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Background: Whether the mitochondrial or cytoplasmic protein synthesis inhibition predominates to aminoglycoside-
induced ototoxicity is unclear.
Results: The ototoxicity of an aminoglycoside correlates primarily with its ability to block mitochondrial rather than cytoplas-
mic protein synthesis.
Conclusion: Designer aminoglycosides that selectively inhibit cytoplasmic rather than mitochondrial ribosome show decreased
ototoxicity.
Significance: The results are beneficial for development of aminoglycoside-based drugs to treat human genetic diseases.

There is compelling evidence that aminoglycoside (AG)
antibiotics can induce the mammalian ribosome to suppress dis-
ease-causing nonsense mutations and partially restore the
expression of functional proteins. However, prolonged AG
treatment can cause detrimental side effects in patients, includ-
ing most prominently, ototoxicity. Recent mechanistic discus-
sions have considered the relative contributions of mitochondrial
and cytoplasmic protein synthesis inhibition to AG-induced
ototoxicity. We show that AGs inhibit mitochondrial protein
synthesis in mammalian cells and perturb cell respiration, lead-
ing to a time- and dose-dependent increase in superoxide over-
production and accumulation of free ferrous iron in mitochon-
dria caused by oxidative damage of mitochondrial aconitase,
ultimately leading to cell apoptosis via the Fenton reaction.
These deleterious effects increase with the increased potency of
AG to inhibit the mitochondrial rather than cytoplasmic protein
synthesis, which in turn correlates with their ototoxic potential
in both murine cochlear explants and the guinea pig in vivo. The
deleterious effects of AGs were alleviated in synthetic deriva-
tives specially designed for the treatment of genetic diseases
caused by nonsense mutations and possessing low affinity
toward mitochondrial ribosomes. This work highlights the ben-
efit of a mechanism-based drug redesign strategy that can max-
imize the translational value of “readthrough therapy” while
mitigating drug-induced side effects. This approach holds
promise for patients suffering from genetic diseases caused by
nonsense mutations.

Aminoglycosides (AGs)2 are a powerful class of bactericidal
antibiotics, acting against a wide spectrum of different micro-
organisms, including Gram-positive and Gram-negative bacte-
ria, and mycobacteria (1). These antibiotics target the 16 S
rRNA of the 30 S ribosomal subunit and interfere with transla-
tional fidelity and the translocation step of protein synthesis,
eventually resulting in bacterial cell death (2). Although a pro-
karyotic selectivity of action is crucial to the therapeutic utility
of AGs as antibiotics, they are not entirely selective for the bac-
terial ribosome; they also bind to some extent to the eukaryotic
cytoplasmic rRNA (3) and promote mistranslation (4). In fact,
this lack of selectivity has been exploited as a treatment for
genetic diseases that result from nonsense mutations (5).
Recent studies in tissue culture and in animal models and clin-
ical trials confirm the ability of AGs to allow mammalian cyto-
plasmic ribosomes to read through disease-causing premature
termination codon (PTC) mutations and generate full-length
functional proteins in several genetic disorders (6).

However, a major drawback that limits the potential of AGs
for suppression therapy is their ototoxicity, i.e., their propensity
to cause irreversible hearing loss (7). In addition, the low spec-
ificity of clinical AGs to the mammalian cytoplasmic ribosome
(8) necessitates their use in higher doses than usually employed
in antibiotic treatment, which in turn causes more deleterious
toxic effects and hence largely limits their therapeutic utility
against genetic diseases (9). Nevertheless, despite its estab-
lished ototoxicity and the reduced readthrough efficiency at
subtoxic doses (10), the clinical AG antibiotic gentamicin was
and is frequently used for proof of concept experiments in var-
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ious diseases models and in clinical trials, and no systematic
study has been performed to design AG structures for better
readthrough activity and low toxicity.

Recently, two different mechanisms have been proposed to
explain the AG-induced ototoxicity. One model suggests that
AGs exert their ototoxicity by inhibiting mitochondrial protein
synthesis, followed by mitochondrial dysfunction caused by
oxidative stress, which ultimately leads to cell death (11, 12). In
contrast, an alternative model considers cytoplasmic protein
synthesis inhibition as a potential trigger of a cellular pathway,
similar to ribotoxic stress response, leading to hair cell apopto-
sis (13). Although in principle the inhibition of either the mito-
chondrial or cytoplasmic protein synthesis can contribute to
ototoxicity, it needs to be determined which mechanism oper-
ates or predominates in vivo.

Given the proposed bacterial origin of mitochondria (14), we
hypothesized that AG derivatives exhibiting a greater selectiv-
ity for the cytoplasmic versus the mitochondrial rRNA can
improve functional PTC suppression at low dosages, thereby
decreasing deleterious effects on mitochondrial protein synthe-
sis and reducing ototoxic potential. Such compounds would be
excellent candidates for the treatment of human genetic dis-
eases (9). By addressing the need for such compounds, we have
systematically developed compound NB74 and compound
NB84 (15) as novel pseudo-trisaccharide derivatives of the
extraordinary cytotoxic natural aminoglycoside G418 (16) (see
Fig. 1). Both NB74 and NB84 showed markedly higher PTC
suppression and cytoplasmic ribosome inhibition activities
while exhibiting significantly lower cytotoxicity than gentami-
cin. However, both NB74 and NB84 also exhibited distinctly
decreased bacterial and human mitochondrial ribosome speci-
ficity in comparison to those of gentamicin and the parent drug
G418 (15, 17) and hence did not show significant antibacterial
activity (in both Gram-negative and Gram-positive bacteria).
These observations left unanswered the question of whether
the lower affinity to mitochondrial or cytoplasmic ribosomes
was responsible for the lower ototoxicity.

Here, we focus on characterizing the ototoxic potential of a
series of standard and designer AGs, both in vitro and in vivo.
Particular emphasis was placed on the question of whether
mitochondrial or cytoplasmic protein synthesis is a major cause
in AG ototoxicity. We show that AGs that inhibit mitochon-
drial protein synthesis will perturb cell respiration, leading to a
time- and dose-dependent increase in superoxide overproduc-
tion and accumulation of free ferrous iron in mitochondria
caused by oxidative damage of mitochondrial aconitase, ulti-
mately leading to cell apoptosis via the Fenton reaction. We
find that these deleterious effects increase with the increased
inhibition potency of AG on mitochondrial protein synthesis,
which in turn correlates with the ototoxic potential of the tested
compounds both in cochlear explants in culture and in the
guinea pig in vivo. These results validate the power of rational
design strategy to combat the adverse side effects of AGs and
are therefore beneficial for further research in two directions:
the design of new AG-based structures for the treatment of
human genetic diseases and the design of new AG-based anti-
biotics with diminished deleterious effects on humans.

