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A B S T R A C T   

Drugs that may regulate lipid metabolism and lower cholesterol, such as statins (drugs that reduce de novo 
cholesterol synthesis) or cyclodextrins (that promote cholesterol removal), are currently investigated as potential 
therapeutics for neuronal disorders like Alzheimer’s and Niemann Pick type C disease. Fluvastatin is a member of 
the statin class widely used in preventing heart diseases as it lowers cholesterol and other lipids. β-cyclodextrin 
derivatives can also act as cholesterol scavengers to promote cholesterol efflux from cells to extracellular 
acceptors. 

This context has inspired us to synthesize and characterize two new cyclodextrin-fluvastatin conjugates rep-
resenting the first example of cyclodextrin conjugates of statins. 

We synthesized 3- and 6-functionalized β-cyclodextrin with fluvastatin through an amide bond. We studied the 
stability, cytotoxicity and protective activity in cells of the new derivatives. We observed that the Fluvastatin 
cyclodextrin conjugates are stable in plasma and mouse brain homogenates. Moreover, we found that the flu-
vastain derivatives are well tolerated by cultured neuron cells, and they completely rescue from cell death 
induced by Aβ oligomers. Overall, the fluvastain derivatives have potential as therapeutic agents in diseases 
related to cholesterol dyshomeostasis.   

Introduction 

Statins are the first-line drugs for treating lipid disorders, preventing 
cerebrovascular diseases and atherosclerosis [1]. They can reduce 
cholesterol levels in plasma, by competitively blocking the active site of 
3-hydroxy-3-methylglutaryl-coenzyme A (HMGCoA) reductase, a key 
enzyme of the endogenous cholesterol synthesis pathway. Some statins 
can also increase low-density lipoprotein (LDL) receptors on the mem-
brane surface, thus enhancing the catabolism of cholesterol [2]. Among 
the class, three statins (lovastatin, simvastatin, and pravastatin) are 
derived from fungi and four statins (atorvastatin, rosuvastatin, fluvas-
tatin, and pitavastatin) are synthetic [3]. Fluvastatin is widely pre-
scribed for patients suffering from hypercholesterolemia and mixed 
dyslipidemia, in order to reduce endogenous cholesterol synthesis and to 

lower LDL-cholesterol, apolipoprotein B and triglycerides. Lately flu-
vastatin has also been prescribed to prevent cardiovascular events 
thanks to its capacity to enhance cholesterol clearance. Similarly to 
other statins fluvastatin is orally administered and it is metabolised by 
hepatic cytochromes in inactive metabolites [4]. 

Despite the widespread use and benefits of statins to lower choles-
terol, some side effects have been reported: statin-associated muscle 
symptoms (SAMSs), which are the most observed, and new-onset of type 
2 diabetes mellitus, whose mechanism are still unclear [5]. Fluvastatin 
also causes myopathy characterized by myalgia, muscular weakness and 
creatine kinase increase [4]. However, the side effects of fluvastatin are 
fewer than those observed for other statins. 

Epidemiology studies have also shown that statins decrease the risk 
of Alzheimer’s Disease (AD) [6,7]. Despite the literature is still 
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controversial on the role of cholesterol in AD, recent data point on 
cholesteryl esters (CE), the storage product of excess, and their effects on 
amyloid precursor protein (APP) processing, which regulates amyloid-β 
(Aβ) abundance and accumulation [8,13]. Growing evidence suggests a 
correlation between hypercholesterolemia, neurodegeneraion and 
cognitive decline [14,17]. 

Furthermore, high cholesterol levels in lysosomes and late endo-
somes have been found in several pathologies such as Niemann Pick type 
C disease (NPC) that is a rare lysosomal disorder caused by a genetic 
mutation in NPC1 or NPC2 gene [18]. These genes encode for proteins 
that regulate cholesterol transport from late endosomes-lysosomes to 
other intracellular compartments, such as the trans-Golgi network 
[18,19]. As a consequence, cholesterol and sphingolipids aberrantly 
accumulate inside lysosomes of neuronal cells [18]. The main sign of 
NPC rely on the liver, lungs, and the central nervous system, leading to 
neurodegeneration [20,22]. 

