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Abstract

Background Apolipoprotein E (apoE) is an anti-atherosclerotic protein associated with almost all plasma lipoproteins.
Fullerenol (Full-OH) contains the fullerene hydrophobic cage and several hydroxyl groups that could be derivatized to
covalently bind various molecules. Herein, we aimed to produce fullerenol-based nanoparticles carrying apoE3 (Full-apoE)
and test their anti-atherosclerotic effects.

Methods Full-apoE nanoparticles were obtained from Full-OH activated to reactive cyanide ester fullerenol derivative that
was further reacted with apoE protein. To test their effect, the nanoparticles were administered to apoE-deficient mice for
24 h or 3 weeks. ApoE part of the nanoparticles was determined by Western Blot and quantified by ELISA. Atherosclerotic
plaque size was evaluated after Oil Red O staining and the gene expression was determined by Real-Time PCR.

Results Full-apoE nanoparticles were detected mainly in the liver, and to a lesser extent in the kidney, lung, and brain. In
the plasma of the Full-apoE-treated mice, apoE was found associated with very-low-density lipoproteins and high-density
lipoproteins. Treatment for 3 weeks with Full-apoE nanoparticles decreased plasma cholesterol levels, increased the expres-
sion of apolipoprotein A-I, ABCAI transporter, scavenger receptor-B1, and sortilin, and reduced the evolution of the ather-
omatous plaques in the atherosclerotic mice.

Conclusions In experimental atherosclerosis, the administration of Full-apoE nanoparticles limits the evolution of the ath-
eromatous plaques by decreasing the plasma cholesterol level and increasing the expression of major proteins involved in
lipid metabolism. Thus, they represent a novel promising strategy for atherosclerosis therapy.
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Full-apoE  Apolipoprotein E covalently bound to

Fullerenol
Full-OH Fullerenol
HDL High-density lipoprotein
LDL Low-density lipoprotein
PBS Phosphate-buffered saline
SD Standard deviation
SEM Standard error of the mean
VLDL Very low-density lipoprotein
Introduction

Atherosclerosis is a multifactorial disease that may ulti-
mately lead to major complications, such as stroke, myocar-
dial infarction, and heart failure. The atherosclerotic lesions
occur in the first decades of life and develop continuously
in arterial lesion-prone areas [1]. Accumulation of plasma
cholesterol, endothelial cell activation, dysfunction [2, 3],
and the robust inflammatory reaction including immune
cell infiltration and foam cell formation are the main events
of atheroma development [4, 5]. Thus far, the anti-ather-
osclerotic therapy was focused mainly on either lowering
plasma cholesterol levels to limit the subendothelial lipid
accumulation or targeting various molecular pathways [6-8].
However, there is no efficient treatment leading to ather-
oma regression yet. Enhancement of the lipid efflux from
the foam cells residing within the atherosclerotic plaque by
various nanotechnology approaches could be a promising
strategy for atheromatous plaque regression [9].

Apolipoprotein E (apoE, 35 kDa) is an anti-atheroscle-
rotic protein that facilitates hepatic and extrahepatic uptake
of lipoproteins and cholesterol efflux from foam cells [10].
Besides, apoE has anti-oxidant and anti-inflammatory prop-
erties, as reviewed in [11]. In the plasma, apoE is systemi-
cally delivered by the liver [12], while a small but important
amount is produced and locally provided by macrophages
[13]. As we previously reported, physiological apoE lev-
els are maintained by complex regulatory mechanisms, that
function under the influence of various circumstances, such
as inflammation, stress factors, and hormones [14]. It was
reported that apoE deficiency in mice leads to atheroscle-
rosis [15]. In humans, there are three structural different
apoE isoforms: apoE2, apoE3, and apoE4. Of these, apoE3
is the most common isoform, apoE2 is associated with an
increased risk of heart disease and apoE4 is correlated with
Alzheimer’s Disease, as reviewed in [16].

Fullerene (C60) is a spherical hollow-cage molecule
(~ 1 nm diameter) with carbon atoms arranged in a net-
work of hexagons and pentagons, which belongs to the
class of inorganic nanoparticles [17]. Since its discovery
in 1985, it has been extensively used in various biomedi-
cal applications, such as drug and gene delivery [17]. The

fullerene core is hydrophobic, but functional groups can be
attached to bind proteins, DNA, or other molecules. This
functionalization may allow selective tissue targeting or
controlled release. Fullerene can be derivatized by hydrox-
ylation and the obtained product, fullerenol [C60(OH), ]
is water soluble, thus being considered a good candidate
as a drug carrier [18, 19]. Several beneficial effects of the
fullerenol itself (anti-oxidant and anti-inflammatory activi-
ties) were reported, suggesting its therapeutic potential
[20, 21].