EXPERIMENTAL PROCEDURES

Materials—Compounds NB74 and NB84 were prepared as
described previously by us (15). Geneticin (G418) was pur-
chased from Apollo Scientific Ltd. as sulfate salt. Gentamicin
sulfate was purchased from Molekula. Neomycin sulfate was
purchased from Sigma. All other chemicals and biochemicals,
unless otherwise stated, were obtained from Merck or Sigma. In
all biological tests, all the tested aminoglycosides were in their
sulfate salt forms (Mw g/mol of the sulfate salts were as follows:
gentamicin, 653.2; G418, 692.7; neomycin, 908.8; NB74, 564.3;
and NB84, 695.5).

Cell Toxicity Assays—For the cytotoxicity assays, HeLa cells
were grown in 96-well plates (5,000 cells/well) in DMEM
(Sigma) containing 10% FBS and 1% glutamine (90 �l; Biologi-
cal Industries) at 37 °C and 5% CO2. Following overnight incu-
bation, different concentrations of the tested AGs were added
(10 �l/well), and the cells were incubated for an additional 48 h.
A cell proliferation assay (XTT-based colorimetric assay; Bio-
logical Industries) was performed by using a 3-h incubation
protocol, according to the manufacturer’s instructions. Optical
density was measured using an ELISA plate reader. Cell viability
was calculated as the ratio between the numbers of living cells
in cultures grown in the presence of the tested compounds and
those in cultures grown under the identical protocol without
the tested compound. The half-maximal lethal concentration
(LC50) values were obtained from fitting concentration-re-
sponse curves to the data of at least three independent experi-
ments, using GraFit 5 software.

Mitochondrial Protein Synthesis Inhibition Assay—HeLa cells
were grown in 10-cm dishes in DMEM supplemented with 10%
fetal bovine serum (Sigma) until cells reached 80% confluence.
Approximately 2 � 107 cells were incubated with different con-
centration of AGs for 24 h. Cells were washed with PBS flowed
by addition of a fresh DMEM without L-methionine (Sigma).
Preincubation was carried out at 37 °C for 60 min, followed by
addition of emetine (10 �M, an inhibitor of 80 S ribosome;
Sigma) for 10 min and then addition of [35S]methionine (150
�Ci) for 60 min. Cells were washed twice with PBS, trypsinized
(Biological Industries), and centrifuged at 500 � g for 10 min.
HeLa cells pellets were resuspended in 60 �l of lysis buffer (2%
sodium dodecyl sulfate, 2 mM EDTA, 0.2% (v/v) 2-mercapto-
ethanol, 0.05 M Tris, pH 6.8, and 10% (v/v) glycerol) and heated
for 2 min at 90 °C. The resulted mixture was then either stored
in a freezer or used immediately for electrophoresis or scintil-
lation measurements (18). Protein concentration was deter-
mined by the method of Bradford using bovine serum albumin
as standard.

Autoradiography—Radioactivity was measured by acid pre-
cipitation of the labeled proteins: the lysed mixture from the
above (15 �l) was added with trichloroacetic acid (15%), methi-
onine (1 mM), and BSA (50 �g/ml) to a total volume of 1.9 ml.
The resulted mixture was incubated on ice for 60 min. The
precipitated proteins were harvested onto filter paper disks
(Whatman 3 mm, 2.3 cm) using a Tomtec harvester and washed
twice with 2 ml of 5% trichloroacetic acid, and the filters were
dried at 60 °C for 30 min. The filters were then inserted into the
scintillation vials containing 5 ml of scintillation solution: tolu-
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ene (1 liter), Triton X-100 (0.5 liter), 2,2�-p-phenylene-bis(5-
phenyloxazole) (0.3 g), and 2,5-diphenyloxazole (3 g), followed
by counting on a scintillation counter. The half-maximal inhib-
itory concentration (IC50

Mito) values of mitochondrial protein
synthesis were determined by Grafit5 software. Resolution of
labeled mitochondrial proteins was also carried out by electro-
phoresis on 15% acrylamide gel. After electrophoresis the gel
was fixed, stained by Coomassie Blue, dried, and visualized by
autoradiography.

Cell Respiration Inhibition Measurements—Oxygen utiliza-
tion was measured polarographically with a thermostatically
controlled (37 °C) Clark oxygen electrode (Strathkelvin 782
Oxygen System; Strathkelvin Instrument Ltd.). Freshly pre-
pared HeLa cells were treated with G418 (1 and 2 mM), NB84 (1
and 2 mM) for 24 h and with rotenone (10 �M) for 1 h. Rotenone
experiments were used as positive controls. Cells were washed
with PBS, trypsinized (Biological Industries), and centrifuged at
500 � g for 10 min. HeLa cells pellets were resuspended in
serum-free DMEM low glucose medium without phenol red
(Invitrogen), and 10 �l were taken for cell counting (hemocy-
tometer cell counting chamber; Hausser Scientific). Cell con-
centrations were normalized to 2 � 106 cells/ml, and then 1 ml
of cell suspension was added to a water-jacketed chamber. Res-
piration was recorded for 10 min and calculated as rate of
change in the oxygen concentration. Cell respiration was con-
verted to a percentage of control.

Superoxide Radical Measurements—Superoxide radical in
whole cells were determined by using redox-sensitive probes,
dihydroethidium (DHE; Sigma) (19) and MitoSOX Red (Molec-
ular Probes) (20), for cellular and mitochondrial compart-
ments, respectively. Freshly prepared HeLa cells were treated
with different AGs for 24 h. Cells were washed with PBS,
trypsinized (Biological Industries), and centrifuged at 500 � g
for 10 min; washed again in Hanks’ balanced salt solution con-
taining NaCl (135 mM), HEPES (20 mM), KCl (4 mM), Na2HPO4
(1 mM), CaCl2 (2 mM), MgCl2 (1 mM), and glucose (10 mM), pH
7.3. Cells were then resuspended in Hanks’ balanced salt solu-
tion containing DHE (1 �M) or MitoSOX Red (1 �M) and incu-
bated at 37 °C for 25 min. An aliquot of 10 �l was taken for cell
counting (hemocytometer cell counting chamber, Hausser Sci-
entific); cell concentrations were normalized to 2 � 106 cells/ml
and transferred to a stirred thermostatted cuvette, and the fluo-
rescence measurements were performed at 37 °C; DHE fluores-
cence (excitation, 518 nm; emission, 605 nm; slits, 10 nm) and
MitoSOX Red fluorescence (excitation, 485 nm; emission, 590
nm; slits, 10 nm) were measured in a Varian Cary Eclipse fluo-
rescence spectrophotometer with a temperature-controlled
cuvette holder and magnetic stirrer.