In recent years, cyclodextrins (CDs) [23], cyclic oligomers of α-1,4-D- 
glucose, have also been proposed for the removal of cholesterol as 

Fig. 1. Schematic of CD6Flu and CD3Flu.  

Fig. 2. 1H NMR spectra of CD6Flu (upper) and CD3Flu (lower) (500 MHz, D2O, 1 mM).  

Fig. 3. Kinetic stability of CD3Flu and CD6Flu in human plasma at 37 ◦C for six 
days. The relative amounts of CDFlu were determined by HPLC analyses. Values 
are reported as Mean ± SD (n = 3, * p < 0.05 vs CTRL). 
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therapeutic nanocavities [24]. β-CDs are able to include cholesterol 
better than other CDs [25,26]. Furthermore, CDs directly affect the cell 
membrane components. β-CDs modify the compositions of the lipid 
bilayer by extracting cholesterol through cell surface distribution [27] 
and can complex cholesterol in vitro Blood Brain Barrier model [28]. 
Moreover, in vivo experiments on transgenic mice demonstrated that 
hydroxypropyl-β-CD (HP-β-CD, Trappsol) [29] treatment reduced the 
atherosclerotic lesions due to a continuous cholesterol and lipid rich diet 
[30]. 

In vitro studies have also shown the capability of HP-β-CD to reduce 
stored cholesterol in primary neurons and astrocytes [31]. The intra-
thecal intake of HP-β-CD reduced the cholesterol storage in the trans-
genic mice model of NPC disease [32]. In 2009 Food Drug 
Administration approved the use of HP-β-CD to twin girls affected by 
NPC1 disease [33]. After few years, HP-β-CD was administrated intra-
thecally as the safest and most effective route to ameliorate the symp-
toms of NPC1 [34]. Trappsol is being evaluated in clinical trials for the 
treatment of NPC1 and for early Alzheimer’s disease. 

Moreover, CDs inhibit Aβ aggregation, which is considered one of the 

main pathological events occurring during AD progression [35–37]. 
Treatment with HP-β-CD lowered Aβ aggregation and improved memory 
in mice transgenic model of AD [38]. 

The biocompatibility and biodegradability of CDs make them 
nanocontainers widely used in pharmaceutical formulations and 
sequestering agents in the food and cosmetic industry [23,39,40]. 
Chemical modification of CDs has improved their properties for many 
applications [41–44]. A successful example is sugammadex [45], the 
first selective reversal agent for rocuronium approved in 2015 by FDA. 

More recently, the interest in developing CD-drug conjugates has 
been growing [46–50]. CDs have been covalently modified with anti- 
inflammatory [48] and anticancer drugs [43]. The derivatization of 
the drug with CD can increase its water solubility and bioavailability 
significantly. 

Based on the potential of CD derivatives, in this work, we present 
new β-CD conjugates of Fluvastatin (CDFlu), which could combine the 
pharmacological activity of Flu and the properties of the β-CD cavity 
(Fig. 1). Cyclodextrins have been used to prepare inclusion complexes of 
Flu, a poorly water soluble statin [51,52]. 

Fig. 4. MTT assay was performed on pure neuronal cultures after 24 h and 48 h treatments. Cells were exposed to increasing concentrations of CD3Flu and CD6Flu. 
Appropriate controls were also tested. Each graph represents three experiments with n = 3–5 each. Bars represent means ± SEM of three independent experiments 
with n = 3–5 each. ***P < 0.001, *P < 0.05vs Ctrl by One-Way ANOVA + Tukey Test. 
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We found that the covalent linkage between CD and Flu brings new 
properties to the conjugate. 

We studied the cytotoxicity of new derivatives and their stability in 
plasma and brain homogenates. We also investigated the protective 
ability of fluvastatin derivatives against cell death induced by Aβ olig-
omers compared to free fluvastatin. We found that CDFlu conjugates are 
stable in plasma and mouse brain homogenates. The functionalization of 
Flu with β-CD makes the conjugates less toxic than Flu (20% and 37 % 
respectively at 0.100 M) in cultured neuron cells. Moreover, while Flu 
seemed to potentiate Aβ toxicity, exposure to CDFlu showed a complete 
rescue from cell death. 

