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Abstract: Amiodarone is a cationic amphiphilic drug used as an antiarrhythmic agent. It induces
phospholipidosis, i.e., the accumulation of phospholipids within organelles of the endosomal–
lysosomal system. Extracellular vesicles (EVs) are membrane-enclosed structures released by any
type of cell and retrieved in every fluid of the body. EVs have been initially identified as a system to
dispose cell waste, but they are also considered to be an additional manner to transmit intercellular
signals. To understand the role of EVs in drug-induced phospholipidosis, we investigated EVs
release in amiodarone-treated HEK-293 cells engineered to produce fluorescently labelled EVs. We
observed that amiodarone induces the release of a higher number of EVs, mostly of a large/medium
size. EVs released upon amiodarone treatment do not display significant morphological changes or
altered size distribution, but they show a dose-dependent increase in autophagy associated markers,
indicating a higher release of EVs with an autophagosome-like phenotype. Large/medium EVs also
show a higher content of phospholipids. Drugs inducing lysosomal impairment such as chloroquine
and bafilomycin A1 similarly prompt a higher release of EVs enriched in autophagy markers. This
result suggests a mechanism associated with amiodarone-induced lysosomal impairment more than
a connection with the accumulation of specific undigested substrates. Moreover, the implementation
of the lysosomal function by overexpressing TFEB, a master gene regulator of lysosomal biogenesis,
prevents the amiodarone-induced release of EVs, suggesting that this could be a feasible target to
attenuate drug-induced abnormalities.

Keywords: phospholipidosis; lysosomal storage disorders; amiodarone; chloroquine; bafilomycin
A1; extracellular vesicles; exosomes; microvesicles; secretory autophagy; TFEB

1. Introduction

Drug-induced phospholipidosis (DIPL) is an acquired lipid storage disorder due to
the massive intracellular accumulation of phospholipids in multilamellar inclusion bod-
ies within the lysosomal–endosomal system [1–3]. Most of DIPL inducers are cationic
amphiphilic drugs (CAD) that, once inside the cells, are protonated in the acidic envi-
ronment of lysosomes and are locked in, thus alkalinizing lysosomal milieu and thus
hampering lysosomal enzyme activity. However, the molecular mechanisms leading to
the prevalent accumulation of phospholipids are unclear. The accumulation of this lipid
class could be caused either by the inhibition of phospholipid degradation or enhancement
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of their biosynthesis. Phospholipids are usually degraded into lysosomes and the direct
drug-induced inhibition of lysosomal phospholipases, or the formation of nondegradable
drug–phospholipid complexes have been reported as a possible cause of their accumu-
lation [2,4]. Recently, DIPL has been associated with a release of lysosomal hydrolases,
which can be monitored in the cell culture medium by enzymatic assay [5,6]. Lysosomal
enzymes are synthesized in the endoplasmic reticulum (ER) and transported into the
Golgi apparatus, where they are either sorted from the trans-Golgi network (TGN) to the
endosomal/lysosomal system or released outside the cell, from where they may enter the
endocytic pathway thanks to the presence of the mannose 6-phosphate (M6P) receptors
on the plasma membrane. These receptors recapture lysosomal hydrolases, eventually
delivering them to lysosomes [7]. The extracellular release of lysosomal hydrolases in DIPL
could be due to their higher active secretion from the Golgi route, possibly associated with
the blockade of enzymes transport to lysosomes via the M6P receptor [5] or to a lower
recapture from outside the cell. They could also be the consequence, or the result, of the
activation of TFEB, a pivotal regulator of lysosomal biogenesis and exocytosis, as a cell’s
attempt to ameliorate lysosomal storage [8].

Extracellular vesicles (EVs) are membrane-delimited nanoparticles released outside
the cell and characterized by heterogenous size and shape [9,10]. Vesicles originating from
the plasma membrane are often referred to as microvesicles or ectosomes, while vesicles
originating from the endosomal system are usually indicated as exosomes. Microvesicles
and exosomes overlap in size distribution and density, with microvesicles being reported
between 50 and 1000 nm and exosomes between 30 and 150 nm [11]. This issue explains
why exosome and microvesicle separation still remains an unmet challenge [12]. For this
reason, the definition of large/medium EVs (l/mEVs) for microvesicle-enriched vesicle
populations and of small EVs (sEVs) for exosome-enriched vesicle populations has been
proposed [11].

From a functional point of view, exosomes were initially considered as part of the
cell scavenging machinery for waste removal during the reticulocytes to erythrocytes
maturation process [13]. Later, an immunomodulatory and signaling role emerged [14].
Studies have reported that many cellular stressors prompt the secretion of EVs, including
hypoxia [15] and senescence following γ-irradiation [16] or oncogene expression [17]. Phar-
macological treatments have also been shown to modulate vesicle release, as EV secretion
has been related to the transfer and propagation of drug resistance to chemotherapeutics,
such as cisplatin [18] and docetaxel [19].

Amiodarone (AM) is a well-known phospholipidosis inducer [20] that prompts the
release of lysosomal enzymes in the cell culture medium [5–7]. AM binds primarily to
the hydrophobic moiety of phospholipids, thus impairing their degradation by inhibiting
phospholipases [2]. Gene expression studies reported the reduction of lysosomal phospho-
lipase level and lysosomal enzyme transport upon AM treatment, as well as the induction
of phospholipid and cholesterol biosynthesis [21].

The effect of this CAD on EV release has been poorly investigated [22], and it is
unclear whether EVs could contribute to alleviating the intracellular accumulation of
phospholipids. A few studies have provided evidence that in pharmacological as well
as genetical models of lysosomal storage disorders (LSDs), cells try to overcome lysoso-
mal substrate accumulation by increasing EV secretion [23,24]. Lysosomal impairment
could block the autophagosome–lysosome fusion, which is required for the autophagic
degradation, prompting the release of EVs [25–27]. Exosome secretion ameliorates the
lysosomal storage of cholesterol in Niemann–Pick Type C disease [28,29], and curcumin, an
autophagy inducer, promotes exosome/microvesicle secretion that attenuates lysosomal
cholesterol traffic impairment [30].

Based on such premises, the aim of this study was to assess the release of EVs upon
AM treatment. For this purpose, we developed a HEK-293 cell model engineered to
produce fluorescently labelled EVs by overexpressing the EV marker CD63 as a fusion
protein with the fluorescent protein mCherry. CD63 is considered one of the best available
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markers for EVs, as it is highly enriched in sEVs, but it is also present in l/mEVs [12].
We observed that AM treatment induced an increased release of l/mEVs (obtained by
centrifugation at 10,000× g, also termed 10K fraction). Moreover, both l/mEVs and sEVs
released upon AM treatment contained a dose-dependent higher level of autophagy-
associated markers and, in the case of l/EVs, a higher content of phospholipids, without
changes in their morphology or size distribution. Drugs inducing lysosomal impairment
such as chloroquine and bafilomycin A1 also prompted the release of a higher amount
of EVs carrying autophagy markers. These findings suggested that a higher release of
autophagy-associated structures upon AM treatment, indicating that a quantitative and
qualitative alteration of EV secretion, is part of the cellular response to AM-induced
lysosomal impairment. Implementing lysosomal system functionality by expression of its
master regulator TFEB [8,31] prevented the higher release of l/mEVs upon AM treatment,
indicating that this could be a valuable target to attenuate AM-induced alterations.

2. Results
2.1. Cells Overexpressing Fluorescent Proteins Release Fluorescent EVs

To set up a cell model allowing one to easily monitor EV release under treatment
with phospholipidosis inducers, HEK-293 cells were transfected to constitutively express
CD63 [11,12] as a fusion construct with the fluorescent protein mCherry [32]. Upon
transfection, cells were selected with 10 µg/mL blasticidin-S until the stable expression
of the fluorescent construct. HEK cells were also transfected with mCherry alone, as a
control of subcellular localization. Analysis of HEK-mCherry-CD63 and HEK-mCherry by
microscopy clearly showed a different fluorescence pattern, as mCherry fluorescence alone
was diffused in all cell compartments, coherently with the absence of a localization signal,
whereas mCherry-CD63 fluorescence was consistent with membrane localization [33]
(Figure 1A). Immunoblotting on total cell extracts with an anti-mCherry antibody confirmed
a high level of mCherry expression in both cell models, as compared to untransfected
HEK cells, with a wide signal for HEK-mCherry-CD63 due to the presence of CD63
glycosylated forms (Figure 1B). EVs were purified by differential ultracentrifugation (dUC)
(see Section 4), after 24 h incubation in a cell culture medium supplemented with exosome-
depleted serum. In brief, the supernatant recovered after centrifugation at 2000× g was
centrifuged again at 10,000× g (10K). Pelleted material at 10,000 g was washed, obtaining
l/mEVs (10K fraction), whereas the supernatant was ultracentrifuged at 100,000× g (100K).
Pelleted material at 100,000 g was washed, obtaining sEVs (100K fraction).