Aconitase Activity Assay—HeLa cells were grown in 10-cm
dishes in DMEM supplemented with 10% fetal bovine serum
without the addition of penicillin/streptomycin (Sigma) to 80%
confluence. Approximately 7 � 106 cells were incubated with
different concentrations of AGs for 24 h. Cells were washed
with PBS followed by lyses (lyses buffer: Tris-Cl (25 mM), pH
8.0, glycerol (10%, v/v), and bromphenol blue (0.025% w/v)).
Cell lysates (5 mg protein/ml) were loaded on the aconitase
activity gels as follow: a separating gel contained acrylamide
(8%), Tris base (132 mM), borate (132 mM), citrate (3.6 mM), and

a stacking gel contained acrylamide (4%), Tris base (67 mM),
borate (67 mM), and citrate (3.6 mM). The running buffer con-
tained Tris (25 mM), pH 8.3, glycine (192 mM), and citrate (3.6
mM). Electrophoresis was carried out at 180 V at 4 °C. Aconitase
activity was assayed by incubating the gel in the dark at 25 °C in
100 mM Tris, pH 8.0, 1 mM NADP, 2.5 mM cis-aconitic acid, 5
mM MgCl2, 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide, 0.3 mM phenazine methosulfate, and 5
units/ml isocitrate dehydrogenase, and quantitation was per-
formed using gel analyzer image software.

Intracellular Free Iron Measurements—Freshly prepared HeLa
cells were incubated with different concentration of aminoglyco-
sides for 5 h, followed by addition of rhodamine B-[(1,10)phenan-
throlin-5-yl) aminocarbonyl]benzyl ester (RPA; 1 �M, Squarix)
(31). Cells were kept at 37 °C for 25 min. Excess RPA was rinsed
by HEPES buffer (20 mM, pH 7.3), centrifuged, and resuspended
in HEPES buffer (2 ml, 20 mM, pH 7.3). Cell concentrations
were normalized to 2 � 106 cells/ml, and the fluorescence
measurements were performed at 37 °C. RPA fluorescence
(excitation, 543 nm; emission, 584 nm; slits, 10 nm) was mea-
sured in a Varian Cary Eclipse Fluorescence spectrophotome-
ter with a temperature-controlled cuvette holder and magnetic
stirrer. Following the stabilization of base line, an excess of fast
permeating chelator Deferiprone (L1, 200 �mol/liter; Sigma),
was added; the following increase in fluorescence was measured
as reactive mitochondrial iron value.

EPR Measurements—The pool of intracellular chelatable
iron was detected by established EPR method (21). Freshly pre-
pared HeLa cells were incubated with different AGs at a final
concentration of 4 mM for 5 h. Cells were centrifuged at 10,000
rpm for 5 min at 4 °C, and the pellets were resuspended in
DMEM (900 �l), added with desferrioxamine mesylate (DFO,
Sigma; 100 �l of 0.2 M solution in Tris-HCl, pH 7.4) and incu-
bated for 10 min with shaking at 37 °C. Cells were centrifuged
(10,000 rpm for 5 min), washed with ice cold Tris-HCl buffer
(20 mM, pH 7.4), and resuspended in 200 �l of the same buffer
containing 10% (v/v) glycerol. An aliquot of 10 �l was taken for
cell counting, and the cell concentration was normalized to 5 �
106 cells/ml. Samples were loaded into 4-mm quartz EPR tubes
and immediately frozen in liquid nitrogen. EPR spectra were
recorded at 150 K on a Bruker EMX-10/12 X-band (� � 9.3
GHz) digital EPR spectrometer equipped with a Bruker N2 tem-
perature controller. EPR spectra were recorded at microwave
power of 200 milliwatts, magnetic field of 100 kHz, modulation
of 20.0 G amplitude, sweep time of 83.9 s, conversion time of
40.96 ms, time constant of 81.9 ms, and receiver gain of 4.48 �
104. The digital field resolution was 2048 points/spectrum.

Assays of Ototoxic Potential—For the evaluation of ototoxic
potential, explants of the organ of Corti were obtained by dis-
section of the cochlea from postnatal day 2 mice. The tissue was
positioned as a flat surface preparation on a collagen-coated
incubation dish in 1 ml of serum-free Basal medium Eagle
(BME) plus serum-free supplement (Sigma), 1% bovine serum
albumin, 2 mM glutamine, 5 mg/ml glucose, and 10 units/ml
penicillin and incubated for 4 –5 h (37 °C, 5% CO2). Then an
additional 1.5 ml of the culture medium were added, and the
preincubation was continued for 40 – 48 h. Then the medium
was exchanged for a new medium containing a specific concen-
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tration of drug and further incubated for 72 h. For hair cell
counts, organ cultures were fixed overnight in 4% paraformal-
dehyde at 4 °C and then permeabilized for 30 min with 3% Tri-
ton X-100 in PBS. The specimens were washed three times with
PBS for 10 min each time at room temperature, followed by
incubation at room temperature for 60 min for fluorescent
visualization of F-actin with rhodamine-phalloidin or Alexa
488-phalloidin (Molecular Probes). After several rinses in PBS,
the specimens were mounted on a slide with fluoromount-G
(Southern Biotech).

Hair cells in the surface preparations were counted using a
50� oil immersion objective on a Leitz Orthoplan microscope
equipped for epifluorescence. The right objective had a cali-
brated scale (0.19 mm) superimposed on the field as a reference
guide. The single row of inner hair cells and all three rows of
outer hair cells were oriented longitudinally within each
0.19-mm frame. The presence or absence of hair cells was eval-
uated for each row beginning at the apex and moving down to
the base, assessing each successive 0.19-mm field. Counts were
entered into a computer program, which calculated the per-

centage of missing hair cells and plotted the result as a function
of distance from the apical end of the cochlea.

In Vivo Tests—Albino male Hartley guinea pigs of initially
�200 g (Charles River Breeding Laboratories) had free access to
water and food and were acclimated for 1 week before experi-
ments. AGs were administered once daily subcutaneously for
14 days at the concentration as indicated in the figure legend
(see Fig. 7C); saline injections of the same volume served as
controls. Auditory function was measured as auditory brain-
stem response at 12 and 32 kHz under anesthesia with an intra-
muscular injection of 40 mg of ketamine, 2 mg of xylazine, and
1 mg of acepromazine/kg of body weight as described previ-
ously (22). For each animal, the thresholds were determined
before the study and at 3 weeks after drug treatment.

Cytocochleograms showing quantitative evaluation of hair
cell loss were generated from surface preparations of the organ
of Corti (see Fig. 8). The temporal bones were removed from
the guinea pigs immediately following euthanasia and were per-
fused through the cochlear scalae with 4% paraformaldehyde in
PBS, pH 7.4, and kept in this medium overnight at 4 °C. After
rinsing in PBS, the cochleae were decalcified in 5% sodium
EDTA (adjusted with HCl to pH 7.4) for 24 h at room temper-
ature. Subsequently, the softened bony capsule and extraneous
tissues (stria vascularis, Reissner’s membrane, and tectorial
membrane) were removed. The remaining cochlear structure
was permeabilized with 0.3% Triton X-100 in PBS for 30 min
and stained for actin with a 1:100 dilution of rhodamine phal-
loidin for 1 h at room temperature. After several rinses with
PBS, the epithelium of the organ of Corti was removed from the
modiolus and mounted on a slide with anti-fade mounting
media. Hair cells were counted as described above for the eval-
uation of cochlear explants.

