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Kidney cortex apoptosis was studied with female Wistar rats treated for 10 days with gentamicin and
netilmicin at daily doses of 10 or 20 mg/kg of body weight and amikacin or isepamicin at daily doses of 40
mg/kg. Apoptosis was detected and quantitated using cytological (methyl green-pyronine) and immunohisto-
chemical (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) staining, in parallel
with a measurement of drug-induced phospholipidosis (cortical phospholipids and phospholipiduria), cortical
proliferative response (3H incorporation in DNA and histoautoradiography after in vivo pulse-labeling with
[3H]thymidine), and kidney dysfunction (blood urea nitrogen and creatinine). Gentamicin induced in proximal
tubules a marked apoptotic reaction which (i) was detectable after 4 days of treatment but was most conspic-
uous after 10 days, (ii) was dose dependent, (iii) occurred in the absence of necrosis, and (iv) was nonlinearly
correlated with the proliferative response (tubular and peritubular cells). Comparative studies revealed a
parallelism among the extents of phospholipidosis, apoptosis, and proliferative response for three aminogly-
cosides (gentamicin >> amikacin > isepamicin). By contrast, netilmicin induced a marked phospholipidosis
but a moderate apoptosis and proliferative response. We conclude that rats treated with gentamicin develop an
apoptotic process as part of the various cortical alterations induced by this antibiotic at low doses. Netilmicin,
and still more amikacin and isepamicin, appears safer in this respect. Whereas a relation between aminogly-
coside-induced tubular apoptosis and cortical proliferative response seems to be established, no simple
correlation with phospholipidosis can be drawn.

Aminoglycosides have long been and still are an essential
component of our armamentarium against severe, life-threat-
ening infections caused by gram-negative bacilli (20, 49). Their
nephrotoxicity and ototoxicity, however, remain of concern to
clinicians, even though the optimization of their mode of ad-
ministration (21) and the use of intrinsically less toxic deriva-
tives (48) already offer some increased safety. An intriguing
aspect of aminoglycoside nephrotoxicity remains the fact that
very large amounts of drug (usually 10 times the therapeutic
doses) must be administered to animals in order to cause
clear-cut acute tubular necrosis and concomitant alteration of
the renal function (20, 52). In contrast, rats treated with low,
more therapeutically relevant dosages show neither extended
tubular necrosis nor gross kidney dysfunction but merely an
array of alterations involving the apical and basolateral mem-
brane, the lysosomes, and various other subcellular compo-
nents of proximal tubule cells, none of which, however, has
unambiguously been associated with cell death and organ dys-
function (49). Yet, the development of these alterations is
associated with an increased tissue DNA synthesis, which de-
velops in parallel with the appearance of dedifferentiated cells
in the proximal tubules and a proliferation of interstitial cells
(38, 67). It has long been thought that this process was a
reaction to focal tubular necroses (39), which are difficult to
quantitatively assess because dead cells are quickly swept away
in the lumen and the urine. Based on nonsystematic morpho-
logical observations performed during our early studies, how-