EV fractions were analyzed by immunoblotting (Figure 1C) and for fluorescence
(Figure 1D). Immunoblotting on EVs showed that the mCherry-CD63 construct was highly
expressed in 10K and 100K fractions from HEK-mCherry-CD63 cells (Figure 1C). HEK-
mCherry-CD63 10K and 100K pellets showed a significant fluorescence increase compared
to 10K and 100K pellets from HEK-mCherry and HEK cells (Figure 1D). These results
indicated HEK-mCherry-CD63 as a cell model suitable to follow changes in the release of
both l/mEVs and sEVs, upon their separation by dUC and assessment of 10K and 100K
pellets fluorescence. A similar cell model obtained overexpressing CD63-EGFP in HEK
cells failed to show significantly higher fluorescence in the 10K fraction EVs upon their
purification (Supplementary Figure S1). Therefore, the HEK-mCherry-CD63 cell model
was preferred.
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Figure 1. HEK cells expressing mCherry release fluorescent EVs. (A) Fluorescence microscopy. HEK cells were either
transfected with mCherry or with mCherry-CD63 and selected with blasticidin-S. Cells were grown onto glass coverslips,
fixed with 4% paraformaldehyde and stained for nuclei with DAPI. Magnification 20×. Scale bar 20 µm. (B) Immunoblotting
analysis of mCherry in cells. Extracts were sized by SDS-PAGE and probed with an anti-mCherry antibody. As internal
control, the membrane was also probed with an antiactin antibody. (C) Immunoblotting analysis of mCherry in EVs. Vesicles
were obtained by centrifugation at 10,000× g (10K fraction) or 100,000× g (100K fraction). Extracts were sized by SDS-PAGE
and probed with the indicated antibody. (D) Fluorescence analysis of EVs. 10K and 100K fraction pellets from the culture
medium of 107 cells were resuspended in 100 µL PBS and assayed for fluorescence at 580 nm ex, 620 nm em. *** p < 0.001
with respect to untransfected HEK cells as control.

To further confirm HEK-mCherry-CD63 cells as a suitable cell model to monitor
changes in the release of EVs, cells were incubated with palmitic acid (PA), which is known
to prompt the release of EVs [34,35]. The treatment with 200 µM PA, although nontoxic
as assessed by MTT and LDH assays (data not shown), increased the fluorescence of 10K
and 100K pellets up to 5 times and 3 times, respectively, as compared to EVs purified
from vehicle-treated HEK-mCherry-CD63 as control (Figure 2). The presence of negative
EV marker such as calnexin was not detected upon PA treatment (Figure 2B). This result
indicated that the increased release of both l/mEVs and sEVs releases induced by PA
treatment could be monitored in HEK-mCherry-CD63 cells by separating 10K and 100K
fractions via dUC and then measuring their fluorescence, thus validating our model.
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Figure 2. Analysis of EVs released by in HEK-mCherry-CD63 upon palmitic acid (PA) treatment.
(A) Fluorescence analysis of EVs. L/mEVs (10K) and sEVs (100K) were prepared by dUC from
condition media of HEK-mCherry-CD63 cells treated with 200 µM PA. Pellets were resuspended in
100 µL PBS and assayed for fluorescence at 580 nm ex, 620 nm em. Results represent the mean ± SE
of three independent experiments performed in duplicate. *** p < 0.001 with respect to vehicle-treated
cells as control. (B) Immunoblotting analysis of cells and EVs treated with PA. For cells, extracts were
sized by SDS-PAGE and probed with an anti-mCherry antibody, stripped and probed again with
anti-Alix and anticalnexin antibodies. As an internal control, the membrane was also probed with
an antiactin antibody. For EVs, extracts were sized by SDS-PAGE and probed with an anti-mCherry
antibody, stripped, and probed with the indicated antibodies.

2.2. Amiodarone Affects the Release of Large/Medium and Small EVs
in a Dose-Dependent Manner

Before assessing the effect of AM on EV release, AM-induced toxicity was investigated
on HEK-mCherry-CD63. No increase in LDH activity could be detected in HEK-mCherry-
CD63 cell culture media up to 20 µM AM treatment (Figure 3A), whereas the NRU assay,
which is correlated with lysosomal functionality, clearly showed a significant dye uptake
decrease at 8 µM AM concentration (Figure 3B). Similar results were obtained for HEK-
mCherry and HEK cells as control, indicating that AM displayed similar effects on the 3 cell
lines and that cell viability was not significantly affected by mCherry-CD63 overexpression
(data not shown). We previously demonstrated that AM-induced phospholipidosis is
associated with the extracellular release of the lysosomal enzyme β-hexosaminidase (HexA)
and that phospholipid accumulation can be measured by detecting the cell accumulation
of the synthetic fluorescent lipid NDB-PC [6,8]. When these assays were carried out on
HEK293 cells, a significant increase in HexA activity and the accumulation of the fluorescent
phospholipid NDB-PC were observed starting at 8 µM AM (Figure 3C,D). The absence
of significant extracellular LDH activity at this concentration indicated that the increase
in HexA enzyme activity was unrelated to membrane damage and intracellular content
release. Moreover, the reduced NR uptake into lysosomes already at 8 µM indicated that at
this concentration AM induced an impairment of lysosomal function, which is associated
with a significant release of HexA and the accumulation of the NDB-PC fluorescent lipid.
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Similar results were obtained when AM was used to treat HEK-mCherry and untransfected
HEK (data not shown).

Figure 3. Effect of AM treatment on HEK-mCherry-CD63 cells. Cells were treated for 24 h with AM at the indicated
concentrations. In all assays, except for NR uptake (NRU) in (B), the results are reported as fold induction with respect
to vehicle-treated cells as control (set 1). For NR uptake (NRU), results are reported as percentage with respect to vehicle-
treated cells as control (set 100). (A,B), Viability of HEK-mCherry-CD63 cells determined by LDH (A) and NRU (B)
assays. Data are the mean ± SE of three independent experiments, each performed in triplicate (* p < 0.05, with respect to
drug-treated cells vs. vehicle controls). (C) Lysosomal β-hexosaminidase A (HexA) isoenzyme activity in culture medium.
Data represent the mean ± SE of at least three independent experiments, each one in duplicate (* p < 0.05, ** p < 0.01,
drug-treated cells vs. vehicle as control). (D) NBD-PC uptake in HEK-mCherry-CD63. NBD-PC fluorescence was measured
at 485 nm Ex/538 nm Em, and then nuclei were stained with Hoechst 33,342 and fluorescence was measured at 355 nm
Ex/460 nm Em. Normalized values were calculated as the ratio between the NBD-PC and the Hoechst 33,342 values. Results
represent the mean ± SE of three independent experiments performed in triplicate (* p < 0.05, drug-treated cells vs. vehicle
as control).

To investigate the effect of AM on EV release, HEK-mCherry-CD63 were treated
with increasing concentration of the drug. Both l/m and sEVs were isolated by dUC as
described above, resuspended in PBS and their associated fluorescence measured. Results
showed that AM induced a dose-dependent fluorescence increase in the 10K fraction,
already significant at 8 µM (Figure 4A), while it increased the 100K fluorescence only at
12 µM (the higher concentration being tested) (Figure 4B). In parallel, we counted the
number of released EVs by NTA (Figure 4C,D). For the 10K fraction, the higher level of EVs
fluorescence detected upon AM treatment was mirrored by a larger number of secreted
EVs. Therefore, the endosomal–lysosomal perturbation induced by AM clearly affects the
release of l/mEVs in terms of vesicle fluorescence and quantity. Moreover, it has a smaller
but significant effect also in sEV release, as detected by fluorescence measurement. NTA
analysis also allowed the monitoring of the size distribution of both the 10K and 100K EVs.
Results showed that the 10K fraction contained vesicles having a modal value of 144.3 nm,
whereas the 100K fraction showed a modal value of 91.3 nm. In addition, it provided
evidence that there is no difference in terms of size distribution between vehicle-treated
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cells and cells treated with 4, 8, and 12 µM AM, both in the case of the 10K (Figure 4E) and
100K fraction (Figure 4F).

Figure 4. Analysis of EVs released by HEK-mCherry-CD63 upon AM treatment. (A,B) Fluorescence analysis of EVs.
EVs were obtained from cell culture media by dUC at 10,000 g (10K fraction) and 100,000 g (100K fraction). Pellets were
resuspended in 100 µL PBS and assayed for fluorescence at 580 nm ex/620 nm em. Values are the mean ± S.E. of at
least three experiments, each one in duplicate. * p < 0.05, ** p < 0.01 with respect to vehicle-treated cells as control (set
1). (C,D) Quantification of EVs. The amount of EVs in 10K and 100K fractions was measured by NTA. EV pellets were
resuspended in 0.02 µm filtered PBS to obtain a concentration within the recommended range (2 × 108–1 × 109 particles
per ml) and then loaded into a NS500 instrument. Data were calculated as number of particles/cell and reported as fold
increase with respect to vehicle-treated cells as control (set 1). Values are the mean ± S.E. of at least three experiments,
* p < 0.05, with respect to vehicle-treated cells. (E,F) Particle size distribution of 10K and 100K EVs, reported as percentage
particle, i.e., the percentage of particles of the indicated diameter with respect to the total number of analyzed particles.
Values are the mean of at least three experiments. The red line indicates the mode value of 10K and 100K EVs.