Material and methods 

Chemicals 

Fluovastatin racemic mixture (+)-3R,5S and (-)-3S, 5R enantiomers 
(Flu, TCI), 3A-amino-3A-deoxy-2A(S),3A(S)-β-cyclodextrin (CD3NH2, 
TCI), 6A-amino-6A-deoxy-β-cyclodextrin (CD6NH2, Cyclolab), 4-(4,6- 
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, 
TCI) were used without further purification. TLC was carried out on silica 
gel plates (Merck 60-F254). Carbohydrate derivatives were detected on 
TLC with the anisaldehyde test. Aβ1-40 (Aβ) was purchased from Bachem. 

Synthesis of 3A-amino-3A-deoxy-2A(S),3A(S)-β-cyclodextrin-fluvastatin 
(CD3Flu) 

CD3NH2 (100 mg, 0.088 mmol), Flu (36.28 mg, 0.088 mmol) and 
DMTMM (24.40 mg, 0.088 mmol) were separately dissolved in 600 µl of 
water. 200 µl of CD3NH2 and 200 µl of DMTMM were added to the Flu 
solution every 15 min. The reaction mixture was kept under stirring at 
room temperature for 24 h. The product was purified using flash chro-
matography with an Rp-C18 column, eluted with a linear gradient of 
H2O-MeOH (0 → 100%). The product was collected and lyophilized. 
Yield: 29%. Rf = 0.38 (PrOH/AcOEt/H2O/NH3 5:3:2:1). MALDI-TOF: 
m/z = 1549.552 [M + Na]+, m/z = 1565.521 [M + K]+. 

1H NMR: (D2O, 500 MHz) δ (/ppm): 7.60 (d, 1H, J14,13 = 8.3 Hz, H- 
14 Flu of diastereomer 1), 7.55 (d, 1H, J14,13 = 8.3 Hz, H-14 Flu of 
diastereomer 2), 7.52 (d, J11,12 = 7.8 Hz, H-11 Flu of diastereomer 1), 
7.46 (d, J11,12 = 7.9 Hz, H-11 Flu of diastereomer 2), 7.41 (m, 2H, H − 2′- 
H-6′ Flu), 7.19 (m, 3H, H-3′,H-5′ Flu and H-13 of diastereomer 1), 7.14 
(t, 1H, H-13 of diastereomer 2), 7.05 (t, 1H, J = 7.7 Hz, H-12 Flu of 
diastereomer 1), 7.03 (t, 1H, J = 7.7 Hz, H-12 Flu of diastereomer 1), 
6.71 (d, 1H, J7,6 = 16.0 Hz, H-7 Flu of diastereomer 1), 6.67 (m, 1H, H-7 

Flu of diastereomer 2), 5.72 (dd, 2H, H-6 Flu of diastereomer 1 and 2), 
5.2–4.9 (m, 8H, H-1 CD and H-16 Flu), 4.47 (m, 1H, J7,6 = 16.1 Hz H-5 
Flu of diastereomer 2), 4.16 (m, 1H, H-3 CD), 4.10–3.4 (m, 43 H, H-5, H- 
6, H-3, H-2, H-4 CD and H-3 Flu), 2.39 (m, 1H, H-2a Flu), 2.26 (m, 1H, 
H-2b Flu), 1.71 (m, 1H, H-4a Flu), 1.65–1.49 (m, 6H, H-17 e H-18 Flu), 
1.46 (m, 1H, H-4b Flu). Circular dichroism (H2O) (λ nm, [Θ], deg × cm2/ 
dmol): 254 (− 1.87), 328 (− 0.090), 352 (0.014). UV–vis (λ nm, ε 
M− 1cm− 1): 238 (23836). 

