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Gentamicin, an aminoglycoside antibiotic used to treat severe bacterial infections, may cause acute renal
failure. At therapeutic concentrations, gentamicin accumulates in lysosomes and induces apoptosis in kidney
proximal tubular cells. In gentamicin-treated renal LLC-PK1 cells, acridine orange release from lysosomes,
previously interpreted as lysosomal membrane permeabilization, precedes the apoptotic cascade that
develops during incubation with gentamicin. However, the link between gentamicin lysosomal accumulation
and apoptosis remains unclear. We here examined if reactive oxygen species (ROS) production could account
for gentamicin-induced acridine orange release and apoptosis, and the implication of iron in these events. We
found that gentamicin induced ROS production prior to, and at lower drug concentrations than required for,
acridine orange release and apoptosis. ROS antioxidant or scavenger, catalase, and N-acetylcysteine largely
prevented these events. Vital confocal imaging revealed that gentamicin-induced ROS production occurs in
lysosomes. Deferoxamine, an iron chelator, which is endocytosed and accumulates in lysosomes, largely
prevented gentamicin-induced ROS production as well as apoptosis. Direct evidence for gentamicin-induced
permeabilization of lysosomal membrane was provided by showing the release into the cytosol of Lucifer
yellow, a membrane-impermeant endocytic tracer with a comparable molecular weight as gentamicin.
Altogether, our data demonstrate a key role of lysosomal iron and early ROS production in gentamicin-
induced lysosomal membrane permeabilization and apoptosis.

© 2011 Elsevier Inc. All rights reserved.

Aminoglycosides including gentamicin have been successfully
used for decades in the treatment of Gram-negative bacterial
infections [1,2] and currently regain popularity because of widespread
resistance to other antibiotic classes [3,4]. Unless careful serum
monitoring and optimized administration, aminoglycosides can,
however, induce acute nephrotoxicity in 5-25% of treated patients,
and even more in populations at risk [2]. Nephrotoxicity induced by
gentamicin is due to uptake of the ultrafiltrated polycationic drug by
proximal tubular cells, via adsorptive/ receptor-mediated endocytosis
upon binding to acidic phospholipids and megalin at the brush border
[5,6]. As a result, gentamicin accumulates to large extent in lysosomes
[7], although cell culture studies suggest a way to the cytosol by
retrograde transport via the Golgi complex and the endoplasmic
reticulum [8]. Accumulation of gentamicin in proximal tubular cells
rapidly leads to lysosomal phospholipidosis, due to inhibition of acid
phospholipases, followed by mixed apoptosis/necrosis together with
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signs of tubular regeneration/peritubular inflammation and fibrosis
that ultimately lead to renal dysfunction (see review in [9]).
Apoptosis induced by aminoglycosides can be reproduced in vitro
using cells of both renal (LLC-PK1 and MDCK) and non-renal
(fibroblasts) origin and correlates with the level of drug accumulation
[10]. One mechanism proposed to link aminoglycoside lysosomal
accumulation with apoptosis is permeabilization of the lysosomal
membrane based on change in the fluorescence emission of acridine
orange. In LLC-PK1 cells [11], this shift is already detectable after 2 h of
drug exposure, increases over time and precedes appearance of other
changes directly related to apoptosis triggering and execution,
including loss of mitochondrial potential, release of cytochrome c
and activation of caspase-9 [11]. That permeabilization of lysosomes
causing release of gentamicin into the cytosol may trigger apoptosis is
supported by direct cytosolic introduction of the antibiotic via
electroporation [12]. Cytosolic gentamicin could either act directly
on mitochondria by causing the release of intermembrane proteins, as
shown for a variety of polycations including aminoglycosides [13], or
indirectly through impairment of Bax proteosomal degradation [12]
upon drug binding to the 3-9 proteasome subunit [14]. Alternatively,
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apoptosis could also be triggered by lysosomal release of cysteine- and
aspartyl-cathepsins, known to directly activate cell death signaling
pathways [15,16].

Lysosomal membrane permeabilization by gentamicin remains,
however, hypothetical and its mechanism is obscure. A simple
explanation invokes membrane destabilization upon drug binding to
the inner luminal leaflet phospholipids [17], which would be favored by
the acidic pH [11]. However, several observations point to a role of
reactive oxygen species (ROS) in this process. Indeed, lysosomes
generally contain a high iron pool [18,19] which, combined with a
reducing potential and acidic pH [20], should favor ROS production. This
reaction could be enhanced by gentamicin when forming a ternary
complex with iron and membrane phosphoinositides [21].

In the present study, we have first examined the induction by
gentamicin of ROS production in the kidney proximal tubular cells-
derived cell line, LLC-PK1. We next assessed their role, as well as that of
iron, in triggering lysosomal membrane destabilization and cell apoptosis
by using antioxidants and deferoxamine. Given the importance of
lysosomal permeabilization to the proposed model as well as the concerns
raised by change in the fluorescence emission of acridine orange release
for studying lysosomal membrane permeabilization, we also documented
this critical event by following the release of the membrane bilayer-
impermeant lysosomal vital tracer, Lucifer yellow. Of interest, the
molecular weight of Lucifer yellow is comparable to that of gentamin.
Our results demonstrate a role for ROS in a cascade linking gentamicin
lysosomal accumulation and membrane permeabilization with apoptosis.

