, thus leading to the conclusion that HPBCD cannot cross the blood—brain barrier [41].
Based on this conclusion, the authors further stated that the possible medicinal use of
HPBCD in the treatment of NPD would require invasive intrathecal administration, that
is, direct injection into the spinal canal. Using this route, it was possible to observe a
beneficial action of HPBCD in mice [42] and cats [43] with NPD, which translated as slower
progress of neural damage and reduced swelling in some regions of the brain. Murine
studies further confirmed the ability of intrathecal HPBCD to delay the onset of clinical
signs, reduce neurodegeneration by lowering cholesterol accumulation in neurons and
significantly increase the lifespan of the subjects. Murines treated with HPFCD showed
normal levels of autophagy and neuroinflammation biomarkers [44].

Investigation into the mode of action of HPBCD was carried out in vitro using fibrob-
lasts from both healthy and Niemann-Pick-bearing donors. Results showed that HPRCD
caused a clear reduction in the amount of intracellular cholesterol in the fibroblasts that
carry the disease, making them appear, in micrographs, similar to the healthy control
fibroblasts (Figure 2). The study further investigated the possible mechanisms of action of
HPBCD to show that its cholesterol-lowering activity was mediated through the stimula-
tion of lysosome-associated membrane protein 1 (LAMP-1), one of the proteins responsible
for carrying lipids out of the cells [45].

Control HPBCD
Stained for cholesterol

NPC1-/-

Figure 2. Immunostaining micrographs of healthy fibroblasts (wild type) and fibroblasts from a
Niemann-Pick patient (NPC1 ~/~); scale bar = 50 pm. Top and middle rows show the distribution of
cholesterol (in white, stained with filipin). Bottom row shows LAMP-1 distribution (in red, a lysosome
marker) along with the cell nuclei (in blue). The arrow represents the distribution of LAMP-1 from
the centre of the nuclei, depicting that the LAMP-1 protein is mostly confined to the area near the
nuclear envelope in control NPC1~/~ cells and distributed more widely throughout the cytoplasm
when cells were treated with HPBCD. Cells were incubated with 1 mm HPBCD for 72 h prior to
image collection. Images are a representative of at least three random fields of three experimental
replicates. Adapted from Singhal et al. [45] under a Creative Commons licence (CC BY 4.0).
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In another in vitro study with primary human fibroblasts, HPBCD was shown to
upregulate cell autophagy, a process that is vital to cell maintenance as it helps eliminate un-
needed proteins, macromolecules and proteolipid aggregates. The cellular bodies involved
in this process, called autophagosomes, are linked to lysosomal activity, which means
that their correct functioning is important for the lipid-eliminating action of lysosomes.
Cellular uptake of HPBCD and accumulation into late endosomes and lysosomes resulted
in activation of the cellular lipid clearance response mediated by the autophagy pathway
in cells that have a defective lysosomal system (Figure 3) [46]. It is important to note that
the fibroblasts used in this study were not obtained from NPD patients but rather from
patients with another cell metabolism disorder (named neuronal ceroid lipofuscinosis).
Nevertheless, the mode of action is transversal and applicable to NPD type C because it
has been demonstrated that NPD patients also have compromised autophagy [47].
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) DD A1
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2-hydroxypropyl-B-cyclodextrin

Figure 3. Schematic representation of the proposed adaptive cellular response to HPBCD treatment.
HPBCD administration increases expression of the transcription factor EB (TFEB) in the cytoplasmatic
ribosomes. Upon translocation from the cytoplasm to the nucleus, TFEB regulates the expression of
genes involved in biogenesis and fusion of lysosomes and autophagosomes. As a result, HPBCD ad-
ministration results in enhanced clearance of the autophagic substrate ceroid lipopigment in the cells
of patients with congenital deficient elimination of this substance. Reproduced from Sarkar et al. [47]
under a Creative Commons licence (CC-BY-NC-ND 3.0).

2.2. Clinical Trials and Compassionate Medicinal Use

The encouraging results obtained in pre-clinical trials and the lack of alternatives
prompted the approval of HPBCD as an orphan drug for the compassionate treatment of
NPD type C by both the FDA (in 2010) and the EMA (in 2013) [48]. Since then, its effect
following intrathecal administration has been evaluated by several clinical trials. In one of
these, patients were babies under 18 months of age and they showed restoration of neuronal
cholesterol homoeostasis and a reduction of central nervous system pathology [49]. A trial
enrolling 3 children with ages between 30 to 36 months showed that HPRCD improved
cognitive scores and motor abilities, including the ability to swallow and to maintain
balance; note that no placebo group was included [50]. A trial administering HPRCD
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intrathecally for a period of 3 years and enrolling 14 participants aged between 4 and
23 years also showed slowing of the progression of the disease [51].

In a larger trial enrolling 56 patients and having a double blind, 2:1 design, that is,
38 patients having HPRCD intrathecally (900 mg every 2 weeks for a total of 52 weeks) and
18 patients receiving a sham control, results found no statistically significant differences
between HPBCD and the control [52,53]. Moreover, the trial showed non-neglectable
incidence of hearing loss as a secondary effect of the treatment. HP3CD had been previously
shown to have toxicity in outer hair cells of the ear [54]. Ultimately, the results of the trial
caused HPBCD to fail clinical approval by the FDA as a commercial drug for Niemann-Pick
Disease type C [55]. The small number of patients available for the trial and the unequal
randomisation method it employed could be behind the poor results [56]. Further trials
are under design to continue developing a clinical label for HPBCD (under the tradename
adrabetadex) in NPD treatment [57].

3. Hydroxypropyl-f-cyclodextrin in the Management of Alzheimer’s Disease

Alzheimer’s disease is a neurodegenerative condition characterised by the accumu-
lation of B-amyloid peptides in the brain [58,59]. Recent studies show that impaired
cholesterol metabolism may contribute to increased risk of developing Alzheimer’s, be-
cause high cholesterol levels seem to correlate with higher amounts of internalisation of
-amyloid peptides into the neurons; in addition, cholesterol can interfere negatively with
several proteases responsible for 3-amyloid peptide degradation in the brain [60].

