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ABSTRACT: A wide range of cationic amphiphilic drugs
(CADs) from different therapeutic areas are known to
cause phospholipidosis both in vivo and in vitro. Although
the relevance of this storage disorder for human health
remains uncertain, CADs have been repeatedly associated
with clinical side effects, and as a result, phospholipidosis is
of major concern for drug development in the pharmaceu-
tical industry. An important unresolved question in this
field is whether phospholipidosis is really linked to cellular
toxicity. This work was focused on studying cellular responses associated with CAD-induced phospholipidosis in cultured
mammalian kidney cells. Dibucaine (2-butoxy-N-[2-diethylaminoethyl]quinoline-4-carboxamide), an amide-type anesthetic with
poorly defined cytotoxic effects, was used to induce phospholipidosis in Vero cells. The results from several assays that measure cell
viability, proliferation, and morphological changes indicated that dibucaine-induced lysosomal phospholipidosis was accompanied
by cellular defense responses such as transient growth arrest and autophagy, under mild stress conditions. Conversely, when
tolerance limits were exceeded treated Vero cells underwent extensive and irreparable injury, leading ultimately to cell death. Our
data provide additional information that may be of considerable interest for drug safety assessment.

1. INTRODUCTION

Drug-induced phospholipidosis (PLD) is characterized by an
excessive accumulation of phospholipids in lysosomes and by the
appearance of membranous lamellar inclusions known as mye-
loid bodies.1 A wide range of cationic amphiphilic drugs (CADs),
including antidepressants, antiarrythmics, antibiotics, cholester-
ol-lowering agents, and local anesthetics, cause phospholipidosis
in animals and humans.2,3 The mechanisms responsible for PLD
are complex, as shown in recent reviews on this subject1,4-6 and
may involve the formation of indigestible CAD-phospholipid
complexes, direct inhibition of lysosomal phospholipases, and
alterations in the biosynthesis and turnover of phospholipids.
Moreover, it has also been reported that an increase in cellular
cholesterol content is related to phospholipidosis induction.7,8

Although the relevance of this storage disorder for human health
remains uncertain, drugs that produce PLD are repeatedly
associated with clinical side effects, such as liver, kidney, or
respiratory failure.3,5,9 Consequently, phospholipidosis has be-
come nowadays a major concern in the course of drug develop-
ment.10-12 Despite the numerous high-throughput methods that
have been proposed, a combination of in vivo, in silico, and in
vitro cell-based approaches constitutes the most recent proposal
for the prediction or screening of PLD.13,14 However, an impor-
tant limitation of research in this field is the scarcity of studies
that assess the response of the cells to the presence of PLD.4

Some attempts have been made to examine the hepatotoxicity of
PLD-inducing drugs using gene expression arrays on rat liver15

and human HepG2 cells,16-18 since changes in mRNA (mRNA)
expression appears to be one of the earliest events in cellular
stress and/or tissue damage. Conversely, although PLD has been
described in the human kidney,19-23 very few studies have speci-
fically examined whether excessive phospholipid accumulation
might contribute to toxicity in cells of renal origin. This is of
particular importance because nephrotoxicity that manifests
during drug development or clinical practice can lead, in a
significant number of cases, to acute kidney injury.24

The aim of this work was to provide a comprehensive
description of the potential changes in essential cell functions
and structures that could be associated with phospholipidosis.
Since reliable cell-based models may contribute to PLD assess-
ment, a cell line derived from African green monkey kidney
(Vero) previously proved to be suitable for evaluating chemical-
induced cytotoxicity as well as nephrotoxicity25-28 was selected
for the study. However, induction of phospholipidosis was
achieved by treatment with dibucaine (2-butoxy-N-[2-diethyla-
minoethyl]quinoline-4-carboxamide), a potent amide anesthetic
that interacts strongly with polar lipids causing lysosomal PLD.29

Another reason that prompted us to choose this compound
is that, although it has been reported that dibucaine (DBC)
impairs mitochondrial function,9,30-33 alters cell membrane pro-
perties,34,35 and exhibits both apoptotic36,37 and antiapoptotic
activities,38,39 the cytotoxicity of this cationic amphiphilic drug is
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poorly characterized in non-neuronal cell models. This study was
carried out using a number of mechanistically relevant end points
that measure cell proliferation, viability, and morphological
changes according to the guidelines of the Interagency Coordi-
nating Committee on the Validation of Alternative Toxicological
Methods.40 Our results contribute to the understanding of
cellular responses associated with CAD-induced phospholipido-
sis and supply additional information for drug safety assessment
in preclinical trials.

