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Abstract

Apolipoprotein A-I (ApoA-I) is an extracellular lipid acceptor, whose role in cholesterol efflux and high-density lipoprotein formation is
mediated by ATP-binding cassette transporter A1 (ABCA1). Nevertheless, some ApoA-I variants are associated to systemic forms of amy-
loidosis, characterized by extracellular fibril deposition in peripheral organs. Heart amyloid fibrils were found to be mainly constituted by
the 93-residue N-terminal fragment of ApoA-I, named [1–93]ApoA-I. In this paper, rat cardiomyoblasts were used as target cells to analyse
binding, internalization and intracellular fate of the fibrillogenic polypeptide in comparison to full-length ApoA-I. We provide evidence that
the polypeptide: (i) binds to specific sites on cell membrane (Kd � 5.90 � 0.70 � 10�7 M), where it partially co-localizes with ABCA1,
as also described for ApoA-I; (ii ) is internalized mostly by chlatrin-mediated endocytosis and lipid rafts, whereas ApoA-I is internalized
preferentially by chlatrin-coated pits and macropinocytosis and (iii ) is rapidly degraded by proteasome and lysosomes, whereas ApoA-I
partially co-localizes with recycling endosomes. Vice versa, amyloid fibrils, obtained by in vitro aggregation of [1–93]ApoA-I, were found
to be unable to enter the cells. We propose that internalization and intracellular degradation of [1–93]ApoA-I may divert the polypeptide
from amyloid fibril formation and contribute to the slow progression and late onset that characterize this pathology.
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Introduction

Apolipoprotein A-I (ApoA-I), the major component of high-density
lipoproteins (HDL), is known to play a central role in cholesterol
efflux from cells and transport to the liver [1], a crucial process to
prevent cellular lipid overload as well as atherosclerosis.
Epidemiological studies have demonstrated that plasma levels of
HDL, and their major constituent ApoA-I, are inversely correlated
with the risk of atherosclerosis [2]. Nevertheless, the molecular

mechanism of the atheroprotective action of ApoA-I, as well as
HDL biogenesis, is not fully understood. ApoA-I may act as an
extracellular receptor of cellular cholesterol and phospholipids.
ApoA-I lipidation to form nascent HDL particles is a process that
involves ATP-binding cassette transporter A1 (ABCA1) [3–5], that
mediates cholesterol efflux to ApoA-I. ApoA-I is also known to
internalize to the endosomes, an intracellular reservoir of choles-
terol, to bind lipids and to be resecreted to the medium as HDL
[6]. Despite intense research activity suggesting a direct associa-
tion between ApoA-I and ABCA1 [7], whether or not ABCA1 is to
be considered as an ApoA-I receptor is still ambiguous. ApoA-I
association to cell surface might not involve direct binding to
ABCA1; rather, ABCA1 would induce modifications of lipid distri-
bution at the membrane facilitating ApoA-I docking [3].

Despite its protective role against hypercholesterolemia and
cardiovascular diseases, ApoA-I is associated to systemic
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amyloidoses when specific mutations occur in the 243-residue
sequence of ApoA-I. Amyloidoses, conformational diseases related
to protein misfolding, have been associated to over 40 different
peptides and proteins identified so far [8]. Mutations and/or 
environmental conditions able to destabilize the protein native
conformation kinetically favour aggregate nucleation [9] leading 
to fibrils that accumulate in amyloid deposits in tissues and
organs [8].

Sixteen variants of ApoA-I are responsible for systemic amyloi-
doses characterized by aggregate deposition in peripheral organs,
such as heart, liver or kidneys [1, 10, 11]. Amyloid fibrils isolated ex
vivo were found to be mainly constituted by N-terminal fragments
of ApoA-I, 90–100 residue long, released by a still unidentified pro-
tease. In particular, the fragment corresponding to sequence 1–93
was found to be the main constituent of cardiac fibrils extracted
from patients harbouring variant L174S ApoA-I [10] and affected by
a severe systemic amyloidosis predominantly involving the heart.
The 93-residue fibrillogenic domain of ApoA-I, extracted from
amyloid deposits of a patient who underwent a heart transplant for
end-stage heart failure, was found to be a natively unfolded protein
in water at neutral pH [12]. Acidic conditions (pH 4) were able to
switch on a complex fibrillogenic pathway, consisting of extensive
structural rearrangements of the polypeptide, that shifts from a
random coil structure to an unstable helical conformation, and then
aggregates into a �-sheet based polymeric structure [12].

We produced a recombinant version of ApoA-I 1–93 fragment,
denoted as [1–93]ApoA-I, as a pure and stable product, following
a strategy aimed at protecting the recombinant polypeptide from
intracellular degradation [13]. Conformational analyses revealed
that recombinant [1–93]ApoA-I, as the native polypeptide, under-
goes conformational transitions and fibrillogenesis, leading to the
formation of typical amyloid fibrils on a time scale comparable
with that of the natural polypeptide [13].