3.1. In Vitro and In Vivo Studies on Rodents Using Subcutaneous Administration

One of the main genes responsible for brain dyslipidaemia in Alzheimer’s disease is
APOE [61]. This gene can be found in a variety of cells throughout the human organism, and
are involved in the transport of cell lipids and cholesterol transport. APOE4 polymorphism
alters its normal functioning and causes accumulation of unsaturated triglycerides and
lipid droplets in oligodendrocytes and reduced brain cell myelination from the early
development stages of the patient [62].

The use of HPBCD as a possible therapy for patients with the APOE4 polymorphism
was recently evaluated in a mouse model. In vivo studies used mice that were genetically
modified to carry the human APOE## gene; for eight weeks, mice were subcutaneously
injected with either HPCD (dose 2 mg/kg body weight twice weekly, n = 4) or with saline
solution. Results showed significant reduction of cholesterol droplets in the hippocampus
brain region of the treated group in regard to the control group. TEM-based ultrastructural
analysis of corpus callosum of treated mice revealed that HPBCD increased the number
of myelinated axons and led to thicker myelin sheaths. Cognition tests further showed
improved cognition and memory skills, but not motor ability, in treated mice [62]. These
results, while extremely promising, still lack an adequate mechanistic elucidation. The
authors of the study evaluated the role of HPBCD on APOE#* oligodendroglia cultures
in vitro, having observed significant reduction of intracellular neutral lipid droplets (com-
posed of cholesterol and neutral lipids such as triacylglycerides) [62]. However, direct
action on brain tissue is most unlikely to be achieved from subcutaneous injection of
HPBCD, because of its quasi-inability to cross the blod-brain barrier [41,63]. The action of
HPBCD must, thus, be associated with effects on tissue other than the brain. It is known that
peripheral APOE peptide isoforms, separated from those in the brain by the blood-brain
barrier, are reported to be the main cause of development of Alzheimer’s symptoms [64].
Given that HPACD will circulate freely throughout the body when administered by the
subcutaneous route, peripheral tissue poses as a plausible target of action.

The beneficial role of HPBCD on the evolution of Alzheimer’s was demonstrated by
the team of Yao et al. in a study with transgenic mice carrying the human gene for the amy-
loid peptide precursor (Tg19959 mice) [65]. These mice are thus designed to have congenital
Alzheimer’s. They received treatment with HPBCD at a twice-weekly dose of 4 mg/kg
body weight, starting 1 week after birth and ending when they were 4 months old. Mice
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under treatment showed better learning skills than the control group, but no improvements
in motor skills. Mice were sacrificed after four months. Post-mortem brain histochem-
ical studies showed reduced neuroinflammation and less (3-amyloid peptide build-up
(Figure 4), which seemed to be associated with a reduced amyloidogenic processing of the
amyloid peptide precursor.
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Figure 4. HPBCD treatment significantly reduces amyloid plaque burden in Tg19959 mice at four
months of age. Top row: representative images of amyloid plaques detected with an Ap342 antibody,
along with the calculated percentage of area covered by amyloid plaques in cerebral cortex and
hippocampus of Tg19959 mice treated with saline (control) or HPBCD. Bottom row: representative
images of amyloid plaques stained with thioflavin (ThS), a fluorescent stain that binds to beta-sheet
rich regions of amyloid plate. The chart depicts the percentage of brain tissue area covered by
ThS-positive plaques. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; n = 9-10 in each group. All results
were obtained and analysed from two separate animal studies. Reproduced from Yao ef al. [65] under
a Creative Commons licence (CC BY-NC-SA 3.0).

Yao et al. further observed that the reduction in 3-amyloid plaques was accompanied
by improvements in spatial learning and memory in Tg19959 mice [66].

Another in vivo study employed mice with several mutations, expressing a chimerical
mouse-human amyloid precursor protein with the familial Alzheimer Swedish mutation
(APP695swe), mutant presenilin 1 (PSEN1-dE9, a transmembrane protein that participates
in the cleavage of 3-amyloid peptides), and a dominant-positive, truncated and active form
of sterol regulatory element binding factor 2 (SREBF2/SREBP2, to induce high levels of
cholesterol in the brain and let it disrupt autophagic vesicles) [67]. The mice received a sub-
cutaneous dose of 4 g/kg body weight of HPBCD every day for a period of 10 weeks. The
treatment resulted in changes in levels and membrane distribution of key autophagosome
and endosome-lysosome fusion proteins, which restored their ability to fuse and to perform
autophagic action. Therefore, the clearance of 3-amyloid peptide was improved. To better
understand the role of HPBCD on the mouse Swedish mutation, in vitro studies were
conducted [66]. To model the disease, mouse neuroblasts were modified to over-express
Swedish mutant APP (SwNN2), which caused them to have elevated cholesterol levels in
the membrane. Upon treatment with HPBCD, cells showed reduced levels of membrane
cholesterol, dramatically lower levels of 3-amyloid peptide 42 and improved mitochondrial
oxygen consumption.

These results served to demonstrate that HPBCD does have the ability to act directly
on brain cells. For this to happen, administration needs to be conducted by a route that
ensures HPBCD can reach brain tissue in adequate concentrations. Moreover, an adequate
brain administration route can open the way for a possible action on the 3-amyloid peptide
aggregates located in the brain, because the ability of HPBCD to bind to fragments of
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the 3-amyloid peptide has already been demonstrated by NMR and circular dichroism
studies [68-70].

3.2. Exploring Intranasal Administration as a Brain-Targeting Route for HPBCD

Intranasal administration has been recently proposed as a suitable delivery route
to bypass the blood-brain barrier and target the central nervous system, having as an
advantage the fact that it is quite less invasive than intrathecal administration. While
its efficacy in the administration of small molecules such as sedatives, anxiolytics and
corticosteroids is well demonstrated [71], the delivery of substances of high molecular
weight can be trickier, prompting a case-by-case evaluation. A study comparing the
distribution and tissue concentrations of HPBCD in mice following administration by the
intrathecal and the intranasal routes showed that in both cases it was taken up by all regions
of the central nervous system, albeit the intranasal administration afforded lower levels
than those obtained with the intrathecal one [72].