2. EXPERIMENTAL PROCEDURES

2.1. Cell Culture and DBC Treatments. Vero cell line (ATCC
number CCL-81) was routinely grown at 37 �C in a 5% CO2 humidified
atmosphere, using Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 5% fetal calf serum, 100 IU/mL penicillin, 100
mg/mL streptomycin, and 2 mM L-glutamine (Lonza, Switzerland).
Exponentially growing cells were seeded at a density of 105 cells/mL in
different cell culture surfaces (Falcon, BectonDickinson, USA), depend-
ing on the experimental procedure. After an overnight incubation, cells
were exposed to concentrations of dibucaine (DBC) ranging from 1 to
100 μM (0.34-34 mg/mL). At given times during the experimental
period, both treated and untreated cells were gently washed with
phosphate-buffered saline (PBS) and processed according to the
different experimental analyses.

Stock solutions of DBC (CAS number 85-79-0, Sigma, USA) were
made in PBS and maintained in darkness at room temperature. The
exposure solutions were prepared before use in DMEM with 1% serum
and sterilized by filtration through a 0.22 μm Millipore filter.
2.2. Cytotoxicity Assays. Acute cytotoxicity was evaluated by

four quantitative spectrophotometric methods on Vero cells grown in
24-well plates and treated with increasing concentrations of DBC during
24 h.

Cell number was estimated by quantifying total protein content
(TPC) according to the method of Bradford in 1976,41 using Coomassie
Brilliant Blue G-250 reagent and bovine serum albumin as standard.
MTT assay, that involves the reduction of the tetrazolium salt (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) by viable cells
to purple formazan, was performed according to the method of
Mossmann.42 Neutral red uptake (NRU) into lysosomes of viable cells
was evaluated as described by Borenfreund and Puerner.43 The activity
of intracellular LDH (EC1.1.1.27) as a measure of cell membrane integ-
rity was determined with theUVmethod44 by quantifying the decreasing
amounts of NADH (Sigma) in the presence of sodium pyruvate as the
substrate.

The absorbance values for the different cytotoxicity assays were
recorded at appropriate wavelengths (TPC, 595 nm; MTT, 570 nm;
NRU, 542 nm; LDH, 340 nm) using a Spectrafluor microplate reader
(Tecan, Austria).
2.3. Cell Proliferation Assessment. To evaluate the effect of

DBC in Vero cell proliferation and/or detachment, three independent
assays were carried out. The determination of mitotic index was perfor-
med in cells growing on glass coverslips into 6-well culture plates. After
24 h exposure to DBC, cells were fixed with cold methanol and stained
with 5 μg/mL Hoechst 33258 (Riedel de Haen, Germany). Three
thousand cells were counted at each dose point, and the mitotic index
(MI) was calculated as the ratio between the number of cells in mitosis
and the total number of cells.

Likewise, cells were seeded in 25 cm2 culture flasks and exposed to
DBC concentrations during 24 h for flow cytometry analysis of DNA
content. After the treatments, floating and adherent cells were collected
(by trypsinization when needed) and centrifuged at 1500 rpm for
10 min. After a rinse in PBS and subsequent centrifugation, the pellet
was fixed in 1 mL of 70% ice-cold ethanol during at least 18 h. Before

measurement, cells were centrifuged and incubated for 30 min in a
solution containing 50 μg/mL RNase A (Sigma) and 50 μg/mL
propidium iodide (Sigma) in 0.1% sodium citrate buffer (Merck).Measure-
ments were carried out in a Coulter Epics XL-MCL (Beckman Coulter,
USA) cytometer equipped with an argon laser (488 nm) and the appro-
priate photomultiplier to recover 620 nm light. Data were analyzed with
Expo 32 ADC software (Beckman Coulter).