Materials and methods
Materials

Dulbecco's Modified Eagle's Medium (DMEM) and trypsin-EDTA were
purchased from Life Technologies, Paisley, UK. Gentamicin sulfate
(GEOMYCINE®) was from GlaxoSmithKline, Belgium. 4’,6’'-diamidine-2'-
phenylindole (DAPI) was from Roche (Basel, Switzerland). Acridine
orange, bafilomycin A1, catalase, deferoxamine (DFO), 1,4-diazabicyclo
[2.2.2]octane (DABCO), Lucifer yellow, monensin, N-acetylcysteine and
probenecid were from Sigma-Aldrich (St-Louis, MO, USA). 2’,7’-dichlor-
odihydrofluorescein diacetate (H,DCFDA), MitoTracker Deep Red and
LysoTracker Red were from Invitrogen (Paisley, UK). Unless stated
otherwise, all other reagents were of analytic grade and purchased from
Merck (Darmstadt, Germany).

Cells and gentamicin incubation

All experiments were performed with LLC-PK1 cells (Lilly
Laboratories, Culture-Pig Kidney Type 1) from ATCC (CL-101). This
cell line was isolated from, and displays some attributes of kidney
proximal tubular cells [22]. Cells were cultivated in DMEM supple-
mented with 10% foetal calf serum (FCS) in 95% air - 5% CO,. They
were subcultured twice a week and used at~80% confluence. All
gentamicin solutions were adjusted to pH 7.4 prior addition to the
culture medium. Electroporation was performed with cells detached
by trypsinization as previously described [12].

Oxidative stress assay

ROS were detected by means of the oxidation-sensitive fluorescent
probe, 2'7'-dichlorodihydrofluorescein (H,DCF). The membrane-
permeant fluorigenic precursor (2',7'-dichlorodihydrofluorescein dia-
cetate (H,DCFDA) is deacetylated by cytosolic esterases to H,DCF,
which is further oxidized into the fluorescent compound, 2’,7’-
dichlorofluorescein (DCF) when and where cellular peroxides are
produced [23]. In our fluorimetric experiments, cells were cultured in
96-wells microplates, rinsed, and preincubated at 37 °C for 30 min
with 10 uM H,DCFDA in Krebs-Ringer-HEPES buffer (KRH) to avoid

extracellular hydrolysis of the probe. They were then incubated with
the indicated compounds in Hanks'Balanced Salt Solution (HBSS), and
examined at 1-h intervals with a Fluorocount Microplate Fluorometer
(Packard Instrument Company, Downers Grove, IL, USA) with
excitation wavelength at 485 nm and emission recorded at 530 nm.

Acridine orange release

Acridine orange is a fluorescent membrane-permeant weak base,
which reversibly accumulates into acidified membrane-bound com-
partments [24]. The fluorescence emission of acridine orange is
concentration-dependent, from red at high concentrations (e.g. in
lysosomes) to green at low concentrations (e.g. in the cytosol) [24,25],
with yellow as intermediate (e.g. upon trapping in nucleoli).
However, fluorescence of acridine orange is also dependent of
changes of pH, as reported in literature [26]. Shift in red-to-green
emission ratio in comparison to controls may thus either monitor
lysosomal leakage or change in lysosomal pH.

In our fluorimetric studies, cells cultured in 24-wells culture plates
were first loaded with acridine orange (5 pg/mL) in DMEM with FCS at
37 °C for 15 min, rinsed, then incubated in HBSS with or without
gentamicin for the indicated times. Whole cell sheets were examined
at 1-h intervals with the Fluorocount Microplate Fluorometer with
excitation wavelength at 485 nm and emission recorded at 530 nm
and 620 nm.

Counting of apoptotic cells

Apoptotic nuclear fragmentation, revealed by DNA staining with
4’ 6’-diamidine-2’-phenylindole (DAPI) [11], was identified during
random counting of 500 cells per condition. Clusters of apoptotic
bodies were given as a single count. Data were expressed as the
percentage of apoptotic nuclei relative to total number of nuclei
counted.

Vital imaging of lysosomal alterations

Cells were cultured in Lab-Tek II chambers. For acridine orange
labeling, cells were pre-incubated with 5 pg/mL acridine orange for
15 min, rinsed and replaced in culture medium supplemented with 10%
feetal calf serum containing 3 mM gentamicin, 100 nM bafilomycin or
50 M monensin, for 2 or 6 hours as mentioned. Cells were briefly washed
and immediately observed with a LSM 510 META confocal microscope
(Zeiss, Jena, Germany) using a Plan-Apochromat 63X/1.4 oil DIC objective,
with imaging in the green and red channels simultaneously.

