Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem,, 2011,9,5714

WWw.rsc.org/obc

PAPER

Fullerenolates: metallated polyhydroxylated fullerenes with potent
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It has been revealed for the first time that sodium fullerenolate Na,[Cg(OH)_5] (NaFL), a water soluble
polyhydroxylated [60]fullerene derivative, destroys amyloid fibrils of the AB(1-42) peptide in the brain
and prevents their formation in in vitro experiments. The cytotoxicity of NaFL was found to be
negligibly low with respect to nine different culture cell lines. At the same time, NaFL showed a very
low acute toxicity in vivo. The maximal tolerable dose (MTD) and LD50 for NaFL correspond to

1000 mg kg™ and 1800 mg kg™, respectively, as revealed by in vivo tests in mice using intraperitoneal
drug injection. The observed pronounced anti-amyloid activity and low toxicity of NaFL make it a very
promising lead drug for the development of potent fullerene-based therapeutic approaches for the

treatment of amyloidoses, such as Alzheimer’s disease and others.

Introduction

It is known that more than 40 human diseases are related to
the erroneous folding of proteins. Among these are amyloidoses,
in particular Alzheimer’s disease, Parkinson’s disease, cataract,
type 11 diabetes and others."? Alzheimer’s disease (AD) is one
of the most widespread and severe neurological disorders.> The
deposition of amyloid B-peptide (AB-peptide) in the brain is a
pathological hallmark of AD. This peptide is a product of the
proteolysis of the transmembrane amyloid precursor protein and
the major component of amyloid plaques.* There is substan-
tial evidence indicating that the aggregation and accumulation
of neurotoxic AB-peptides in the brain can trigger a cascade
of pathological reactions leading to neuronal dysfunction and
neurodegeneration.>” Therefore, the therapy of AD is primarily
aimed at preventing the aggregation of AB-peptides or destroying
the aggregates that are already formed.*®

A possible approach for the destruction of amyloid fibrils is
to use fullerenes. The results of fluorescence analysis showed
that the derivative of fullerene Cg, 1,2-dimethoxymethanofullerene
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suppresses the aggregation of the AB(1-40) peptide.”® Previously,
we have shown for the first time that hydrated fullerene C,,
(CyHyFn) has anti-amyloid activity toward the fibrils of the
AP(25-35) and AB(1-42) peptides.'! The experiments also showed
that C,HyFn injected into a rat brain has a beneficial effect
on normal cognitive processes, indicating the absence of its
neurotoxicity. There is a correlation between the above-described
anti-amyloid action of C,HyFn on the fibrils of AB-peptides
in vitro and its ability to prevent the disturbance of performing
cognitive probabilistic tasks in experimental animals induced by
aggregated AB(25-35) peptide."

Here, we describe the results of an electron microscopic and
fluorescence analysis of the effects of sodium fullerenolate (NaFL)
on fibrils of the AP(1-42) peptide of the brain, examine its
cytotoxicity in a number of cell cultures and its acute toxicity
after intraperitoneal injection in mice.

Experimental
Materials and cell cultures

All commercially available solvents and reagents were purchased
from Acros or Aldrich and were used as received. NaFL was
prepared by the hydrolysis of nitrofullerenes with aqueous sodium
hydroxide, as described previously.* Chemical analysis data for
NaFL: C, 54.10; H, 2.71; Na, 6.81; O, 35.6; calculated for average
composition Na,[Cs(OH),: C, 54.48; H, 2.29; Na, 6.95; O, 36.28.
ESI-MS: broad distribution of negative ion signals with m/z =
1000 £ 1400 amu; maximum intensity peaks were observed in the
1200-1250 amu range. FTIR: v = 521, 584, 776, 836, 850, 1065,
1341, 1377, 1610, 2937 and 3418 cm™.
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Human epidermoid larynx carcinoma (HEp-2) cells were ob-
tained from the Russian Cell Culture Collection (Institute of
Cytology, Russian Academy of Sciences, St. Petersburg). HEp-2
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (w/v) fetal bovine serum, 40 mg 1"
gentamycin, 35 mM sodium bicarbonate and 20 mM HEPES at
37 °C in an atmosphere of 5% CO,. The fetal bovine serum was
from HyClone; culture medium DMEM, crystal violet and other
chemicals for cytotoxicity tests were purchased from the Sigma
Chemical Co.