RESULTS

Synthetic AGs with Significantly Reduced Inhibition of Mito-
chondrial Protein Synthesis Show Reduced Impairment of Mito-
chondrial Respiration in Mammalian Cells—As a first step for
our comparative study, we especially selected G418, gentami-
cin, NB74, and NB84 (Fig. 1) because they greatly diverge in
their abilities to block cytoplasmic and the mitochondrial pro-
tein synthesis (15, 17) (Table 1): a 30-fold difference in their
cytoplasmic protein synthesis inhibition (IC50

Cyto values of 2.0,
2.8, 17, and 62 �M for G418, NB84, NB74, and gentamicin,
respectively) and a 74-fold difference in their mitochondrial

FIGURE 1. Chemical structures of a series of standard (G418 and genta-
micin) and designer (NB74 and NB84) aminoglycosides that were inves-
tigated in this study.

TABLE 1
Comparative toxicity and inhibition of protein translation in cytoplasmic and mitochondrial systems of G418, gentamicin, and the designer
structures NB84 and NB74

Ototoxicity Cell toxicity (LC50) Translation inhibitiond

AG Cochleotoxicity (LC50
Coch)a In vivob HEK-293c HeLa In vitro IC50

Cyto Ex vivo IC50
Mito In vitro IC50

Mito

�M mM mM �M mM �M

G418 0.7 ���� 1.3 � 0.1 2.1 � 0.1 2.0 � 0.3 2.3 � 0.2 13 � 1
Gentamicin 3.5 �� 2.5 � 0.3 2.9 � 0. 2 62.0 � 9.0 13.3 � 0.4 26 � 2
NB84 20.0 NDe 5.8 � 0.7 8.1 � 1.3 2.8 � 0.3 �16 404 � 26
NB74 140.0 � 22.2 � 1.1 27.4 � 1.5 17.0 � 0.6 �16 965 � 155

a LC50 values in human embryonic kidney (HEK-293) cells were previously reported (17).
b The cytoplasmic in vitro translation inhibition (IC50

Cyto) and the mitochondrial in vitro translation inhibition (IC50
Mito) were previously reported (17). The mitochondrial

translation inhibition (IC50
Mit) values ex vivo are derived from the data in Fig. 2B.

c Cochleotoxicity curves are presented in Fig. 7B.
d The relative ototoxicity in vivo are derived from the data in Fig. 7C.
e ND, not determined.
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protein synthesis inhibition (IC50
Mito values of 13, 26, 404, and

965 �M for G418, gentamicin, NB84, and NB74, respectively).
An additional advantage in choosing these particular structures
was that their relative inhibition tendencies in two systems are
different; for example, whereas both G418 and NB84 exhibit a
similar potency for cytoplasmic protein synthesis inhibition,
G418 is �31-fold more potent in blocking mitochondrial pro-
tein synthesis compared with NB84.

To address whether the previously observed inhibition of
protein synthesis in mitochondria isolated from HeLa cells (17)
correlates with their ability to penetrate the cells, we first exam-
ined the direct impact of AGs on mitochondrial protein synthe-
sis in HeLa cells at the whole cell level. The mitoribosome in
mammalian cells is responsible for synthesis of 13 mtDNA-
encoded proteins, which are integral parts of the mitochondrial
respiratory chain complexes. We exposed HeLa cells to selected
AGs, and the inhibition levels were quantified by using a radio-
active assay (Fig. 2) (18). Proteins synthesized in mitochondria

were selectively labeled by including the cytoribosome inhibi-
tor emetine into the incubation.

As a representative example, the data in Fig. 2A show the
comparative effects of the standard AG, neomycin, and the
designer structure NB74 on mitochondrial protein synthesis
after 24 h of incubation as determined by SDS-PAGE; a typical
electrophoretic pattern of the organelle-specific translation
products was observed (23). Neomycin-treated cells showed a
clear dose-dependent effect with the tendency toward a lower
rate of protein labeling relative to NB74. Note that even though
we did not include it into all our experiments regularly, neomy-
cin is well characterized and one of the most ototoxic aminogly-
coside reported to date (9). Here we show that G418 is actually
even more ototoxic than neomycin (see below). Protein levels
were quantified by direct scintillation counting of the radiola-
beled proteins after acid precipitation (Fig. 2B; for more details
see “Experimental Procedures”). The antibiotic G418 is the
most potent inhibitor of the mitoribosome (IC50

Mito � 2.3 mM)

FIGURE 2. Dose-response effects of AGs on mitochondrial protein synthesis as determined in whole cell assay. HeLa cells were incubated with varied
concentrations of G418, neomycin, gentamicin, NB74, and NB84 as indicated. A, after lyses, equal amounts of protein (Coomassie staining) were fractionated
on SDS-PAGE, and [35S]methionine-labeled mitochondrial protein levels were determined by densitometry. Tentative identities of labeled mitochondrial
proteins were determined as reported (23): COX1 (57 kDa), COX2 (26 kDa), COX3 (29 kDa), subunits I, II, and III of cytochrome c oxidase; cytochrome b (44 kDa)
apocytochrome b of the bc1 complex; ATPase 6 (25 kDa), and ATPase 8 (10 kDa) subunits 6 and 8 of the F0 portion of ATP synthase; ND1 (35 kDa), ND2 (39 kDa),
ND3 (13 kDa), ND4 (52 kDa), ND5 (67 kDa), ND6 (18 kDa), and ND4L (8 kDa), subunits of NADH dehydrogenase. B, semilogarithmic plots of scintillation counting
as a function of AG concentration. Radioactivity was measured on the lysed mixture after acid precipitation as described under “Experimental Procedures.” The
50% inhibitory concentrations (IC50

Mit) were determined by Grafit5 software. The data represent means � S.D., n � 3/point.
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followed by neomycin (IC50
Mito � 6.3 mM) and gentamicin

(IC50
Mito � 13.3 mM), whereas the synthetic derivatives NB74

and NB84 exhibit significantly lower potency of inhibition
(IC50

Mito � 16 mM). Notably, the observed trend in HeLa cells is
very similar to that observed previously by us in isolated mito-
chondria (17), with the only difference that the IC50

Mito values
in the cell line are in the millimolar range, whereas in intact
mitochondria these values are in micromolar range, probably
because of the poor mammalian cell permeability of AGs (9).