Nothing is known about the mechanism leading to the release
of the fibrillogenic polypeptide from a full-length amyloidogenic
variant of ApoA-I, or in which context the proteolytic cleavage
does occur. Nevertheless, the hypothesis can be raised that the
fibrillogenic polypeptide is released at the site of fibrils deposition,
where it accumulates in the extracellular space of target tissues.
Here, aggregation in fibrillar structures occurs favoured by molec-
ular crowding and the unfolded structure of the polypeptide. It has
been demonstrated that the N-terminal region of full-length ApoA-
I is involved in lipid membrane binding [14]. Recently, we sug-
gested that lipids have a key role in [1–93]ApoA-I aggregation
[15], as cholesterol, a natural ApoA-I ligand, was found to induce
and stabilize helical conformers, slowing down the aggregation
process. Moreover, zwitterionic, positively and negatively charged
liposomes were found to affect [1–93]ApoA-I conformation by
inducing the formation of helical species [15]. Hence, it is conceiv-
able that, although the fibrillogenic polypeptide accumulates in the
extracellular space of cardiac cells, it interacts with cell mem-
branes as does the full-length protein.

Here we report binding, internalization and intracellular fate of
[1–93]ApoA-I in cultured cardiomyoblasts, in comparison to the
full-length protein. Our results show for the first time that the

fibrillogenic fragment of ApoA-I is able to recognize specific bind-
ing sites on cell membrane, to be internalized in target cells and to
be degraded following an intracellular route only partially coinci-
dent with that of full-length ApoA-I.

Materials and methods

Proteins and reagents

All reagents, wild-type ApoA-I, fluorescein isothiocyanate (FITC)-insulin 
and transferrin (Tf) were from Sigma-Aldrich (St Louis, MO, USA).
LysoTracker Red was from Molecular Probes (Invitrogen, Carlsbad, CA,
USA). Anti-human ApoA-I polyclonal antibodies were purchased from DAKO
(Glostrup, Denmark); anti-�-catenin antibody from Santa-Cruz Biotecnology
(Heidelberg, Germany); anti-ABCA1 polyclonal antibodies and the chemilu-
minescence detection system (SuperSignal® West Pico) from Pierce
Biotechnology (Rockford, IL, USA); goat anti-rabbit and antimouse antibod-
ies, conjugated with Texas red or with Bodipy fluorescein were from
Invitrogen. [1–93]ApoA-I polypeptide was expressed and purified as previ-
ously described [15], omitting the neutralization step with ammonium
hydroxide. Pure [1–93]ApoA-I was lyophilized and stored at –70�C until use.

Fibrillar aggregates were obtained by incubating [1–93]ApoA-I for 
2 weeks at 37�C at 0.3 mg/ml protein concentration in 12 mM sodium phos-
phate buffer, pH 6.4 containing 20% (v/v) trifluoroethanol (TFE). By centrifu-
gation, insoluble aggregates of [1–93]ApoA-I (pellet) were separated from
the unaggregated, soluble polypeptide (supernatant). To quantify aggregated
[1–93]ApoA-I, the amount of the soluble polypeptide was determined spec-
trophotometrically and subtracted from the total amount of [1–93]ApoA-I
before aggregation. The pellet was dried under N2 to remove TFE and resus-
pended in cell medium to reach the appropriate protein concentration [16].
The suspension of the aggregated species was tested for cytotoxicity.

Cell culture, transfection and Western blot analyses

Rat embryos heart myoblasts H9c2 and human hepatic carcinoma HepG2
cells were purchased from American Type Culture Collection (ATCC).
Cells were cultured in DMEM (Sigma-Aldrich), supplemented with 10%
foetal bovine serum (HyClone; Thermo Scientific, Logan, UT, USA) and
antibiotics, in a 5% CO2 humidified atmosphere at 37°C. The growth
medium of H9c2 cells was implemented with 2 mM L-glutamine and 
2 mM sodium pyruvate. Expression vectors for enhanced green fluores-
cent protein (GFP) tagged Rab4 [17] and enhanced red fluorescent pro-
tein (RFP) tagged Rab5 [18] were kindly provided by Dr Marino Zerial
(Max-Planck-Institute, Dresden, Germany). H9c2 cells were transiently
transfected with either expression vector by the use of METAFECTENE
reagent according to the manufacturer’s instructions (Biontex-USA, San
Diego, CA, USA). After 24 hrs, transfected cells were incubated with the
appropriate protein and analysed. To prepare cell lysates, HepG2 and
H9c2 cells were scraped off in phosphate-buffered saline (PBS), cen-
trifuged at 1000 � g for 10 min. and resuspended in lysis buffer (1 mM
MgCl2, 0.25% SDS, 1% Triton X-100 in 10 mM Tris-HCl, pH 7) contain-
ing protease inhibitors. After 30 min. incubation on ice, lysates were cen-
trifuged at 14,000 � g for 30 min. at 4�C. Supernatants were diluted in
loading buffer containing 8 M urea and analysed, without boiling, by 10%
polyacrylamide SDS-PAGE electrophoresis. Protein concentration was
determined by Bradford assay.
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Atomic force microscopy (AFM) analysis

[1–93]ApoA-I was incubated as described above to generate fibrillar aggre-
gates. Following incubation, the whole sample was diluted 10 times using
Milli-Q water; 10 �l aliquots of the diluted sample were deposited on freshly
cleaved mica and dried under mild vacuum. Tapping mode AFM measure-
ments were performed in air using a Dimension 3100 scanning probe
microscope equipped with a G scanning head (maximum scan size 100 �m)
and driven by a Nanoscope IIIa controller (Digital Instruments-Bruker AXS
GmbH, Karlsruhe, Germany). Images were acquired in tapping mode in air
using single beam uncoated silicon cantilevers (type OMCL-AC160TS,
Olympus, Tokyo, Japan). The drive frequency was typically 300 kHz and the
scan rate was between 0.8 and 1.0 Hz. The size of aggregates was meas-
ured from the heights in cross-section in the topographic AFM images.