Synthesis of 6A-amino-6A-deoxy-β-cyclodextrin-fluvastatin (CD6Flu) 

The derivative was synthesized and purified as CD3Flu, starting from 
CD6NH2 instead of CD3NH2. Yield: 17%. Rf = 0.70 (PrOH/AcOEt/H2O/ 
NH3 5:2:3:1). MALDI-TOF: m/z = 1549.546 [M + Na]+, m/z = 1565.521 
[M + K]+. 1H NMR: (D2O, 500 MHz). δ (/ppm): 7.61 (d, 1H, J14,13 = 8.4 
Hz, H-14 Flu), 7.40 (d, J11,12 = 8.0 Hz, H-11 Flu of diastereomer 1), 7.36 
(d, J11,12 = 7.9 Hz, H-11 Flu of diastereomer 2), 7.28 (m, 2H, H − 2′-H-6′

Flu), 7.14 (t, 1H, J = 7.5 Hz, H-13 Flu) 7.04 (m, 2H, H-3′-H5′ Flu), 7.02 
(t, 1H, J = 7.3 Hz, H-12 Flu), 6.60 (d, 1H, J7,6 = 16.0 Hz, H-7 Flu), 5.60 
(dd, 1H, J6,7 = 16.3 Hz, J6,5 = 7.3 Hz H-6 Flu of diastereomer 2), 5.57 
(dd, J6,7 = 16.3 Hz, J6,5 = 6.7 Hz H-6 Flu of diastereomer 2), 4.95–4.80 
(m, 8H, H-1 CD), 4.79 (m, 1H, H-16 Flu), 4.26 (m, 1H, H-5 Flu), 3.90 (d, 
1H, J6,6′ = 4.0 Hz, H-6 CD of diastereomer 1), 3.85–3.30 (m, 38H, H-5, 
H-6, H-3, H-2, H-4 CD and H-3 Flu), 3.30–3.15 (m, 2H, H.4 CD), 3.08 
(dd, 1H, J6A,6′A = 14.5 Hz, J6,5 = 9.0 Hz, H-6A of CD of diastereomer 1), 
3.04 (dd, 1H, J6A,6′A = 14.4 Hz, J6,5 = 8.9 Hz, H-6A CD of diastereomer 
2), 2.23 (m, 2H, H-2 Flu), 1.63 (m, 1H, H-4a Flu), 1.49 (m, 6H, H-17 and 
H-18 Flu) 1.35 (m, 1H, H-4b Flu). Circular dichroism (H2O) (λ nm, [Θ], 
deg × cm2/dmol): 258 (− 0.76), 274 (− 1.50), 325–0.58) 359 (0.095). 
UV–vis (λ nm, ε M− 1 cm− 1): 233 (26446). 

NMR spectroscopy 

1H and 13C NMR spectra were recorded at 25 ◦C with a Varian UNITY 
PLUS-500 spectrometer at 499.9 and 126 MHz, respectively. The 2D 
experiments (COSY, TOCSY, gHSQCAD, gHMBC, ROESY) were acquired 
by using 1000 data points, 256 increments, and a relaxation delay of 1.2 
s. The spectra were referred to the solvent signal. 

Mass spectrometry 

Mass spectra were recorded on MALDI-TOF 5800 mass spectrometer 
(AB SCIEX, Foster City, CA). A saturated solution of 2,5-dihydroxyben-
zoic acid (DHB) in TA30 solvent (30:70 [v/v] acetonitrile:0.1% TFA in 
water) was used as the matrix. Nine spectra were acquired for each 
sample (three spots per sample and three spectra per spot). 

UV–vis and Circular dichroism spectroscopy 

UV–vis spectra were recorded on an Agilent 8452A diode array 
spectrophotometer. Circular dichroism measurements were performed 
on a JASCO spectropolarimeter (model J-1500). 

Plasma and brain homogenate assay 

3 mL of blood was treated with EDTA (5 mM) and centrifuged at 
1200 g for 15 min. The supernatant plasma was diluted 1:1 with PBS, 
containing CD3Flu or CD6Flu (20 µM), and incubated at 37 ◦C for up to 
six days. The same protocol was used to assess the stability of the de-
rivatives in brain homogenates from the transgenic mice model of AD, 
APPswe/PS1ΔE9, and the related wild type. In this case, the total in-
cubation time was 21 h. All the samples were analysed by using an HPLC 
system (LC-20AP Shimadzu). The chromatographic analyses were per-
formed with eluent A (0.1% TFA in water) and B (0.1% TFA in aceto-
nitrile) on a C18 column (250 × 4.6 mm, Phenomenex) at a flow rate of 
1 mL/min. The detection of the Flu derivatives was monitored at 300 

Fig. 5. MTT assay was performed on primary neuronal cultures after 48 h 
treatments. Cells were exposed to 2 µM Aβ oligomers incubated with or without 
CD3Flu, CD6Flu at the molar ratio of 1:1. Co-incubations with Flu and β-CD 
alone were also performed as experimental controls. Bars represent means ±
SEM of two independent experiments with n = 3. ***P < 0.001 vs Ctrl by One- 
Way ANOVA + Tukey Test. 
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nm. The use of brain homogenates was in accordance with the Institu-
tional Guidelines. 