We hypothesized that fullerenol-based nanoparticles
carrying apoE3 (Full-apoE) could mimic apoE-rich lipo-
proteins and provide significant anti-atherosclerotic ben-
efits. Here, we report that fullerenol-apoE nanoparticles
administered to the apoE™'~ atherosclerotic mice were
incorporated in HDL and VLDL fractions and inhibited
the evolution of the atheromatous plaques by increasing
hepatic expression of the main molecules involved in lipid
metabolism (apoA-I, ABCAI1, SR-B1, and sortilin) and
decreasing the plasma cholesterol level.

Materials and methods
Chemicals

Fullerenol (793248), potassium bromide (60093-1KG-
F), cyanogen bromide solution (5S261610), Oil Red O
(00625), MTT (041M6343), and EDTA (E5134) were
purchased from Sigma-Aldrich (St. Louis, MO). Human
recombinant apoE3 produced in a mammalian expres-
sion system (#CI02) was from Novoprotein (Millburn,
NJ, USA). DMEM and fetal calf serum were from Euro-
Clone (Milan, Italy). Tri-RNA Reagent was from Favorgen
(Wien, Austria). GoTaq DNA polymerase was from Pro-
mega Corp. (Madison, WI). Primers were from Microsynth
AG (Balgach, Switzerland). The high-Capacity cDNA
reverse transcription kit and Sybr Green mix were from
Applied Biosystems (CA, USA). Midori Green Advanced
DNA Stain (MG-02) was from Nippon Genetics (Ger-
many). The human apolipoprotein E ELISA development
kit (3712-1H-20) and anti-mouse apoA-I mAb mHDL93,
purified (3750-3-250) and biotinylated anti-mouse apoA-I
mAb mHDL36 (3750-6-250) were from Mabtech (Ger-
many). Cholesterol CHOD PAP and Triglycerides Kits
(D95116 and D00389) were from DIALAB (Wien, Aus-
tria). Anti-human apoE was from Immuno-Biological Lab-
oratory (IBL #18171, Gunma, Japan). Biotech Cellulose
membranes with a cut-off size of 50 kDa and SuperSignal
West Pico Chemiluminescence substrate were from Ther-
moFisher Scientific (MA, USA). RNA save (01-891-1A)
was from Biological Industries (Portland, CT, USA).
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Nanoparticles preparation

Full-apoE nanoparticles were obtained starting from fuller-
enol (Full-OH) in two steps, as illustrated in Fig. 1 A. First,
the hydroxyl groups of fullerenol were activated with
cyanogen bromide (CNBr), leading to reactive cyanate
ester groups in the fullerenol derivative (Full-CN), then
Full-apoE nanoparticles were obtained by covalent bind-
ing of NH2 residues of apoE to the reactive CN groups of
Full-CN (Fig. 1A). To derivatize Full-OH into cyanate ester,
1 mg fullerenol was mixed with 100 ul of 50 mM CNBr in
0.2 M borate buffer pH 8.5 (BB) and 130 ul BB for 15 min at
room temperature. The stoichiometric ratio of the Full-OH:
CNBr was 1:7, when the limited amount of CNBr introduced
in the reaction was enough for the derivatization of seven
hydroxyl groups out of the forty hydroxyl groups present on
the fullerenol molecule, and the whole amount of the CNBr
was used in the reaction. ApoE3 was coupled to the reactive
groups of the cyanate ester fullerenol derivative in a molar
ratio of Full-CN: apoE of 1:7, in 500 ul PBS, by incubation
for 2 h at room temperature. The mixture was then dialyzed
against PBS for 24 h at 4 °C, using a 50 kDa cut-off cellulose
membrane, to remove the uncoupled protein. Then, the nan-
oparticles formed by apoE linked to fullerenol (Full-apoE)
were sterile filtered and the bound apoE content was deter-
mined. The size of Full-OH and Full-apoE nanoparticles
was determined using a Malvern Zetasizer Nano (Malvern

Fullerenol cyanate ester
(Full-OH) fullerene derivative
-10,4 mV
. e s
0 Full-OH
29
o o i I
= :
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Fig.1 Preparation and characterization of Fullerenol-apolipopro-
tein E nanoparticles (Full-apoE). A Full-apoE nanoparticles were
obtained in two steps: (i) activation of a limited number of hydroxyl
groups of fullerenol (Full-OH) to reactive cyanate ester groups, (ii)
covalent binding of amino residues of apoE proteins to cyanate ester
fullerenol derivative. B The size of the hydrated Full-OH nanopar-
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Instruments, UK). All measurements were performed in
aqueous solutions at room temperature, in triplicates.