Binding assays

Proteins under test (100 �g) were labelled with 1 mCi carrier-free Na125I
(Amersham; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using
Iodobeads (Pierce), according to the manufacturer’s instructions. Labelled
proteins were desalted on PD10 columns (Amersham) equilibrated in PBS.
The specific activity was about 1.5 �Ci/�g. Cells were seeded in 24-well
plates at a density of 5 � 104/well. After 24 hrs, 200 �l of binding buffer
(25 mM Hepes, pH 7.5, 1 mg/ml bovine serum albumin in DMEM), con-
taining increasing concentrations of the labelled protein under test, were
added to the cells. Following 2 hrs incubation at 4�C, cells were washed
three times with PBS containing 0.1% bovine serum albumin. Bound
radioactivity (total binding) was removed by treating cells with 0.7 ml of
cold 0.6 M NaCl in PBS for 2 min. on ice and measured with a 	 counter
(Packard Instrument Co. Inc., Meriden, CT, USA). Non-specific binding was
determined by incubating the cells with the labelled protein in the presence
of a 40-fold molar excess of the unlabelled protein. Specific binding was
calculated by subtracting non-specific binding from total binding. Affinity
constant values (Kd) were calculated according to the Scatchard equation.

Cytotoxicity assays

Cells were seeded in 96-well plates (100 �l/well) at a density of 5 �

103/well. After 24 hrs, [1–93]ApoA-I, dissolved in 12 mM sodium phos-
phate buffer, pH 6.4 (1 mg/ml) and centrifuged to remove insoluble mate-
rial, was added to the medium to a final concentration of 5 or 10 �M. To
test fibrillar aggregates, [1–93]ApoA-I was incubated as described above,
and insoluble species were resuspended in cell medium at a final concen-
tration of 5 or 10 �M and added to the cells. Cells were then grown for 
72 hrs at 37�C. Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT reagent, dissolved
in DMEM without phenol red (Sigma-Aldrich), was added to the cells 
(100 �l/well) to a final concentration of 0.5 mg/ml. After 4 hrs at 37�C, the
culture medium was removed and the resulting formazan salts were dis-
solved by the addition of isopropanol containing 0.1 N HCl (100 �l/well).
Absorbance values of blue formazan were determined at 570 nm using an
automatic plate reader (Microbeta Wallac 1420, Perkin Elmer). Cell survival
was expressed as the percentage of viable cells in the presence of the 
protein under test, with respect to control cells grown in the absence of 
the protein. The occurrence of plasma membrane damage was determined
by measuring the release of lactate dehydrogenase (LDH) in the culture
medium [19].

Fluorescence studies

Immediately prior to be tested, proteins were dissolved or dialysed in 0.1
M sodium carbonate, pH 9.0, to a final concentration of 1 mg/ml. Proteins
(500 �g) were conjugated to FITC, following the manufacturer’s protocol
(Sigma-Aldrich). A Sephadex G25 column, equilibrated in PBS, was used
to separate the unreacted FITC from the conjugate. The same procedure
was used to label proteins with rhodamine. Fluorescent fibrillar aggregates
of [1–93]ApoA-I were obtained by incubating the FITC-labelled polypeptide
as described for the unlabelled polypeptide. Insoluble aggregates were
resuspended in cell medium and tested as described below. Cells were
seeded on glass cover slips in 24-well plates and grown to semi-confluency.
Cells were incubated for the indicated times in complete medium with flu-
orescent proteins or compounds at the following concentrations:
[1–93]ApoA-I (3 �M), ApoA-I (1 �M), dextran (5 mg/ml), Tf (0.5 mg/ml),
insulin (0.1 mg/ml). Lysosomes were labelled by adding LysoTracker Red
(1:500) to living cells at 37�C. After 40 min., cells were treated with 1
�g/ml Hoechst 33342 for 10 min. at 37�C and washed with PBS. When
required, surface bound proteins were stripped with 1 M Hepes, pH 7.5,
containing 0.5 M NaCl (Hepes/NaCl) for 5 min. Cells were then fixed for 10
min. at RT with 4% paraformaldehyde in PBS.

To inhibit clathrin-dependent endocytosis, cells were pre-incubated with
either 100 �M monodansylcadaverine (MDC) for 30 min. or with 300 �M
sucrose for 15 min. As a control, cells were incubated under the same con-
ditions but in the absence of the inhibitors. Cells were then incubated for 
6 hrs with the fluorescent protein under test. For immunofluorescence analy-
ses, cells were permeabilized with 0.5% Triton X-100 in PBS (5 min.). Cells
were then incubated for 30 min. with 3% goat serum in PBS to saturate non-
specific binding sites. Afterwards, cells were incubated overnight at 4�C with
anti-ABCA1 antibodies (1:200), or anti-�-catenin antibody (1:200), and then
rinsed with 0.1% Triton X-100 in PBS. Finally, cells were incubated 1 hr in
the darkness with fluorescent goat anti-rabbit or antimouse IgG (1:500).
Slides were washed with 0.1% Triton X-100 in PBS and then with PBS, and
mounted in 50% glycerol in PBS. Samples were examined using a Leica
6000 UV microscope and a Leica TCS SP5 confocal microscope, equipped
with a Leica application suite software (Leica Microsystems GmbH, Wetzlar,
Germany). All images were taken under identical conditions.