We also assessed EV morphology by SEM analysis (Figure 5). Results confirmed
no major changes in EV size and morphology for both fractions between AM treated
and controls, although in terms of morphology vesicles from AM-treated samples, they
appeared more regularly rounded shaped.
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Figure 5. Scanning electron micrographs of EVs. EVs were isolated by dUC, fixed with 2.5% glutaraldehyde in PBS,
sedimented onto glass coverslips, allowed to dry at room temperature. Images were obtained using a field emission gun
electron scanning microscope after Cr metallization.

2.3. Amiodarone Modifies the Content of Large/Medium EVs

Changes in protein marker composition were investigated in vesicles from AM-treated
samples. Cell extracts and vesicles were tested for the presence of mCherry-CD63 and for
the EV markers Alix and CD71 (Figure 6A). As expected, a high mCherry-CD63 level was
detected in cells extracts as well as in the 10K and 100K fractions. Alix is a protein associated
with the ESCRT complex and is involved in the biogenesis of exosomes and less clearly in
the budding of microvesicles; therefore, it was expected to be detected mostly in the 100K
fraction (enriched in exosomes) [36]. CD71, also known as p90 or transferrin receptor, is a
plasma membrane protein recycled through the endosomal system, and it was predictable
to be more abundant in the 10K fraction (enriched in microvesicles) [37]. Results showed
that Alix was clearly detected in the 100K fraction but was not in the 10K fraction, whereas
CD71 was clearly present in the 10K fraction but was also detected in the 100K fraction.
It was previously demonstrated that AM induced the activation of autophagy and the
accumulation of LC3 in treated cells, together with an increased conversion of LC3-I in LC3-
II [8]. Based on such evidence, cells and EVs (10K and 100K fractions) were tested for the
presence of autophagy markers (Figure 6B). Interestingly, we observed that both 10K and
100K fractions contained the lipidated LC3-II and displayed a clear dose-dependent increase
in LC3 signal. This result indicated that upon AM treatment cells release EVs containing a
higher level of LC3-II, normally associated with autophagosomal membranes. The well-
known autophagy markers p62 and NBR1 were also increased in a dose-dependent manner
in both 10K and 100K fractions upon AM treatment, which further supports the evidence
the AM-induced the secretion of EVs with an autophagosome-like phenotype.
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Figure 6. Characterization of EVs released from HEK-mCherry-CD63 upon AM treatment. Cell extracts (30 µg) and EV
preparations (3 µg) were separated by SDS-PAGE, electrotransferred, and then probed with the indicated markers (Panel
(A) and with autophagy markers (Panel (B)). The densitometric analysis of results is reported below. In cell extracts, bars
represent the ratio between the intensity of the band signal and calnexin (Panel (A), left) or GAPDH (Panel (B), left). In
EVs, bars represent the ratio between the intensity of the band signal of AM-treated sample and vehicle-treated sample as
control (set 1). When the signal was not detected in the vehicle-treated sample, the lowest intensity band detected was set at
1. Bars are reported as relative intensity. Results represent the mean ± SD of three independent experiments (* p < 0.05,
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drug-treated sample vs. vehicle as control). (C) Proteinase K protection assay of EVs isolated from 8 µM AM-treated cells.
Vesicles of the 10K and 100K fraction were isolated from cell medium and divided into 3 aliquots: NT (not treated, i.e.,
not incubated with Proteinase K), PK (incubated with 50 µg/mL Proteinase K), and PK + Tx (incubated with 50 µg/mL
Proteinase K and 0.5% Triton X-100). After 1 h incubation at 37 ◦C, Proteinase K was inactivated with 5 mM PMSF, and then
samples were loaded on SDS-PAGE and blotted with the indicated antibodies.

To assess the topological localization of LC3-II and rule out the possibility of a its
co-precipitation outside EVs, we carried out the Proteinase K (PK) protection assay on
both 10K and 100K EVs isolated from 8µM AM-treated cells (Figure 6C). Following their
isolation, vesicles were divided into three aliquots: the first one was used as control; the
second was treated with PK alone; and the third with PK together with the detergent
Triton X-100 (PK + Tx) to permeabilized EV membrane. The three aliquots were then
blotted, and results showed that the control protein CD81 tetraspanin, which is an integral
membrane protein used as digestion control, was degraded by PK alone (and PK + Tx, as
expected), whereas the autophagy marker LC3-II was only digested by PK + Tx alone, thus
indicating that it is localized inside EVs, as it is protected from proteolytic digestion unless
the membrane is solubilized.

To understand whether the release of EVs enriched in autophagy markers was related
to AM-induced phospholipid accumulation or to a general lysosomal impairment, we
tested the effect of two well-known lysosome perturbation agents: chloroquine (CQ) and
bafilomycin A1 (BafA1) on the release of EVs (Figure 7) [38,39]. Our results clearly showed
that at nontoxic concentrations (as tested by MTT assay), CQ and BafA1 both induced a
dose-dependent increased release of l/mEVs, as measured by EV fluorescence. The increase
was remarkably higher for BafA1 (about 20-fold) than for CQ (two-fold, such as AM). BafA1
also induced a significant increased release of sEVs (about 20-fold). Moreover, both drugs
induced a dose-dependent increase in the autophagy-associated marker in l/mEVs and
sEVs, as shown by immunoblotting. These results clearly indicated that the increased
release of EVs carrying autophagy markers was a feature of lysosomal impairment.

The increased release of EVs, mostly of large/medium size, upon AM treatment,
suggested that phospholipids themselves could be secreted within EV to dispose of excess
lysosomal lipids. Changes in phospholipid content were therefore analyzed in cells treated
with 8 µM AM and control cells, as well as in 10K and 100K fraction EVs. Data comparison
highlighted numerous differences, but the most interesting variation was the total level
of phospholipids normalized for protein content, which was seven-fold higher in 10K
fraction released from AM-treated cells, with respect to the same fraction from untreated
cells as control (Figure 8A). No significant difference was observed in the quantity of
phospholipids, normalized for protein content of 100K fraction isolated from AM-treated
and control cells, whereas for cells, the total amount of lipids was slightly increased in AM-
treated samples. The three types of samples showed a specific composition, independently
from the AM treatment (Figure 8B). As for example, sphingomyelin (SM) was the second
most abundant lipid subclass in 10K EVs (independently from AM-treatment) but not
in cells. Analysis of phospholipid subclasses revealed that all of them were significantly
increased in l/mEVs released from AM-treated samples, except for phosphatidylserine
(PS) (Figure 8D). As for cells, all phospholipid subclasses were present at a higher level in
AM-treated cells, except for PS and phosphatidic acid (PtdA) (Figure 8C).
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Figure 7. Analysis of EVs release by HEK-mCherry-CD63 upon chloroquine (CQ) and bafilomycin A1 (BafA1) treat-
ment. (A,D) Viability of HEK-mCherry-CD63 cells determined by MTT assay. Data are the mean ± SE of three independent
experiments, each performed in triplicate. (B,E) Fluorescence analysis of EVs. EVs were obtained by centrifugation at
10,000× g (10K fraction) and 100,000× g (100K fraction). Pellets were resuspended in 100 µL PBS, transferred on a 96-well
microplate and assayed for fluorescence at 580 nm ex/620 nm em. Values are the mean ± S.E. of at least three experiments,
each one in duplicate. * p < 0.05,with respect to vehicle-treated cells as control (set 1). (C,F) Characterization of EVs
associated markers. Cell extracts (30 µg) and EV preparations (3 µg) were separated by SDS-PAGE, electrotransferred, and
probed with the indicated antibodies.
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Figure 8. Phospholipid composition of AM-treated vs. control samples. Cells were incubated with 8µM AM for 24 h, and
then 10K and 100K EVs were isolated from cell culture medium by dUC. Phospholipid content of AM-treated and control
cells, and their released 10K and 100K EVs, were analyzed by LC/MS. (A) Relative amount of phospholipid normalized
for protein content for cells (left), 10K EVs (middle), and 100K EVs (right). Data are reported as mean ± S.E. of three
independent experiments, each in duplicate (* p < 0.05, ** p < 0.01, *** p < 0.001, AM-treated vs. vehicle-treated cells).
(B) Phospholipid subclasses composition of AM-treated vs. control cells and their released EVs. The amount of each
phospholipid subclass is expressed as the percentage of the sum of all identified lipids. The category indicated as “Other”
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includes lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), phosphatidic acid (PtdA) and phosphatidyl-
glycerol (PG). (C,D) Comparison of phospholipid subclasses composition of AM-treated vs. control cells and their released
10K EVs. Data are reported as mean ± S.E. of three independent experiments, each in duplicate (* p < 0.05, ** p < 0.01,
*** p < 0.001, AM-treated vs. vehicle-treated cells). The inserted panels expand the vertical axis to allow the comparison of
low abundance phospholipid subclasses.