For Lucifer yellow labeling, cells were pre-incubated with 2 mg/mL
Lucifer yellow overnight (pulse), then chased for 6 hours in medium
alone or supplemented by 3 mM gentamicin, 100 nM bafilomycin or
50 uM monensin. One hour before the end of this incubation,
cells were rinsed with serum-free DMEM, incubated with 250 nM
MitoTracker Deep Red in serum-free DMEM for 30 minutes, rinsed
and reincubated in complete growth medium for 30 minutes, both
steps maintaining same gentamicin, bafilomycin or monensin
concentrations.

In a second part of experiments, pulse and chase were both made
in absence or presence of 2.5 mM probenecid, to sensitize detection of
Lucifer yellow release by preventing endosomal/lysosomal recapture
and/or efflux from cytosol [27]. At the end of the chase, cells were
briefly washed and immediately observed by vital imaging.

Vital imaging of oxidative stress

Cells cultured in Lab-Tek Il chambers were preincubated or not for
3 hours with deferoxamine, then incubated with or without 200 pM H,0,
or 2mM gentamicin for the indicated times, maintaining the same
concentrations of deferoxamine. One hour before the end of this
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incubation, cells were rinsed with serum-free DMEM, incubated with blue channels at low laser power and with a single scan under identical
250 nM MitoTracker Deep Red in serum-free DMEM for 30 minutes, conditions for all samples.

rinsed and reincubated with 3 M H,DCFDA and 50 nM LysoTracker Red

in KRH for 30 minutes. H,0,, gentamicin and deferoxamine were Determination of gentamicin cell content

maintained up to imaging with the confocal microscope using a Plan-

Apochromat 63X/1.4 oil DIC objective. Because H,DCFDA is susceptible to The cellular gentamicin content was assessed by a disc-plate
photo-oxidation, images were sequentially collected in the green, red and microbiological technique using Bacillus subtilis (ATCC 6633) as test
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Fig. 1. Effect of gentamicin on ROS production, acridine orange emission fluorescence shift, and apoptosis in LLC-PK1 cells. Left, effect of incubation time with 2 mM gentamicin
(closed symbols) as compared with untreated controls (open symbols). Right, effect of gentamicin concentration after 6 h (ROS production and acridine orange emission
fluorescence shift) and after 48 h (apoptosis). Top panels. ROS production was monitored by 2’,7'-dichlorofluoresceine production (DCF). Central panels. Effects on lysosomes were
evaluated by the shift of acridine orange emission ratio, as percentage of value at time 0. Bottom panels. Apoptosis was measured as the percent of cells with fragmented nuclei. Data
are means + SD (n =6 from 2 separate experiments for ROS; n=9 from 3 separate experiments for lysosomal permeabilization; n = 3 for apoptosis; where not visible, error bars are
included in the symbols).
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organism [28]. Cell protein was measured by the Folin-Ciocalteu
method and gentamicin cell content expressed as pg antibiotic / mg
cell protein. A posteriory mixing of naive cells with defined amounts
of fresh gentamicin yielded about 90% of the expected values.

Statistical analysis

All statistical analyses were perfomed with GraphPad Prism
version 4.02 and GraphPad InStat version 3.06 (GraphPad Prism
Software, San Diego, CA, USA). The comparison of 3 or more groups of
data was performed using one-way ANOVA with Tukey's multiple
comparison post-tests. The significance of the differences between
two sets of data was tested using two-way ANOVA followed by
Bonferroni's post-test. Paired data were compared using repeated-
measures ANOVA.

Results

Gentamicin sequentially triggers ROS production, shift of acridine orange
emission fluorescence and apoptosis

In a first series of experiments, we examined the time- and
concentration-dependence of gentamicin-induced (i) ROS production,
(ii) acridine orange emission fluorescence shift, and (iii) apoptosis. To
these aims, cells were incubated with 2 mM gentamicin for increasing
periods of time, or with 0-3 mM gentamicin for a fixed interval, then
tested for (i) increase in fluorescence due to oxidative conversion of
H,DCF into 2,7-dichlorofluorescein (DCF); (ii) change in the ratio of the
530 to 620 nm fluorescence signals of acridine orange indicating
lysosomal leakage or change in lysosomal pH; and (iii) increase in the
proportion of DAPI-labeled fragmented nuclei indicating apoptosis. As
shown in Fig. 1 (left panels), 2 mM gentamicin rapidly increased ROS
production (half-maximal response within 1 h) to level off at 4 h (top; no
further increase in fluorescence up to 8 h). Cells incubated with 200 uM
H,0, for 6 h, used as positive control, showed a comparable but slightly
higher ROS production as upon parallel incubation with 2 mM gentamicin
for the same interval (data not shown). After a lag period of ~2 h, acridine
orange fluorescence emission started shifting to greener values; the
green/red ratio then increased almost linearly with time (central panel;
incubation for up to 24 h showed a continuous increase of the difference
between gentamicin-treated and control cells (from 1224-2% at 6 h to
262 +4% at 24h [n=3]). Appearance of apoptotic cells was further
delayed, being significant after only 24 h, then increased continuously
from 24 to 72 h (bottom). These three events occurred thus sequentially.
The right panels of Fig. 1 show that ROS production measured at 6 h (top)
was maximal for the lowest gentamicin concentration tested (1 mM). In
contrast, 530/620 nm acridine orange fluorescence ratio, also measured at
6 h (central) was roughly proportional to concentration, as was apoptosis
measured at 48 h (bottom). These data thus showed that gentamicin-
induced ROS production occurred both prior to, and at lower drug
concentrations than the 530/620 nm ratio shift of acridine orange
emission fluorescence, used as a marker of lysosomal alteration, itself
followed by nuclear fragmentation reflecting apoptosis.