Protein degradation analyses

To inhibit proteasome activity, cells were pre-treated for 4 hrs at 37�C with
2.5 �M Z-Leu-Leu-Leu-al (MG132), or with 10 �M N-Ac-Leu-Leu-
norleucinal (ALLN). Cells were then incubated with the fluorescent protein
for the indicated times. Intralysosomal catabolism was inhibited by treat-
ing cells with 20 mM ammonium chloride or 100 �M chloroquine. As a
control, cells were incubated under the same conditions but in the absence
of the inhibitors.

Results

[1–93]ApoA-I binding to cardiomyoblasts

The ability of [1–93]ApoA-I to recognize specific binding sites on
cell surface was investigated by performing binding assays of 125I-
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labelled [1–93]ApoA-I to rat cardiomyoblasts (H9c2) and human
hepatocytes (HepG2). These cell lines are of interest, as in ApoA-I
associated amyloidoses the heart is a natural target for aggregate
deposition in vivo, whereas the liver is the major source of ApoA-I.
The binding curves shown in Fig. 1A and B were obtained incubat-
ing cardiomyoblasts or hepatocytes, respectively, for 2 hrs at 4�C

with increasing concentrations of the iodinated polypeptide, in the
absence (total binding) or presence (non-specific binding) of a 40-
fold molar excess of the unlabelled polypeptide. Specific binding
was calculated by subtracting the values relative to non-specific
binding from total binding. The data points represent the average
of three independent experiments carried out in triplicate determi-
nations. The linearization of the binding data (specific binding)
was performed according to the Scatchard equation to obtain the
linear plots shown in the insets of Fig. 1. The apparent affinity con-
stants (Kd) were determined and found to be 5.90 � 0.70 � 10�7

M and 1.78 � 0.26 � 10�7 M for H9c2 and HepG2, respectively.
These results indicate that the fibrillogenic fragment is able to bind
with high affinity to specific sites on cell surface of both cell lines.

To test the effects of the fibrillogenic polypeptide on cell viabil-
ity, cardiomyoblasts were incubated for 72 hrs in the presence of
5 or 10 �M freshly prepared [1–93]ApoA-I. MTT reduction assays
were performed to test metabolically active cells. No inhibition of
cell viability was observed in treated cells with respect to
untreated cells (Fig. 1C). Furthermore, we tested membrane
destabilization of treated cells by measuring LDH release into the
culture medium. No significant LDH release was observed upon
treatment with [1–93]ApoA-I (data not shown). Finally, the
absence of apoptotic nuclei in treated cells (Fig. 1C) confirmed
that the fibrillogenic polypeptide, at least in our experimental
conditions, is not cytotoxic for cardiomyoblasts.

Endocytosis of [1–93]ApoA-I in cardiomyoblasts

To test whether the fibrillogenic polypeptide of ApoA-I undergoes
endocytosis upon interaction with cardiomyoblasts plasma mem-
brane, we labelled [1–93]ApoA-I, as well as full-length ApoA-I,
with FITC. H9c2 cells were incubated for different lengths of time
either with the polypeptide or with the full-length protein. Cells
were then treated with high salt buffer (Hepes/NaCl) to remove
proteins specifically bound to the extracellular side of plasma
membrane. Following membrane permeabilization with Triton 
X-100, anti-�-catenin antibody was added to the cells to label the

Fig. 1 Binding of [1–93]ApoA-I to cultured cells and its effects on
cell viability. Binding curves were obtained incubating H9c2 cells
(A) or HepG2 cells (B) for 2 hrs at 4�C with increasing concentra-
tions of iodinated [1–93]ApoA-I, in the absence (�, total binding)
or in the presence (�, non-specific binding) of a 40-fold molar
excess of the unlabelled polypeptide. Specific binding values (�)
were obtained by subtracting the values relative to non-specific
binding from those of total binding. The linearization of specific
binding curves was obtained according to the Scatchard equation
(insets of A and B). B: pmoles of protein bound to 1 � 106 cells;
F: concentration of the unbound protein. (C) MTT reduction assay
and Hoechst staining of H9c2 cells untreated or treated with 5 �M
or 10 �M [1–93]ApoA-I. Error bars indicate standard deviations
obtained from four independent experiments. All images have
been acquired at the same magnification.
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membrane compartment. As shown in Fig. 2A, after 2 hrs incuba-
tion the polypeptide (green) mostly co-localizes with �-catenin
(red), whereas after 6 hrs the polypeptide fluorescent signal was
found to be mostly intracellular (Fig. 2B). Hence, the polypeptide
binds to the membrane first and then is internalized in target cells.
Similar results were obtained with labelled ApoA-I (Fig. 2C and D).
Immunostaining was specific, as no fluorescent signals were
observed in the absence of primary antibody (data not shown).