Cell detachment after DBC treatments was determined in 25 cm2

flasks by counting the number of floating and, after trypsinisation,
adherent cells with a B€urker chamber (Marienfeld, Germany). In
parallel, adherent cells were pooled with floating cells and collected by
centrifugation at 1200 rpm for 10 min. Pellets were then fixed in 100 μL
of cold methanol and kept in the dark at -20 �C until used. Nuclear
morphology was analyzed by staining with 1 mg/mL Hoechst 33258
(Riedel de Haen), differentiating between normal and abnormal nuclei,
in at least 2000 nuclei per sample.
2.4. Morphological Evaluation. In a first set of experiments,

Vero cells grown on sterile glass coverslips and treated for 24 h with 5
and 50 μMDBC were observed under conventional phase-contrast and
fluorescence microscopy to assess possible changes in critical subcellular
structures including the cytoskeleton. For the evaluation of lysosomes
and mitochondrial integrity, cells were incubated for 8 min in complete
culture medium with 10 μM acridine orange (BDH, UK) or 17 μM
rhodamine 123 (Sigma), respectively, and then observed under blue
exciting light as a wet preparation.

To analyze the microtubule network, cells were fixed in methanol
at-20 �C for 6 min and permeabilized with 0.5% (v/v) Triton X-100 in
PBS for 5 min at room temperature. After blocking with 5% BSA
(Sigma), cells were incubated with mouse monoclonal antibody (anti-R
tubulin, Sigma) for 1 h at 37 �C, rinsed in PBS for 15 min, and subjected
to fluorescein isothiocyanate (FITC)-labeled antimouse IgG (Sigma)
for an additional 30 min at 37 �C. After nuclear counterstaining with
5 μg/mL Hoechst 33258 (Riedel de Haen) and a final rinse in PBS
for 5 min, cells were mounted in ProLong Gold antifade reagent
(Invitrogen, USA).

For the staining of microfilaments, cells were fixed in Formol-PBS
(1:10) for 10 min and permeabilized with 0.5% (v/v) Triton X-100 in
PBS for 5 min, at room temperature. Afterward, they were incubated
with (TRITC)-labeled phalloidin (Sigma) for 20 min at 37 �C, washed
in PBS, and mounted in ProLong (Invitrogen).

Microscopic observations were performed using an Olympus BX-61
epifluorescence microscope (Tokyo, Japan), equipped with an HBO
100 W mercury lamp and ultraviolet (UV, 365 nm), blue (450-
490 nm), and green (546 nm) excitation filters. The images were
acquired with a CCD camera Olympus DP-70 and processed using
the software Olympus DP controller 1.1.1.65 and Adobe Photoshop 8.0.
(Adobe Systems Inc., USA). All comparative images (treated vs un-
treated samples) were obtained under identical microscope and camera
settings.

To confirm the ability of DBC to induce phospholipidosis and further
investigate the intracellular targets of the compound, an ultrastructural
analysis was conducted as previously described45 using a JEOL JEM
1010 transmission electron microscope, operated at an accelerating
voltage of 80 kV.
2.5. Reversibility of DBC Effects. To test whether the effect of

DBC on the lysosomal compartment was reversible, Vero cells exposed
to the compound during 4 and 24 hwere incubated for an additional 24 h
with fresh culture medium. Subsequently, cell cultures were reassayed
for protein content and uptake of neutral red, as described previously.
2.6. Statistical Analysis. Experiments were performed at least

three times and each concentration group was assayed using triplicated
wells. Concentration-response cytotoxicity curves were generated with
individual data points expressed as a percentage of that found in
untreated cultures and presented as the arithmetic mean ( standard
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deviation using Microsoft Excel 2007. Statistical analysis, including
analysis of variance (ANOVA) with the appropriate post hoc test
(Bonferroni or Games-Howell) and nonlinear regression for the deter-
mination of the EC50 values, were carried out using GraphPad Prism 4.0
for windows (GraphPad Software Inc., USA). The level of statistical
significance was in all cases p e 0.05.