Gentamicin induces the release of Lucifer yellow

Although acridine orange is widely used as a marker of lysosomal
“permeabilization”, recognized by a decrease in red acridine orange
fluorescence while maintaining high green fluorescence [29], the
reversion of acidotropic sequestration due to change of pH across a still
unpermeable membrane remains an alternative explanation. This
possibility was tested by vital imaging using two well-established
procedures to collapse lysosomal acidic pH : bafilomycin A1 and
monensin. Furthermore, to avoid confusion between a change in
lysosomal pH and true leakage, we followed lysosomal membrane
permeabilization by vital imaging after loading cells with the pH-

insensitive membrane bilayer-impermeant lysosomal vital tracer, Lucifer
yellow (LY). The sensitivity of this approach was greatly increased by
inhibiting the organic anion transporter with probenecid, as originally
reported by Steinberg and his colleagues [30].

When lysosomes had been loaded by acridine orange, collapsing
lysosomal pH by bafilomycin A1 (100 nM for 2 h), an inhibitor of the
vacuolar proton-pump [31], or monensin (50 uM for 2 h), an electro-
neutral ionophore [32], caused the virtual disappearance of dotty red
signal, with full relocation of acridine orange as green signal into the
cytosol, nucleosol and especially nucleoli (compare at Fig. 2, panels ¢, d vs
a) whereas Lucifer yellow remained fully trapped in lysosomes (Fig. 2,
panels g, h) demonstrating their integrity.

Thus, shift of red to green does not necessarily reflect lysosomal
rupture and should be used with caution. Upon gentamicin treatment,
lysosomes remained labelled by acridine orange, but partial relocation to
nucleoli was obvious, revealing release from preloaded lysosomes and
preferential trapping in nucleoli as a sensitive read-out (compare Fig. 2b vs
Fig. 2a).

This result is consistent with either partial membrane leakage, a
discrete change in lysosomal pH, or even conceivably trapping into a
modified lysosomal matrix. To circumvent these undertainties, we turned
our attention to Lucifer yellow, a bona fide membrane-impermeant
lysosomal tracer.

Upon gentamicin treatment, we noticed that lysosomes loaded with
Lucifer yellow were more clustered (Fig. 2, panel f vs e). When carefully
examined, clusters frequently showed fuzzy boundaries, first suggesting
acute Lucifer yellow release, with rapid dilution in the cytosol (Fig. 2, panel
f, arrows). The X-Z series shown in Supplementary Fig. 1 suggested that
the fuzzy boundaries were not artefacts due to fluorescence generated by
voxels above or below the center of the focal plane.

To sensitize detection of Lucifer yellow release, we used probenecid, a
well-established inhibitor of general organic anion transporters, which
will prevent Lucifer yellow transfer across membranes [27,30]. As a
control, we used Mitotracker to test if mitochondria could be affected in
cells where ROS was induced (see Fig. 1a). We found no change in
distribution and abundance of labeled mitochondria, in contrast to
lysosomes (compare at Fig. 2, panels j vs i).

Under these conditions, cytosolic labeling by Lucifer yellow upon
gentamicin treatment became prominent in a large fraction of cells
(Fig. 2, panel j), whereas it was never observed upon lysosomal pH
neutralization (Fig. 2 panels k,l). This set of data provides the first
visual evidence that gentamicin is able to permeabilize membranes in
living cells as to release small molecular weight tracers of the size of
gentamicin. The reversibility of the effect of probenecid is shown in
Supplementary Fig. 2.