It is known that the plasma membrane is the main platform
where lipidation of ApoA-I occurs [4], mediated by the ATP-bind-
ing cassette transporter A1 (ABCA1). This allows cellular free cho-
lesterol and phospholipids to be transferred to ApoA-I leading to
the biogenesis of nascent HDL. It has been demonstrated that
ApoA-I is internalized in an ABCA1-dependent manner, because no
internalization was observed in cells ABCA1–/– [20]. To test
whether ABCA1 is expressed in cardiomyoblasts, cell lysates were
analysed by Western blotting with anti-ABCA1 antibodies. HepG2
lysates were used as a positive control, as high levels of this trans-
porter have been found in the liver. As shown in Fig. 3A, an
immuno-positive species, with an apparent molecular mass corre-
sponding to that expected for ABCA1 (about 210 kDa), was pres-
ent in cell extracts prepared from H9c2 (lane 2) and HepG2 (lane
1) cells. These results were confirmed by immuno-fluorescence
analyses of H9c2 and HepG2 cells with anti-ABCA1 antibodies,
which revealed immuno-positive signals in both cell lines (Fig. 3B
and C). We observed that in H9c2 cells ABCA1 is localized both on
the plasma membrane and in intracellular compartments, whereas

in HepG2 cells it is mainly located on the plasma membrane.
Although data reported in the literature indicate that the
transporter is mostly localized on cell plasma membrane [21, 22],
consistently with its role in cellular lipid efflux, ABCA1 has been
also observed in intracellular compartments [5, 23, 24].

Furthermore, to test whether the fibrillogenic polypeptide 
co-localizes with ABCA1, we incubated H9c2 cells with rho-
damine-[1–93]ApoA-I for 2 hrs at 37�C. Cells were then fixed and
incubated with anti-ABCA1 antibodies to label the transporter. We
found little co-localization between [1–93]ApoA-I (red) and ABCA1
(green). Representative images are shown in Fig. 3D. Similar
results were obtained with rhodamine-ApoA-I (Fig. 3E), in
agreement with recent reports showing that the majority of cell-
associated ApoA-I does not co-localize with ABCA1 [25].
Immunostaining was specific as no signals were detected in the
absence of primary antibody (data not shown).

Internalization pathway of [1–93]ApoA-I

To learn about the mechanism of [1–93]ApoA-I uptake in car-
diomyoblasts, we analysed different routes of endocytosis. First,
the involvement of chlathrin-coated pits was evaluated using Rab5
as a marker, as this protein regulates vesicular transport from the
plasma membrane to the endosomes. We transiently expressed
Rab5 fused to the RFP in H9c2 cells. Twenty-four hours after
transfection, cells were incubated with the FITC protein under test

Fig. 2 Endocytosis of [1–93]ApoA-I and
full-length ApoA-I in H9c2 cells. Cells
were grown on cover slips, incubated 
2 hrs (A) or 6 hrs (B) with 3 �M FITC-
[1–93]ApoA-I (green) and immunofluo-
rescently stained for �-catenin (red).
(C) and (D), cells incubated 2 or 6 hrs,
respectively, with 1 �M FITC-ApoA-I
(green) and immunostained for �-
catenin (red). Nuclei were stained with
Hoechst (blue). Cells were analysed by
epifluorescence microscopy.
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for 6 hrs at 37�C, to allow internalization. As indicated in Fig. 4A,
a significant, albeit partial, co-localization of internalized
[1–93]ApoA-I (green) with RFP-Rab5 (red) was observed, indicat-
ing that a fraction of the internalized polypeptide is associated to
early endosomes. Similar results were obtained when ApoA-I was
tested (Fig. 4B), in line with recent findings [4, 5]. Additional
experiments were performed with labelled transferrin (FITC-Tf), as
a marker of the endocytic pathway. For both proteins we con-
firmed the results obtained with Rab5, because after 6 hrs incuba-
tion partial co-localization with FITC-Tf was observed (data not
shown). To further confirm that both [1–93]ApoA-I and ApoA-I are
internalized in H9c2 cells by chlatrin-mediated endocytosis, we
used specific inhibitors of this internalization pathway, such as
MDC and sucrose. Upon pre-incubation of H9c2 cells with either
MDC or sucrose, we observed that the amount of internalized
polypeptide, and that of the full-length protein, appeared to be
reduced (data not shown). Hence, endocytosis of both proteins is
slowed down, although not fully blocked, by inhibitors of chlatrin-
mediated endocytosis. This indicates either that in our experimen-
tal conditions the endocytic pathway still functions, albeit less effi-
ciently, or that endocytosis of [1–93]ApoA-I and ApoA-I does not
occur solely via chlathrin-coated pits.

Experiments were then performed to test internalization by
lipid rafts. To do so, FITC insulin was used as a marker. H9c2 cells
were incubated with rhodamine-[1–93]ApoA-I in the presence of
FITC insulin for 4 hrs at 37�C. As shown in Fig. 4C, strong signals
of co-localization of [1–93]ApoA-I (red) with insulin (green) were
detected, indicating that [1–93]ApoA-I uptake occurs also by lipid
rafts. On the other hand, when the same experiment was per-
formed with rhodamine-ApoA-I, little co-localization was observed
with FITC insulin (Fig. 4D).

As it has been demonstrated that ApoA-I is also internalized by
macropinocytosis [4], we tested this internalization route for
[1–93]ApoA-I. H9c2 cells were incubated with rhodamine-

[1–93]ApoA-I in the presence of FITC dextran, a macropinocytosis
marker, for 4 hrs at 37�C. As shown in Fig. 4E, little co-localization
was observed between [1–93]ApoA-I (red) and dextran (green).
On the contrary, clear signals of co-localization were detected for
ApoA-I (Fig. 4F).