Pure neuronal cultures 

Cell viability: Cultures of pure cortical neurons were obtained from 
rats at embryonic day 15 as previously described. [53] Cortical cells 
were dissected, mechanically dissociated, and seeded in a Neurobasal 
Medium supplemented with B27 (Gibco, Thermofisher). Cortical cells 
were plated on 96-well plates precoated with 0.1 mg mL 1 poly-D-lysine 
and incubated at 37 ◦C with 5% CO2 in a humidified atmosphere. 
Cytosine arabinoside (1-β-D-arabinofuranosylcytosine, Ara-C) (3–10 
µM) was added to the cultures 18 h after plating to avoid the prolifer-
ation of non-neuronal elements and was kept for 3 days before medium 
replacement. To test the activity of CD3Flu and CD6Flu cells were 
exposed to 0.1, 10, 50 and 100 µM concentrations. Appropriate controls 
were also tested at the same concentrations. 

Anti-oligomerization activity: Aβ oligomers were prepared as previ-
ously described [54]. Mature neurons were exposed for 48 h at 37 ◦C to 
the pre-incubated mix of oAβ alone or in combination with CD3Flu or 
CD6Flu (1:1 M ratio). To evaluate the ability of these conjugates to 
prevent Aβ oligomers formation and toxicity, we measured cell viability 
by MTT assay. 

Results and discussion 

Structural characterization 

We performed the conjugation of β-CD with Flu by a condensation 
reaction of a mono-amino-CD (6A-amino-6A-deoxy-ß-cyclodextrin or 
3A-amino-3A-deoxy-2A(S),3A(S)-β-cyclodextrin) and the carboxylic 
group of Flu (Fig. S1). DMTMM was used as the activating agent in an 
H2O solution. 

Derivatives were isolated as mixtures of diastereomers and were 
characterized by NMR spectroscopy and MALDI-TOF mass spectrom-
etry. 1H NMR spectra of the products (Fig. 2) were assigned using COSY, 
TOCSY, HSQC, HMBC, and ROESY (Figs. S2 and S11). The 1H NMR 
spectra depend on the concentration. At higher concentration (>5 mM) 
the signals became broad (Fig. S12). This behaviour may suggest that the 
intermolecular interaction leads to the formation of aggregates at high 
concentrations. The two diastereomers obtained as a mixture from the 
condensation reaction with (±)Flu show different spectra. In the spectra 
of CD3Flu, Flu aromatic protons of both the diastereomers resonate 
between 8 and 7 ppm as assigned by 2D spectra. Moreover, the signals of 
H-7, H-6 and H-5 of Flu residue for each diastereomer can be assigned in 
the spectra. 

The spectrum of CD6Flu shows the spreading of CD moiety’s signal, 
particularly of the H-6 protons. The H-11, H-12 and H-6 of Flu and H-6A, 
H-5A and H-4A of CD moiety show different chemical shifts for each 
diastereomer. 

ROESY spectra of CD3Flu and CD6Flu show correlations between all 
the aromatic protons of Flu and H-3, H-5 and H-6 protons of CD (Figs. S6 
and S11). 

As for CD6Flu, the cross-peaks are more intense for the protons of the 
F-benzene ring and the CD protons, in keeping with the inclusion of the 
benzene ring. As for CD3Flu also H-11, H-12, H-13 and H-14 show strong 
cross-correlations with the CD protons. Also, the methyl groups show 
cross-peaks with the CD protons. 

Since the two compounds have the same molecular weight, the mass 
spectra show the peaks at the same m/z values; in particular, the spectra 
show two peaks, resulting from single-charged cation adducts of the Flu 
derivatives (m/z 1549 for [M + Na]+ and m/z 1565 for [M + K]+
(Fig. S13). The identity of the compounds is further proved by 
comparing the experimental isotope distribution and the theoretical one 
(Figs. S13 and S14). 