Preparation of the AB(1-42) peptide amyloid fibrils

The amyloid fibrils were formed from the AB(1-42) peptide
(Sigma-Aldrich) in a solution containing 30 mM KCl and 10 mM
imidazole, pH 7.0, for 24 h at 37 °C. The amyloid nature of the
fibrils was tested from their binding to Congo red and thioflavin
T by a Cary 100 spectrophotometer (Varian, USA) and a Cary
Eclipse fluorescence spectrophotometer (Varian, USA). NaFL
was added to the AB(1-42) peptide in the ratio 1: 1 (w/w) before
and after the formation of the amyloid fibrils. The peptide was
incubated with fullerenol in a solution containing 30 mM KCl
and 10 mM imidazole, pH 7.0, for 24 h at 37 °C.

Fluorescence analysis

The anti-amyloid effect of the fullerenolate was estimated by the
intensity of thioflavin T fluorescence in samples containing 30 mM
KCl, 10 mM imidazole, pH 7.0, 5 uM thioflavin T and 5 ug ml™
of the AB(1-42) peptide prior to and after the formation of the
amyloid fibrils. The fluorescence was measured at A, =440 nm and
Aem = 482 nm by a Cary Eclipse fluorescence spectrophotometer
(Varian, USA).

Electron microscopy

A drop of a suspension of the protein at a concentration of 0.1 mg
ml™ was applied to a carbon-coated collodion film on a copper
grid and negatively stained with a 2% aqueous uranyl acetate
solution.”® Samples were examined on JEM-100B and LIBRA
120 electron microscopes.

Cytotoxicity assay

For the cytotoxicity assay, HEp-2 cells were seeded in 96-well
microplates or culture dishes (Corning, USA) at a concentration
of 5x 10* cells ml™' (5 x 10° cells in 100 pul well™). Freshly prepared
fullerenolate solutions were added to the culture medium 24 h
after seeding the cells. The anti-proliferative activity was evaluated
using the crystal violet assay from the ratio of the optical densities
at 560 nm of treated and untreated (control) cultures 48 h after
adding the toxic agent."* The optical density value was in direct
proportion to the number of viable cells. Each experiment was
performed at least three times. All the values represent the mean £
SEM. The statistical significance of the results was analyzed using
Student’s #-test. Measurements were carried out using an Infinite
F200 plate reader (Tecan, Austria).

The cytostatic or cytotoxic effects of NaFL on murine leukemia
cells (L1210), murine mammary carcinoma cells (FM3A), human
T-lymphocyte cells (CEM), human cervix carcinoma cells (HeLa),

human embryonic lung cells (HEL), Madin Darby canine kidney
cell (MDCK), Crandell-Rees Feline Kidney cells (CRFK), human
osteosarcoma cells (OST TK™) and monkey kidney (Vero) cells was
evaluated as follows: an appropriate number of (L1210, FM3A,
CEM, HeLa, OST TK") cells suspended in growth medium were
allowed to proliferate in 200 pL wells of 96-well microtiter plates
in the presence of variable amounts of the test compounds at 37 °C
in a humidified CO,-controlled atmosphere. After 48 to 96 h, the
number of cells was counted in a Coulter counter. The IC50 value
was defined as the compound concentration required to inhibit
cell proliferation by 50%. The monolayer HEL, MDCK, CRFK
and Vero cells were seeded in 200 pL wells of 96-well microtiter
plates and grown until confluency. Then, variable amounts of
the test compounds were added, and the cultures were further
incubated at 37 °C. After 72 h, microscopic alteration of the
cellular morphology was estimated, and the MCC (minimum
cytotoxic concentration) determined.