Cell culture

HepG?2 hepatocytes and EA.hy926 endothelial cells line
were from ATCC. Hepatocytes were cultured in 4.5%o0 glu-
cose DMEM and endothelial cells in 1%o glucose DMEM
containing 10% fetal bovine serum (FBS) in an incubator at
37 °C, with 5% CO,.

Assessment of cytotoxicity of Full-apoE and Full-OH
nanoparticles

To test the prepared nanoparticles for possible cytotoxic
effects, we employed cultured endothelial cells and hepato-
cytes, and we examined whether Full-apoE and Full-OH
nanoparticles influence (i) the proliferation curves, measur-
ing the cell index in time using the xCELLigence System
and (ii) the cellular metabolic activity using 3-(4,5-dimethyl
thiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT test).
For the proliferation assay, the cells were seeded on
E-plates at a density of 1x 10* cells/well in a final volume
of 100 pl and incubated at 37 °C with 5% CO, in the xCEL-
Ligence RTCA system. After 24 h, the Full-apoE and Full-
OH nanoparticles were added at a concentration of 28 pg/ml
nanoparticles (determined as apoE content or fullerenol) in
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ticles was~243 nm and of Full-apoE nanoparticles was~286 nm
(~90%) and~22 nm (~10%). The overall surface charge of the nan-
oparticles was found to be negative with an absolute zeta potential
value of — 10.4 mV for Full-OH nanoparticles and — 26.8 mV for
Full-apoE nanoparticles
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a final volume of 200 pl. In the control, the cells were incu-
bated with 100 pl cell culture medium and 100 pl PBS. The
cell proliferation was monitored on the RTCA system for
100 h. The cell index was normalized to the values obtained
at 24 h when the nanoparticles were added. Each experi-
mental condition was tested in triplicate or quadruplicate.
For the metabolic activity test, endothelial cells and
hepatocytes were seeded in 96-well plates, at a density of
5% 10* cells/well in 150 ul normal culture medium (DMEM
with 10% FBS) and were incubated overnight at 37 °C and
5% CO,. Then, the medium was replaced with 100 pl color-
less medium (DMEM without phenol red containing 10%
FBS), and 100 pul of Full-apoE (28 m pg/ml apoE), Full-OH
(28 pg/ml) or PBS, and incubated for 18 h, at 37 °C. After-
ward, the nanoparticles were removed and the cells were
incubated with 150 pl colorless medium containing 0.5 mg/
ml MTT. The formazan formed was solubilized in 200 pl
0.1 N HCl in isopropanol (15 min at room temperature).
The absorbance of the formazan formed in the cells was
measured at 570 nm, and the nonspecific background values
were determined at 690 nm. The data were reported as a

percentage of the control counts. All assays were performed
in triplicate.

Animal experimentation

ApoE~"~ mice were kept in SPF conditions, receiving food
and water ad libitum, and exposed to 12-h light and dark
cycles. Eight-week-old apoE~~ mice were fed with a high-
fat diet (1% cholesterol, 15% butter) 1 month before the
administration of the nanoparticles, as well as during the
treatment. The mice were randomly distributed into three
groups which were intravenously treated with: (i) Full-apoE
nanoparticles, 0.6 mg apoE/kg; (ii) Full-OH nanoparticles,
0.3 mg fullerenol/kg; (iii) sterile PBS. The injections were
administered in the tail vein either as (a) one single dose
and the mice were sacrificed after 24 h, or as (b) one weekly
dose for 3 weeks, and the mice were sacrificed at 72 h after
the last injection (Fig. 2A). For both experimental condi-
tions, the blood was collected by cardiac puncture and the
organs of interest (liver, spleen, lungs, kidney, and brain)
were immediately harvested. The samples were stored in

Fig. 2 Full-apoE and fullerenol g
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RNA Save for subsequent analysis or in RIPA buffer (10 mM
Tris HC1 pH 8, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 140 mM NacCl,
1 mM PMSF). At the end of the experiments, the aortas from
the mice subjected to three weeks of treatment were har-
vested, fixed in PFA 4%, and stained with Oil Red O for en
face evaluation of the atherosclerotic lesions using AxioVi-
sion software. For quantification of apoE within organs, the
liver, lung, kidney, and the brain were milled in RIPA buffer
and the supernatants collected after centrifugation (5 min at
16000g) were subjected to ELISA.

Determination of cholesterol and triglycerides
in plasma

The blood collected on EDTA was centrifuged for 10 min at
2000xg to obtain the plasma. Cholesterol and triglycerides
levels were determined using the corresponding kits.