3. RESULTS

3.1. Effects on Cell Viability and Proliferation Induced by
DBC. Dose-response curves, obtained with the four assays
employed to evaluate DBC-induced cytotoxicity in Vero cells,
are depicted in Figure 1. The data reveal that exposure of Vero
cells to DBC for 24 h, resulted in a dose-dependent cytotoxic
effect that was statistically significant at concentrations g5 μM
(TPC, MTT, NRU) or 10 μM (LDH). Membrane-based
methods were the most sensitive, in particular the NRU assay,
with EC50 values more than 2-fold lower than those estimated
when the LDH leakage test was employed, which suggests
specific injury in the endosomal/lysosomal compartment of
Vero cells after DBC exposure.
Cell proliferation was also severely affected by DBC treat-

ments, as indicated by a significant and dose-related decrease in
mitotic indices, from the lowest concentration tested (5 μM),
and the cessation ofmitotic activity whenVero cells were exposed to
the compound at a concentration of 100 μM (Table 1). Flow
cytometric analysis of the cell cycle confirmed the antiproliferative
effect of DBC and revealed a significant reduction in the S and
G2/M fractions at concentrations g10 μM that was accompanied
by an accumulation of cells in G0/G1 phase after treatments with
50 μM DBC (Figure 2).
Likewise, a significant and dose-dependent increase in the

number of floating cells in the medium was observed in cell
cultures incubated for 24 h with 50 and 100 μM DBC. In these
same experimental conditions, fluorescence microscopy revealed
pyknotic nuclei compatible with cell death in treated cultures
(Figure 3).

3. 2. Morphological Changes in Vero Cells Exposed to
DBC. As shown in Figure 4, phase contrast microscopy demon-
strated that DBC produced severe cellular retraction and the
appearance of dense granules in the cytoplasm, even at the lowest
concentration tested (5 μM). No evident changes in the mito-
chondria were observed, except for a slight fragmentation in cells
treated with DBC concentrations g50 μM. The endosomal
compartment exhibited a dose-dependent alkalinization, shown
as a shift in lysosomal fluorescence from red toward yellow or
orange, accompanied by swelling after acridine orange (AO)
staining. The evaluation of cytoskeletal components determined
that the patterns of actin were disturbed, with a loss of stress
fibers at low DBC concentration (5 μM) and the presence
of severed microfilaments at the highest concentration studied
(50 μM). On the contrary, the same DBC exposure conditions
did not affect the appearance of the microtubule network in Vero
cells.
A deeper insight into the subcellular alterations observed in

treated Vero cells was acquired by TEM. Control cells showed a
normal ultrastructure with uncondensed chromatin and well-
preserved organelles (Figure 5A). Following treatments with
50 μM DBC, the most striking ultrastructural modification was
an extensive vacuolization of the cytoplasm, suggesting the
induction of autophagy (Figure 5B). When treated cultures were
observed in detail, all the cells showed myeloid bodies, confirm-
ing phospholipidosis, as well as autophagosomes and autolyso-
somes (Figure 5 C-E). However, we found no occurrence of
ultrastructural changes in cell organelles including mitochondria
(Figure 5F). The features previously described were common to
all the cells, although, occasionally, injury was more severe, and
some cells exhibited a characteristic pattern of death (Figure 5G).
3. 3. Additional Studies on DBC-Induced Lysosomal In-

jury. Since the endosomal compartment was identified as the
major intracellular target of DBC in Vero cells, further analyses
were conducted to assess the extent and/or reversibility of
cytotoxic effects. Despite an apparent recovery in NRU observed
4 h after drug removal, we selected a 24 h recovery time taking
into consideration cell proliferation. Therefore, both total pro-
tein content and the uptake of NRwere reassessed 24 h after drug
removal in cells pretreated with DBC for 4 and 24 h. Taking into
account that the 4 h NRU EC50 value (29.42 μM) was not
significantly different from that previously obtained after a 24 h
exposure (Student's t test, pe 0.05), this short exposure time was
included in the reversibility assays.
As shown in Figure 6, dose-response curves for cell cultures

pretreated with DBC concentrations up to 10 μM during 4 or
24 h were able to restore normal protein content levels during the
recovery period. Conversely, treatments with 50 or 100 μMDBC
for 4 or 24 h did not permit a complete recovery after 24 h and
significant differences with the respective controls were detected.
However, the parallel evaluation of NRU in these same condi-
tions revealed higher amounts of incorporated dye than expected
in view of TPC results, reaching values even higher than those of
control untreated cells with concentrations up to 10 μM DBC.