ever, we suggested that gentamicin could also induce the apo-
ptotic death of epithelial tubular cells (38), but the importance
of this phenomenon was not examined. Apoptosis, or pro-
grammed cell death, was originally described in the study of
insect tissue degeneration (43) and was later found to be a
prominent process in most instances of tissue remodeling (33).
It designates a form of cell demise characterized by specific
cytological features which make it quite distinct from necro-
sis, such as cell shrinkage, increased cytoplasmic density, and
compaction of chromatin which segregates into well-defined
clumps abutting the nuclear membrane (10). While apoptosis
is a physiological process during embryogenesis and the estab-
lishment of immune self-tolerance (1, 44, 73), it can also be
triggered by various pharmacological agents, including antican-
cer drugs (74) and antibiotics (2). The ototoxicity of aminogly-
cosides has been attributed to apoptosis of cochlear and ves-
tibular hair cells in the inner ear sensory epithelia (36, 50). The
recognition that apoptosis entails the cleavage of internucleo-
somal DNA (DNA laddering) by endogenous endonucleases
such as caspase-activated endonuclease (CAD) (16), has led to
the development of immunohistochemical techniques allowing
one to easily observe and quantitate the occurrence of apopto-
tic cells in tissue sections (19). This offered a valuable oppor-
tunity to reexamine our original suggestion that gentamicin
causes apoptosis in kidney tissues. We therefore present here
a quantitative evaluation of apoptosis induced in renal cortex
by gentamicin at low, therapeutically relevant doses in corre-
lation with the development of other early, subclinical tissue
alterations. Netilmicin, amikacin, and isepamicin have been
included to better assess the significance of our findings in
relation to the lower nephrotoxic potential of these derivatives
(48).
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(Preliminary accounts of this work have been given at the
35th and the 38th Interscience Conference on Antimicrobial
Agents and Chemotherapy [M. El Mouedden, H. Taper, G.
Laurent, and P. M. Tulkens, Abstr. 35th Intersci. Conf. Anti-
microb. Agents Chemother., abstr. A-123, 1995, and M. El
Mouedden, G. Laurent, M. P. Mingeot-Leclercq, and P. M.
Tulkens, Abstr. 38th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. A-88, 1998, respectively].)

MATERIALS AND METHODS

Overall design of the experiments. The administration of low doses of genta-
micin (typically 4 to 10 mg/kg of body weight) is known to cause within 10 days
in renal proximal tubular cells (i) the development of a conspicuous lysosomal
phospholipidosis which can be assessed directly by the measurement of total
cortical phospholipids (37), and indirectly by the determination of phospholipi-
duria (27, 28, 32) and (ii) a significant cellular proliferation which can be visu-
alized and quantitated by histoautoradiography and measurement of DNA ra-
dioactivity in [3H]thymidine-pulsed animals (38). Tubular necroses become
clearly detectable only at larger doses (20 mg/kg or more [52]). The severity of
the lysosomal alterations and the extent of cellular proliferation at low doses and
of the cortical necrosis and the kidney dysfunction at large doses are increased if
the daily dose of the aminoglycosides is divided into two or three administrations
over 24 h (P. M. Tulkens, M. E. De Broe, P. Maldague, G. Verpooten, and S.
Scharpe, Abstr. Annu. Meet. Am. Soc. Microbiol. 1982, abstr. A 30, 1982; 6, 38).
Based on these considerations, on previous studies with aminoglycosides (53, 69,
72), and on pilot studies, we selected the experimental conditions defined in
Table 1. These were aimed at providing an appropriate model of the clinical use
of aminoglycosides and at mimicking as much as possible the actual drug expo-
sure experienced by patients. Moreover, the doses, treatment duration, and
schedules used were known by us to elicit a frank phospholipidosis in the absence
of visible tubular necrosis at the lower dose and detectable tubular necrosis at the
higher dose. Netilmicin was systematically compared to gentamicin throughout
these experiments since it causes a marked phospholipidosis (69) but less necro-
sis than does gentamicin (53). The comparison was thereafter extended to ami-
kacin and isepamicin, both of which cause a mild phospholipidosis and little
necrosis (69, 72).

Animals and treatments. All studies were performed with female Wistar rats
(180 to 200 g in body weight) purchased from a commercial breeding farm
(Iffa-Credo, l’Arbresle, France). Before and during treatment, animals were
housed in a central facility submitted to a 12-h light-dark cycle, provided with
regular rat chow and tap water ad libitum, and handled and treated according to
the guidelines of the Belgian Ministry of Agriculture (agreement no. LA
12303116). Twenty-four hours before termination of the treatment, the rats were
transferred to metabolic cages designed for urine collection. All daily doses (see
data) were split into halves given as two separate administrations at around
9 a.m. and 5 p.m., respectively. Drugs were injected by the intraperitoneal route
after appropriate dilution in 0.9% NaCl in order to deliver a volume of 0.5 ml per
200 g of animal and per injection (the actual volume injected into each rat was

adjusted according to the body weight which was recorded immediately before
each drug administration). For control animals, only 0.9% NaCl (0.5 ml per 200 g
of animal) was administered. Each experimental group, including controls, con-
tained six animals. Treated and control rats were killed approximately 16 h after
the last drug injection and exactly 1 h after intraperitoneal injection of 200 mCi
of [methyl-3H]thymidine (40 Ci/mmol; Amersham International plc, Little Chal-
font, United Kingdom).