Western blot

The plasma from each experimental group was pooled and
an aliquot was subjected to 5-15% SDS-PAGE followed by
transfer of proteins onto the nitrocellulose membrane. Blots
were incubated with an anti-human apoE antibody (IBL),
followed by HRP-conjugated anti-rabbit IgG and SuperSig-
nal West Pico Chemiluminescence substrate to reveal the
bands.

Lipoprotein fractions isolation

Pooled plasmas from each experimental group were fraction-
ated using potassium bromide by density ultracentrifugation
gradient (1.23 g/ml, 1.21 g/ml, 1.063 g/ml, 1.019 g/ml), at
120,000g for 18 h at 4 °C, using an SW55Ti rotor and a
Beckman Coulter ultracentrifuge. After ultracentrifugation,
fractions of 0.5 ml were collected and dialyzed against PBS.

ApoE and ApoA-I quantification by ELISA

The plates were coated with 100 pl/well of capture 2 pg/ml
anti-apoE (mAb E276) or anti-apoA-I (3750-3-250), over-
night at 4 °C. Then, the unspecific sites were blocked with
200 pl/well of PBS with 0.05% Tween 20 and 0.1% BSA

(incubation buffer) for 1 h, at room temperature. After
washing with PBS containing 0.05% Tween 20 (washing
buffer), 100 pl/well of samples or standards were added
and incubated for 2 h, at room temperature. Each plate
was washed 5 times with washing buffer. Then, 100 pl/
well of detection (1 pg/ml) biotinylated anti-apoE (mAb
E887-biotin) or biotinylated anti-apoA-I (3750-6-250)
were added and incubated for 1 h at room temperature.
After washing, 100 pl/well of Streptavidin-HRP were
added followed by incubation (1 h) at room temperature.
The excess of Streptavidin-HRP was removed and the
reaction was developed using TMB substrate, stopped
using 0.2 M H,SO,, and evaluated by measuring the opti-
cal density at 450 nm.

Real-time PCR

Total RNA was extracted using Tri-RNA Reagent and
revers-transcribed to complementary DNA using a High-
Capacity cDNA reverse transcription kit (Applied Bio-
systems). The levels of apoA-I apoA-II; apoC-I, apoC-II,
apoC-III, ABCA1, SR-B1, and sortilin gene expression
were tested by Real-Time PCR using specific primers
(shown in Table 1) and Sybr Green mix, using 7900HT
Fast Real-Time PCR System with 384-Well Block (Applied
Biosystems, USA). The expression of each target gene was
normalized to the 18S reference gene level.

Statistics

Data distribution was analyzed using D'Agostino & Pear-
son omnibus normality test. Non-parametric Kruskal-Wal-
lis tests followed by post hoc Dunn's Multiple Comparison
were performed using GraphPad Prism 5 Software (San
Diego, USA). Differences with p <0.05 (*), were consid-
ered significant, while those with p > 0.05 were not signifi-
cant. The results were presented in bars chart as median
with range or as Whiskers (min to max).

Table 1 The sequences of the

. > N Forward Reverse
primers used in real-time PCR
experiments apoA-I CAAAGACAGCGGCAGAGAC CACCTTCTGTTTCACTTCC
ABCAl GCTACCCACCCTACGAACAAC TAGACCACAGAGGGCAGAAAC
SR-B1 CCGTCCCTTTCTACTTGTCTGTCTAC CCCAGGACCAAGATGTTAGGCAG
Sortilin ATAACACCTTCATTCGGACGG GGGTGGTAAAGAAGATGATGTTG
18S GAGAAACGGCTACCACATCCAAG GAGTCCTGTATTGTTATTTTTCGTCAC
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Results

Fullerenol-apoE nanoparticles are homogenous
and exhibit no cytotoxicity

First, we assessed the size and zeta potential of Full-OH
and Full-apoE nanoparticles obtained as illustrated in
Fig. 1A. Using Malvern Zetasizer Nano 1, we found that
the diameter of hydrated fullerenol nanoparticles (Full-
OH) was ~ 243 nm and the surface charge had an absolute
zeta potential value of — 10.4 mV (Fig. 1B). After apoE
coupling, the size of the majority (~90%) of Full-apoE
nanoparticles was ~286 nm and a minor amount of the
particles (~ 10%) had a diameter of ~22 nm. The overall
surface charge of the Full-apoE nanoparticles was found
to be negative, with an absolute zeta potential value of
—26.8 mV (Fig. 1B).