According to recent reports, ApoA-I, once internalized, is
recycled back to the cell surface [3–5]. To investigate the retroen-
docytosis pathway, Rab4 was used as a marker, as it is located in
vesicles directing protein recycling from early endosomes to the
plasma membrane. We transiently transfected H9c2 cardiomy-
oblasts with a vector encoding Rab4 fused to the GFP. Twenty-four
hours after transfection, cells were incubated with rhodamine-
[1–93]ApoA-I, or ApoA-I, for 6 hrs at 37�C. As shown in Fig. 5A,
[1–93]ApoA-I (red) does not co-localize with Rab4
 endosomal
compartments (green), whereas significant signals of co-localization
were observed for ApoA-I (Fig. 5B). Taken together, these results
clearly indicate that the fibrillogenic polypeptide, once internalized
in cardiomyoblasts, is not recycled to the cell membrane, whereas
ApoA-I is shuttled back to the plasma membrane to be resecreted,
as described for other cell lines [3–5].

Intracellular fate of [1–93]ApoA-I

Next, we analysed the fate of the internalized polypeptide in car-
diomyoblasts. After a prolonged exposure to FITC-[1–93]ApoA-I
(24 hrs), the complete disappearance of intracellular fluorescent
signals associated to the polypeptide was observed (Fig. 6A and
C), suggestive of polypeptide massive degradation. To investigate
the degradation pathway, we used specific inhibitors of proteaso-
mal and lysosomal activities. When cells were pre-incubated with
the proteasome inhibitor MG132, we observed the persistence 
of [1–93]ApoA-I intracellular fluorescence at 24 hrs (Fig. 6B),
indicative of proteasome involvement in [1–93]ApoA-I degradation.

Fig. 3 ABCA1 expression and co-localization with [1–93]ApoA-I and ApoA-I. (A) Western blot analysis with anti-ABCA1 antibodies of
cell lysates prepared from HepG2 cells (25 �g total proteins, lane 1) and from H9c2 cells (50 �g, lane 2). Immunostaining for ABCA1
(green) of HepG2 cells (B) and H9c2 cells (C). Nuclei were stained with Hoechst (blue). (D) and (E), co-localization of [1–93]ApoA-I and
ApoA-I with ABCA1. H9c2 cells were incubated for 2 hrs either with 3 �M rhodamine-[1–93]ApoA-I (D), or with 1 �M rhodamine-ApoA-I
(E), and immunostained for ABCA1 (green). Nuclei were stained with Hoechst (blue). Cells were observed by confocal microscopy.
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To test whether [1–93]ApoA-I is targeted to lysosomes, we incu-
bated cells with FITC-[1–93]ApoA-I in the presence of ammonium
chloride, an inhibitor of intralysosomal catabolism. Following
incubation, lysosomes were labelled with LysoTracker red. As
shown in Fig. 6D, a strong fluorescence signal associated to the
polypeptide (green) was found to co-localize with lysosomes
(red), suggesting that lysosomes play a role in [1–93]ApoA-I
catabolism. Different results were obtained instead with full-length
ApoA-I, as even at 24 hrs incubation with FITC-ApoA-I, the persis-
tency of protein fluorescence within the cells was observed (Fig.
6E and G). This is in agreement with recent reports indicating that
in different cell types ApoA-I is not significantly degraded [4].
Moreover, as shown in Fig. 6G, ApoA-I was found to co-localize
with lysosomes, in line with reports indicating that lysosomes are
an intracellular station of ApoA-I [3, 4]. In the presence of either
MG132 or ammonium chloride, fluorescence signals associated to

ApoA-I did not significantly increase with respect to cells
untreated with the inhibitors, as shown in Fig. 6F and H, respec-
tively. Furthermore, by using different inhibitors, such as ALLN for
the proteasome, and chloroquine for the lysosomes, we confirmed
the data reported above (data not shown). Taken together, our
results indicate that the inhibition of lysosomal or proteasomal
activity does not significantly alter the amount of intracellular
ApoA-I, whereas both pathways seem to be involved in the degra-
dation of the fibrillogenic polypeptide.

Analysis of the uptake of [1–93]ApoA-I fibrils in
cardiomyoblasts and the effects on cell viability

As it is conceivable that the accumulation of the fibrillogenic
polypeptide in the extracellular space leads to fibrils deposition,

Fig. 4 Analysis of the route of
[1–93]ApoA-I and ApoA-I endocytosis
in H9c2 cells by confocal microscopy.
(A) and (B), clathrin-mediated endocy-
tosis. H9c2 cells were transiently trans-
fected with an expression vector for
RFP-Rab5. After 24 hrs, cells were
incubated 6 hrs at 37�C either with 
3 �M FITC-[1–93]ApoA-I (A) or with 1
�M FITC-ApoA-I (B). (C) and (D), lipid
rafts-mediated internalization. Cells
were incubated 4 hrs at 37�C either
with 3 �M rhodamine-[1–93]ApoA-I
(C), or with 1 �M rhodamine-ApoA-I
(D), in the presence of FITC insulin 
(0.1 mg/ml). (E) and (F), macropinocy-
tosis. Cells were incubated 4 hrs at
37�C either with 3 �M rhodamine-
[1–93]ApoA-I (E), or with 1 �M rho-
damine-ApoA-I (F), in the presence of
FITC dextran (5 mg/ml). Nuclei were
stained with Hoechst (blue).
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[1–93]ApoA-I fibrils were obtained by incubating the polypeptide
for 2 weeks at pH 6.4 in the presence of the co-solvent TFE. AFM
analysis of the incubated sample showed the presence of fibrils
with height of 2.4 � 0.1 nm and length between 0.4 and 1.5 �m
(Fig. 7A). Fibrils coexist with prefibrillar aggregates, including
annular protofibrils, which form a network in the image back-
ground; spheroidal aggregates of variable size (height between 3
and 15 nm) are also present.