Sacrifice and sampling of renal tissue. Animals were killed by decapitation,
and blood samples were collected from the stump for the measurement of serum
creatinine and blood urea nitrogen (BUN). Both kidneys were exposed by lap-
arotomy and excised. After longitudinal bisection, the renal cortex was removed
by sharp dissection. For light microscopy studies, two necropsy specimens (each
equivalent to approximately a quarter of each kidney) were fixed separately in
Carnoy’s mixture and in 10% neutral buffered formalin (4.2% formaldehyde) at
room temperature for 24 and 48 h, respectively. The remaining renal cortex
tissue was snap-frozen in dry ice and stored at 280°C until biochemical analysis.

Morphological studies. (i) Histological demonstration of apoptotic cells. Kid-
ney specimens, fixed in formalin or Carnoy’s mixture, were dehydrated in graded
ethanol solutions and embedded in paraffin. Sections (approximately 7 mm thick)
of formalin-fixed tissue were used for hematoxylin-eosin staining or terminal
deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling
(TUNEL), whereas other sections (also approximately 7 mm thick) from tissue
fixed in Carnoy’s mixture were stained with methyl green-pyronine according to
the method of Brachet (8).

(ii) Immunohistochemical demonstration of apoptosis. Apoptotic cells were
detected by TdT-mediated extension of 39 OH ends of fragmented DNA using
either digoxigenin- or fluorescein-labeled dUTP as a precursor (TUNEL) (this
method is an adaptation from the original work of Gavrieli et al. [19], who used
biotin-labeled dUTP). DNA-bound digoxigenin or fluorescein was revealed by
reaction with antidigoxigenin or antifluorescein antibodies labeled with peroxi-
dase. Reagents were purchased as commercial kits (Apoptag; Oncor, Gaithers-
burg, Md.; in situ cell death detection kit POD; Boehringer Mannheim, Mann-
heim, Germany [presently Roche Diagnostics]). The immunohistochemical
staining procedure was carried out in accordance with the suppliers’ recommen-
dations. Briefly, sections of formalin-fixed and paraffin-embedded specimens
were dewaxed, rehydrated, and pretreated with 20 mg of proteinase K per ml for
15 min at room temperature. After rinsing, the sections were incubated for 2 h
in a reaction buffer containing TdT, dATP, and digoxigenin-11-dUTP or fluo-
rescein-11-dUTP. At the end of the incubation, the sections were rinsed with a
stop-wash buffer for 30 min at 37°C, and the mixture was then replaced by
peroxidase-conjugated antidigoxigenin or antifluorescein antibody. Immunocom-
plexes were visualized by exposure to H2O2 and diaminobenzidine. Finally,
sections were counterstained with methyl green prior to mounting for light
microscopy examination. Two positive controls were made to check that the
immunostaining performed under our experimental conditions specifically re-
vealed nuclei containing fragmented DNA. For the first one, DNA nicking was
produced by exposing sections of control kidneys to micrococcal nuclease (10
mg/ml, 10 min, 37°C). In the second one, apoptosis was induced in cultured
thymocytes by exposure to dexamethasone (3, 19). In both cases, we clearly
observed the appearance of a large number of immunostained nuclei. Negative
controls were also run by omitting the addition of TdT in the reaction mixture.
No labeling was seen in this case in both kidney sections and smears of dexa-
methasone-treated thymocytes.

(iii) Morphological demonstration of cell proliferation. S-phase cells were
detected by histoautoradiography as described in the work of Laurent et al. (38).
Paraffin sections were dewaxed and coated in the dark by dipping them in K-5
Ilford nuclear emulsion (Ilford Ltd., Mobberley, Cheshire, United Kingdom).
Histoautoradiographs, stored at 4°C in sealed boxes, were allowed 5 weeks for
proper exposure. After processing, tissue sections were counterstained with he-
malun and eosin.