4. DISCUSSION

Given the complexity of toxicity pathways and the functional
interactions between the main components of animal cells, cyto-
toxicity results may differ depending on the end point utilized.46

Consequently, different assays were performed to comprehen-
sively evaluate the potential relationship between PLD and

Figure 1. Dose-response curves obtained in the four cytotoxicity
assays (9, TPC; 2, MTT; (, NRU; 0, LDH) after the treatment of
Vero cells for 24 h with increasing DBC concentrations. The values
represent the mean ( SD from three independent determinations, and
the symbols indicate statistically different values in treated cells com-
pared to those of control cells. The EC50 values for the different
parameters are shown on top.
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cytotoxicity in mammalian kidney cells, as well as to ensure the
accuracy and reliability of our data. Overall, results from this
study demonstrated that lysosomal phospholipidosis induced by
DBC in Vero cells was associated with considerable cytotoxic
effects including the disruption of actin cytoskeleton, induction
of autophagy, impairment of the proliferative activity, and
triggering of cell death.

Lysosomal alkalinization represented an early alteration in
DBC-treated cells that was hardly surprising, considering the
physicochemical properties of the compound. Dibucaine is a
lipophilic molecule47 belonging to the CADs group that shares a
common structure consisting of a hydrophobic ring system and a
hydrophilic domain, with one or more primary or substituted
nitrogen groups.48 Both cationic and uncharged species of DBC
coexist at physiological pH and interact with bilayer mem-
branes,49 whereas in acidic milieus, the compound is rapidly
taken up and accumulates in its protonated form.50 It is well
known that a rise in lysosomal pH, as detected by AO staining in
Vero cells, may indirectly alter the activity of some enzymes such
as phospholipases or the supply of newly sinthesized enzymes
toward the lysosomal compartment, resulting in phospho-
lipidosis.51 However, there is also evidence that DBC reduces
sphingomyelinase activity in human fibroblasts,52 inhibits
phospholipase A2 (PLA2) in different membrane systems by
interaction with the substrate,53 and may alter phospholipid
metabolism.54 Therefore, the possibility that DBC could operate
by different mechanisms, which are not necessarily mutually
exclusive, cannot be ruled out. However, although drug lysosomo-
tropism may result in intracellular storage of defective material,
causing alterations in cell homeostasis and even cell death,55 it may
also considerably reduce the drug distribution, thus protecting
critical targets against toxic injuries. This could explain the minimal
mitochondrial damage observed in DBC-treated Vero cells, in
contrast with that reported using isolated mitochondria.31

However, fluorescence microscopy analysis demonstrated
that DBC causes a dose-dependent cellular retraction and

disruption of the actin cytoskeleton but did not alter the
microtubule network of Vero cells. It is well established that
tertiary amine local anesthetics activate phospholipase C and
consequently may interfere with membrane-associated cytoske-
letal organization.56 However, our results might also be related to
the ability of DBC to activate calpains,57,58 a family of nonlyso-
somal cysteine proteases implicated, among other processes, in
actin cytoskeleton organization beneath the plasma mem-
brane.59,60 Interestingly, it has been reported that calpains
mediate increases in plasma membrane permeability through
the proteolysis of cystokeletal proteins during acute renal cell
injury.61 In support of this assumption, we observed that the
extent of actin filament disruption was related with progressive
LDH release from Vero cells. It is also worth mentioning that
calpains are required in mammalian cells for the formation and
maturation of autophagosomes during autophagy.62,63 Autop-
hagy is a regulated pathway involving the sequestration of
damaged biomolecules and organelles into double-membrane
autophagosomes that fuse with lysosomes for degradation.64,65

Mammalian cells undergo this catabolic process at a basal level
for the turnover of cytoplasmic components, but autophagy also
constitutes an adaptive mechanism activated in response to
stress, that can promote cell survival or cell death.66,67 Besides,
it should be stressed that recent evidence suggests a potential role
of autophagy in the modulation of cellular lipid metabolism.68 In
line with this hypothesis, it was shown that increased autophagy
is triggered to remove intracellular accumulation of lipids, pro-
duced either experimentally69,70 or as a consequence of lysoso-
mal storage diseases.71,72 Our results are in agreement with this
emerging view and suggest that autophagy was induced in Vero
cells, in an attempt to reduce phospholipidosis caused by DBC.
In fact, following a recovery period of 24 h, cells exposed for 4 or