We next tested whether the inhibition of mitochondrial pro-
tein synthesis is associated with the mitochondrial dysfunction,
in particular with the inhibition of mitochondrial respiration.
To directly test the mitochondrial respiratory capacity of AG-
treated cells, we measured changes in the oxygen consumption
rate of intact HeLa cells using Clark oxygen electrode (Strath-
kelvin Instrument Ltd.; Fig. 3A). Compared with untreated
cells, G418-treated cells exhibited a significant reduction in res-
piration of 31 and 41% at 1 and 2 mM concentration, respec-
tively (Fig. 3B). Cells treated with NB84 at the same concentra-
tions showed a significantly lesser change in respiratory
capacity: only 6 and 10% reduction at concentrations of 1 and 2
mM, respectively. To ensure the accuracy of the observed data,
we used rotenone, a mitochondrial complex I inhibitor, as a
positive control in all our experiments. The cell respiration
inhibition by rotenone (10 �M) was 60%, as previously reported
(24). These data demonstrate that AG-induced inhibition of
mitoribosome is associated with the impairment of the func-
tion of mitochondria and that the increased inhibition of mito-
ribosome correlates with the increased dysfunction of mito-
chondria, reflected by the impairment of the overall respiratory
capacity of the cell.

Synthetic AGs Induce Significantly Reduced Oxidative
Stress and Damage in Mammalian Cells—We next examined
whether the observed AG-induced impairment of the overall
respiratory capacity triggers oxidative stress and damage to
mammalian cells. In mammalian cells, the mitochondrial elec-
tron transport chain complexes are the major source of reactive
oxygen species (ROS) during normal metabolism because of
leakage of electrons (25). Superoxide (O2

. ), a reactive oxygen
by-product, is the primary radical formed because of incom-

plete reduction of oxygen to water in a one-electron transfer
(26). The superoxide radical is a precursor to other forms of
ROS, including H2O2, in a process that is catalyzed by superox-
ide dismutase. In addition, the superoxide radical can directly
interact with cellular components, resulting in cell damage. We
first measured superoxide production in HeLa cells by using
two different fluorescence probes; DHE that detects the total
superoxide in the cell (19) and MitoSOX Red, recently charac-
terized as a highly selective detection probe of mitochondrial
superoxide production in live cells (20) (Fig. 4).

Exposure of HeLa cells to G418 and gentamicin at 2 mM

concentration resulted in �2- and 1.6-fold increases of super-
oxide production over that of untreated cells, as detected by the
DHE probe (Fig. 4A). In contrast, the treatment with NB74 at
the same concentration had only little effect. For the positive
control, we used antimycin A and performed various control
experiments by following the fluorescence change over the time
(170 min; data not shown). In the AG-treated and untreated
cells, we determined the relative rates of superoxide radical
production: the changes were 140, 70, and 20% for G418, gen-
tamicin, and NB74, respectively (Fig. 4B), indicating a similar
trend on superoxide overproduction: G418 � gentamicin �
NB74.

To determine whether such increases in superoxide produc-
tion might originate from mitochondria, MitoSOX Red was
then employed as a probe. HeLa cells exposed to a series of
standard and synthetic AGs at 2 mM concentrations generated
a significant increase in superoxide radicals by the mitochon-
dria (Fig. 4C). Treatment with G418, neomycin, and gentamicin
resulted in superoxide over expression by 92, 71, and 62%, rel-
ative to untreated cells, whereas the effects of NB84 and NB74
were significantly milder, resulting in a 33 and 18% increase.
We also examined the dose-dependent effect of AGs on super-
oxide radical production, using both DHE (Fig. 4E) and
MitoSOX Red (Fig. 4F) probes, and found that the increased
concentration of each AG tested resulted in increased level of
superoxide produced. The DHE fluorescence data correlated
well with the MitoSOX Red response (Fig. 4D) (R2 � 0.9546),
suggesting that the electron leakage from the mitochondrial
electron transport chain is a major source of the superoxide
radicals produced because of the AG treatment.

Superoxide can directly interact with various cellular com-
ponents and cause cell damage. Among other cellular compo-
nents, particular attention has focused on reactions with the
members of [4Fe-4S]-containing dehydratases, including the
citric acid cycle enzyme aconitase. This reaction occurs rapidly
(with estimated second order rate constants in the range of 107

M	l s	1) (27) and is considered the strongest oxidative damage
to aconitase, resulting in the release of Fe2� from [4Fe-4S] clus-
ters and H2O2 accumulation (28). To characterize AG-induced
cell damage, we monitored the dose-dependent impact of AGs
on mitochondrial and cytoplasmic aconitase activity by using a
nondenaturing gel assay, an aconitase activity assay (29) (Fig. 5).
Such an in-gel activity assay allowed us a clear and convenient
separation between the effects on the cytoplasmic and mito-
chondrial aconitases (c-aconitase and m-aconitase, respec-
tively). Among the AGs tested, the largest effect was observed
for G418, which caused a strong dose-dependent inactivation

FIGURE 3. Inhibitory effects of G418, NB84, and rotenone (Rot) on mito-
chondrial respiration in HeLa cells. A, representative tracings of oxygen
consumption as recorded by using Clark oxygen electrode. Rates for oxygen
consumption in control (Cont, untreated), NB84-, G418-, and rotenone-
treated cells were 11.3, 9.6, 6.5, and 4.4 �mole/liter/min, respectively. B, mito-
chondrial respiration inhibition induced by the indicated concentrations of
G418, NB84, and rotenone. Respiration was calculated as a percentage of
control. The data represent means � S.D., n � 3/point.
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of both aconitases, with a significant preference for the mito-
chondrial versus the cytoplasmic protein: at 4 mM concentra-
tion, only �7% of m-aconitase activity but 51% of c-aconitase
activity were retained. The residual activities of both aconitases
caused by the exposure of cells to gentamicin were considerably
higher than for G418, whereas the effect of NB74 was almost
negligible. These data are consistent with the mitoribosome
inhibition, cell respiration, and mitochondrial superoxide over-
expression, highlighting that the oxidative stress and cell dam-
age induced by the synthetic AGs is significantly milder than
that of the standard AGs tested.

To further substantiate the cellular damage caused by inac-
tivation of the mitochondrial aconitase, we measured the accu-
mulation of intracellular free iron (Fe2�) in mitochondria.
Intracellular free iron is of additional interest because of its role

in both DNA and protein damage and lipid peroxidation. The
primary experimental approach was to block these forms of
oxidative damage by the presence of cell-permeable iron chela-
tors (30). To monitor the levels of free Fe2� selectively in mito-
chondria, we used the fluorescence probe RPA (31). We mea-
sured mitochondrial Fe2� in HeLa cells and found that both
standard and synthetic AGs induced a dose-dependent increase
in Fe2� accumulation (Fig. 6, A and B): at concentrations of 4
mM, G418 and gentamicin elevated free Fe2� accumulation 8.7-
and 4.2-fold, respectively, whereas the effects of NB84 and
NB74 were significantly lower, 2.4- and 1.7-fold, respectively
(Fig. 6B).