ROS induced by gentamicin are localized in lysosomes

To test whether gentamicin-induced oxidative stress was specif-
ically localized into lysosomes, ROS production was analyzed by vital
confocal imaging based on H,DCF conversion after lysosomal labeling
with LysoTracker [in red] and mitochondria labeling with MitoTracker
[in blue]. H,O, was used as a control for mitochondrial ROS
production. As shown in Fig. 3, lysosomes and mitochondria were
clearly resolved from one another and no detection of DCF could be
detected in control cells (no gentamicin added; upper row). When
H,0, was added (29 row), a marked green staining appeared, which
largely co-localized with mitochondria but not with lysosomes (see
inset in merge). When cells had been incubated with gentamicin
(lower three rows), green staining appeared instead in lysosomes, at
the exclusion of mitochondria (see inset in merges). In situ imaging of
ROS production in lysosomes was already obvious within 1h of
exposure to gentamicin, matching fluorimetric results of Fig. 1,
increased after 6 h but decreased after prolonged incubation with
gentamicin (18 h). At this late interval, while ROS and MitoTracker
were never found to colocalize upon gentamicin treatment,
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MitoTracker signal had completely vanished (lowest row), pointing to
membrane potential perturbation and providing indirect evidence for
a secondary role of mitochondria in apoptosis induced by gentamicin,
as previously reported [11]. These morphological analyses indicated a
sequence of organelle-specific perturbations: lysosomal ROS produc-
tion, followed by a much delayed mitochondrial loss-of-function.

Antioxidant treatments largely prevent gentamicin-induced ROS
production and partially protect against apoptosis

To test for a causal role of ROS in lysosomal membrane permeabiliza-
tion, we next examined if pretreating cells with catalase or N-
acetylcysteine as ROS scavengers in lysosomes could prevent gentami-
cin-induced ROS production, thereby conferring protection against
lysosomal permeabilization and apoptosis. This set of experiments was
conducted with 2 mM gentamicin, 1,000 U/mL catalase and 1 mM N-
acetylcysteine and the exposure time was selected for optimal measure-

Acridine orange

Bafilomycin A1 Gentamicin Control

Monensin

Lucifer yellow

ment of corresponding signals for ROS and lysosomal permeabilization
(6 h) or apoptosis (48 h). As shown by Fig. 4 (upper panel), gentamicin-
induced ROS production was largely prevented by catalase, and essentially
abrogated with N-acetylcysteine. These anti-oxidant treatments also
partially protected against apoptosis (lower panel). This protective effect
of antioxidant molecules was also demonstrated by vital imaging
(Supplementary Fig. 3). Protection by antioxidants did not result from a
decreased cellular accumulation of gentamicin : after 48 h with 2 mM
gentamicin, the cellular concentration was 22.343 g / mg protein
without antioxidant, 20.6 -4 pig / mg protein with N-acetylcysteine and
24.3 4 3 g / mg protein with catalase.

Deferoxamine partially impairs gentamicin-induced ROS production and
partially protects against apoptosis

Because iron chelators have been long suggested to protect against
gentamicin-induced nephrotoxicity [33], we further tested deferoxamine,

Lucifer yellow
+ probenecid
+ mitoTracker
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well-known to accumulate in lysosomes [34]. As shown in Fig. 5
left, treatment with 10 UM deferoxamine significantly decreased the
production of ROS at all time points examined. Upon vital confocal
imaging (Fig. 6), deferoxamine prevented gentamicin-induced ROS
staining (below detection level), indicating that the iron chelator was
acting on the gentamicin-induced lysosomal production of ROS. Deferox-
amine also partially prevented apoptosis induced by gentamicin (Fig. 5;
right). Increasing the concentration of deferoxamine to 25 UM caused cell
toxicity (data not shown).

As for the antioxidants, deferoxamine did not decrease the cellular
accumulation of gentamicin under the conditions used (22.3 43 pg / mg
protein after 48 h with 2 mM gentamicin alone vs. 25.9+0.5 g / mg
protein in the presence of deferoxamine).

Deferoxamine and N-acetylcysteine do not protect against gentamicin-
induced apoptosis when the drug is directly introduced in the cytosol by
electroporation

To test whether the (partial) protection conferred by antioxidants was
dependent from the lysosomal localization of gentamicin, the antibiotic
was directly introduced in the cytosol by electroporation, thus by-passing
the lysosomal compartment [12]. We previously reported that gentamicin
triggers apoptosis at much lower concentrations when used in cells
subjected to electroporation rather than when added to the
culture medium. Therefore, cells were preincubated with deferoxamine
or N-acetylcysteine, then electroporated with gentamicin and returned
for 24 hours to gentamicin-free medium containing deferoxamine or N-
acetylcysteine (Fig. 7). As predicted, whereas electroporation was
innocuous (< 3% apoptotic nuclei) in the absence of gentamicin,
electroporated cells were much more susceptible to gentamicin : 30% of
apoptotic nuclei when the cells were electroporated at 0.1 mM vs 15%
under endocytic uptake at 3 mM. Yet, deferoxamine or N-acetylcysteine
were unable to confer any protection in electroporated cells, consistent
with a role in lysosomes.