Evaluation of the activity of HP3CD, given by intranasal administration on a rodent
model of Alzheimer’s, was reported [73]. Rats were administered with 3-amyloid peptide
42 by direct injection to the hippocampus region of the brain and treated with HPBCD,
which was administered to the nasal cavity in the form of mucoadhesive microspheres.
While the hippocampus of rats that received no treatment showed signs of oxidative stress
and apoptosis due to the increased levels of lipid peroxidation and reactive oxygen species,
the hippocampus of rats that were treated with HPBCD showed significantly reduced
levels of oxidative stress. These results presented some evidence of a protective action of
HPBCD against the toxicity induced by the B-amyloid peptide 42 in the rat hippocampus;
nevertheless, the authors of this study also noted that the excipients of the microparticles
(sodium alginate or chitosan) could be involved in the therapeutic effect [73]. Therefore, the
isolated therapeutic action of HPBCD on brain tissue affected with Alzheimer’s remains to
be confirmed by further studies.

3.3. Ongoing Clinical Trial on HPBCD against Alzheimer’s

In November 2022, Cyclo Therapeutics, Inc, in collaboration with various research
institutes, launched the first clinical trial to evaluate the potential medicinal efficacy, tox-
icological safety and tolerability of HPBCD in the treatment of early-stage Alzheimer’s
disease [74]. The study, presently underway, enrols 90 human patients, aged 50 to 80 years,
and is designed as a randomised, placebo-controlled, double-blind, parallel-group study.
Two different test groups of thirty patients each will receive treatment, and the third group
will receive a placebo. HPBCD will be administered by intravenous infusion over at
least 4 h at doses of either 500 mg/kg or 1000 mg/kg every 4 weeks, for a total period
of 6 months. Patients will be evaluated at the third and sixth month regarding memory,
cognition, language, orientation and social skills. Results, if positive, will provide a strong
contribution towards bringing HPBCD several steps closer to clinical application in the
treatment of this neurodegenerative disease.

4. Expanding the Activity Range of HPBCD to Parkinson’s Therapy: Early Steps

Parkinson’s disease is a neurodegenerative condition associated with loss of dopamine-
producing neurons at a midbrain region called the substantia nigra. One of the main
causes of neuron loss in Parkinson’s disease is thought to be mitochondrial dysfunction,
usually due to genetic causes, with the accumulation of toxic aggregates that end up
causing cell death [75]; the main toxic components in these aggregates are fragments of
a-synuclein («-syn), a functional protein that helps regulate neurotransmission in healthy
cells [76]. Mitochondrial imbalance was recently shown to be accompanied by impaired
autophagy [77] (a similarity with Alzheimer’s disease).

One of the first studies that looked into the role of HPBCD on Parkinson’s resorted
to an immortalised human H4 neuroglioma cell line (HTB-148, ATCC) [78]. Immortalised
cells are easier to cultivate than primary cultures and, being of human origin, they pose
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as a good model for the disease in human patients. The cells were transfected with x-syn-
EmGFP to mimic the alterations occurring in brain tissue affected by Parkinson’s (note: GFP,
or green fluorescent protein, was used as a microscopy fluorescent marker to help track
a-syn). One of the main outcomes of this study was to demonstrate that HPFCD reduced
a-syn aggregates inside transfected cells. A mechanistical investigation into the mode
of action of HPBCD showed that it was able to induce the clearance of «-syn aggregates
through upregulation of autophagy, in a process that involved, among other pathways,
LAMP-2-mediated increased autophagosome formation [78]. Note that LAMP-2 is the
‘sister” protein of LAMP-1, which allows inferring that the mode of action of HPACD in
Parkinson’s is somewhat parallel to the one reported for NPD.

To mimic the complex and tridimensional structure of brain tissue, an in vitro study
used tridimensional midbrain organoids as model for the Parkinson’s affected brain [77].
The organoid was generated from pluripotent cells with mutation in one of the main genes
that cause the disease. Results from this model showed that treatment with HPRCD helped
restore the growth of dopaminergic neurons. The next step of this study was to evaluate
the preventive role of HPBCD in vivo using a mouse model of the disease. Test animals
received HPRCD subcutaneously at a dose of 4 g/kg body weight twice a week for a
period of two weeks; at the fifth day of the study, mice received a neurotoxin (MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) to induce Parkinson’s disease. Histological
observation of mouse midbrain sections showed that HPRCD significantly reduced the loss
of dopaminergic neurons in treated mice (Figure 5) [77].

A
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Figure 5. Treatment with HPBCD (represented as HP-3-CD in this figure) protects against toxicity
of MPTP. (A) Treatment scheme for the generation of MPTP-induced subacute Parkinson’s disease
mice model and subsequent treatment with HPBCD. (B) Representative mouse midbrain sections
stained for tyrosine hydroxylase (TH) in control, MPTP or HPBCD-treated mice (bar = 400 um).
(C) Stereological quantification of the TH levels in mouse sections normalised to control levels.
Statistical analysis was performed using Kruskal-Wallis and Dunn’s tests for selected comparisons.
*p <0.05 ** p < 0.01. Reproduced from Jarazo ef al. [77] under a Creative Commons Licence
(CCBY 4.0).
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A method for using HPBCD to reduce the death of dopaminergic neurons in Parkin-
son’s and related diseases was recently patented [79], thus demonstrating the interest of
this compound for this class of diseases.

5. Overview and Future Outlook

The present review describes the application of HPRCD as a medicine for neurologic
diseases. In this context, it is important to bear in mind that HPBCD does not currently have
a medicinal label, and that its use in humans is restricted to the compassionate treatment
of patients suffering from NPD. In the clinical trials conducted with patients suffering
from this disease, HPBCD has afforded improvement of the disease symptoms, albeit with
lack of statistical significance due to the low number of recruited patients. A few of these
studies have further demonstrated that HPCD contributes to extend of lifespan of these
patients. These results are prompting continued studies with a broader test group which
may ultimately lead to clinical approval.

The mode of action of HPBCD in NPD, initially thought to be related to its ability to
sequester cholesterol and remove it from the cells with over accumulation of this lipid, is
now known to be more complex. In vitro studies on cell cultures from NPD patients showed
that the increase in the removal of intracellular cholesterol build-up involves stimulation
of the expression of the protein LAMP-1, upregulation of autophagosome activity, and
re-establishment of the normal lysosome activity.