These data were further validated by using whole cell EPR
method (21), frequently used for quantitative analysis of free
iron levels both in bacteria (32) and yeast. This method is based

FIGURE 4. Effect of AGs on superoxide radical production. HeLa cells were incubated with a series of AGs as indicated, and the superoxide radical formation
was detected by using two different fluorescence probes. A, DHE (1 �M) probe, measuring fluorescence at 518/605 nm. The data represent means � S.D., n �
3/point. B, rate changes (as a percentage of control) of superoxide radical production under DHE treatment. The data represent means � S.D., n � 3/point. C,
MitoSox Red (1 �M) probe, measuring fluorescence at 510/580 nm. The data represent means � S.D., n � 3/point. D, plot of the superoxide radical levels as
measured by DHE fluorescence (data from A) against the levels obtained from MitoSox Red (data from C) (linearity R2 � 0.9546). E and F, dose-dependent effect
of AGs on superoxide production. Following the treatment with AG (24 h), cells were incubated with DHE (1 �M, E) or MitoSox Red (1 �M, F) for an additional 170
min, 37 °C, and the fluorescence was measured as above. The data represent means � S.D., n � 3/point. Cont, control; Gent, gentamicin; Neo, neomycin.
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on the incubation of cells, after exposure to AG, with the pen-
etrating iron chelator DFO, which gives an easily detectable
sharp EPR signal at g � 4.3. Because DFO completely blocks

iron-mediated cell damage, it appears that the iron-DFO signal
includes all iron that participates in oxidative chemistry in the
cell. Furthermore, DFO failed to extract iron from a variety of
iron-containing enzymes, indicating that the signal does not
represent iron that had been integrated into proteins. First, we
tested the adequacy of this method for mammalian cells by
performing a series of control experiments with and without
the presence of DFO (data not shown) and found it to be accu-
rate and valid for the purpose. The spectra in Fig. 6C were
recorded after incubation of HeLa cells without (control) and
with 4 mM AG, followed by incubation with DFO. The observed
peak amplitudes were normalized against the control cells
(without the AG), and the changes are presented in Fig. 6D. The
observed relative impact of different tested AGs on the free iron
production into whole cells detected by EPR method correlates
well with that detected by using fluorescence probe RPA (Fig.
6B).

Synthetic AGs Exhibit Significantly Lower Ototoxic Potential
than Standard AG Drugs—Organ cultures of the early postna-
tal mouse are frequently used in research on ototoxic agents
and their mechanisms. The pattern of toxicity is similar to the
in vivo action of aminoglycosides: preferential loss of outer hair
cells in a base to apex fashion that is characteristic of aminogly-

FIGURE 5. In-gel activity assay of aconitase enzyme from mitochondrial
and cytoplasmic origin (m-aconitase and c-aconitase), in HeLa cells Tri-
ton lysate as a function of AG concentration as indicated. HeLa cells were
incubated with different AGs for 24 h. After lysis, the lysates (5 mg protein/ml)
were subjected to electrophoresis, followed by activity quantization (29) as
described under “Experimental Procedures.”

FIGURE 6. Effect of AGs on intracellular free iron formation monitored by fluorescence and by EPR spectroscopy. A, HeLa cells were incubated with
different AGs as indicated for 5 h, followed by addition of the florescence probe RPA (1 �M). Fluorescence was monitored at 543/584 nm, and after �10 min of
base-line stabilization, Deferiprone (L1, 200 �M) was added. The time course was monitored for 140 min at 543/585 nm. The data represent means � S.D., n �
3/point. B, dose-response effects of AGs at concentrations as indicated. The experiments were performed as in A, and the differences of fluorescence relative
to untreated cells (
Fluorescence) at indicated concentration of AG after 120 min are plotted as a function of AG concentration. The data represent means �
S.D., n � 3/point. C, iron EPR signals (g � 4.3) from whole HeLa cells. HeLa cells were incubated with different AGs (4 mM) for 5 h. The samples were incubated
with DFO (20 mM) for 10 min and then frozen in liquid nitrogen. The EPR spectra were recorded at 150 K as described under “Experimental Procedures.” D, the
data from C are presented as intracellular free iron fold change in exposure to different AGs as indicated versus untreated cells (control). The data represent
means � S.D., n � 3/point. Cont, control; Gent, gentamicin.
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coside damage to the cochlea in both human and experimental
animals (7). For the assessment of a comparative ototoxicity
potential, we tested G418, gentamicin, NB84, and NB74 at 3.3
�M concentrations with cochlear explants (Fig. 7A). Staining
for F-actin revealed the organized outline of the array of three
rows of outer hair cells and one row of inner hair cells in seg-
ments from the basal part of the cochlea, the region most sen-
sitive to aminoglycoside damage. Hair cells are almost complete
absent with G418, show considerable destruction with genta-
micin, but show no significant pathology with NB84 and NB74.

The comparative dose-response curves (Fig. 7B) show that
50% loss of hair cells (LC50

Coch) was observed at concentrations
of 20 �M for NB84 and 140 �M for NB74. These values compare
favorably to G418 (LC50

Coch � 0.7 �M) and gentamicin
(LC50

Coch � 3.5 �M), demonstrating that both NB84 and NB74
have significantly lower ototoxic potential than G418 and gen-
tamicin, with a rank order of G418 � gentamicin �� NB84 ��
NB74. Notably, the observed �5-fold higher ototoxic potential
of G418 over that of gentamicin correlates with their capacity to
inhibit ex vivo mitochondrial protein synthesis (IC50

Mito values
of 2.3 and 13.3 mM for G418 and gentamicin, respectively; Fig.
2B and Table 1). Because of the solubility limit, the IC50

Mito

values for NB84 and NB74 could not be determined precisely in
ex vivo experiments (for both IC50

Mito � 16 mM); consequently,
the complete correlation for all the tested AGs cannot be clearly
depicted visually (Fig. 9A). However, by plotting the IC50

Mito

data measured in vitro in isolated mitochondria from HeLa cells
(17) against the cochlear toxicity data (LC50

Coch), we observed

that the increased specificity of action toward mitochondrial
ribosome correlates with the increased cochlear toxicity of all
the tested AGs (Fig. 9B). A similar correlation was previously
observed by us between the IC50

Mito data (measured in vitro
on the isolated mitochondria from HeLa cells) (17) and the
cytotoxicity data of AGs, suggesting that increased inhibition of
mitochondrial protein synthesis is associated with the in-
creased cytotoxicity and ototoxicity potential.