Discussion

Nephrotoxic drugs including aminoglycosides remain a major
cause of acute renal failure in critically ill patients [35,36]. A large
body of in vitro and in vivo evidence indicates that oxygen reactive
species are important mediators of gentamicin nephrotoxicity [33,37].
Iron-gentamicin complex can increase reactive oxygen species [38,39]
and a beneficial effect of ROS scavengers to protect against tubular
necrosis induced by gentamicin in animals has been demonstrated
[40]. The present study was carried out with LLC-PK1 cells, a model
widely used for the study of various aspects of gentamicin-induced
nephrotoxicity [41,42] and apoptosis [10,43] and extends over these
observations demonstrating the role of ROS in the early signs of
gentamicin cellular toxicity including lysosomal permeabilization,
mitochondrial loss-of-function and apoptosis [44], and underlying the
physiopathological role of lysosomes in this cascade.

The “lysosomal pathway of apoptosis” [15] proposes that cells can
undergo apoptosis upon moderate lysosomal damage but will suffer
necrosis if the damage is extensive [45,46]. The release of lysosomal
constituents such as cathepsins could be sufficient to trigger
apoptosis, since these enzymes can (i) cleave Bid, an antiapoptotic
protein of the Bcl-2 family [47], (ii) directly activate pro-caspase-3
and —7 [48,49], and generate a cytochrome c-releasing factor from
the cleavage of pro-caspase 2 [50]. The hypothesis that apoptosis can
result from oxidative stress associated with lysosomal membrane
permeabilization has been investigated since two decades, and led to
emphasis on iron as a cause of generation of deleterious ROS (see [45]
for review).

The data of the present report show that gentamicin induces ROS
production very early on after cell exposure to the antibiotic, specifically
in lysosomes (colocalization with Lysotracker), and can be partly
prevented by experimental antioxidants or by the iron chelator used in
clinical settings, deferoxamine. That lysosomal iron is a critical actor in
gentamicin-induced early ROS production is supported by the following
observations: (i) gentamicin starts accumulating in lysosomes [51]; (ii)
lysosomes are organelles extremely active in redox reaction and
containing significant amounts of transition metals, like iron [18]; and
(iii) deferoxamine enters lysosomes by endocytosis [52] and can
mobilize iron stores [34].

The use of H,DCF to monitor ROS production fluorimetrically and
morphologically does not provide direct information as to which type of
ROS is being produced in lysosomes when cells are exposed to gentamicin.
In the presence of iron and at acidic pH, H,0, may form other reactive
species such as HO- and HO™ through the Fenton reaction [19]. Even more,
oxidation of H,DCF can be triggered without generation of ROS
intermediates as described for hemoproteins like cytochrome c [53],
nitric oxide [54], or pyocyanine [55]. H,O, can be tentatively identified as
one of the involved species because of protection by catalase against
gentamicin-induced H,DCF oxidation. Production of ROS in lysosomes
upon gentamicin accumulation is critical, since addition of antioxidants or
deferoxamine cannot protect against apoptosis when gentamicin is
delivered directly in the cytosol by electroporation, thus by-passing
lysosomes. Our observations thus lead to opposite conclusions than what
has been derived from the effect of the acidotropic-sequestered detergent,
MSDH on lysosomal and mitochondrial membranes permeabilization in
which relocation to the cytosol of redox-active iron and cyto-
chrome ¢ has been considered responsible for H,DCF oxidation
[56]. The difference could possibly stem from the experimental systems
with MSDH which has been reported to cause a massive disruption of
lysosomes [11], whereas gentamicin led to a more subtle and slower
lysosomal membrane permeabilization. In none of our conditions could
detectable ROS production occur without being followed by significant
increase in acridine orange release after>2 h nor of apoptosis after>1 day.
However, this robust link in LLC-PK1 cells remains to be documented in
vivo.

In vitro studies [21] show that ROS can be formed by aminoglyco-
side antibiotics in the presence of iron and polyunsaturated lipids, as
electron donors. Phosphoinositides- or arachidonic-iron-gentamicin