Stability studies in plasma and brain homogenates 

The biological stability of CD6Flu and CD3Flu was assessed both in 
human plasma and brain homogenates from the transgenic mice model 
of AD (APPswe/PS1ΔE9 and the related wild-type cells). 

We found that the covalent linkage between the CD unit and Flu is 
stable in the biological environments used. Indeed, the amount of 
CD6Flu and CD3Flu does not significantly decrease during the incuba-
tion with human plasma within a day (Fig. 3). Such a trend is kept by 
CD6Flu up to six days, whereas the CD3Flu concentration slightly de-
creases at the end of the incubation period. Both CD6Flu and CD3Flu are 
also stable in the mice brain homogenates with 21 h of incubation 
(Fig. S15). 

Toxicity studies in vitro 

To evaluate the potential toxicity of the two conjugates, increasing 
concentrations (0.1, 10, 50 and 100 µM) were used and tested at two 
different times: 24 h and 48 h on primary cortical neurons. We used Flu 
and β-CD at the same conditions as experimental controls to evaluate the 
advantages of the conjugation. 

After 24 h incubation, all treatments were devoid of toxicity. Longer 
exposure revealed that concentration of Flu higher than 10 µM produced 
neuronal death (50 µM = 48% and 100 µM = 37%) while β-CD showed a 
20% toxicity only after treatment with the higher concentration used 
(100 µM). The functionalization of Flu with β-CD makes the conjugates 
less toxic compared to Flu, in particular, CD6Flu was safer than the 
isomer CD3Flu (Fig. 4). 

Finally, to verify whether the newly conjugated molecules possess 
the ability of some β-CD derivatives to inhibit Aβ assembly, we tested the 
activity of CD3Flu and CD6Flu against Aβ oligomer toxicity (Fig. 5). For 
this purpose, we incubated freshly prepared solutions of 40 μM Aβ 
monomers in the presence or in the absence of each compound and their 
controls (β-CD or Flu alone) at the molar ratio of 1:1. All the mixtures 
were kept for 48 h at 4 ◦C, according to a well-established protocol to 
obtain toxic oligomeric species of Aβ [54]. 

After incubation, samples were added to primary neuronal cultures 
at the final concentration of 2 μM and maintained for 48 h at 37 ◦C and 
5%CO2, and cell viability was tested by MTT assay. As expected, oligo-
mers produced a significant decrease in cell viability. Interestingly, 
while Flu seemed to potentiate Aβ toxicity, exposure to CD3Flu or 
CD6Flu showed a complete rescue from cell death. These data prove that 
the CD moiety linked to Flu confers interesting protective properties to 
the new compounds, as reported for other β-CD derivatives [55]. 

Conclusions 

Neurological disorders affect millions of people worldwide. The 
main challenges the researchers face are focused on finding the molec-
ular origins of these pathologies, as well as on developing multifunc-
tional compounds that can cure and/or prevent the onset of these 
devastating disorders. 

Cholesterol dyshomeostasis has been linked to the risk of developing 
cardiovascular, neurodegenerative and many other disorders. Both sta-
tins and cyclodextrins have been largely used to reduce cholesterol 
levels. Statins, such as fluvostatin, act as reversible competitive in-
hibitors of HMG-CoA Reductase (hydroxymethyl glutaryl coenzyme A 
reductase), while cyclodextrins act as cholesterol sequestering agents. 

The two new cyclodextrins 3- or 6- functionalized with fluvastatin 
reported in this paper are water-soluble molecules, stable both in human 
plasma and brain homogenates from the transgenic mice model of AD. 
Unlike fluvastatin, they are both non-toxic for neuronal cells. Moreover, 
the functionalization of fluovastin with β-CD makes the conjugates able 
to rescue from cell death by Aβ oligomers, unlike fluovastatin, which 
seemed to potentiate Aβ toxicity. This data supports the importance of 
functionalization in improving cyclodextrin and fluvastatin properties. 
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Therefore, cyclodextrin-fluvastatin derivatives may have great po-
tential in treating neurological disorders related to cholesterol 
dyshomeostasis. 
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