Table 1. Mitotic Index Scoring after 24 h of Treatment of Vero Cells with Increasing Concentrations of DBCa

mitotic index (% C)

DBC (μM) 0 5 10 50 100
M ( SD 100.00 ( 13.35 78.03 ( 3.67* 57.55 ( 9.26* 43.12 ( 1.65* 0.00 ( 0.00*

aAsterisks indicate statistically significant differences between treated and control cells.

Figure 2. Cell cycle profiles of Vero cells exposed for 24 h to increasing
concentrations of DBC. The values represent the mean ( SD of three
independent experiments. Asterisks indicate statistically different values
in treated cells compared to those in control cells.

Figure 3. Percentage of floating cells and cells with pyknotic nuclei after
exposure to different concentrations of DBC during 24 h. The values
represent the mean ( SD from three independent experiments, and
asterisks indicate statistically different values in treated cells compared to
those in control cells. The image at the top left of the figure is a
representative Hoechst fluorescence micrograph showing pyknotic and
normal nuclei of Vero cells treated with 50 μM DBC. Bar = 5 μm.
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24 h to drug concentrations e50 μM regained the ability to
incorporate neutral red, even in higher amounts than those in
respective control cells.

Another notable finding in our study was the dose-dependent
antiproliferative activity exerted by DBC on Vero cells. To our
knowledge, this is the first report showing that this local
anesthetic causes cell cycle arrest in mammalian cells. Although
not yet clearly defined, several studies have revealed a connection
between autophagy and cell cycle regulation.73,74 Furthermore
and most remarkably, it has been suggested that cell proliferation
may be secondarily inhibited as a result of the accumulation of
intracellular phospholipids.18 Consistent with this possibility, the
recovery experiments indicated that Vero cells treated with DBC
at low to intermediate doses (up to 10 μM) resumed prolifera-
tion, while cells exposed to higher concentrations were not able

to restore normal proliferative levels during the observed period.
In addition, it should be mentioned that a significant proportion
of floating cells showing highly pyknotic nuclei was observed in
the culture medium, after exposure to high concentrations of the
compound. This nuclear staining pattern is indicative of cellular
demise, but the determination of the death pathway triggered by
DBC onVero cells was beyond the scope of the current study and
deserves additional investigation.

We then conclude that lysosomal PLD in mammalian kidney
cells might be considered an adaptive cellular response that is
closely associated with transient growth arrest and autophagy.
However, above a certain threshold cell cultures failed to recover
following treatments and reached the point of no return that
ultimately results in cell death. Consequently, further studies are
underway to gain a complete understanding of the significance of

Figure 4. Microscopical analysis of Vero cells treated with different DBC concentrations for 24 h. Representative photomicrographs of the
morphological appearance, mitochondrial reticulum, endosomal compartment, actin cytoskeleton, and microtubule network are shown from left to
right. Bar = 10 μm.

Figure 5. Representative images of Vero cells obtained by transmission electronmicroscopy. Perinuclear cytoplasm of an untreated control cell showing
normal ultrastructure (A). Intense cytoplasmatic vacuolization after a 24 h exposure to 50 μMDBC (B). Closer examination of a lamellar body (C) and
an autophagosome (D) in cells treated for 4 h. Autolysosome containing amorphous and multillamellar structures (E) and preserved mitochondria
(F) following a 24 h incubation period with the drug. Vero cell treated for 24 h with DBC, showing extensive autophagy and irreparable injury (G).
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chemical-induced phospholipidosis side effects in mammalian
cultured cells. Finally, it is important to point out that dibucaine
was earlier restricted to spinal anesthesia, due to its serious
systemic effects on both the central nervous and cardiovascular
system.75 At present, even though it may cause allergic der-
matitis,76,77 DBC is just utilized for topical anesthesia as over-the-
counter creams to relieve pain and itching caused by minor burns,
insect bites, and hemorrhoids. Therefore, the failure of some organ
function as a side effect of DBC use seems very unlikely.
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