Possible application of HPBCD in the treatment of two neurodegenerative diseases,
Parkinson’s and Alzheimer’s, is under investigation. In Parkinson’s disease, in vitro results
provide indications that the mode of action of HPBCD in helping reduce brain cell damage
may parallel the one reported for NPD. Using Parkinson’s-mimicking neuroglioma H4 cells,
it was shown that HPBCD activates a pathway that involved inducing translocation of
LAMP-2 to target cell sites, which increases the formation of autophagosomes and restores
the clearance mechanisms necessary to eliminate the toxic aggregates of x-syn that are the
root cause of neural damage.

The targets of action of HPBCD in Alzheimer’s are trickier to clarify because of
the different administration routes tested in different studies, which result in a radical
difference in the bioavailability of the compound in brain tissue. In rodent models of
Alzheimer’s, HPBCD was administered subcutaneously, and was practically unavailable
in brain tissue because of its neglectable permeation of the blood-brain barrier. A possible
explanation for the therapeutic action of HP3CD when given subcutaneously is that it may
contribute to regulate the peripheral expression of peptides that act as a background cause
of the disease, slowing its development without acting directly on the brain. On the other
hand, a study in which HPCD mucoadhesive microparticles were administered to rats
by the intranasal route to bypass the blood-brain barrier showed a direct protective effect
against oxidative stress induced by exposure to 3-amyloid peptide 42. While the number
of available studies is low and more studies are needed to help clarify the mode of action of
HPBCD on Alzheimer’s, all reports are coherent in showing promising results on halting or,
at least, containing neurodegeneration. Following these positive outcomes, the first clinical
trials on the use of HPBCD on human patients with early-stage Alzheimer’s has recently
been launched. The study is currently underway, and for this reason no results have yet
been released. The relevance of this study is, nevertheless, undeniable—besides serving
to demonstrate the usefulness of HPACD in the target pathology, any positive outcomes,
particularly regarding safety, will pave the way for application in other neurodegenerative
diseases, namely Parkinson’s, for which studies on humans are unavailable.

Funding: University of Aveiro and FCT/MCTES (Fundacao para a Ciéncia e a Tecnologia, Ministério
da Ciéncia, da Tecnologia e do Ensino Superior) are acknowledged for financial support to LAQV-
REQUIMTE (Ref. UIDB/50006/2020) through national founds and, where applicable, co-financed by
the FEDER, within the PT2020 Partnership Agreement.

Conflicts of Interest: The author declares no conflict of interest.



Biomolecules 2023, 13, 666 11 of 13

References

1. Villiers, M.A. Sur la fermentation de la fécule par I'action du ferment butyrique. C. R. Acad. Sci. 1891, 112, 69-71.

2. Freudenberg, K.; Jacobi, R. Uber Schardingers Dextrine aus Stérke. Justus Liebigs Ann. Chem. 1935, 518, 102-108. [CrossRef]

3. Biwer, A.; Antranikian, G.; Heinzle, E. Enzymatic production of cyclodextrins. Appl. Microbiol. Biotechnol. 2002, 59, 609-617.
[CrossRef] [PubMed]

4. Charoenlap, N.; Dharmsthiti, S.; Sirisansaneeyakul, S.; Lertsiri, S. Optimization of cyclodextrin production from sago starch.
Biores. Technol. 2004, 92, 49-54. [CrossRef]

5. Ben Amara, F; Bouzid, M.; Sahnoun, M.; Ben Nasr, Y.; Jaouadi, B.; Bejar, S.; Jemli, S. Valorization of potato peels starch for efficient
B-cyclodextrin production and purification through an eco-friendly process. Starch 2022, 74, 2200037. [CrossRef]

6.  Borchert, W. Rontgenographische Untersuchungen an Schardinger-Dextrinen. Z. Naturforschg. B 1948, 3, 464—465.

7. Rincon-Lopez, J.; Almanza-Arjona, Y.C.; Riascos, A.P; Rojas-Aguirrea, Y. Technological evolution of cyclodextrins in the
pharmaceutical field. J. Drug Deliv. Sci. Technol. 2021, 61, 102156. [CrossRef]

8.  Aiassa, Z.; Garnero, C.; Longhi, M.R.; Zoppi, A. Cyclodextrin multicomponent complexes: Pharmaceutical applications. Pharma-
ceutics 2021, 13, 1099. [CrossRef]

9. Braga, S.S,; Barbosa, ].S.; Santos, N.E.; El-Saleh, F.; Paz, F.A.A. Cyclodextrins in antiviral therapeutics and vaccines. Pharmaceutics
2021, 13, 409. [CrossRef]

10. Pereira, A.B.; Braga, S.S. Cyclodextrin Inclusion of Nutraceuticals, from the Bench to your Table. In Cyclodextrins: Synthesis,
Chemical Applications and Role in Drug Delivery, 1st ed.; Ramirez, F.G., Ed.; NovaSience: Hauppage, NY, USA, 2015; Chapter 6;
pp. 195-224.

11. European Medicines Agency. Background Review for Cyclodextrins Used as Excipients; EMA: London, UK, 2014; Available online:
http:/ /www.ema.europa.eu/docs/en_GB/document_library/Report/2014/12/WC500177936.pdf (accessed on 8 February 2021).

12.  Agency Response Letter Gras notice GRN No. 155; Office of Food Additive Safety, Center for Food Safety and Applied Nutrition. US
Food and Drug Administration: College Park, MD, USA, 2004.

13.  Agency Response Letter Gras notice GRN No. 74; Office of Food Additive Safety, Center for Food Safety and Applied Nutrition. US
Food and Drug Administration: College Park, MD, USA, 2001.

14.  Agency Response Letter Gras notice GRN No. 46; Office of Food Additive Safety, Center for Food Safety and Applied Nutrition. US
Food and Drug Administration: College Park, MD, USA, 2000.

15.  Kroes, R.; Verger, P; Larsen, ].C. Safety evaluation of certain food additives (x-cyclodextrin—Addendum). WHO Food Addit. Ser.
2006, 54, 3-15.

16. Pollit, ED. Safety evaluation of certain food additives (3-cyclodextrin). WHO Food Addit. Ser. 1996, 35, 257-268.

17.  Abbott, PJ. JEFCA 55th meeting: Safety evaluation of certain food additives and contaminants (y-cyclodextrin). WHO Food Addit.
Ser. 2000, 44, 969.