Second, we tested the cytotoxicity of Full-apoE nano-
particles on cultured HepG2 hepatocytes and EA.hy926
endothelial cells. For this purpose, we evaluated both the
proliferation (by the kinetic measurement of the cell index
increase using the XCELLigence RTCA system) and the
viability (by an endpoint MTT assay). The results showed
that Full-apoE nanoparticles (28 pg/ml apoE) and Full-
OH (28 pg/ml) did not affect the proliferation of HepG2
and EA.hy 926 cells since the proliferation indexes were
similar to those of the control cells, treated only with PBS,
the vehicle (Fig. 2A). The metabolic activity of EA.hy926
cells, as measured by the MTT assay, was not affected by
Full-apoE or Full-OH nanoparticles (Fig. 2B). However,
the data showed that Full-apoE increased the metabolic
activity in HepG2 cells as shown by the Kruskal-Wallis
statistic with Dunn’s post hoc test (H=7.423, p=0.0244,
Fig. 2C, black columns).

ApoE~'~ mice treated with Full-apoE nanoparticles
had smaller atherosclerotic lesions and lower
cholesterol levels as compared to control mice

Next, we evaluated the effect of Full-apoE nanoparticles
on the progression of atherosclerotic lesions, follow-
ing the experimental design illustrated in Fig. 3. Thus,
apoE™~ mice were fed with a high-fat diet one month
before treatment and during the three weeks of treatment.
The experimental groups received either (i) Full-apoE
nanoparticles, 0.6 mg apoE/kg; or (ii) Full-OH nanoparti-
cles, 0.3 mg fullerenol/kg; or (iii) PBS (the vehicle) in the
control mice. As illustrated in Fig. 3A, three doses were
administered weekly and, after 72 h from the last admin-
istration, mice were sacrificed, and the aortas were har-
vested and analyzed for lipid accumulation by Oil Red O

staining. [llustrative examples of the aorta of each experi-
mental group are presented in Fig. 3B, and all the samples
are illustrated in Fig. 1 Supplemental. When we examined
the atheroma plaques from the aortic arch, we detected
significantly smaller lesions in the mice treated with Full-
apoE nanoparticles (n=4), as compared with the control
(PBS-treated mice, n=15) and mice that received Full-OH
nanoparticles (n=4), as determined by Kruskal-Wallis
test (H=7.101 and p =0.0287) followed by Dunn's Mul-
tiple Comparison Test. However, no statistically signifi-
cant differences were observed between the size of the
atheromatous plaques in the thoracic aorta of the mice
treated with the Full-apoE or Full-OH as compared with
the control (Fig. 3D).

Measurement of the total cholesterol in mice treated with
nanoparticles revealed that cholesterol levels in mice treated
for 3 weeks with Full-apoE were significantly reduced, as
analyzed by the Kruskal-Wallis test and Dunn's Multiple
Comparison Test post hoc analysis (H=7.423, p=0.0244,
n=4) and illustrated in Fig. 4. The median value of choles-
terol in the group of mice treated with Full-apoE nanoparti-
cles was 372.6 mg/dl, significantly reduced as compared to
the control group which had a median level of cholesterol
of 562.5 mg/dl. Interestingly, the total cholesterol level was
also slightly decreased (but not statistically significant) to a
median value of 384.6 mg/dl in mice treated with Full-OH
nanoparticles.

To determine whether the Full-apoE and Full-OH nano-
particles are able to decrease the cholesterol concentration
shortly after treatment, a single dose of the nanoparticles
was administered to apoE ™~ mice and after 24 h the plasma
was harvested and analyzed. No differences were registered
in the cholesterol levels of mice treated with nanoparticles
for 24 h (Fig. 4B).

The values for plasma triglycerides of Full-apoE and
Full-OH-treated mice were similar to the levels of the con-
trol groups, both for long or short-time treatments (data not
shown).

We also investigated the association of synthetic lipopro-
tein with various plasma and lipoprotein fractions. For this,
pools of plasma were collected from mice treated for 24 h
with a single dose of Full-apoE nanoparticles and from mice
at 72 h after the third weekly injection.