Previous studies demonstrated that the overexpression of the lysosomal master reg-
ulator TFEB was able to delay AM-induced lipid accumulation in hepatocytes [8]. We
therefore analyzed whether TFEB overexpression also affected the release of EVs during
AM treatment. We transfected cells with TFEB or with empty vector alone as control,
and then we measured EVs associated fluorescence upon 4 µM and 8 µM AM treatment
(Figure 9). Results showed that overexpression of TFEB did not significantly affect the
secretion of l/mEVs and sEVs in untreated cells. Moreover, there were no significant differ-
ences in the release of sEVs (100K) between TFEB and empty vector transfected cells upon
AM treatment. However, upon 4 µM AM treatment, cells overexpressing TFEB released
significantly less l/mEVs (10K) as compared to control cells, whereas at a higher dose
(8 µM) the behavior was identical. These findings indicate that overexpressing a lysosomal
biogenesis master regulator such as TFEB has the potential to delay and/or prevent the
AM-induced release of EVs.

Figure 9. Effect of AM on EVs release in HEK-mCherry-CD63 transfected with TFEB. (A) Immunoblotting of cells
transfected with TFEB. Extracts from cells transfected with TFEB or empty vector as control (vector) were incubated with an
anti-TFEB antibody. As internal control, an anti-β-actin antibody was used. (B,C) HEK-mCherry-CD63 cells transfected
with TFEB or empty vector as control (vector) were incubated for 24 h with 4 and 8 µM AM. EVs were obtained by culture
medium centrifugation at 10,000× g (10K) and 100,000× g (100K). Pellets were resuspended in 100 µL PBS and assayed for
fluorescence at 580 nm/620 nm (ex/em). Results represent the mean ± SE of three independent experiments performed in
duplicate and are the reported percentage of empty vector transfected/vehicle-treated cells as control (set 100). * p < 0.05,
** p < 0.01, vector transfected drug-treated cells vs. vehicle, as control; ** p < 0.01, TFEB transfected drug-treated cells vs.
vehicle as control; ## p < 0.01, TFEB vs. empty vector transfected cells as control.

3. Discussion

Phospholipidosis is a major concern for drug development, as intracellular accumu-
lation of undigested phospholipids in lamellar bodies is a major source of side effects for
different tissues [1]. Amiodarone is considered to be one of the most effective antiarrhyth-
mic drugs, and it accumulates in tissues during chronic dosing, namely in liver [20,40].
Over the last decade, EVs have been identified as an additional means of intercellular
communication but also as a manner to discard unwanted or unnecessary material, as for
example during cell differentiation. Here, we investigated whether they could play a role
in the cell response to CAD-induced phospholipid accumulation, possibly contributing to
discard deposits and alleviate this phenotype. First, we developed a cell model suitable for
following the release of EVs through monitoring the EV fluorescence, which could be useful
to screen EV release upon treatment with different drugs inducing phospholipidosis and/or
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lysosomal impairment. Our cell model was based on the overexpression in HEK cells of the
mCherry-CD63 construct, which fuses the EV marker CD63 with the fluorescent protein
mCherry and allows one to follow the release of both large/medium (10K fraction) and
small (100K fraction) fluorescent EVs upon their separation from the cell culture medium
by dUC. AM treatment increased the secretion of l/mEVs and, to a lower extent, the release
of sEVs, as measured by EV-associated fluorescence. In parallel, the same increase was
confirmed by NTA counting for the 10K fraction but not for the 100K fraction. This result
validated our model and reinforced the evidence that an increase in EV release is part of
the cell response to phospholipid accumulation and lysosomal impairment induced by AM
treatment. In addition, it agrees with a recent study reporting that AM-induced endosomal
dysfunction increases EV secretion in human urine [41]. Phospholipid accumulation, HexA
activity increase in cell culture medium and l/mEVs higher secretion were all significant
at 8 µM A. This finding indicates that increased l/mEVs release is an early detectable
event, whose sensitivity can be compared with other commonly used biomarkers, such as
NBD-PC phospholipid accumulation and HexA activity in cell culture medium. Moreover,
the measure of l/mEVs-associated fluorescence reflects l/mEVs counting by NTA, but it is
certainly more adaptable to a high-throughput platform.

In addition to a quantitative evaluation, we also examined EVs released upon AM
treatment from a qualitative point of view. NTA analysis showed that no alteration in terms
of size distribution could be observed upon AM treatment, neither for l/mEVs nor for
sEVs. SEM analysis allowed us to further check EVs from a morphological point of view,
confirming no significant difference between EVs released by AM-treated and control cells.
Previous studies reported that lysosomal status has an impact on EV release [25], and drugs
activating autophagy such as curcumin [30] could alleviate intracellular accumulation
of undigested substrates, prompting the release of EVs. Moreover, AM treatment was
previously shown to induce an autophagic response in hepatocytes although not enough to
prevent phospholipid accumulation [8]. The analysis of the autophagy markers LC3, p62
and NBR1 in AM-treated cells and their released EVs clearly revealed a dose-dependent
increase in these markers not only in cells, as expected, but also in the 10K and 100K
vesicles. Of relevance, the enrichment in autophagomal markers induced by AM treatment
was found in both the 10K and 100K fractions, but other EV markers such as Alix and
CD71 did not significantly change following AM treatment. This feature could be due
to the possibility that AM treatment mostly affects the autophagic machinery dependent
release of l/m EVs (Figure 10), or EV shape and density, allowing sedimentation at lower
speed, as also suggested by the higher lipid content of l/mEVs. In fact, the lipidomic
analysis of cells and both EV fractions, from AM-treated and control samples, clearly
showed that 10K EVs from AM-treated samples were characterized by a higher content of
phospholipids, indicating that their accumulation could be at least partially alleviated by
releasing them extracellularly.

Studies have reported that cells use the autophagic structures, such as autophago-
somes, not only to deliver cargo to be degraded into lysosomes, but also to dispose waste
extracellularly, in an autophagic machinery dependent manner defined as “secretory”
autophagy [28,42,43]. In addition, autophagosome can also fuse with MVBs to produce or-
ganelles known as amphisomes. These organelles have the features of both late endosomes
and autophagosomes; in turn, they can either fuse with lysosomes for degradation or be
released extracellularly [44]. Our results indicate that the AM-induced phospholipidosis
is associated with the dose-dependent accumulation of the lipidated form of LC3, i.e.,
LC3-II in cells and EVs. Analysis of the topological localization of LC3 demonstrated
that the protein is localized within EVs, as it is protected from Proteinase K digestion
unless a detergent solubilizing membrane is added. The accumulation of LC3-II could
be due to an impairment of lysosomal degradative function which prevents autophago-
some/lysosome fusion and LC3-II recycling. AM, as well as other CADs, is known to
induce the impairment of lysosome degradative function, mostly because of lysosomal
alkalinization [40]. To unravel whether the higher release of EVs carrying an autophagy
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marker was specifically associated with the AM-induced accumulation of phospholipids or
was a general response to lysosomal impairment, we investigated the effect of other drugs
inducing lysosomal impairment without the accumulation of undigested substrates at the
concentration tested, such as chloroquine and BafA1. Chloroquine has been previously
associated with phospholipidosis at high doses, but at low concentration, it is commonly
used to block autophagosome-lysosome fusion [38], whereas BafA1 is known to disrupt
autophagic flux by independently inhibiting V-ATPase-dependent acidification and Ca-
P60A/SERCA-dependent autophagosome-lysosome fusion [39]. Both drugs prompted a
higher release of EVs of the 10K fraction, and notably for BafA1 this increase was quanti-
tatively remarkable and clearly detected also for the 100K fraction, whereas for CQ, the
effect was quantitatively comparable to that of amiodarone. However, both drugs induced
the release of 10K and 100K fraction EVs characterized by a dose-dependent increase in
the autophagy marker LC3. These results clearly indicated that these features were due to
AM-induced lysosomal impairment and not to the accumulation of specific undigested
substrates. They further suggest that BafA1 is specifically able to stimulate the release of
EVs specific mechanisms that need further investigation to be elucidated.

Figure 10. Schematic representation showing the mechanisms of DIPL and EVs release. The
lysosomal dysfunction induced by the presence of undigested substrates is associated with the
release of EVs enriched in autophagy markers. In the diagram, it is hypothesized that the reason may
be an increased release of autophagososomes, because of the block of autophagosome/lysosome
fusion, or of amphisomes, due to the block of amphisome/lysosome fusion. The release of exosomes
may be induced as response to the block of MVB fusion with lysosomes and microvesicle secretion
enhanced to maintain plasma membrane homeostasis after the increment of fusion events with
organelles of the autophagy/lysosomal system. MVB, multivesicular body.

Once established that the perturbation on EV release is a feature of AM-induced
phospholipidosis and lysosomal impairment, we examined whether the implementation
of lysosomal function by overexpression of the lysosomal master regulator TFEB could
halt the increased EV release associated with AM treatment This gene induces lysosomal
biogenesis and autophagy, preventing the intracellular accumulation of phospholipids as
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previously demonstrated [8]. Results showed that TFEB overexpression has a significant
effect of decreasing the release of l/mEVs induced by AM treatment, but only at low AM
concentration, whereas at a higher concentration, the behavior was not significantly differ-
ent. Of note, TFEB overexpression did not affect either l/mEV or sEV release in untreated
cells. This result indicates that when the lysosomal degradative capacity is high, cells do not
need to increase EV release to alleviate stress associated with undigested substrate accumu-
lation. Although other more specific alteration in EVs content in terms of lipids, proteins,
and nucleic acids upon TFEB expression cannot be excluded, results reinforce the evidence
that increasing the autophagic capacity of the cell favors autophagosome/lysosome fusion
instead of secretion, decreasing the recovery of EVs [8].