18.  Sporanox® (Itraconazole) Oral Solution. Available online: https:/ /www janssenlabels.com /package-insert/product-monograph /
prescribing-information/SPORANOX-Oral+Solution-pi.pdf (accessed on 29 March 2023).

19. Sporanox® (Itraconazole) Injectable. Available online: https:/ /www.accessdata.fda.gov/drugsatfda_docs/label /2009 /02096650
175018s0201bl.pdf (accessed on 29 March 2023).

20. Veklury® (Remdesivir) Prescribing Information. Available online: https://www.gilead.com/-/media/files/pdfs/medicines/
covid-19/veklury/veklury_pi.pdf (accessed on 29 March 2023).

21.  Clorocil®. Available online: https://edol.pt/en/produto/clorocil-10mg-2/ (accessed on 29 March 2023).

22.  Lyseng-Williamson, K.A. Midazolam oral solution (Ozalin®): A profile of its use for procedural sedation or premedication before
anaesthesia in children. Drug Ther. Persp. 2019, 35, 255-262. [CrossRef]

23.  Yaz® Product Monograph. Available online: https:/ /www.bayer.com/sites/default/files/2020-11/yaz-pm-en.pdf (accessed on
29 March 2023).

24. Puskas, L; Szente, L.; Sz6cs, L.; Fenyvesi, E. Recent list of cyclodextrin-containing products. Period. Polytech. Chem. Eng. 2023,
67,11-17. Available online: https://pp.bme.hu/ch/article/view /21222 /9649 (accessed on 29 March 2023). [CrossRef]

25. Klein, S.; Zoller, T. Cyclodextrine—Wundertiiten in Pharmazie und Alltag. Pharm. Ztg. 2008, 28, 6177. Available online:
http:/ /www.pharmazeutische-zeitung.de/index.php?id=6177 (accessed on 29 March 2023).

26. Moriya, T.; Kurita, H.; Matsumoto, K.; Otake, T.; Mori, H.; Morimoto, M.; Ueba, N.; Kunita, N. Potent inhibitory effect of a series
of modified cyclodextrin sulfates (mCDS) on the replication of HIV-1 in vitro. J. Med. Chem. 1991, 34, 2301-2304. [CrossRef]

27. Braga, S.S. Cyclodextrins, emerging medicines of the new millennium. Biomolecules 2019, 9, 801. [CrossRef]

28. Liao, Z.; Cimakasky, L.M.; Hampton, R.; Nguyen, D.H.; Hildreth, J.E.K. Lipid rafts and HIV pathogenesis: Host membrane
cholesterol is required for infection by HIV type 1. Aids Res. Hum. Retrov. 2001, 17, 1009-1019. [CrossRef]

29. Castagne, D.; Fillet, M.; Delattre, L.; Evrard, B.; Nusgens, B.; Piel, B. Study of the cholesterol extraction capacity of 3-cyclodextrin
and its derivatives, relationships with their effects on endothelial cell viability and on membrane models. |. Incl. Phenom.
Macrocycl. Chem. 2009, 63, 225-231. [CrossRef]

30. Murphy, G. The development and regulatory history of sugammadex in the United States. APSF Newsl. 2016, 30, 53-54.

31. Blobner, M.; Eriksson, L.I.; Scholz, J.; Motsch, J.; Della Rocca, G.; Prins, M.E. Reversal of rocuronium-induced neuromuscular

blockade with sugammadex compared with neostigmine during sevoflurane anaesthesia: Results of a randomised, controlled
trial. Eur. J. Anaesthesiol. 2010, 27, 874-881. [CrossRef] [PubMed]


https://doi.org/10.1002/jlac.19355180107
https://doi.org/10.1007/s00253-002-1057-x
https://www.ncbi.nlm.nih.gov/pubmed/12226716
https://doi.org/10.1016/j.biortech.2003.07.007
https://doi.org/10.1002/star.202200037
https://doi.org/10.1016/j.jddst.2020.102156
https://doi.org/10.3390/pharmaceutics13071099
https://doi.org/10.3390/pharmaceutics13030409
http://www.ema.europa.eu/docs/en_GB/document_library/Report/2014/12/WC500177936.pdf
https://www.janssenlabels.com/package-insert/product-monograph/prescribing-information/SPORANOX-Oral+Solution-pi.pdf
https://www.janssenlabels.com/package-insert/product-monograph/prescribing-information/SPORANOX-Oral+Solution-pi.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/020966s017s018s020lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/020966s017s018s020lbl.pdf
https://www.gilead.com/-/media/files/pdfs/medicines/covid-19/veklury/veklury_pi.pdf
https://www.gilead.com/-/media/files/pdfs/medicines/covid-19/veklury/veklury_pi.pdf
https://edol.pt/en/produto/clorocil-10mg-2/
https://doi.org/10.1007/s40267-019-00629-5
https://www.bayer.com/sites/default/files/2020-11/yaz-pm-en.pdf
https://pp.bme.hu/ch/article/view/21222/9649
https://doi.org/10.3311/PPch.21222
http://www.pharmazeutische-zeitung.de/index.php?id=6177
https://doi.org/10.1021/jm00111a055
https://doi.org/10.3390/biom9120801
https://doi.org/10.1089/088922201300343690
https://doi.org/10.1007/s10847-008-9510-9
https://doi.org/10.1097/EJA.0b013e32833d56b7
https://www.ncbi.nlm.nih.gov/pubmed/20683334

Biomolecules 2023, 13, 666 12 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bakke, S.S.; Aune, M.H.; Niyonzima, N.; Pilely, K.; Ryan, L.; Skjelland, M.; Garred, P.; Aukrust, P.; Halvorsen, B.; Latz, E,;
et al. Cyclodextrin reduces cholesterol crystal-induced inflammation by modulating complement activation. J. Immunol. 2017,
199, 2910-2920. [CrossRef] [PubMed]

Zimmer, S.; Grebe, A.; Bakke, S.S.; Bode, N.; Halvorsen, B.; Ulas, T.; Skjelland, M.; De Nardo, D.; Labzin, L.I.; Kerksiek, A.; et al.
Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming. Sci. Transl. Med. 2016, 8, 333ra50. [CrossRef]
[PubMed]

Lu, H;; Sun, J,; Liang, W.; Chang, Z.; Rom, O.; Zhao, Y.; Zhao, G.; Xiong, W.; Wang, H.; Zhu, T.; et al. Cyclodextrin prevents
abdominal aortic aneurysm via activation of vascular smooth muscle cell transcription factor EB. Circulation 2020, 142, 483-498.
[CrossRef]

Mitrofanova, A.; Molina, J.; Santos, ].V.; Guzman, ].; Morales, X.A.; Ducasa, G.M.; Bryn, J.; Sloan, A.; Volosenco, I.; Kim,
J.J.; et al. Hydroxypropyl-B-cyclodextrin protects from kidney disease in experimental Alport syndrome and focal segmental
glomerulosclerosis. Kidney Int. 2018, 94, 1151-1159. [CrossRef]

FDA Approves Development of VAR 200 for Treatment of FSGS. Available online: https:/ /www.hcplive.com/view /fda-approves-
development-var-200-treatment-fsgs (accessed on 29 March 2023).