Results and discussion
Chemical nature of the sodium fullerenolate NaFL

Neutral polyhydroxylated fullerenes called “fullerenols” (FL, Fig.
1) form one of the most studied families of water soluble fullerene
derivatives. Typically, samples of fullerenols are represented by
multicomponent mixtures of products with different numbers of
hydroxyl groups, oxygen atoms and even ketone moieties, resulting
from partial destruction of the fullerene cage.'® There are just a
few fullerene derivatives bearing two hydroxyl groups that have
been isolated in chemically pure forms and characterized using
spectroscopic methods.*¢

Fig. 1 Schematic representations of the molecular structures of (a)
fullerenol (FL) and (b) sodium fullerenolate (NaFL). Some cyclopenta-
dienyl anion units and Na* cations are located on the other side of the
fullerene cage in NaFL and are not shown. (c) The molecular structure of
NaPCFE.

The existence of ionic forms of hydroxylated fullerenes such as
Na*,[C4O,(OH),]" (where n =2 or 3, x = 7-9 and y = 12-15)
has been reported previously.'*!” It was proposed that fullerenols
are rather strong O-H acids capable of forming stable metal salts
via the replacement of hydrogen atoms with alkali metal cations.
The resulting fullerene adducts bearing ionic—O"M* moieties were
called “metal fullerenolates”.!

We have reported very recently the formation, isolation
and spectroscopic characterization of a number of fullerene
derivatives comprising of stable anions such as [Cg(CN)s],
[Co(CN)s(OH), I, [Coo(CN)y(OH)F and [Ce(CN),o."* These
anions are characterized by the presence of negatively-charged
cyclopentadienyl fragments accommodated on the fullerene cage.
The stability of such C-anions seems to be much greater compared
to O-anions. Therefore, we propose similar structures for the ionic
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forms of polyhydroxylated fullerenes. A detailed study addressing
the origin of different forms of hydroxylated fullerenes will be
reported elsewhere."

In the present paper, we will focus on the material with an
average composition Na,[Cy(OH)_;] that was revealed by chem-
ical analysis and supported by electrospray mass spectrometry
(ESI-MS). The preparation and spectroscopic characterization
of such products has been reported previously. The chemical
nature of the Na,[Cy(OH)_3] material is represented by the model
formula NaFL shown in Fig. 1. Even though the term “sodium
fullerenolates” was proposed for O-metallated products, we will
further apply it to C-metallated forms such as NaFL.

The ionic nature of NaFL was proved unambiguously by gel
electrophoresis. In our experiments, NaFL behaved similarly to
the fullerene derivative NaPCF (Fig. 1) bearing five negatively-
charged carboxylic groups (COO"). The synthesis and characteri-
zation of NaPCF has been reported previously. Both compounds
migrate towards the anode under an applied electric field, which
is a clear illustration of their anionic nature (Fig. 2). It was
surprising that NaFL represents a quite well-defined spot on
the electrophoretic plate. This suggests that all polyhydroxylated
fullerene species present in the NaFL sample have similar com-
positions and identical charges. This makes NaFL similar to the
individual and chemically pure fullerene derivative NaPCF.

Cathode side

Anode side

Fig.2 Agarose gel electrophoresis of NaFL and NaPCF. Starting tracks
are denoted with arrows.

Cytotoxicity and acute toxicity of NaFL

To answer the question as to whether hydroxylated fullerenes
can be used as pharmaceutical preparations for the treatment
of neurodegenerative diseases, we examined the cytotoxicity of
NaFL against a number of different types of cell culture. The
obtained results are presented in Table 1. It is seen from these
data that NaFL shows no toxic effects in all the tested cell lines
in concentrations of up to 0.1 mg ml™ (the upper concentration