To test the effects of fibrils on cell viability, cardiomyoblasts
were incubated for 72 hrs in the presence of 5 or 10 �M aggre-
gated [1–93]ApoA-I (insoluble species). No inhibition of cell via-
bility was observed by MTT assays in treated cells with respect to

untreated cells (Fig. 7B). This was confirmed by the absence of
apoptotic nuclei in treated cells (Fig. 7B).

To verify whether the fibrillar material is able to enter the cells,
we produced fluorescent fibrils by incubating FITC-labelled
[1–93]ApoA-I under the conditions previously described. H9c2
cells were incubated for 6 hrs with fluorescent fibrils (insoluble
species) and then treated with Hepes/NaCl buffer to remove
polypeptide molecules specifically bound to the extracellular 
side of the plasma membrane. No fluorescent signals associated
to [1–93]ApoA-I fibrils were observed by epifluorescence
microscopy analysis, demonstrating that no significant internal-
ization of fibrils occurs in cardiomyoblasts (Fig. 7C).

Fig. 5 Co-localization of [1–93]ApoA-I
and ApoA-I with Rab4. H9c2 cells were
transiently transfected with an expres-
sion vector for GFP-Rab4. After 24 hrs,
cells were incubated 6 hrs at 37�C either
with 3 �M rhodamine-[1–93]ApoA-I (A)
or with 1 �M rhodamine-ApoA-I (B).
Nuclei were stained with Hoechst
(blue). Cells were observed by confocal
microscopy.

Fig. 6 Analysis of the degradation pathway of [1–93]ApoA-I and ApoA-I in H9c2 cells by epifluorescence microscopy. (A)–(D)
[1–93]ApoA-I degradation. Cells were incubated 24 hrs at 37�C with 3 �M FITC-[1–93]ApoA-I in the absence (A, C) or in the presence
of MG132 (2.5 �M) (B), or ammonium chloride (100 �M) (D). (E)–(H), ApoA-I degradation. Cells were incubated for 24 hrs at 37�C
with 1 �M FITC-ApoA-I, in the absence (E and G) or in the presence of MG132 (F), or ammonium chloride (H). Lysosomes were stained
with LysoTracker red. Nuclei were stained with Hoechst (blue).
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Discussion

ApoA-I represents the intriguing case of a protein which, in its
native form, plays a key role in cholesterol homeostasis, as it acts
as an extracellular acceptor of lipids. Nevertheless, by specific
mutations ApoA-I is converted into the precursor of natively
unfolded pathogenic fragments associated with familial systemic
amyloidoses [1]. N-terminal fragments of ApoA-I, 90–100 residue
long, accumulate in tissues and organs of patients carrying one of
the 16 amyloidogenic mutations identified so far in ApoA-I gene
[1, 10, 11]. The molecular mechanism responsible for ApoA-I
associated amyloid diseases remains largely unknown. However,
recent findings allowed us to raise the hypothesis that the muta-
tions located in ApoA-I N-terminal region are amyloidogenic as
they favour the proteolytic cleavage responsible for the release of
the fibrillogenic polypeptide [26].

As the heart is one of the targets of ApoA-I amyloid aggregate
deposition in patients affected by the disease, rat cardiomyoblasts
(H9c2 cell line) were selected for in vitro analyses. In this study, we
demonstrated that the fibrillogenic polypeptide is able to specifi-
cally bind to cardiomyoblasts, as well as to human hepatocytes.
The apparent affinity constants (Kd � 5.90 � 0.70 � 10�7 M and
1.78 � 0.26 � 10�7 M for H9c2 and HepG2, respectively) were

found to be comparable to those previously reported for lipid-free
ApoA-I binding to HepG2 cells (Kd � 0.84 � 10�7 M) [27], and to
aortic endothelial cells (Kd � 0.8 � 10�7 M) [28]. These results are
also consistent with the finding that region 62–77 of ApoA-I is a
membrane binding domain of lipid-free ApoA-I, because the corre-
sponding synthetic peptide binds with high affinity (Kd ~ 10�7 M)
to HepG2 cells [29]. Our data are also reinforced by the finding that
region 1–43 is involved in ApoA-I lipid binding [14].

As ABCA1 transporter plays a central role in ApoA-I membrane
binding and lipidation [3–5], we analysed the presence of this
transporter in H9c2 cells. Immunofluorescence analyses demon-
strated that ABCA1 is expressed in cardiomyoblasts, where it was
found to partially co-localize with both full-length ApoA-I and its
fibrillogenic polypeptide, supporting the hypothesis that ApoA-I
and [1–93]ApoA-I share common determinants for membrane
association. Low co-localization between ApoA-I and ABCA1 is in
agreement with the general view that only a small fraction of
membrane bound ApoA-I appears to co-localize with ABCA1 [25].
To explain these observations, a model was recently proposed 
[4, 30], in which the interaction of a small fraction of lipid-free 
ApoA-I to ABCA1 is sufficient to activate ABCA1 lipid translocase
activity, which in turn promotes the formation of specialized lipid
domains, acting as high affinity binding sites for ApoA-I [30].