Zyversa Therapeutics—Pipeline. Available online: https://www.zyversa.com/pipeline (accessed on 29 March 2023).

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]

Becktel, D.A.; Zbesko, J.C.; Frye, ].B.; Chung, A.G.; Hayes, M.; Calderon, K.; Grover, ] W.; Li, A; Garcia, FG.; Tavera-Garcia, M.A;
et al. Repeated administration of 2-hydroxypropyl-p-cyclodextrin (HPBCD) attenuates the chronic inflammatory response to
experimental stroke. J. Neurosci. 2022, 42, 325-348. [CrossRef]

Megias-Vericat, J.E.; Company-Albir, M.J.; Garcia-Robles, A.A.; Poveda, ]J.L. Use of 2-Hydroxypropyl-Beta-Cyclodextrin for
Niemann-Pick Type C Disease. In Cyclodextrin—A versatile Ingredient; Aroora, P., Dhingra, N., Eds.; IntechOpen: London, UK,
2018; Chapter 4; pp. 94-117.

Camargo, E; Erickson, R.P,; Garver, W.S.; Hossain, G.S.; Carbone, PN.; Heidenreich, R.A.; Blanchard, J. Cyclodextrins in the
treatment of a mouse model of Niemann-Pick C disease. Life Sci. 2001, 70, 131-142. [CrossRef]

Aqul, A; Liu, B.; Ramirez, C.M.; Pieper, A.A; Estill, S.J.; Burns, D.K; Liu, B.; Repa, ].].; Turley, S.D.; Dietschy, ].M. Unesterified
cholesterol accumulation in late endosomes/lysosomes causes neurodegeneration and is prevented by driving cholesterol export
from this compartment. J. Neurosc. 2011, 31, 9404-9413. [CrossRef]

Vite, C.; Mauldin, E.; Ward, S.; Stein, V.; Prociuk, M.; Haskins, M.E,; Strattan, R.; Kao, M.; Ory, D.; Walkley, S.U.; et al. Intrathecal
cyclodextrin therapy of feline Niemann-Pick Type C disease. Mol. Gen. Metabol. 2011, 102, S44. [CrossRef]

Davidson, C.D.; Ali, N.F,; Micsenyi, M.C.; Stephney, G.; Renault, S.; Dobrenis, K.; Ory, D.S.; Vanier, M.T.; Walkley, S.U. Chronic
cyclodextrin treatment of murine Niemann-Pick C disease ameliorates neuronal cholesterol and glycosphingolipid storage and
disease progression. PLoS ONE 2009, 4, e6951. [CrossRef]

Singhal, A.; Szente, L.; Hildreth, ] E.K.; Song, B. Hydroxypropyl-beta and -gamma cyclodextrins rescue cholesterol accumulation
in Niemann-Pick C1 mutant cell via lysosome-associated membrane protein 1. Cell Death Dis. 2018, 9, 1019. [CrossRef]

Song, W.; Wang, F.; Lotfi, P; Sardiello, M.; Segatori, L. 2-Hydroxypropyl-B-cyclodextrin promotes transcription factor EB-mediated
activation of autophagy. J. Biol. Chem. 2014, 289, 10211-10222. [CrossRef]

Sarkar, S.; Carroll, B.; Buganim, Y.; Maetzel, D.; Ng, A.H.M,; Cassady, ].P.; Cohen, M.A.; Chakraborty, S.; Wang, H.; Spooner, E.;
et al. Impaired autophagy in the lipid-storage disorder Niemann-Pick type C1 disease. Cell Rep. 2013, 5, 1302-1315. [CrossRef]
Orphanet, Hydroxy-Propyl-Beta-Cyclodextrin. Available online: https://www.orpha.net/consor/cgi-bin/OC_Exp.php?Ing=
EN&Expert=327849 (accessed on 14 November 2022).

Ory, D.S,; Ottinger, E.A_; Farhat, N.Y,; King, K.A; Jiang, X.; Weissfeld, L.; Berry-Kravis, E.; Davidson, C.D.; Bianconi, S.; Keener,
L.A,; et al. Intrathecal 2-hydroxypropyl-B-cyclodextrin decreases neurological disease progression in Niemann-Pick disease, type
C1: A non-randomised, open-label, phase 1-2 trial. Lancet 2017, 390, 1758-1768. [CrossRef]

Berry-Kravis, E.; Chin, J.; Hoffman, A.; Winston, A.; Stoner, R.; LaGorio, L.; Friedmann, K.; Hernandez, M.; Ory, D.S.; Porter, ED.;
et al. Long-Term Treatment of Niemann-Pick Type C1 Disease with Intrathecal 2-Hydroxypropyl-p-Cyclodextrin. Pediatr. Neurol.
2018, 80, 24-34. [CrossRef]

Farmer, C.A.; Thurm, A ; Farhat, N.; Bianconi, S.; Keener, L.A.; Porter, FE.D. Long-Term Neuropsychological Outcomes from an
Open-Label Phase I/1la Trial of 2-Hydroxypropyl-p-Cyclodextrins (VTS-270) in Niemann-Pick Disease, Type C1. CNS Drugs
2019, 33, 677-683. [CrossRef]

VTS-270 to Treat Niemann-Pick Type C1 (NPC1) Disease—INCT02534844. Available online: https:/ /clinicaltrials.gov/ct2 /show/
study/NCT02534844 (accessed on 14 November 2022).