In the plasma of the mice treated with Full-apoE for
24 h, we quantified 0.8 ug/ml apoE. To determine whether
a higher molecular weight apoE (derived from Full-apoE
nanoparticles) occurs in the plasma after in vivo admin-
istration, plasma proteins were separated on SDS-PAGE.
The results showed that at the short-time treatment (24 h)
plasma apoE was present as a multimer with a molecular
weight higher than 180 kDa on Western Blot (Fig. 5A,
plasma). The recombinant apoE (35 kDa) employed for
nanoparticle preparation was used as a positive control
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Fig.3 The effect of Full-apoE nanoparticles on the extension of
atherosclerotic plaques in apoE™~ mice. A Experimental design.
ApoE™~ mice were fed a high-fat diet for one month before the
treatment and during the interval of nanoparticles administration
(one weekly dose, for 3 weeks). B Representative images of aortas
harvested from the three animal groups: Control (n=4), Full-OH-
treated group (n=>5), and Full-apoE-treated group (n=35). Quantifi-
cation of the atheromatous plaques from the aortic arch is shown in
C, and from the whole aorta is shown in D. As compared with the
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Fig.4 Total cholesterol levels in apoE~~ mice treated with Full-
apoE and Full-OH nanoparticles. A After 3 weeks of treatment, total
cholesterol levels were significantly decreased in apoE™~ mice that
received Full-apoE and Full-OH nanoparticles as compared to the
control group (Kruskal-Wallis H=7.423 and p=0.0244). B Total
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control, the area of the lesions of mice treated with Full-apoE was
significantly smaller in the aortic arch (Kruskal-Wallis statistic test
with post hoc Dunn's Multiple Comparison: H=7.101, p=0.0287),
tendened to decrease when reported to the total aorta (H=5.476,
p=0.0647). By contrast, the size of the aortic lesions of the Full-OH-
treated mice was similar to that of the control mice for all the aor-
tic regions analyzed. Data are represented by Whiskers plot with min
and max
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cholesterol levels were not changed in apoE™~ mice treated with
Full-apoE and Full-OH nanoparticles for 24 h treatment (Kruskal—
Wallis H=4.464 and p=0.1076). Data are represented by Whiskers
plot with min and max
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for the specificity of the antibody (Fig. 5A, rec. apoE). No
bands were obtained for apoE in the plasma of Full-OH-
treated mice (data not shown). To determine the plasma
distribution of apoE, pools of plasma were subjected to
ultracentrifugation on the KBr gradient and 10 fractions of
0.5 ml were collected. On the gradient, the HDL fraction
was identified using the apoA-I profile of the lipoprotein
fraction (Fig. 5B, green line).

Both at short and long-time treatment, Full-apoE were
found associated with both plasma VLDL and HDL frac-
tions. However, a difference was detected in the ratio
between the quantity in the two lipoprotein fractions.
Thus, after 24 h of Full-apoE treatment, the plasma apoE
was distributed mainly in the VLDL fraction and to a
lesser amount in the HDL fraction (Fig. 5B, blue line), as
the area under the curve for VLDL is 3.233 and for HDL
is 2.572 (calculated using GraphPad Prism). At 72 h after
the third weekly injection (long treatment), plasma apoE
was distributed mainly in HDL and to a lesser extent in
VLDL fractions, as the area under the curve for VLDL
is 0.8115 and for HDL is 1.075 (Fig. 5B, orange line).
Next, the biodistribution of Full-apoE nanoparticles in
various organs (liver, brain, kidney, and lungs) after 24 h
or 3 weeks of treatment with Full-apoE was evaluated by
ELISA. In both cases, the majority of the nanoparticles

liver brain kidney lung

were absorbed in the liver, and fewer amounts were found
in the kidney and the lungs; surprisingly, Full-apoE was
detected in the brain (Fig. 5B).

Hepatic apolipoproteins and receptors profile
in apoE ™~ mice treated with Full-OH and Full-apoE
nanoparticles

Considering the accumulation of Full-apoE detected in
the liver, we next questioned whether the hepatic expres-
sion of apolipoproteins and other molecules that interact
with lipids was affected by the administration of nano-
particles in mice. Real-Time PCR data indicated that the
liver expression of apoA-I (Fig. 6A), ABCA1 (Fig. 6B),
SR-B1 (Fig. 6C), and sortilin (Fig. 6D) was significantly
increased in the Full-apoE group (n=15) as compared to
the control mice (n=4). Kruskal-Wallis test and Dunn's
Multiple Comparison Test post hoc analysis revealed
the statistical significance for the molecules analyzed
(»p=0.0239, H=17.471 for apoA-I; p=0.0267, H="17.243
for ABCA1; p=0.0049, H=10.65 for SR-B1; p=0.0295,
H=17.046 for sortilin). Full-OH nanoparticles (n=735) did
not affect the liver expression of the above-mentioned mol-
ecules (Fig. 6).
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Fig.6 Hepatic expression of apolipoprotein A-I, ABCA1l, SR-B1,
and sortilin in apoE™~ mice treated for three weeks with Full-apoE
or Full-OH nanoparticles. The expression levels of apoA-I, ABCAI,
SR-B1, and sortilin in the liver of the treated mice were analyzed by
Real-Time PCR. Since the data have not a normal distribution, the
data were statistically analyzed by Kruskal-Wallis test with Dunn's
Multiple Comparison post-hoc test. Full-apoE nanoparticles signifi-

Discussion

Apolipoprotein E is an anti-atherosclerotic protein associ-
ated with almost all types of plasma lipoproteins, able to
promote de novo biosynthesis of HDL [22]. However, the
presence of apoE2 isoform in humans represents a risk factor
for the development of atheromatous lesions due to its low
affinity for the LDL receptor.