(iv) Quantitative analyses. Enumeration of labeled nuclei (TUNEL histolog-
ical or histoautoradiography) was performed for slides picked at random for each
experimental animal (three slides for Brachet staining; two slides for apoptosis
immunolabeling and histoautoradiography). These slides were assigned an arbi-
trary code which was disclosed to the observer (M.E.) only after final pooling of
the results. Examination was made on a Zeiss light microscopy at 340 magnifi-
cation for the enumeration of S-phase cells and at 340 or 363 magnification for
apoptotic nuclei. For calibration purposes, a square grid was mounted in one
eyepiece, determining a square field of 0.04 or 0.016 mm2, depending on the
magnification. The number of fields examined per slide was 20 for the methyl
green-pyronine-stained sections and the immunostained sections and 40 for the
histoautoradiographs (yielding total surfaces of 0.966, 0.644, and 3.22 mm2 per
slide, respectively). For the histological assessment of apoptosis, we counted all
cells with a pyknotic and karyorrhectic nucleus (typically, the total numbers of
nuclei actually counted per animal were '3 for controls and '60 and '100 for
rats treated for 10 days with 10 and 20 mg of gentamicin per kg, respectively). For
the assessment of apoptosis by TUNEL, we counted all nuclei exhibiting a frank
brown labeling. These nuclei most often displayed typical alterations such as
pyknosis, crescent-like condensation of the chromatin, or formation of apoptotic
bodies. Clusters of apoptotic bodies were given a single count (typical numbers
of TUNEL-positive nuclei counted per animal, including clusters of apoptotic
bodies, were '2 for controls and '65 and '130 for rats treated with 10 and 20

TABLE 1. Experimental groups, conditions of treatments, and
relevance to the clinical use of aminoglycosides

Drug Dose
(mg/kg)a

Duration
(days)

Fold increase over:

Clinical
doseb

Clinical daily drug
exposurec

Gentamicin 10 4–10 ;2 ;0.5
20 4–10 ;4 ;1

Netilmicin 10 4–10 ;1.7 ;0.4
20 4–10 ;3.3 ;0.8

Amikacin 40 10 ;2.7 ;0.7
Isepamicin 40 10 ;2.7 ;0.7

a Twice-a-day schedule (daily dose split into two administrations at 12-h in-
tervals). This schedule (or even a three-times-a-day schedule) was long consid-
ered mandatory for aminoglycosides but is known to increase toxicities at both
low and high doses in animals (38, 52). Data for patients are less definite, even
though a trend toward less toxicity is commonly observed with a once-a-day
schedule (21, 48).

b Suggested maintenance doses for an adult patient with an estimated creati-
nine clearance of 90 ml/min (20) (gentamicin, 5.1; netilmicin, 6; and amikacin, 15
mg/kg, respectively) or based on the registered dosage in Belgium and many
other countries for isepamicin.

c Based on estimated ratio of areas under the serum concentration-time curve,
AUC ratio, using the dose ratio defined in footnote b and assuming apparent
half-lives of ;30 min in rats and ;120 min in humans (b-elimination phases).
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mg of gentamicin per kg for 10 days, respectively). For the assessment of DNA
synthesis by histoautoradiography, we counted all cells with clearly recognizable
silver grains over or closely associated with the nucleus (typical numbers of
positive cells counted per animal were '6 for controls and '176 and '460 for
animals receiving 10 and 20 mg of gentamicin per kg for 10 days, respectively).