The finding that lysosomal perturbing agents, such as AM, prompts mostly the release
of l/mEVs may have pathological implications. Indeed, phospholipidosis has been defined
as an “acquired” lysosomal storage disorders (LSDs), but it is reasonable to assume that
in other LSDs of genetic origin [2] or in pathologies characterized by accumulation of
undigested substrates into lysosomes, such as neurodegenerative diseases, EVs altered
release could contribute to copathological features, such as abnormal development and
inflammation [45]. As a matter of fact, in the case of Niemann–Pick disease, EV secretion
has been reported to ameliorate lysosomal storage of cholesterol, although the impact of
these EVs on the neighbor tissue is unknown [29]. In summary, our findings indicate that
a higher level of EV release is a feature associated with AM-induced phospholipidosis
and lysosomal impairment in vitro, and the biochemical content of these vesicles indicates
a crosstalk between secretory autophagy and EV secretion. However, further studies
are needed to correctly identify the exact cellular origin of these LC3-II positive vesicles
released extracellularly upon phospholipidosis induced by AM and their role in the side
effects reported for the drug.

4. Materials and Methods
4.1. Constructs

Full-length human CD63 was subcloned from CD63-pEGFP C2 (a gift from Paul
Luzio, Addgene plasmid #62964) to pcDNA™6/myc-His A vector (Invitrogen, Waltham,
MA, USA) to produce CD63 without tag using KpnI–BamHI enzymes. Then, mCherry
sequence was obtained by PCR from the plasmid mCherry-hALIX (a gift from James
Hurley, Addgene plasmid # 21504 [46] using 5′-GGG TAC CAT GGT GAG CAA GGG
CGA GGA G (forward) and 5′-GGC ATG GAC GAG CTG TAC AAG TGG TAC CCC
(reverse) primers and cloned into the pcDNA™6/myc-His A vector (Invitrogen) in frame
with CD63 to produce mCherry-CD63 using KpnI enzyme. The previously mentioned
mCherry sequence was also cloned into pcDNA™6/myc-His A vector to produce mCherry
protein alone.

4.2. Cell Culture and Transfection

HEK-293 cells (ATCC, Manassas, VA, USA) were cultured in DMEM supplemented
with 10% (v/v) heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units/mL
penicillin, 100 mg/mL streptomycin in a humidified incubator under 5% CO2 at 37 ◦C.
Cell viability was estimated by examining their ability to exclude trypan blue 0.1% (v/v) in
0.9% (v/v) NaCl. To obtain stable cell lines expressing the fluorescent proteins, cells were
seeded in six-well plates at 70% confluence and transfected with 1 µg/well of plasmid
DNA using 3 µL/well of Lipofectamine LTX, according to manufacturer’s instructions.
Transfected cells (HEK-mCherry, HEK-mCherry-CD63) were diluted and selected with
10 µg/mL blasticidin-S (Sigma-Aldrich, St. Louis, MO, USA).

4.3. Extracellular Vesicle Purification

For EVs isolation from condition media, cells were cultivated for 24 h in medium
supplemented with exosome-depleted serum (System Biosciences, Palo Alto, CA, USA).
For experimental purposes, cells were treated with different concentrations of amiodarone
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(AM, Sigma-Aldrich), palmitic acid (PA, Sigma-Aldrich), chloroquine (CQ, Cell Signaling
Technology, Danvers, MA, USA), bafilomycin A1 (BafA1, Cell Signaling Technology) or
vehicle (0.05% DMSO, CTRL) for 24 h in the same conditions. Medium was collected and
underwent serial centrifugation steps to remove cells and cell debris (300× g, 10 min and
2000× g, 10 min, respectively). L/m EVs were recovered by centrifugation at 10,000× g for
30 min (10K fraction), and the pellet was washed with PBS and then centrifuged again at
10,000× g, resuspended in PBS and stored at −80 ◦C. For sEVs recovery, the supernatant
obtained upon 10,000 g centrifugation was ultracentrifuged at 100,000× g for 70 min (100K
fraction), the resulting pellet washed with PBS, resuspended in PBS and stored at −80 ◦C.
All PBS was 0.22 µm filtered. Protein content was determined by the Bradford method,
using bovine serum albumin as standard.

4.3.1. Extracellular Vesicle Fluorescence Measurement

For fluorescence measurement, EVs were recovered as described in Section 4.3, then
resuspended in the same amount of PBS and transferred into a 96-well black plate (Greiner,
Frickenhausen, Germany). Fluorescence was measured on an Infinite® 200 PRO microplate
reader (TECAN, Männedorf, Switzerland), at excitation and emission wavelengths of 580
and 620 nm, respectively.

4.3.2. Extracellular Vesicle Scanning Electron Microscopy

EVs were fixed in 2.5% glutaraldehyde for 15 min at RT, washed twice with large
volume of water using concentration devices (Vivaspin, 300,000 Da cut-off, SARTORIUS,
Goettingen, Germany). EVs were sedimented on glass coverslips and then dried at RT.
Images were obtained using a field emission gun electron scanning microscope (LEO 1525
Zeiss; Thornwood, NY, USA). Cr metallization was carried out with a high-resolution
sputter Q150T ES apparatus (24 s sputter at a current of 240 mA, Quorum, Lewes, UK). The
thickness of chromium was ~10 nm

4.3.3. Extracellular Vesicle Nanoparticle Tracking Analysis

EV pellets were resuspended in PBS (filtered through a 0.02 µm filter) at a concen-
tration within the recommended range for particle count (2 × 108–1 × 109 particles per
mL), then vortexed for 1 min. Samples were loaded into a NS500 instrument (Malvern
Panalytic, Malvern, UK). Five videos, each of 60 s, were acquired for every sample, and
the analysis was carried out by NTA 2.3 software. Releasing cells were detached and
counted using Countess™ II Automated Cell Counter (Applied Biosystems™, Waltham,
MA, USA). The total number of particles was normalized to the total number of releasing
cells and expressed as fold with respect to vehicle-treated cells (0.05% DMSO). Particle
size distribution was reported as percentage particle, i.e., the percentage of particles of the
indicated diameter with respect to the total number of analyzed particles.

4.3.4. Extracellular Vesicles Proteinase K Protection Assay

EVs fractions were isolated by dUC as described above and then resuspended in
approximately 90 µL of PBS. The sample was divided into 3 identical aliquots: not treated
(NT), treated with 50 µg/mL Proteinase K alone, treated with 50 µg/mL Proteinase K and
0.5% Triton X-100. The 3 aliquots were incubated for 1 h at 37 ◦C, and then, Proteinase K
activity was inhibited by adding 5 mM of PMSF. Aliquots were mixed with 5× loading
buffer containing 125 mM DTT and stored at −20 ◦C until gel loading. Immunoblotting
was carried out as described below.

4.4. LDH Assay

The effect of AM treatment on cell viability was assessed by lactate dehydrogenase
(LDH) leakage. LDH activity was determined in extracellular medium with CytoTox
96® Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI, USA), according
to manufacturer’s instructions. In brief, the same cell medium preparations used for
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fluorescence measurements were transferred into a clear 96-well plate and CytoTox 96®

Reagent added. The reaction was carried out for 30 min at RT, and the absorbance at 490 nm
was measured using a microplate reader (Infinite® 200 PRO, TECAN) after stopping
the reaction. Data were reported as fold increase with respect to vehicle-treated cells
(0.05% DMSO).

4.5. NRU Assay

The effect of AM on neutral red uptake (NRU) into lysosomes of viable cells was eval-
uated in cells cultured in 96-well plates and treated for 24 h with increasing concentrations
of the compound. NRU was determined according to Borenfreund and Puerner (1985) [47],
with some modifications. Following exposure to drug, the medium was removed, and neu-
tral red dye (100 µg/mL, Sigma-Aldrich) was added to each well. After incubation at 37 ◦C
for 90 min, cells were washed with PBS, and dye extraction solution (Ethanol/Water/Acetic
Acid 50:49:1) was added. After 20 min of gentle shaking, the absorbance at 550 nm was
measured using a microplate reader (Infinite® 200 PRO, TECAN). Data were reported as
percentage with respect to vehicle-treated cells (0.05% DMSO).