To further substantiate the observed cochlear toxicity data in
vivo, as representative examples, we tested the comparative
toxicity of G418, neomycin, gentamicin, and NB74 in guinea
pigs in vivo (Fig. 7C). AG-induced effects on auditory thresh-
olds were determined by auditory brain stem evoked responses,
and pathology was assessed by hair cell counts, analogous to the
ex vivo results above. Particularly indicative of ototoxic poten-
tial are threshold shifts at 32 kHz, which assess the sensitive
base of the cochlea. Gentamicin-induced ototoxicity rises
sharply when the animals were exposed for 14 days to 100, 120,
and 140 mg of gentamicin/kg of body weight, with a profound
threshold shift of 64 dB at 140 mg/kg. In contrast, treatment of
animals with NB74 at 140 mg/kg of body weight showed essen-
tially no effect on auditory thresholds, whereas the treatment
with only 50 mg of G418/kg of body weight resulted in the death
of all animals. The quantitative evaluation of hair cells along the
entire length of the cochlea confirmed significantly less damage
by NB74 (Fig. 8A) than by gentamicin (Fig. 8B). This in vivo
ototoxicity correlates with the ex vivo cochlear toxicity data and
thus highlights the role of AG-induced mitochondrial protein

FIGURE 7. Aminoglycoside-induced hair cell loss in cochlear explants and loss of auditory function in vivo. A, explants of the mouse organ of Corti were
incubated for 72 h with a different AGs (as indicated) at concentrations of 3.3 �M and stained for actin as described under “Experimental Procedures.” Following
treatment with NB84 and NB74, morphology remains essentially normal, gentamicin causes considerable destruction of hair cells, and cell loss is almost
complete with G418. Sections of the basal part are shown. OHC, outer hair cells; IHC, inner hair cells. Calibration bar, 25 �m. B, dose-response curves of missing
outer hair cells as a function of AG concentration. Hair cell loss was quantified along the entire length of cochlear explants, and the concentration at 50% loss
of hair cells (LC50

Coch) was determined by Grafit5 software. The data represent means � S.E., n � 3– 8/point. C, effect of chronic AG treatment (once daily
injections at indicated concentrations for 14 days) in vivo on auditory thresholds. Threshold shift is the difference in threshold before and 3 weeks after the end
of treatment. The data represent means � S.D., n � 3/point. Note that dB is a logarithmic scale, i.e., a 10-dB difference indicates a 1 log10 difference in sound
intensity. Cont, control; Gent, gentamicin; Neo, neomycin.
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synthesis inhibition in the production of oxidative cell and tis-
sue damage, in this case causing irreversible hearing loss.

In addition, the in vivo treatment with NB74 did not cause
any apparent systemic toxicity. Parameters of renal function,
taken after the final auditory brain stem evoked response mea-
surement, remained normal: albumin, 3.0 � 0.1 g/dl for NB74
treatment versus 3.0 � 0.1 g/dl for saline animals; creatinine,
0.46 � 0.03 mg/dl versus 0.51 � 0.05 mg/dl; and blood urea
nitrogen, 17 � 3 mg/dl versus 18 � 3 mg/dl.

One can argue that the observed alleviated ototoxicity of
NB84 and NB74 in cochlear explants and that of NB74 in vivo in
guinea pigs might be due to a relatively decreased uptake into
the cells and hence a decreased accessibility to mitochondrial
and/or cytoplasmic ribosomes as compared with G418 and

gentamicin. However, the similar trends in the relative inhibi-
tion potencies, both in the isolated mitochondria and in the
whole cell based assays (Table 1), effectively rules out the pos-
sibility of significant differences in accessibility of mitochon-
drial protein synthesis to these tested compounds. Further-
more, in our previous studies (15, 17), we performed a
comparative readthrough activity tests of this set of compounds
(G418, gentamicin, NB74, and NB84) in both cell-free and cell-
based luciferase assays and found a similar activity trend in both
assays: G418 � NB84 � NB74 � gentamicin, which is in
accordance with and correlates to their relative inhibition of
cytoplasmic protein synthesis (Table 1). Because the read-
through activity is a result of the interaction of the tested com-
pounds with the cytoplasmic ribosomes, these data effectively
rule out the possibility of differences in their accessibility of
cytoplasmic protein synthesis.

DISCUSSION

The ototoxic side effects of AGs have been known for a long
time, and ROS appear causally involved (33). However, the
mechanism(s) by which these antibiotics cause ROS formation
and subsequent hair cell death are still unclear. Early genetic
analysis of patients hypersensitive to AGs had shown that a
particular mitochondrial DNA mutation, A1555G, can account
for this rare trait, and pointed to a mechanism in which an
interference with mitochondrial protein synthesis might be
central in AG-induced hair cell death (34). Because the mito-
chondria are evolved from bacteria, the mitochondrial ribo-
somes share more structural similarities to bacterial ribosomes
than do eukaryotic cytoplasmic ribosomes; this fact further
supported the involvement of mitochondrial ribosomes as one
of the primary target sites in AGs ototoxicity (11, 35, 36).

Extensive research has shown that exposure to AGs may lead
to impairment of RNA translation and inhibition of protein
synthesis within mitochondria, resulting in increased forma-
tion of ROS, which then promote apoptotic cell death (11,
37–39). This mechanistic postulate is further supported by a
recent finding by Matt et al. (12) that apramycin, an AG with
reduced ability to inhibit mitochondrial protein synthesis, also
shows signs for a reduced ROS accumulation and exhibits
reduced ototoxicity.

In contrast, the most recent work by Francis et al. (13) sug-
gests that AGs ototoxicity correlates closely with cytoplasmic
protein synthesis inhibition. Using the bioorthogonal non-
canonical amino acid tagging method, this group investigated
the role of cytoplasmic protein synthesis inhibition in hair cells
and demonstrated that the ability of a particular AG to block
cytoplasmic protein synthesis and to activate the JNK pathway
correlates with its ototoxic potential. Particularly, it was shown
that the reduced ototoxicity of apramycin in comparison to that
of gentamicin correlates equally well with its relatively reduced
ability to block cytoplasmic protein synthesis and JNK activity
in hair cells, leaving the question open as to whether mitochon-
drial or cytoplasmic protein synthesis inhibition predominates
to AG-induced ototoxicity.

In the present work, we demonstrate that ototoxicity exerted
by a particular AG in cochlear explants and in guinea pigs in
vivo correlates primarily with its ability to block mitochondrial

FIGURE 8. Cytocochleograms showing quantitative evaluation of hair cell
loss. Surface preparations of guinea pig cochleae were evaluated quantita-
tively by counting the presence or absence of hair cells along the entire
length of the cochlea. A, after treatment of guinea pigs with NB74 (140 mg/kg
of body weight for 14 days), only minimal loss of outer hair cells is observed at
the extreme base of the cochlea. B, after treatment with gentamicin (100
mg/kg of body weight for 14 days), loss of outer hair cells (OHC) already
begins in the upper middle turn of the cochlea and increases steeply with a
total loss in the lower middle and basal turns of the cochlea. Inner hair cells
(IHC) show scattered loss toward the base. Representative examples of treat-
ment with gentamicin and NB74 are shown.
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rather than cytoplasmic protein synthesis. The impact of a par-
ticular AG on mitochondrial protein synthesis was first dem-
onstrated at the whole cell level using HeLa cells (Fig. 2 and
Table 1). G418 is the most potent inhibitor of the mitoribo-
some, followed by gentamicin, and the synthetic derivatives
NB84 and NB74 exhibited significantly reduced potency of
inhibition. Consistent with their relative ability in blocking
mitochondrial protein synthesis, G418 caused a significant
reduction in the overall respiratory capacity, whereas NB84
induced significantly less change (Fig. 3). These data demon-
strate that: (i) AGs impair the function of mitochondria and,
consequently, the overall respiratory capacity of the cell and (ii)
increased inhibition of mitoribosome correlates with the
increased dysfunction of mitochondria.