Due to the inflammatory stress, the low amount of locally
secreted apoE in the atherosclerotic plaque reduces the cho-
lesterol efflux from the atheroma [23]. APOE knockout gene
in the mouse model leads to atherogenesis [15], a patho-
logical event counterbalanced using different strategies such
as bone marrow transplantation [24, 25], adenoviral trans-
duction [26, 27], and intramuscular injection of a plasmid
encoding apoE3 [28]. Elegant studies of transgenesis showed
that the sub-physiological levels of apoE in the plasma
inhibited neointima formation in apoE_/ ~ mice, after arte-
rial injury [29].

In the current work, to combine the anti-atherosclerotic
effects of apoE with those of fullerenol, we generated Full-
apoE nanoparticles and tested whether they can reduce
the atherosclerotic plaques in mice. These nanoparticles
mimic apoE-rich lipoproteins, being composed of an inter-
nal hydrophobic cage that provides support to the external
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cantly increased apoA-1 (H=7.471, p=0.0239), ABCA1 (H=7.243,
p=0.0267), SR-B1 (H=10.65, p=0.0049), and sortilin (H=7.046,
p=0.0295) in the liver of treated mice, as compared with the control
mice. The expression level of the analyzed molecule was not modi-
fied in the liver of Full-OH-treated mice, as compared to the control
mice. Data are represented by Whiskers plot with min and max

hydrophilic protein coat formed by apoE, both components
having lipid affinity. The large majority of the nanoparticles
obtained (90%) had ~286 nm in diameter (Fig. 1), a figure
that is in the range of the size of plasma lipoproteins and is
less than that of chylomicrons which may attain~ 1200 nm
in diameter [30].

To test a possible cytotoxic effect in vitro we used
endothelial cells (the first cellular barrier) and hepatocytes
because we considered that the liver can be the organ in
which the nanoparticles would be accumulated in vivo.
First, a dose—response curve of apoE nanoparticles on the
cell viability was performed using 7, 14, and 28 pg apoE/
ml apoE (xCELLigence experiments and MTT tests). Since
the viability remained unaffected for all the doses (data not
shown), here we presented the viability data using the high-
est dose of 28 pg apoE/ml (Fig. 2), which represents also the
minimal apoE concentration in human plasma [31]. Viability
data ensured that the nanoparticles would not induce delete-
rious effects when they would be used in vivo.

Normal plasma apoE concentration both in humans and
mice is in the range of 3—10 mg/dl [32, 33]. Data from the
literature showed that ectopic expression and secretion of
sub-physiological levels of apoE have beneficial effects
on atherosclerotic lesions. For example, very little serum
apoE concentration (0.6 ng/ml) secreted in mice injected
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intra-rectus femoris muscles did not affect the plasma cho-
lesterol level, but contributed to a redistribution of choles-
terol between the lipoprotein fractions, increasing the cho-
lesterol content of HDL and decreasing it in VLDL and LDL
[24]. Moreover, gene dosage experiments using transgenic
mice expressing apoE in the adrenal glands demonstrated
that 0.1% of the apoE levels found in normal mice decreased
the plasma cholesterol by ~50%, being sixfold above nor-
mal [29]. When apoE reached 2-3% of the normal level,
plasma cholesterol was even more reduced (being twofold
above normal), preventing the foam-cells formation within
the media and intima [29]. Our data showed that 24 h after
Full-apoE injection, the concentration of plasma lipopro-
tein was ~0.8 ng/ml and was distributed preponderantly in
the VLDL fraction and to a lesser extent in the HDL frac-
tion. After long-time treatment apoE was distributed also
in VLDL and HDL fractions, but an increased apoE-HDL/
apoE-VLDL ratio was detected (from 0.8 to 1.3 for long
treatment).

There were no significant differences in the weight of
mice treated with Full-apoE or Full-OH compared to the
control group. These results suggest that the positive effects
observed in the treated mice were due to the anti-atheroscle-
rotic potential of the nanoparticles rather than the effect of
the reduced food intake due to the fat-rich diet of the mouse.