4.6. Phospholipidosis Evaluation Using NBD-PC Uptake

The phospholipidosis induced by AM treatment was assessed by the accumulation of
a synthetic fluorescent phospholipid analogue, 1-acyl-2-[12-(7-nitro-2,1,3-benzoxadiazol-
4-yl)amino]dodecanoyl]-glycero-3-phosphocholine (NBD-PC, Avanti Polar Lipids, Inc.,
Alabaster, AL, USA), according to Kasahara et al. [48]. In brief, cells were cultured in 96-well
black clear bottom plates and treated for 24 h with AM in the presence of 40 µM NBD-
PC. After 24 h, cells were washed twice with PBS and NBD-PC fluorescence measured
(excitation and emission wavelengths of 485 and 538 nm, respectively) on an Infinite®

200 PRO microplate reader (TECAN). Cells were then incubated for 20 min at 37 ◦C
with Hoechst 33,342 solution (20 µg/mL in PBS) before measuring Hoechst fluorescence
(excitation and emission wavelengths of 355 and 460 nm, respectively). Values for NBD-PC
fluorescence were normalized to those of Hoechst fluorescence. Data were reported as
folds increased with respect to vehicle-treated cells (0.05% DMSO).

4.7. Lysosomal β-Hexosaminidase A Assay

The effect of AM on the secretion of the lysosomal β-hexosaminidase A (HexA) was
evaluated by measuring its specific enzymatic activity in the cell media. Cells were cultured
in 6-well plates and treated for 24 h with increasing concentrations of the compounds. Cell
culture medium (about 1.5 mL) was collected from each well and centrifuged at maximum
speed in a bench centrifuge at 4 ◦C to eliminate cell debris. Supernatant (20 µL) was
transferred in a 96-well black plate and mixed with 40 µL of 3 mM solutions of the synthetic
fluorogenic substrate 4-methylumbelliferyl-β-N-acetyl-glucosaminide-6-sulfate (MUGS,
Toronto Research Chemicals, Toronto, Canada) [49]. Assays were incubated for 1 h at
37 ◦C and then stopped with 290 µL of 0.4 M glycine-NaOH (pH 10.4). Fluorescence of the
liberated 4-methylumbelliferone (excitation and emission wavelengths of 360 and 450 nm,
respectively) was measured with an Infinite F200 fluorimeter (TECAN). One enzymatic
unit is the amount of enzyme that hydrolyzes 1 mmol of substrate/min at 37 ◦C. Culture
medium enzymatic activity was expressed as mU/mL media. Data were reported as fold
increase with respect to vehicle-treated cells (0.05% DMSO). To evaluate whether HexA
was released upon AM treatment as soluble or EV-associated protein, enzymatic activity
measurement was carried out on the 10K pellet, 100K pellet and 100K supernatant. In
brief, EVs were isolated as reported above from the same number of 8 µM AM-treated
and vehicle-treated cells (0.05% DMSO), and then 20 µL of 10K pellet, 100K pellet or 100K
supernatant were transferred in a 96-well black plate and mixed with 40 µL of MUGS
solutions. Assays were incubated as above, and the fluorescence measured with an Infinite
F200 fluorimeter.
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4.8. Fluorescence Microscopy

Cells were seeded onto glass cover slips and grown for 24 h, washed three times
with PBS, and then fixed with 4% paraformaldehyde/PBS for 15 min at RT. Cover slips
were rinsed three times with PBS and mounted on glass slides using Vectashield with
DAPI (Vector Laboratories, Burlingame, CA, USA). Fluorescence microscopy images were
acquired with a Nikon TE2000 microscope (Nikon, Tokyo, Japan) through a 20× objective.

4.9. Immunoblotting

Cells were lysed at 4 ◦C in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1%
(v/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate) in the presence of protease
inhibitor cocktail (Merck Life Sciences, Darmstadt, Germany). Insoluble material was
removed by centrifugation at 13.000× g for 10 min at 4 ◦C. Cell lysates or EV samples
(~5–30 µg or 3–10 µg, respectively) were mixed with 5× loading buffer (1 M Tris-HCl pH
6.8, 5% (w/v) SDS, 6% (v/v) glycerol, 0.01% (v/v) Bromophenol blue) containing 125 mM
DTT. Samples were boiled for 5 min, electrophoresed on acrylamide gel, and transferred
to PVDF membrane at 100 V for 1 h. Rabbit polyclonal anti-mCherry (AB167453), rabbit
polyclonal anti-GFP (AB1218), goat polyclonal anti-TFEB and mouse monoclonal anti-
GAPDH were from Abcam (Cambridge, UK); mouse monoclonal anti-Alix antibody and
goat polyclonal anticalnexin antibody were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); mouse monoclonal anti-β-actin was from Sigma-Aldrich (St Louis, MI, USA);
rabbit polyclonal anti-CD71 was from Biorbyt (Cambridge, UK) or Thermofisher scientific
(Waltham, MA, USA); rabbit polyclonal anti-p62 and rabbit polyclonal anti-LC3B were from
Cell Signaling Technology (Danvers, MA, USA); and mouse monoclonal NBR1 was from
Abnova (Taipei, Taiwan, China). Mouse antigoat (Sigma-Aldrich), donkey antigoat (Santa
Cruz), goat antirabbit and horse antimouse HRP-linked secondary antibodies (Cell Signal-
ing) were probed according to manufacturer’s instructions. Immunoblots were detected by
chemiluminescence using ECL system (Life Technologies, Carlsbad, CA, United States).
Chemiluminescent signals were either captured on film or detected with a CCD camera
(ChemiDoc XRS, Bio-Rad). Densitometric evaluation was obtained with ImageJ software.

4.10. Cells Preparation for Phospholipid Profile

For lipidomic analysis, cells were treated with AM at the indicated concentration for
24 h, and then they were trypsinized, washed twice with PBS at 4 ◦C, and centrifuged
again. Approximately 3 × 106 of either treated cells or untreated cells as control were
pelleted and stored at −80 ◦C prior to analysis. Total cellular lipids were extracted from 3
different cell pellets and protein concentration determined in each sample to normalize
lipid content. In the case of EVs, they were obtained from cell culture medium of the same
three 3 different preparations used for cell lipid extraction. Lipid extraction was carried
out as previously reported [50]. Extracts were dried under nitrogen and resuspended in a
mixture 9:1 of methanol/toluene prior to be submitted for analyses.

4.11. Phospholipid Profile by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS)

Phospholipid profile was conducted according to the method described by Tsugawa,
H et al. [51] with minor modification. The LC system consisted of an Agilent 1260 Infinity
II (Agilent Technologies, Santa Clara, CA, USA) with a pump, a column oven and an
autosampler. Lipids were separated on an Agilent InfinityLab Poroshell120 EC-C18 column
(100× 3.0 mm; 2.7 µm). Column was maintained at 50 ◦C at a flow-rate of 0.6 mL/min. The
mobile phases consisted of (A) 9:1 (v/v) water:methanol with 10 mM ammonium acetate
and 0.2 mM ammonium fluoride and (B) 2:3:5 (v/v/v) acetonitrile:methanol/isopropanol
with 10 mM ammonium formate and 0.2 mM ammonium fluoride. A sample volume of
5 µL was used for the injections in ESI(+) and ESI(−). Separation was conducted under
the following gradient: 0 min 70% (B); 1 min 70% (B); 3.5 min 86% (B); 10.0 min 86%
(B); 11.0 min 100% (B); 17.0 min 100% (B); 17.1 min 70% (B); and 19.0 min 70% (B). Mass
spectrometric detection of lipids was performed on a 6530 Q-TOF (Agilent Technologies,
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Santa Clara, CA, USA) using an Iterative Data Dependent Acquisition method. The
instrument was tuned using a reference mass m/z 121.050873, m/z 922.009798 (+) and
m/z119.03632, m/z 980.016375 (−). Raw data were processed by MS-DIAL 4 software [51].
Lipid species annotation and quantification were conducted according to guidelines of the
Lipidomics Standard Initiative (LSI) [https://lipidomics-standards-initiative.org/ accessed
on December 2020] using SPLASH lipidomics I (Avanti Polar Lipids) as internal standards.
Quantitative data were normalized on the protein content of cells or vesicles.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222312922/s1.

Author Contributions: K.S., L.U. and S.B., L.U. designed the cell model and carried out the exper-
iments. F.D. carried out the experiments. R.M.P. carried out lipid analysis. S.G. carried out SEM
analysis. C.E. and L.U. analyzed the results and wrote the paper. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by University of Perugia Grant FONDO D’ATENEO PER LA
RICERCA DI BASE 2019 to L.U.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge Alicia Llorente and her group at Institute for
Cancer Research (Oslo, Norway) for kindly supporting us with the NTA analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anderson, N.; Borlak, J. Drug-induced phospholipidosis. FEBS Lett. 2006, 580, 5533–5540. [CrossRef]
2. Shayman, J.A.; Abe, A. Drug induced phospholipidosis: An acquired lysosomal storage disorder. Biochim. Biophys. Acta 2013,

1831, 602–611. [CrossRef]
3. Nonoyama, T.; Fukuda, R. Drug induced phospholipidosis pathological aspects and its prediction. J. Toxicol. Pathol. 2008, 21,

9–24. [CrossRef]
4. Abe, A.; Hiraoka, M.; Shayman, J.A. A role for lysosomal phospholipase A2 in drug induced phospholipidosis. Drug Metab. Lett.