The presence of AGs within hair cells leads to increased for-
mation of ROS (7, 40), and the mitigating effect of antioxidants
on ototoxicity is perhaps the strongest argument for a causal
relationship (41, 42) between ROS formation and auditory sen-
sory cell damage. A common mechanism for the formation of
lethal ROS is the Fenton reaction (43):

Fe2� � H2O2 ¡ Fe3� � HO
�
� HO	

REACTION 1

Execution of this reaction requires the presence of excess Fe2�

and H2O2 in mitochondria, which can be produced by a direct
oxidative damage of [4Fe-4S]-containing dehydratases, includ-
ing the mitochondrial aconitase, promoted by an excess of
superoxide radical (28). For this, the required excess superoxide
can be formed via disturbance of energy metabolism caused by
AG-induced blockage of mitochondrial protein synthesis and
accumulation of abnormal respiratory complexes (11). This
scenario is a potential mechanism for an AG-induced oxidative
stress and cell apoptosis, and some of its particular steps have
previously been independently demonstrated in different
model systems (12, 35, 37). To our knowledge, however, a com-
prehensive study comparing the ability of different AG deriva-
tives in promoting all these steps in one system has not been
carried out.

Here, we first show that the AG-induced disturbance of
energy metabolism (as reflected by impairment of cell respira-
tion) indeed triggers the production of excess superoxide radi-
cal and that the extent of superoxide production correlates
directly with the extent of the inhibitory effect of AGs on mito-
chondrial protein synthesis (Fig. 4); the trend for the induction
of superoxide overproduction is G418 � gentamicin � NB84 �
NB74 and is essentially identical to that observed for the inhi-
bition of mitochondrial protein synthesis in mammalian cells
(Fig. 2), as well as for the impairment of cell respiratory capacity
(Fig. 3). Next, by using in-gel activity assay, we show that the
elevated superoxide levels cause oxidative damage to cellular
aconitases, preferentially to the one of the mitochondrial origin
and that the extent of this damage again correlates directly with
the extent of the inhibitory effect of AGs on mitochondrial pro-
tein synthesis (Fig. 5). Finally, because the reaction of superox-
ide with the [4F-4S] cluster in the aconitase enzyme results in
the formation of free Fe2� and H2O2 (28), we monitored the
accumulation of free Fe2� in intact human cells (Fig. 6). The

exposure of cells to a particular AG induced a dose-dependent
accumulation a free Fe2�, the extent of which is in a direct
correlation with the inhibitory capacity on mitochondrial pro-
tein synthesis with a rank: G418 � gentamicin � NB84 �
NB74.

Importantly, our comparative data further indicate that the
ability of a particular AG to induce oxidative stress and accu-
mulation of lethal ROS within the mammalian cell correlates
with its ototoxicity potential (Fig. 7). First, we show here that
the exposure (72 h) of murine organ of Corti explants to clini-
cally relevant levels (3.3 �M) of a particular AG (Fig. 7A) (44)
causes a significantly different organ pathology; the basal
cochlea shows almost complete destruction with G418, consid-
erable destruction with gentamicin, and no significant pathol-
ogy with NB84 and NB74. The LC50

Coch values derived from
dose-response curves covering a 200-fold concentration range
were: 0.7, 3.5, 20, and 140 �M for G418, gentamicin, NB84, and
NB74, respectively (Fig. 7B and Table 1). These ex vivo data
were further corroborated in vivo in the guinea pig (Fig. 7C).
The auditory threshold shifts at 32 kHz indicated that the treat-
ment with gentamicin (140 mg of drug/kg of body weight for 14
days) causes a profound hearing loss of 64 dB. In contrast, treat-
ment with NB74 at the same dosing regimen caused essentially
no significant effect on auditory thresholds compared with
untreated animals. G418 was so highly toxic that a dose of 50
mg of drug/kg of body weight resulted in early death of all three
experimental animals. The sum of these results demonstrated
that susceptibility of mitochondrial ribosomes to AGs both in
isolated mitochondria (Fig. 9B) and at the whole cell level (Fig.
9A), correlates with their relative cochleotoxicity (Table 1).
This correlation is further supported by the in vivo ototoxicity
results, reinforcing the conclusion that AG-induced cochleo-
toxicity is mainly determined by the AG activity against mito-
chondrial ribosomes rather than against cytoplasmic ribo-
somes. This notion is also in accordance with the recent report
on hybrid ribosomes by Böttger and co-workers (12, 45). Fur-
thermore, our findings here are consistent with our previous
work in which we showed that the increased specificity of AG
toward the mitochondrial ribosome correlates with its in-
creased cytotoxicity (17).

Our studies demonstrate properties of the designer struc-
tures NB74 and NB84 that can be exploited in the treatment of
human genetic diseases caused by nonsense mutations. In this

FIGURE 9. Relationship between the ability of a series of AGs (as indi-
cated) to block mitochondrial protein synthesis (IC50

Mito values; Table 1)
and their ex vivo cochleotoxicity (LC50

Coch values; Table 1). A, the relation-
ship with IC50

Mito values measured in vitro on intact mitochondria isolated
from HeLa cells. B, the relationship with IC50

Mito values measured ex vivo in
HeLa cells. Genta, gentamicin.
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context, we have recently demonstrated the ability of some of
our recent lead compounds of the NB series, including NB74
and NB84, to partially restore protein function in various clin-
ically relevant cellular and animal models of genetic diseases,
including cystic fibrosis (46), Rett syndrome (47, 48), Usher
syndrome (49 –51), and Hurler syndrome (52, 53). These obser-
vations, together with the relatively low toxicity of NB74 and
NB84, encourage the further testing of these novel designer
AGs in animal models and human subjects to maximize the
translational impact of our work.

Acknowledgments—We thank Marianna Hainrichson of our group
for assistance at the initial steps of mitochondrial protein synthesis
assays. We thank Gadi Schuster (Technion) for helping us in mito-
chondrial protein synthesis assays and Boris Tumanskii (Technion)
for assistance in performing EPR experiments. V. B. acknowledges the
Ministry of Science and Technology, Israel (Kamea Program).

REFERENCES
1. Davis, B. D. (1987) Mechanism of bactericidal action of aminoglycosides.

Microbiol. Rev. 51, 341–350
2. Moazed, D., and Noller, H. F. (1987) Interaction of antibiotics with func-

tional sites in 16S ribosomal RNA. Nature 327, 389 –394
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