Biochemical and microbiological studies. Cortical tissue samples were thawed
and homogenized at 0°C in distilled water for measurement of their contents in
total lipid phosphorus and protein, using well-established procedures (5, 7, 45)
which were fully validated in the present study (coefficients of variation of 1.5 and
1.8% for the assays of tissue phospholipids and tissue proteins, respectively [n 5
20 in each case]). The same samples were then used for the determination of
DNA specific radioactivity (38), with a minimum of 1,000 counts recorded over
background per vial. The urine collected during the 24 h preceding the sacrifice
was carefully mixed and stored at 220°C until analysis. Samples were thawed,
mixed thoroughly, and centrifuged at 25,000 rpm (Rotor 30; Beckman Instru-
ments, Palo Alto, Calif.) for 1 h. The resulting pellets were resuspended in 1 ml
of distilled water and used for the determination of total lipid phosphorus, as
detailed previously (27, 28, 34). The coefficient of variation of this determination
was 4.7% (n 5 20). Serum creatinine and BUN were determined by the routine
procedures (4, 15, 31) used for human clinical samples in our University Hospital
(Cliniques Universitaires Saint-Luc, Brussels, Belgium), with intrarun and inter-
run coefficients of variations of 0.6 and 1.2, and 3 and 2.5%, respectively (Hitachi
717 autoanalyzer; Hitachi Ltd., Chiyoda-ku, Tokyo, Japan). The aminoglycoside
content of the renal cortex tissue was assayed by a plate diffusion bioassay, using
Bacillus subtilis (ATCC 6633) as the test organism, using the technique devel-
oped earlier for cultured cell extracts (68). All samples were assayed in triplicate
against a series of known standards (extracts from control animals spiked with
the corresponding antibiotic after homogenization; no interference of homoge-
nate protein was noted) over a 2.5- to 20-mg/ml range (typical r ' 0.987) and
covering the range of drug concentrations found in the samples from treated
animals.

Statistical analyses. The statistical analysis was performed according to a
two-step procedure, the first step being the determination of the type of data
distribution for each parameter studied, and the second being the analysis of the
effects of the independent variables. The first step used the Kolmogorov-Smirnov
test, and distributions of data were found to be log normal in all cases. Using then
the logarithmic transformation of data, the effects of independent variables were
first assessed by analysis of variance (ANOVA). When the latter disclosed non-
random variations, significant differences between groups were identified by the
Scheffe post hoc test. Unless stated otherwise, the level of significance was set at
P values of ,0.05. These analyses were made using STATISTICA (Statsoft,
Tulsa, Okla.). Correlations were made and plotted using GraphPad InStat
(GraphPad Software, San Diego, Calif.).

Materials. Gentamicin, netilmicin, and amikacin were the injectable products
distributed in Belgium for human clinical use as Géomycine and Nétromycine
(both from Schering-Plough Labo, Heist-op-den-Berg, Belgium) and Amukin
(Bristol Italiana Sud, S.P.A., Latina, Italy), respectively. Isepamicin was an in-
vestigational material for clinical trials (isepamicin sulfate; 250 mg/ml; solution
for intravenous-intramuscular injection; batch 35684-038; Schering-Plough S.A.,
Brussels, Belgium). Unless specified otherwise, all other products and reagents

were purchased from established commercial suppliers and were either of ana-
lytical grade or certified as fit for the projected purpose by the provider.

RESULTS

As shown in Table 2, a clear-cut phospholipidosis (assessed
by the measurement of cortical phospholipid content and of
urinary phospholipid excretion) was observed in all animals
treated for 10 days with 10 mg of gentamicin per kg. Yet, these
animals did not suffer from kidney dysfunction as revealed by
the measurement of their serum creatinine and BUN. When
the gentamicin dose was raised to 20 mg/kg, no further in-
crease but rather a trend toward a decrease of the cortical
phospholipid content was seen with, however, a large variation
among animals. By contrast, phospholipiduria was clearly dose
dependent in the range investigated. The mean values of serum
creatinine and BUN were elevated in animals treated with 20
mg/kg, but the overall statistical analysis failed to disclose a
significant effect of the treatment because of the large varia-
tions seen. Nevertheless, it was clear that some animals had
developed definite renal dysfunction and that the dose interval
chosen for gentamicin in this experiment clearly spanned the
threshold zone separating the subtoxic alterations from those
causing the onset of acute tubular necrosis and acute renal
failure. Table 2 also shows that netilmicin, as expected, in-
duced a more severe phospholipidosis (assessed by the assay of
cortical phospholipids and phospholipiduria) than did genta-
micin but did not cause significant kidney dysfunction since all
values of BUN or creatinine remained within the range of
controls.