2007, 1, 49–53. [CrossRef]
5. Ikeda, K.; Hirayama, M.; Hirota, Y.; Asa, E.; Seki, J.; Tanaka, Y. Drug-induced phospholipidosis is caused by blockade of mannose

6-phosphate receptor-mediated targeting of lysosomal enzymes. Biochem. Biophys. Res. Commun. 2008, 377, 268–274. [CrossRef]
[PubMed]

6. Goracci, L.; Buratta, S.; Urbanelli, L.; Ferrara, G.; Di Guida, R.; Emiliani, C.; Cross, S. Evaluating the risk of phospholipidosis
using a new multidisciplinary pipeline approach. Eur. J. Med. Chem. 2015, 92, 49–63. [CrossRef] [PubMed]

7. Staudt, C.; Puissant, E.; Boonen, M. Subcellular Trafficking of Mammalian Lysosomal Proteins: An Extended View. Int. J. Mol. Sci.
2017, 18, 47. [CrossRef] [PubMed]

8. Buratta, S.; Urbanelli, L.; Ferrara, G.; Sagini, K.; Goracci, L.; Emiliani, C. A role for the autophagy regulator Transcription Factor
EB in amiodarone-induced phospholipidosis. Biochem. Pharmacol. 2015, 95, 201–209. [CrossRef]

9. Urbanelli, L.; Magini, A.; Buratta, S.; Brozzi, A.; Sagini, K.; Polchi, A.; Tancini, B.; Emiliani, C. Signaling pathways in exosomes
biogenesis, secretion and fate. Genes 2013, 4, 152–170. [CrossRef] [PubMed]

10. Urbanelli, L.; Buratta, S.; Sagini, K.; Ferrara, G.; Lanni, M.; Emiliani, C. Exosome-based strategies for Diagnosis and Therapy.
Recent Pat. CNS Drug Discov. 2015, 10, 10–27. [CrossRef] [PubMed]

11. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, J.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

12. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc.
Natl Acad. Sci. USA 2016, 113, E968–E977. [CrossRef] [PubMed]

13. Johnstone, R.M. Maturation of reticulocytes: Formation of exosomes as a mechanism for shedding membrane proteins. Biochem.
Cell Biol. 1992, 70, 179–190. [CrossRef]

14. Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol. 2014, 14, 195–208.
[CrossRef]

https://lipidomics-standards-initiative.org/
https://www.mdpi.com/article/10.3390/ijms222312922/s1
https://www.mdpi.com/article/10.3390/ijms222312922/s1
http://doi.org/10.1016/j.febslet.2006.08.061
http://doi.org/10.1016/j.bbalip.2012.08.013
http://doi.org/10.1293/tox.21.9
http://doi.org/10.2174/187231207779814292
http://doi.org/10.1016/j.bbrc.2008.09.121
http://www.ncbi.nlm.nih.gov/pubmed/18840403
http://doi.org/10.1016/j.ejmech.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25544686
http://doi.org/10.3390/ijms18010047
http://www.ncbi.nlm.nih.gov/pubmed/28036022
http://doi.org/10.1016/j.bcp.2015.03.017
http://doi.org/10.3390/genes4020152
http://www.ncbi.nlm.nih.gov/pubmed/24705158
http://doi.org/10.2174/1574889810666150702124059
http://www.ncbi.nlm.nih.gov/pubmed/26133463
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.1073/pnas.1521230113
http://www.ncbi.nlm.nih.gov/pubmed/26858453
http://doi.org/10.1139/o92-028
http://doi.org/10.1038/nri3622


Int. J. Mol. Sci. 2021, 22, 12922 21 of 22

15. King, H.W.; Michael, M.Z.; Gleadle, J.M. Hypoxic enhancement of exosome release by breast cancer cells. BMC Cancer 2012,
12, 421. [CrossRef]

16. Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M. Senescence-associated exosome
release from human prostate cancer cells. Cancer Res. 2008, 68, 7864–7871. [CrossRef]

17. Buratta, S.; Urbanelli, L.; Sagini, K.; Giovagnoli, S.; Caponi, S.; Fioretto, D.; Mitro, N.; Caruso, D.; Emiliani, C. Extracellular
vesicles released by fibroblasts undergoing H-Ras induced senescence show changes in lipid profile. PLoS ONE 2017, 12, e0188840.
[CrossRef] [PubMed]

18. Crow, J.; Atay, S.; Banskota, S.; Artale, B.; Schmitt, S.; Godwin, A.K. Exosomes as mediators of platinum resistance in ovarian
cancer. Oncotarget 2017, 8, 11917–11936. [CrossRef]

19. Corcoran, C.; Rani, S.; O’Brien, K.; O’Neill, A.; Prencipe, M.; Sheikh, R.; Webb, G.; McDermott, R.; Watson, W.; Crown, J.; et al.
Docetaxel-resistance in prostate cancer: Evaluating associated phenotypic changes and potential for resistance transfer via
exosomes. PLoS ONE 2012, 7, e50999.

20. Vassallo, P.; Trohman, R.G. Prescribing amiodarone: An evidence-based review of clinical indications. J. Am. Med. Assoc. 2007,
298, 1312–1322. [CrossRef]

21. Sawada, H.; Takami, K.; Asahi, S. A toxicogenomic approach to drug-induced phospholipidosis: Analysis of its induction
mechanism and establishment of a novel in vitro screening system. Toxicol. Sci. 2005, 83, 282–292. [CrossRef] [PubMed]

22. Piccoli, E.; Nadai, M.; Caretta, C.M.; Bergonzini, V.; Del Vecchio, C.; Ha, H.R.; Bigler, L.; Dal Zoppo, D.; Faggin, E.; Pettenazzo, A.
Amiodarone impairs trafficking through late endosomes inducing a Niemann-Pick C-like phenotype. Biochem. Pharmacol. 2011,
82, 1234–1249. [CrossRef] [PubMed]

23. Pisonero-Vaquero, S.; Medina, D.L. Lysosomotropic Drugs: Pharmacological Tools to Study Lysosomal Function. Curr. Drug
Metab. 2017, 18, 1147–1158. [CrossRef]

24. Tancini, B.; Buratta, S.; Sagini, K.; Costanzi, E.; Delo, F.; Urbanelli, L.; Emiliani, C. Insight into the Role of Extracellular Vesicles in
Lysosomal Storage Disorders. Genes 2019, 10, 510. [CrossRef] [PubMed]

25. Eitan, E.; Suire, C.; Zhang, S.; Mattson, M.P. Impact of lysosome status on extracellular vesicle content and release. Ageing Res.
Rev. 2016, 32, 65–74. [CrossRef] [PubMed]

26. Baixauli, F.; López-Otín, C.; Mittelbrunn, M. Exosomes and autophagy: Coordinated mechanisms for the maintenance of cellular
fitness. Front. Immunol. 2014, 5, 403. [CrossRef]

27. Xu, J.; Camfield, R.; Gorski, S.M. The interplay between exosomes and autophagy—Partners in crime. J. Cell Sci. 2018, 131,
jcs215210. [CrossRef] [PubMed]

28. Buratta, S.; Tancini, B.; Sagini, K.; Delo, F.; Chiaradia, E.; Urbanelli, L.; Emiliani, C. Lysosomal exocytosis, exosome release and
secretory autophagy: The autophagic- and endo-lysosomal systems go extracellular. Int. J. Mol. Sci. 2020, 21, 2576. [CrossRef]

29. Strauss, K.; Goebel, C.; Runz, H.; Möbius, W.; Weiss, S.; Feussner, I.; Simons, M.; Schneider, A. Exosome secretion ameliorates
lysosomal storage of cholesterol in Niemann-Pick type C disease. J. Biol. Chem. 2010, 285, 26279–26288. [CrossRef] [PubMed]

30. Canfrán-Duque, A.; Pastor, O.; Reina, M.; Lerma, M.; Cruz-Jentoft, A.J.; Lasunción, M.A.; Busto, R. Curcumin Mitigates the
Intracellular Lipid Deposit Induced by Antipsychotics In Vitro. PLoS ONE 2015, 10, e0141829.