Our data demonstrated that the atherosclerotic mice
treated for three weeks with Full-apoE nanoparticles
(0.6 mg apoE/kg) had smaller atheromatous plaques in
the aortic arch than the control mice (Fig. 3). Moreover,
a reduction in the total cholesterol level was also observed
in mice after the three weeks of Full-apoE administration,
as compared with control mice (Fig. 4A). To highlight the
possible role of the fullerenol core of Full-apoE, 0.3 mg/kg
Full-OH nanoparticles were administered in apoE-deficient
mice. Despite that the dose of Full-OH used was higher than
that contained in the Full-apoE nanoparticles, the evolution
of the atheromatous plaque was not stopped (Fig. 3). The
cholesterol level of the mice treated with Full-OH nanopar-
ticles was slightly decreased, but not statistically significant
when compared to the values obtained for the control mice
(Fig. 4A). This small effect may be cumulative with the apoE
anti-atherosclerotic effect, and thus, one can assume that the
anti-atherosclerotic effect of Full-apoE nanoparticles is due
to the apoE protein, but also to the fullerenol core. This
assumption is in line and extends published data that shows
that fullerenol suppresses intracellular lipid accumulation,
and plays an anti-oxidant role, decreasing the intracellular
superoxide anion radicals [34].

ApoE from the nanoparticles was detected in vari-
ous organs (liver, kidney, and lung) a distribution simi-
lar to that reported for fullerenol [35]. In the liver, mice
treatment with Full-apoE or Full-OH did not change the

hepatic expression levels of some inflammatory markers
such as IL-2, IL-6, or TNFa (data not shown), indicating
that the nanoparticles had no cytotoxic or inflammatory
effects on the liver. Interestingly, even though uncoupled
fullerenol was not found in the brain [35], in our experi-
ments, Full-apoE nanoparticles crossed the blood—brain
barrier (BBB) most probably by receptor-media-ted
transcytosis (Fig. 5C). The affinity of apoE for the LDL
receptor present in the cells of the BBB could guide the
transport of nanoparticles across the BBB via the low-
density lipoprotein receptor-mediated pathway [36]. The
results extend the recently reported data from the litera-
ture, showing that apoE coupled to nanoparticles could
increase the brain bioavailability of these drug carriers
[37, 38]. Importantly, it remains to be tested whether when
linked together with apoE on the activated fullerenol, the
same mechanism could deliver other molecules of inter-
est to the brain. Thus, it is safe to consider that Full-apoE
nanoparticles may represent also a strategic tool for brain
delivery of various drugs and molecules.

In Full-apoE-treated mice, the highest apoE concentra-
tion was found in the liver (~2.5 ng apoE/mg protein).
As a result, we next searched for the modulation of the
hepatic expression of other molecules involved in lipid
metabolism. In mice treated with Full-apoE nanoparticles,
we detected the upregulation of the hepatic expression
of apoA-I, ABCA1, SR-B1, and sortilin (Fig. 6). These
results indicated that besides its direct role, apoE may
play an indirect role, modulating the expression of other
major actors of the lipid metabolism—molecules involved
in the synthesis of HDL (apoA-I, ABCA1, and SR-B1), as
well as sortilin, which is another apoE receptor involved
in the fast clearance of LDL from circulation [39]. It was
reported that apoA-I induces the secretion of apoE [40] but
there is no previous evidence about the effect of apoE on
apoA-I. It was reported that apoE associated with apoli-
poprotein B-containing lipoproteins induced the upregula-
tion of ABCA1 expression in macrophages in vitro [41].
Although we did not test this in our experimental set-up,
this effect may have contributed to the atherosclerotic
plaque regression observed in Full-apoE-treated mice.
Thus, taken together, the upregulation of ABCA1 could
improve the cholesterol efflux by apoA-I and the upregu-
lated SR-BI mediated the cholesterol efflux by apoE.

All these properties of the Full-apoE nanoparticles
showed that they represent an effective tool for ath-
erosclerosis inhibition, even when very low apoE levels
are attained. Moreover, our system may be extended in
the future using mimetic apoE peptides able to mediate
hepatic clearance of atherogenic lipoproteins or to com-
bine apoE with other peptides or drugs.
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Conclusions

The fullerenol-based nanoparticles carrying apoE3 mimic
the apoE-rich lipoproteins providing significant anti-ather-
osclerotic benefits by contributing to the decrease in plasma
cholesterol, and the increase in hepatic expression of apoA-I,
ABCA1, SR-B1, and sortilin. The fullerenol-based nano-
particles carrying apoE3 could represent a promising novel
strategy for the therapy of atherosclerosis and other inflam-
matory diseases.
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