Table 1 Cytotoxicity data for water soluble fullerene derivatives

level used). The cytotoxicity of NaFL with respect to the HEp-2
cells was evaluated in an even wider concentration range. It can be
seen from Fig. 3 that the increase in the concentration of NaFL
from 0.016 to 2 mg ml™ does not affect the survival of HEp-2 cells.
These results are highly superior compared to the cytotoxicity data
obtained for compound NaPCF. The experimental IC50 values for
NaPCF were indeed in the range of 0.01-0.09 mg ml™', depending
on the cell culture used in the tests (Table 1). Thus, NaFL has
much lower cytotoxicity compared to NaPCF.
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Fig. 3 Concentration dependence of cytotoxicity against human larynx
carcinoma cells, evaluated for NaFL using the crystal violet assay.

We also determined the acute toxicity of NaFL in mice after
intraperitoneal injection of an aqueous solution of the drug. The
maximal tolerable dose for NaFL was found to be around 1000 mg
kg™, while the median lethal dose LD50 was about 1800 mg kg™'.
To the best of our knowledge, NaFL exhibits the lowest acute
toxicity among all water soluble fullerene derivatives, including
fullerenols FL.* We emphasize also that the acute toxicity of
NaFL is much lower in comparison with the acute toxicity of the
polycarboxylic fullerene derivative NaPCF (Fig. 4).

The most probable reason for the decreased toxicity of NaFL is
the shielding of the hydrophobic fullerene cage by numerous (~30)
highly polar hydroxylic groups. On the contrary, NaPCF has only
five hydrophilic carboxylic groups located on one hemisphere of
the carbon cage. The non-functionalized hemisphere of NaPCF
remains highly hydrophobic, which might induce the substantial
accumulation of this compound in cellular lipid membranes and

Compound— NaFL NaPCF
Cell line|, Cytostatic concentration (ICs,)/mg ml™
L1210 >0.1 0.09 £0.004
FM3A >0.1 —
CEM >0.1 0.035+0.004
HeLa >0.1 0.052 +£0.001
OST TK~ — 0.013£0.003
HEp-2 >2 —

Minimal cytotoxic concentration (MCC)/mg ml™
HEL >0.1 —
MDCK >0.1 —
CRFK >0.1 —
Vero >0.1 —
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Fig.4 Graphical overview of the maximal tolerable dose (MTD) and the
median lethal dose (LD50) for fullerene derivatives, illustrating a markedly
lower acute toxicity of NaFL in comparison with NaPCF.

also enable inhibition of many enzymes possessing hydrophobic
active centers. The inhibition of HIV-protease is a good illustration
of such a fullerene derivative—protein interaction.?!

Anti-amyloid activity of NaFL

We found recently that the water soluble fullerene derivative
NaPCF shows in vitro a clear anti-amyloid activity on fibrils of

X-protein.> However, this fullerene derivative was found to be
relatively toxic (see Table 1 and Fig. 4) and therefore it suppresses
the activity of pyramidal neurons from the hippocampus of rats."
Thus, the in vivo application of NaPCF for the treatment of
neuronal diseases seems to be problematic.

On the contrary, the low cytotoxicity and low acute toxicity
of NaFL make this drug much more promising for development
of anti-amyloid therapeutics. Electron microscopy imaging in
combination with fluorescence analysis form a rather powerful
toolkit for the straightforward evaluation of the anti-amyloid
properties of various substances. According to our electron
microscopy data, NaFL in the fullerene/protein ratio 1:1 (w/w)
destroyed mature amyloid fibrils of the AB(1-42) peptide (Fig. 5
and Fig. S1-S4, ESIY). Moreover, it was also found that the AB(1-
42) peptide in the presence of NaFL (with the same component
ratio) does not form amyloid fibrils, even after 24 h of incubation.
Thus, according to the electron microscopy data, NaFL efficiently
disaggregates amyloid fibrils in vitro and prevents their formation,
making it therapeutically interesting.