31. Settembre, C.; Di Malta, C.; Polito, V.A.; Garcia Arencibia, M.; Vetrini, F.; Erdin, S.; Erdin, S.U.; Huynh, T.; Medina, D.;
Colella, P.; et al. TFEB links autophagy to lysosomal biogenesis. Science 2011, 332, 1429–1433. [CrossRef]

32. Shaner, N.C.; Campbell, R.E.; Steinbach, P.A.; Giepmans, B.N.G.; Palmer, A.E.; Tsien, R.Y. Improved monomeric red, orange and
yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat. Biotechnol. 2004, 22, 1567–1572. [CrossRef]
[PubMed]

33. Pols, M.S.; Klumperman, J. Trafficking and function of the tetraspanin CD63. Exp. Cell Res. 2009, 315, 1584–1592. [CrossRef]
[PubMed]

34. Cobbs, A.; Chen, X.; Zhang, Y.; George, J.; Huang, M.B.; Bond, V.; Thompson, W.; Zhao, X. Saturated fatty acid stimulates
production of extracellular vesicles by renal tubular epithelial cells. Mol. Cell. Biochem. 2019, 458, 113–124. [CrossRef] [PubMed]

35. Buratta, S.; Shimanaka, Y.; Costanzi, E.; Ni, S.; Urbanelli, L.; Kono, N.; Morena, F.; Sagini, S.; Giovagnoli, S.; Romani, R.; et al.
Lipotoxic stress alters the membrane lipid profile of extracellular vesicles released by Huh-7 hepatocarcinoma cells. Sci. Rep.
2021, 11, 4613. [CrossRef] [PubMed]

36. Bissig, C.; Gruenberg, J. ALIX and the multivesicular endosome: ALIX in Wonderland. Trends Cell Biol. 2014, 24, 19–25. [CrossRef]
[PubMed]

37. Gonda, A.; Kabagwira, J.; Senthil, G.N.; Wall, N.R. Internalization of Exosomes through Receptor-Mediated Endocytosis. Mol.
Cancer Res. 2019, 17, 337–347. [CrossRef] [PubMed]

38. Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P.; Engedal, N.; Mari, M.; Reggiori, F. Chloroquine
inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy 2018, 14, 1435–1455. [CrossRef]

39. Mauvezin, C.; Nagy, P.; Juhász, G.; Neufeld, T.P. Autophagosome-lysosome fusion is independent of V-ATPase-mediated
acidification. Nat. Commun. 2015, 6, 7007. [CrossRef] [PubMed]

40. Morissette, G.; Ammoury, A.; Rusu, D.; Marguery, M.C.; Lodge, R.; Poubelle, P.E.; Marceau, F. Intracellular sequestration of
amiodarone: Role of vacuolar ATPase and macroautophagic transition of the resulting vacuolar cytopathology. Br. J. Pharmacol.
2009, 157, 1531–1540. [CrossRef]

http://doi.org/10.1186/1471-2407-12-421
http://doi.org/10.1158/0008-5472.CAN-07-6538
http://doi.org/10.1371/journal.pone.0188840
http://www.ncbi.nlm.nih.gov/pubmed/29182668
http://doi.org/10.18632/oncotarget.14440
http://doi.org/10.1001/jama.298.11.1312
http://doi.org/10.1093/toxsci/kfh264
http://www.ncbi.nlm.nih.gov/pubmed/15342952
http://doi.org/10.1016/j.bcp.2011.07.090
http://www.ncbi.nlm.nih.gov/pubmed/21878321
http://doi.org/10.2174/1389200218666170925125940
http://doi.org/10.3390/genes10070510
http://www.ncbi.nlm.nih.gov/pubmed/31284546
http://doi.org/10.1016/j.arr.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27238186
http://doi.org/10.3389/fimmu.2014.00403
http://doi.org/10.1242/jcs.215210
http://www.ncbi.nlm.nih.gov/pubmed/30076239
http://doi.org/10.3390/ijms21072576
http://doi.org/10.1074/jbc.M110.134775
http://www.ncbi.nlm.nih.gov/pubmed/20554533
http://doi.org/10.1126/science.1204592
http://doi.org/10.1038/nbt1037
http://www.ncbi.nlm.nih.gov/pubmed/15558047
http://doi.org/10.1016/j.yexcr.2008.09.020
http://www.ncbi.nlm.nih.gov/pubmed/18930046
http://doi.org/10.1007/s11010-019-03535-6
http://www.ncbi.nlm.nih.gov/pubmed/30993495
http://doi.org/10.1038/s41598-021-84268-9
http://www.ncbi.nlm.nih.gov/pubmed/33633289
http://doi.org/10.1016/j.tcb.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24287454
http://doi.org/10.1158/1541-7786.MCR-18-0891
http://www.ncbi.nlm.nih.gov/pubmed/30487244
http://doi.org/10.1080/15548627.2018.1474314
http://doi.org/10.1038/ncomms8007
http://www.ncbi.nlm.nih.gov/pubmed/25959678
http://doi.org/10.1111/j.1476-5381.2009.00320.x


Int. J. Mol. Sci. 2021, 22, 12922 22 of 22

41. Rabia, M.; Leuzy, V.; Soulage, C.; Durand, A.; Fourmaux, B.; Errazuriz-Cerda, E.; Köffel, R.; Draeger, A.; Colosetti, P.;
Jalabert, A.; et al. Bis(monoacylglycero)phosphate, a new lipid signature of endosome-derived extracellular vesicles. Biochimie
2020, 178, 26–38. [CrossRef] [PubMed]

42. Ponpuak, M.; Mandell, M.A.; Kimura, T.; Chauhan, S.; Cleyrat, C.; Deretic, V. Secretory autophagy. Curr. Opin. Cell Biol. 2015, 35,
106–116. [CrossRef] [PubMed]

43. Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018, 75, 193–208. [CrossRef]
[PubMed]

44. Chen, Y.D.; Fang, Y.T.; Cheng, Y.L.; Lin, C.F.; Hsu, L.J.; Wang, S.Y.; Anderson, R.; Chang, C.P.; Lin, Y.S. Exophagy of annexin A2
via RAB11, RAB8A and RAB27A in IFN-γ-stimulated lung epithelial cells. Sci. Rep. 2017, 7, 5676. [CrossRef]

45. Marques, A.R.A.; Saftig, P. Lysosomal Storage Disorders—Challenges, Concepts and Avenues for Therapy: Beyond Rare Diseases.
J. Cell Sci. 2019, 132, jcs221739. [CrossRef]

46. Lee, H.H.; Elia, N.; Ghirlando, R.; Lippincott-Schwartz, J.; Hurley, J.H. Midbody targeting of the ESCRT machinery by a
noncanonical coiled coil in CEP55. Science 2008, 322, 576–580. [CrossRef] [PubMed]

47. Borenfreund, E.; Puerner, J.A. Toxicity determined in vitro by morphological alterations and neutral red absorption. Toxicol. Lett.
1985, 24, 119–124. [CrossRef]

48. Kasahara, T.; Tomita, K.; Murano, H.; Harada, T.; Tsubakimoto, K.; Ogihara, T.; Ohnishi, S.; Kakinuma, C. Establishment of
an in vitro high-throughput screening assay for detecting phospholipidosis-inducing potential. Toxicol. Sci. 2006, 90, 133–141.
[CrossRef]

49. Urbanelli, L.; Magini, A.; Ercolani, L.; Sagini, K.; Polchi, A.; Tancini, B.; Brozzi, A.; Armeni, T.; Principato, G.; Emiliani, C.
Oncogenic H-Ras up-regulates acid β-hexosaminidase by a mechanism dependent on the autophagy regulator TFEB. PLoS ONE
2014, 9, e89485. [CrossRef] [PubMed]

50. Matyash, V.; Liebisch, G.; Kurzchalia, T.V.; Shevchenko, A.; Schwudke, D. Lipid extraction by methyl-tert-butyl ether for
high-throughput lipidomics. J. Lipid Res. 2008, 49, 1137–1146. [CrossRef]

51. Tsugawa, H.; Ikeda, K.; Takahashi, M.; Satoh, A.; Mori, Y.; Uchino, H.; Okahashi, N.; Yamada, Y.; Tada, I.; Bonini, P.; et al. A
lipidome atlas in MS-DIAL 4. Nat. Biotechnol. 2020, 38, 1159–1163. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32659447
http://doi.org/10.1016/j.ceb.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25988755
http://doi.org/10.1007/s00018-017-2595-9
http://www.ncbi.nlm.nih.gov/pubmed/28733901
http://doi.org/10.1038/s41598-017-06076-4
http://doi.org/10.1242/jcs.221739
http://doi.org/10.1126/science.1162042
http://www.ncbi.nlm.nih.gov/pubmed/18948538
http://doi.org/10.1016/0378-4274(85)90046-3
http://doi.org/10.1093/toxsci/kfj067
http://doi.org/10.1371/journal.pone.0089485
http://www.ncbi.nlm.nih.gov/pubmed/24586816
http://doi.org/10.1194/jlr.D700041-JLR200
http://doi.org/10.1038/s41587-020-0531-2
http://www.ncbi.nlm.nih.gov/pubmed/32541957

	Introduction 
	Results 
	Cells Overexpressing Fluorescent Proteins Release Fluorescent EVs 
	Amiodarone Affects the Release of Large/Medium and Small EVs in a Dose-Dependent Manner 
	Amiodarone Modifies the Content of Large/Medium EVs 

	Discussion 
	Materials and Methods 
	Constructs 
	Cell Culture and Transfection 
	Extracellular Vesicle Purification 
	Extracellular Vesicle Fluorescence Measurement 
	Extracellular Vesicle Scanning Electron Microscopy 
	Extracellular Vesicle Nanoparticle Tracking Analysis 
	Extracellular Vesicles Proteinase K Protection Assay 

	LDH Assay 
	NRU Assay 
	Phospholipidosis Evaluation Using NBD-PC Uptake 
	Lysosomal -Hexosaminidase A Assay 
	Fluorescence Microscopy 
	Immunoblotting 
	Cells Preparation for Phospholipid Profile 
	Phospholipid Profile by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS) 

	References