Fig. 7 Analysis of [1–93]ApoA-I fibrils.
(A) Tapping mode AFM image (height
data) of aggregated [1–93]ApoA-I.
Upon incubation in the aggregating
conditions, the whole sample was
observed. Fibrils coexist with prefibrillar
aggregates; spheroidal aggregates are
also found. Scan size 3.0 �m, Z range
10 nm. (B) Effects of [1–93]ApoA-I fib-
rils on cell viability. MTT reduction
assay and Hoechst staining of H9c2
cells, untreated or treated with 5 �M or
10 �M [1–93]ApoA-I fibrils, are shown.
Error bars indicate standard deviations
obtained from three independent exper-
iments. Nuclei images have been
acquired at the same magnification. 
(C) Analysis of internalization of
[1–93]ApoA-I fibrils in H9c2 cells. Cells
were incubated for 6 hrs with 3 �M
FITC-labelled [1–93]ApoA-I fibrils 
and analysed by epifluorescence
microscopy. Nuclei were stained with
Hoechst (blue).
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Therefore, although ApoA-I binding occurs in an ABCA1-dependent
manner, most of ApoA-I molecules bind to lipids rather than to
ABCA1 itself [4].

We demonstrated that ApoA-I fibrillogenic polypeptide is able
to enter cardiac cells, as shown by fluorescence analyses. Our
results support roles for both chlathrin- and lipid raft-mediated
pathways in [1–93]ApoA-I internalization, with very little contri-
bution of macropinocytosis. Upon internalization, no involvement
of the retroendocytosis pathway was observed; rather, the 
fibrillogenic fragment is targeted to proteasomal and lysosomal
stations for degradation, as at 24 hrs no intracellular fluorescent
signals were detected. This is not surprising, considering that the
largely unfolded structure of the fibrillogenic polypeptide is
responsible for its susceptibility to proteolytic cleavages, as 
previously demonstrated by experiments of limited proteolysis
[13]. Accordingly, to produce the recombinant form of the
polypeptide in a prokaryotic expression system, it has been 
necessary to transiently fuse the polypeptide to a stable bacterial
protein to avoid intracellular degradation [13]. The rapid degrada-
tion of the polypeptide is also in agreement with the absence of
cytotoxic effects on cardiomyoblasts, at least in the experimental
conditions tested.

Furthermore, in parallel experiments we provided evidence that
full-length ApoA-I is internalized in cardiomyoblasts via chlatrin-
dependent endocytosis and macropinocytosis as predominant
internalization routes, with very low signals of co-localization with
lipid rafts. To our knowledge, this is the first evidence of ApoA-I
internalization in cardiac cells. Moreover, although ApoA-I is known
to interact with plasma membrane lipid rafts to control cholesterol
export [31], this is the first time that lipid rafts involvement in

ApoA-I internalization has been analysed. Once internalized, ApoA-I
associates to Rab4-labelled endosomal compartment, a station
involved in ApoA-I recycling to the cell membrane in other cell lines
[3–5, 23]. At 24 hrs, ApoA-I associated fluorescent signals are still
observed in cardiomyoblasts and co-localize with lysosomes. It is
noteworthy that lysosomes are best known for their role in degra-
dation, although recent studies have shown that they may also fuse
to the plasma membrane and release their content to the extracel-
lular medium [32]. The question of the physiological role of ApoA-I
in lysosomes remains controversial. In fact, some authors demon-
strated that ApoA-I reaches lysosomes to be degraded [3, 4], but
studies support the idea that ABCA1-bound ApoA-I traffics to late
endosomal vesicles and/or to lysosomes. Being these stations
intracellular cholesterol reservoirs, here nascent lipoprotein parti-
cles are formed and then secreted from the cell [33–35].

In conclusion, the data reported here reveal that ApoA-I fibril-
logenic fragment, the main constituent of amyloid fibrils, binds to
target cells, is internalized and rapidly degraded. The internaliza-
tion routes, intracellular pathways and degradation mechanisms
of full-length ApoA-I and its fibrillogenic polypeptide are not fully
coincident, as schematically depicted in Scheme 1.

We surmise that the intracellular fate of the polypeptide may be
relevant in the development of the pathology. The continuous accu-
mulation of the natively unfolded polypeptide in the cardiac tissue
leads to a progressive, massive occupancy of the extracellular
space by amyloid deposits, as observed in pathological hearts,
from which the natural fibrillogenic polypeptide can be isolated
[10]. During the fibrillogenic process, a dynamic equilibrium
between monomeric species and aggregated states has been pro-
posed [36]. Here we provided evidence that, besides aggregation in

Scheme 1 Schematic representation of
internalization routes and intracellular
fates of [1–93]ApoA-I and ApoA-I in
H9c2 cells. Lipid rafts are coloured in
red; chlatrin-coated pits in green;
macropinocytosis in blue. Rab4 vesicles
are represented by green circles. N:
nucleus; P: proteasome; L: lysosomes.
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