Van Meter, S.; Mallinckrodt Pharmaceuticals. Clinical update on intrathecal VTS-270 for the treatment of Niemann-Pick Disease.
Michael, Marcia, and Christa Parseghian Scientific Conference for Niemann-Pick Type C Research, 1-4 June 2019. Available online:
https:/ /mallinckrodt.gcs-web.com /static-files /€0712994-a013-4658-b8be-0a3bc4dalc5b#page=6 (accessed on 14 November 2022).
Ding, D.; Jiang, H.; Salvi, R. Cochlear spiral ganglion neuron degeneration following cyclodextrin-induced hearing loss. Hearing
Res. 2021, 400, 108125. [CrossRef]

Message from Mallinckrodt Concerning Adrabetadex Transition. Available online: https://parseghianfund.nd.edu/2020/07/16
/message-from-mallinckrodt-concerning-adrabetadex-transition/ (accessed on 14 November 2022).


https://doi.org/10.4049/jimmunol.1700302
https://www.ncbi.nlm.nih.gov/pubmed/28855312
https://doi.org/10.1126/scitranslmed.aad6100
https://www.ncbi.nlm.nih.gov/pubmed/27053774
https://doi.org/10.1161/CIRCULATIONAHA.119.044803
https://doi.org/10.1016/j.kint.2018.06.031
https://www.hcplive.com/view/fda-approves-development-var-200-treatment-fsgs
https://www.hcplive.com/view/fda-approves-development-var-200-treatment-fsgs
https://www.zyversa.com/pipeline
https://doi.org/10.1111/j.1471-4159.2005.03001.x
https://doi.org/10.1523/JNEUROSCI.0933-21.2021
https://doi.org/10.1016/S0024-3205(01)01384-4
https://doi.org/10.1523/JNEUROSCI.1317-11.2011
https://doi.org/10.1016/j.ymgme.2010.11.148
https://doi.org/10.1371/journal.pone.0006951
https://doi.org/10.1038/s41419-018-1056-1
https://doi.org/10.1074/jbc.M113.506246
https://doi.org/10.1016/j.celrep.2013.10.042
https://www.orpha.net/consor/cgi-bin/OC_Exp.php?lng=EN&Expert=327849
https://www.orpha.net/consor/cgi-bin/OC_Exp.php?lng=EN&Expert=327849
https://doi.org/10.1016/S0140-6736(17)31465-4
https://doi.org/10.1016/j.pediatrneurol.2017.12.014
https://doi.org/10.1007/s40263-019-00642-2
https://clinicaltrials.gov/ct2/show/study/NCT02534844
https://clinicaltrials.gov/ct2/show/study/NCT02534844
https://mallinckrodt.gcs-web.com/static-files/e0712994-a013-4658-b8be-0a3bc4da0c5b#page=6
https://doi.org/10.1016/j.heares.2020.108125
https://parseghianfund.nd.edu/2020/07/16/message-from-mallinckrodt-concerning-adrabetadex-transition/
https://parseghianfund.nd.edu/2020/07/16/message-from-mallinckrodt-concerning-adrabetadex-transition/

Biomolecules 2023, 13, 666 13 of 13

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Quandt, K. The FDA Needs to be more Flexible in Assessing Treatments for Rare Diseases, Like the One that Seemed to Help
My Son. Stat News. 7 September 2022. Available online: https://www.statnews.com/2022/09/07 / the-fda-needs-to-be-more-
flexible-in-assessing-treatments-for-rare-diseases-like-the-one-that-seemed-to-help-my-son/ (accessed on 14 November 2022).
Mandos Health Monthly Communication, May 2022. Available online: https://mandoshealth.com/communications/May_1_20
22 (accessed on 14 November 2022).

Gosselet, E; Saint-Pol, J.; Candela, P.; Fenart, L. Amyloid-f peptides, Alzheimer’s disease and the blood-brain barrier. Curr.
Alzheimer Res. 2013, 10, 1015-1033. [CrossRef]

Selkoe, D.J. Alzheimer’s disease: Genes, proteins, and therapy. Physiol. Rev. 2001, 81, 741-766. [CrossRef]

Maulik, M.; Westaway, D.; Jhamandas, ].H.; Kar, S. Role of cholesterol in APP metabolism and its significance in Alzheimer’s
disease pathogenesis. Mol. Neurobiol. 2013, 47, 37-63. [CrossRef] [PubMed]

Farrer, L.A.; Cupples, L.A.; Haines, ].L.; Hyman, B.; Kukull, W.A.; Mayeux, R.; Myers, R.H.; Pericak-Vance, M.A_; Risch, N.; Van
Duijn, C.M. Effects of age, sex, and ethnicity on the association between apolipoprotein E genotype and Alzheimer disease: A
meta-analysis. JAMA 1997, 278, 1349-1356. [CrossRef] [PubMed]

Blanchard, J.W.; Akay, L.A.; Davila-Velderrain, J.; von Maydell, J.; Mathys, H.; Davidson, S.M.; Effenberger, A.; Chen, C.Y,;
Maner-Smith, K.; Hajjar, L; et al. APOE4 impairs myelination via cholesterol dysregulation in oligodendrocytes. Nature 2022,
611, 769-779. [CrossRef] [PubMed]

Banks, W.A.; Engelke, K.; Hansen, K.; Bullock, K.; Calias, P. Modest blood-brain barrier permeability of the cyclodextrin kleptose®:
Modification by efflux and luminal surface binding. J. Pharmacol. Exp. Ther. 2019, 371, 121-129. [CrossRef]

Liu, C.C; Zhao, J; Fu, Y,; Inoue, Y.; Ren, Y,; Chen, Y.; Doss, S.V.; Shue, E; Jeevaratnam, S.; Bastea, L.; et al. Peripheral
apoE4 enhances Alzheimer’s pathology and impairs cognition by compromising cerebrovascular function. Nat. Neurosci. 2022,
25, 1020-1033. [CrossRef] [PubMed]

Yao, J.; 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]

Yao, J.; Beal, M.F. Neuroprotective effects of cyclodextrin in Alzheimer’s disease. Alzheimer’s Dement. 2012, 8, P714-P715.
[CrossRef]