Fig. 2. Subcellular localization of acridine orange and Lucifer yellow upon gentamicin versus bafilomycin A1 and monensin treatments. Acridine orange (a-d). Cells were
preincubated with 5 pg/ml acridine orange for 15 min, then rinsed and replaced by culture medium supplemented with 10% foetal calf serum (control; a), or further treated with
3 mM gentamicin for 6 h (b), 100 nM bafilomycin A1 for 2 h to inhibit the vacuolar ATPase (c), or 50 uM monensin for 2 h to collapse proton gradients (d). Cells were briefly washed
and immediately examined by vital imaging in the green and red channels simultaneously. Comparison of (a) with (b) suggests that gentamicin causes clustering of lysosomes
(arrow). As to acridine orange redistribution, notice the modest green labeling of nucleoli upon gentamicin alone (arrowheads at b), contrasting with the strong green labeling in the
entire cytosol and especially nucleosol in all cells upon lysosomal pH neutralization, with yellow signal indicating the higher nucleolar acridine orange concentration (c,d). Lucifer
yellow (e-h). Cells were labelled with 2 mg/ml Lucifer yellow overnight (pulse), then chased for 6 hours in medium alone (e) or supplemented by 3 mM gentamicin (f), 100 nM
bafilomycin A1 (g) or 50 pM monensin (h). Careful examination reveals at (f) a diffuse labeling (arrowheads) at the immediate vicinity of clustered lysosomes (arrows), but not upon
lysosomal pH neutralization (g;h), suggesting lysosomal leakage of Lucifer yellow under gentamicin (for higher magnification and serial optical sectioning, see Suppl. Fig. 1).
Sensitization of Lucifer yellow detection in the cytosol/nucleosol upon inhibition of organic anion transporters by probenecid (i-1). Cells were labeled with Lucifer yellow as above,
except that pulse and chase were performed in the presence of 2.5 mM probenecid to sensitize detection of Lucifer yellow cytosolic release by preventing endosoma/ lysosomal
recapture and/or cell expulsion by organic anion transporters. One hour before the end of chase, cells were further incubated for 30 min with MitoTracker red to simultaneously
visualize mitochondria. After a final rinse, cells were immediately observed by confocal microscopy vital imaging, with sequential recording in the green (Lucifer yellow) and red
(MitoTracker) channels. Notice the strong labeling of cytosol and especially nucleosol by Lucifer yellow in a large fraction of gentamicin-treated cells (j), but not upon lysosomal pH
neutralizing agents (k;l). All scale bars, 20 pm.
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ternary complexes [57] bring into a close proximity the redox center reactive hydroxyl radicals through the Fenton reaction [19], and low-
(Fey/Fey;) and the electron donor [38]. This process is favored by molecular-weight iron, three conditions that are met in lysosomes
acidic pH, the presence of reducing equivalents for generation of [18,58,59]. Iron may, however, not be the only factor favouring the

H,DCFDA LysoTracker MitoTracker merge

control

H20,
200uM, 3h

gentamicin

Fig. 3. Intracellular localization of ROS upon gentamicin and H,0, treatments. Cells were kept untreated (control), or treated with either 200 pM H,0, for 3 h or 2 mM gentamicin for
the indicated times. One hour before the end of this incubation, cells were washed and sequentially incubated with MitoTracker for 30 min (to evidence mitochondria), then with a
combination of LysoTracker (to detect lysosomes) and H,DCFDA (to detect ROS production) for another 30 min, while maintaining the same concentrations of H,0, or gentamicin.
After washing, cells were immediately observed by confocal microscopy with sequential recording in the green (oxidized product of H,DCF), red (LysoTracker) and blue
(MitoTracker) channels. Merged images are shown at right. Background was set to the level of untreated cells. Upon H,0, treatment, notice the complete dissociation of ROS from
lysosomes, but its large codistribution with mitochondria. Upon gentamicin treatment, notice instead that ROS (green) fully overlap with LysoTracker (red) at 6 h, as obvious in the
merge inset at the 4th row. All scale bars, 5 pm.
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Fig. 4. Prevention by catalase and N-acetylcysteine of gentamicin-induced ROS
production and apoptosis. Cells were preincubated for 3 h with 1,000 U/mL catalase
or 1 mM N-acetylcysteine, then incubated with 2 mM gentamicin in the continued
presence of catalase or N-acetylcysteine for 6 h (ROS) or 48 h (apoptosis). ROS
production and apoptosis were measured as in Fig. 1. Data are expressed as percent of
values in untreated cells (no gentamicin and no antioxidant; the addition of
antioxidants alone had no effect) and are given as means 4 SD (n=6 from 2 separate
experiments for ROS; n=5 from 2 separate experiments for apoptosis). Statistical
analysis: One-way analysis of variance and Tukey's Multiple comparison test; bars with
different letters are significantly different from each other (p<0.05).

production of ROS, as deferoxamine afforded only a partial protective
effect. Thus, while only iron-rich lysosomes would be amenable to
protection by antioxidants and/or deferoxamine, those containing
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Fig. 6. Prevention by deferoxamine of gentamicin-induced ROS production in
lysosomes. Cells were preincubated with 10 uM deferoxamine (DFO) for 3 h, then
incubated with 2 mM gentamicin in the continued presence of deferoxamine (bottom
row). Controls included cells exposed to gentamicin alone (upper row) or cells exposed
to deferoxamine alone (middle row). Vital imaging was performed as in Fig. 3. All scale
bars, 5 um.

only negligible amounts of it, and for which labilization of membrane
could occur through an iron-independent mechanism, would not be
protected [60].
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Fig. 5. Prevention by deferoxamine of gentamicin-induced ROS production and apoptosis. Cells were preincubated in the absence (open symbols) or presence (closed symbols) of
10 uM deferoxamine for 3 h, then exposed to gentamicin (2 mM) in the continued absence or the presence of deferoxamine for the indicated times (left) or gentamicin
concentrations (right panel). ROS production and apoptosis were measured as in Fig. 1. Data are expressed as percentages of the values in untreated cells (no gentamicin and no
deferoxamine; the addition of deferoxamine alone had no effect) and are given as means 4 SD (n= 3). Where not visible, error bars are included in the symbols.
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Fig. 7. Absence of protection by deferoxamine and N-acetylcysteine on apoptosis
induced by gentamicin electroporation. Cells were preincubated or not with 10 pM
deferoxamine or 1 mM N-acetylcysteine for 3 h, electroporated with gentamicin at the
indicated concentrations, then returned for 24 hin gentamicin-free corresponding
medium (deferoxamine or N-acetylcyteine, closed symbols; no further addition, open
symbols). Apoptosis was measured as the percent cells with fragmented nuclei. Data
are means4 SD (n=3).