The data on the anti-amyloid activity of the fullerenolate
towards the AP(1-42) peptide were confirmed by independent
fluorescence tests. It has been demonstrated previously that the
anti-amyloid properties of various compounds can be examined
by fluorescence analysis by using thioflavin T as an indicator

Fig. 5 Electron micrographs of negatively-stained samples of AB(1-42)-peptide in the presence and absence of NaFL. A: Pre-formed amyloid fibrils of
AB(1-42)-peptide. B: Dispersion of NaFL. C: Co-incubated mixture of AB(1-42)-peptide and NaFL in a 1: 1 (w/w) ratio. D: Co-incubated mixture of
the preformed amyloid fibrils of AB(1-42)-peptide and NaFL in a 1:1 (w/w) ratio. Arrows indicate small fragments of the destroyed amyloid fibrils of
AB(1-42)-peptide. Images A-D were obtained from samples incubated in a solution containing 30 mM KCl and 10 mM imidazole (pH 7.0) at 37 °C for
24 h. Negative staining was applied using a 2% aqueous solution of uranyl acetate. Scale bars are 100 nm.
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that interacts specifically with amyloid fibrils.?*** This interaction
results in an increased dye fluorescence at 482 nm.* In our
experiments, the intensity of thioflavin T fluorescence decreased
after the addition of NaFL to amyloid fibrils of the AB(1-42)
peptide. This decrease in the fluorescence intensity was quite
evident from a comparison of the samples treated with NaFL
with samples containing mature amyloid fibrils in the absence of
NaFL (Fig. 6 and Fig. S5, ESI¥). It should be also noted that
the fluorescence of the thioflavin T dye remained relatively weak
after 24 h of incubation of a AB(1-42) peptide sample with NaFL.
These results support the electron microscopy data, suggesting
that NaFL is capable of destroying mature fibrils of the AB(1-42)
peptide and inhibiting its aggregation.

14
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Fig. 6 The fluorescence intensity of thioflavine T added to different
systems. A: Pre-formed amyloid fibrils of AB(1-42)-peptide. B: Dispersion
of NaFL. C: Co-incubated mixture of AB(1-42)-peptide and NaFL in
a 1:1 (w/w) ratio. D: Co-incubated 1:1 (w/w) mixture of pre-formed
amyloid fibrils of AB(1-42)-peptide and NaFL. The “control” system was
a buffer solution containing 30 mM KCl and 10 mM imidazole (pH 7.0)
in the presence of thioflavin T. Excitation was performed at 4., = 440 nm;
the fluorescence intensity was recorded at the emission maximum at A, =
482 nm).

It is possible that NaFL contributes to some extent to the
fluorescence quenching of thioflavine T via a well-established
electron transfer mechanism for Cg and its simple derivatives.?
‘We verified this possibility experimentally for the model thioflavine
T + NaFL system. Thioflavine T exhibited a very weak but still
recordable fluorescence in the absence of the amyloid fibrils. The
addition of NaFL to thioflavine T did not change significantly the
intensity of the fluorescence (Fig. S6, ESIT). This suggests that the
contribution of NaFL to the fluorescence quenching of thioflavine
T incorporated into the amyloid fibrils should be rather weak.
Therefore, the fluorescent thioflavine T assay provides realistic
results concerning the disaggregation of amyloid fibrils upon the
action of NaFL, thus supporting the observations made above
using electron microscopy.

Conclusions

We have demonstrated for the first time a strong anti-amyloid
activity of sodium fullerenolate NaFL in vitro. A combination of
fluorescence analysis and electron microscopy revealed that NaFL
efficiently destroys mature amyloid fibrils. At the same time, the
addition of NaFL to a medium containing the AB(1-42) peptide

of the brain prevents its aggregation and the formation of fibrils.
The observed potent anti-amyloid activity of NaFL, together with
its exceptionally low cytoxicity and low acute toxicity, makes this
drug very promising for pharmaceutical applications. Thus, NaFL
can be recommended for pre-clinical in vivo trials to evaluate its
applicability for the therapy of neurodegenerative disorders, in
particular, Alzheimer’s disease.
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