Barbero-Camps, E.; Roca-Agujetas, V.; Bartolessis, I.; de Dios, C.; Fernandez-Checa, J.C.; Mari, M.; Morales, A.; Hartmann, T.;
Colell, A. Cholesterol impairs autophagy-mediated clearance of amyloid beta while promoting its secretion. Autophagy 2018,
14, 1129-1154. [CrossRef]

Camilleri, P; Haskins, N.J.; Howlett, D.R. 3-Cyclodextrin interacts with the Alzheimer amyloid (3-A4 peptide. FEBS Lett. 1994,
341, 256-258. [CrossRef]

Qin, X.; Abe, H.; Nakanishi, H. NMR and CD studies on the interaction of Alzheimer -amyloid peptide (12-28) with f3-
cyclodextrin. Biochem. Biophys. Res. Commun. 2002, 297, 1011-1015. [CrossRef]

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

Jeong, S.-H.; Jang, ] .-H.; Lee, Y.-B. Drug delivery to the brain via the nasal route of administration: Exploration of key targets and
major consideration factors. J. Pharm. Investig. 2023, 53, 119-152. [CrossRef]

Banks, W.A; Calias, P.; Hansen, K.M.; Bullock, K.M.; Engelke, K. Brain uptake and distribution patterns of 2-hydroxypropyl-8-
cyclodextrin after intrathecal and intranasal administration. J. Pharm. Pharmacol. 2022, 74, 1152-1159. [CrossRef]

Yalcin, A.; Soddu, E.; Bayrakdar, E.T.; Uyanikgil, Y.; Kanit, L.; Armagan, G.; Rassu, G.; Gavini, E.; Giunchedi, P. Neuroprotective
effects of engineered polymeric nasal microspheres containing hydroxypropyl-B-cyclodextrin on 3-amyloid(1-42)-induced
toxicity. J. Pharm. Sci. 2016, 105, 2372-2380. [CrossRef]

A 6-Month Study to Evaluate the Safety & Potential Efficacy of Trappsol Cyclo in Patients with Early Alzheimer’s Disease
(EAD501). Available online: https:/ /clinicaltrials.gov/ct2/show /NCT05607615 (accessed on 22 December 2022).

Borsche, M.; Pereira, S.L.; Klein, C.; Griinewald, A. Mitochondria and Parkinson’s disease: Clinical, molecular, and translational
aspects. J. Park. Dis. 2021, 11, 45-60. [CrossRef]

Emin, D.; Zhang, Y.P,; Lobanova, E.; Miller, A.; Li, X,; Xia, Z.; Dakin, H.; Sideris, D.I.; Lam, ].Y.; Ranasinghe, R.T.; et al. Small
soluble a-synuclein aggregates are the toxic species in Parkinson’s disease. Nat. Commun. 2022, 13, 5512. [CrossRef]

Jarazo, J.; Barmpa, K.; Modamio, J.; Saraiva, C.; Sabaté-Soler, S.; Rosety, I.; Griesbeck, A.; Skwirblies, F.; Zaffaroni, G.; Smits,
L.M.; et al. Parkinson’s disease phenotypes in patient neuronal cultures and brain organoids improved by 2-hydroxypropyl-f3-
cyclodextrin treatment. Mov. Disord. 2022, 37, 80-94. [CrossRef]

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

Jarazo, ].M.; Walter, J.; Schwamborn, J.C. (Inventors) 2-Hydroxypropyl-Beta-Cyclodextrin for Use in a Method of Treatment of a
Parkinsonian Condition. WIPO Patent W02019219741A1, 21 November 2019.

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://www.statnews.com/2022/09/07/the-fda-needs-to-be-more-flexible-in-assessing-treatments-for-rare-diseases-like-the-one-that-seemed-to-help-my-son/
https://www.statnews.com/2022/09/07/the-fda-needs-to-be-more-flexible-in-assessing-treatments-for-rare-diseases-like-the-one-that-seemed-to-help-my-son/
https://mandoshealth.com/communications/May_1_2022
https://mandoshealth.com/communications/May_1_2022
https://doi.org/10.2174/15672050113106660174
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.1007/s12035-012-8337-y
https://www.ncbi.nlm.nih.gov/pubmed/22983915
https://doi.org/10.1001/jama.1997.03550160069041
https://www.ncbi.nlm.nih.gov/pubmed/9343467
https://doi.org/10.1038/s41586-022-05439-w
https://www.ncbi.nlm.nih.gov/pubmed/36385529
https://doi.org/10.1124/jpet.119.260497
https://doi.org/10.1038/s41593-022-01127-0
https://www.ncbi.nlm.nih.gov/pubmed/35915180
https://doi.org/10.1084/jem.20121239
https://doi.org/10.1016/j.jalz.2012.05.1932
https://doi.org/10.1080/15548627.2018.1438807
https://doi.org/10.1016/0014-5793(94)80467-2
https://doi.org/10.1016/S0006-291X(02)02337-9
https://doi.org/10.1021/bi036254p
https://doi.org/10.1007/s40005-022-00589-5
https://doi.org/10.1093/jpp/rgac001
https://doi.org/10.1016/j.xphs.2016.05.017
https://clinicaltrials.gov/ct2/show/NCT05607615
https://doi.org/10.3233/JPD-201981
https://doi.org/10.1038/s41467-022-33252-6
https://doi.org/10.1002/mds.28810
https://doi.org/10.1371/journal.pone.0120819

	Introduction 
	Overview of Cyclodextrins 
	Cyclodextrin Regulatory Status and Pharmaceutical Use as Excipients 
	Cyclodextrins in Medicine 

	Hydroxypropyl–cyclodextrin in the Treatment of Niemann–Pick Disease 
	Pre-Clinical Evaluation in Different Animal Models and Investigations into the Possible Mode of Action at the Cellular Level 
	Clinical Trials and Compassionate Medicinal Use 

	Hydroxypropyl–cyclodextrin in the Management of Alzheimer’s Disease 
	In Vitro and In Vivo Studies on Rodents Using Subcutaneous Administration 
	Exploring Intranasal Administration as a Brain-Targeting Route for HPCD 
	Ongoing Clinical Trial on HPCD against Alzheimer’s 

	Expanding the Activity Range of HPCD to Parkinson’s Therapy: Early Steps 
	Overview and Future Outlook 
	References