The generation of ROS caused by gentamicin may induce peroxidation
of the lysosomal membranes and their permeabilization, as evidenced
from studies using isolated lysosomes [61]. Acridine orange was often
used as a probe for lysosomal membrane permeabilization. Arguably, the
method does not allow to differentiate between (i) dilution upon release
into the cytosol via membrane permeabilization, (ii) cytosolic dilution
upon loss of lysosomal sequestration due to an oxidation of V-ATPase or
CIC7, or (iii) alteration in emission spectrum of acridine orange, due to
lysosomal alkalinization. However, while release and changes in
lysosomal pH appear in parallel in cells upon photoactivation of the
probe [62], studies using cultured proximal tubular cells failed to
demonstrate an influence of gentamicin on lysosomal pH [63]. Moreover,
cytosolic labeling of Lucifer yellow upon gentamicin treatment was clearly
evidenced whereas it is completely absent upon changes in lysosomal pH
induced by bafilomycin A1 or monensin.

ROS production in lysosomes seems to be a key pathogenic event
for gentamicin toxicity leading to apoptosis. However, several data,
including the partial protective effect afforded by N-acetylcysteine or
deferoxamine and the incomplete correlation between the amount of
ROS producted and the percentage of apoptotic cells detected at
increasing concentrations of gentamicin, suggest that this mechanism
is not the only one implicated in gentamicin-induced toxicity. It is
well known that ultrafiltrated gentamicin is partially endocytosed
by kidney epithelial cells lining the S1 and S2 segments of the
proximal tubules where the drug enters by adsorptive/receptor
mediated endocytosis after binding to acidic phospholipids and
megalin respectively and eventually accumulates in lysosomes
where it induces readily detectable phospholipidosis. However, and
in contrast to fibroblasts and MDCK cells [10], only marginal
phospholipidosis was found in LLC-PK1 cells, yet the level of apoptosis
was similar in all three cell lines, suggesting that phospholipidosis is
only one of the contributors of aminoglycoside toxicity at low
therapeutic doses. The present paper depicts ROS generation
selectively in lysosomes followed by lysosomal membrane permea-
bilization as a complementary mechanism for gentamicin-induced
toxicity. One could tentatively reconcile these two mechanisms to
account for the differential concentration dependence on ROS and
apoptosis in LLC-PK1 cells, if ROS effects were maximal at a lower
(~1 mM) extracellular gentamicin concentration and were synergized

by a non-saturating concentration-dependent phospholipidosis,
which develops as a slower process.

The clinical significance of our results remains to be evaluated.
Although the extracellular concentrations of gentamicin used may seem
overwhelming as compared to clinical serum concentrations, they were
selected to match cellular concentrations reached in animals and humans
treated with therapeutic doses (see discussion in [11]) and correspond to
those eliciting apoptosis of proximal tubular cells in experimental animals
[44]. Thus, ROS generation we evidenced may well occur in vivo under
conditions pertinent of the clinical use of gentamicin. Moreover, the
concentrations of N-acetylcysteine (1 mM) and of deferoxamine (10 pM)
used to obtain a protective effect are in the range or below those observed
in the serum of humans receiving intravenous therapeutic doses of these
agents (0.2-3 mM for N-acetylcysteine [64]; up to 200 uM for deferox-
amine [65]. Our results might therefore also have potential clinical
implications in human aminoglycoside therapy; even if only partial cell
protection can be reasonably expected, it could make a clear difference in
overall clinical outcome.

In conclusion, ROS are rapidly produced in lysosomes of cultured
LLC-PK1 cells incubated with gentamicin, and secondarily lead to
lysosomal permeabilization followed by apoptosis. These effects can be
largely prevented by preincubation with antioxidants or deferoxamine.
Our data further point to lysosomal iron as a key actor in triggering the
pathogenic cascade. Through the potential formation of a ternary
complex gentamicin-iron-phosphoinositides, the accumulation of gen-
tamicin per se is probably one of the critical event leading to lysosomal
phospholipidosis, ROS production and lysosomal membrane permea-
bilization. We expect this study may help elucidate the subcellular
mechanism responsible for activation of the lysosomal pathway of
apoptosis and nephrotoxicity induced by aminoglycoside antibiotics,
prompt further experimental work on the relation between permeabi-
lization and apoptosis, and possibly justify clinical investigations.

Supplementary materials related to this article can be found online
at doi:10.1016/j.freeradbiomed.2011.07.015.
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