The morphological appearance of the cortex of the animals
treated at the two dosages of gentamicin is shown in Fig. 1. At
10 mg/kg, the tubules looked essentially normal when sections
stained with hematoxylin and eosin were examined at low to
medium magnification. Close examination of these sections at
high magnification, however, revealed the appearance of cells
with alterations typical of apoptosis (cell shrinkage and cyto-
plasm eosinophilia and presence of a small and shrunken nu-
cleus with chromatin condensation [Fig. 1A]). The use of the
periodic acid-Schiff reaction confirmed that these cells were

TABLE 2. Cortical (drug content and phospholipids), urinary phospholipiduria, and serum (creatinine and BUN) parameters
in control rats and in rats treated with gentamicin and netilmicin

Sample type and
parameter

Value (mean 6 SD) at daily dosage (mg/kg)a

0 (controls)
Gentamicin Netilmicin

10 20 10 20

Cortex
Drug contentb NA 9.3 6 2.7 ND 9.3 6 1.9 12.2 6 1.9
Phospholipidsc 100.0 6 5.0 118.9 6 6.1f 111.4 6 15.1 132.7 6 5.1f,h 139.2 6 8 f,h

Urine
Phospholipiduriad 100.0 6 18.7 373.2 6 30.8f 488.8 6 88.8 f,g 564.3 6 48.1f,h 714.7 6 99.5 f,g,h

Serume

Creatinine 0.6 6 0.1 0.6 6 0.1 1.2 6 0.6 0.7 6 0.1 0.7 6 0.1
BUN 37.2 6 10.5 32.7 6 6.3 75.7 6 52.3 27.3 6 5.0 33.3 6 7.8

a Daily dosage administered for 10 days in two separate administrations at 9 a.m. and 5 p.m. NA, not applicable; ND, not determined.
b Micrograms per milligram of protein.
c Percentage of control value (controls, 323 6 16 nmol/mg of protein).
d Percentage of control value (controls, 122.12 6 22.87 nmol/24 h).
e Milligrams per deciliter.
f Significantly different from controls.
g Significantly different from the group treated at the lower dose.
h Significantly different from the other aminoglycoside at the same dosage.
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almost exclusively found in proximal tubules (data not shown).
The nuclear alterations characteristic of apoptosis were more
clearly visible after using the Brachet technique (methyl green-
pyronine staining [Fig. 1B]). When the daily dose of gentami-
cin was increased to 20 mg/kg, apoptotic figures became more
frequent (Fig. 1C and D) and, at the same time, necrotic
tubules were clearly and unambiguously seen in several parts of
the cortex (Fig. 1C). Apoptotic cells were most often found in
tubule sections that otherwise looked unremarkable but were
also observed in necrotic tubules. In parallel with these con-
ventional staining techniques, we examined kidney sections
after in situ immunohistochemical demonstration of DNA
fragmentation (TUNEL technique). As shown in Fig. 2, scat-
tered, peroxidase-labeled nuclei could easily be detected over
the entire cortex from all treated animals, due to their brown-
ish appearance contrasting with the light background (Fig. 2B
and C). Most of these labeled nuclei were seen in proximal
tubule epithelium, but some were also observed in the lumen.
Sections from control animals showed only a very few labeled
nuclei (Fig. 2A).

Having thus demonstrated qualitatively by both conven-
tional histology and TUNEL the occurrence of apoptosis in the

kidney cortex of animals treated with gentamicin, we under-
took a quantification of this process in comparison with netil-
micin. Figure 3 shows the results obtained with TUNEL. Al-
though there was a fair degree of variability among individual
animals at the highest dose of gentamicin (20 mg/kg), the
results clearly showed a dose dependency of the apoptotic
process, with values reaching up to 240 times those of control
animals. A clear-cut response was also noted for netilmicin but
to a markedly lesser extent than for gentamicin. The occur-
rence of the apoptotic process was also quantitated using
methyl green-pyronine staining. Figure 4 shows that a highly
significant correlation was obtained between the values given
by these two techniques, indicating that the variation recorded
for the apoptotic response was linked to a variability among
animals and not to the technique used. Yet, about twice as
many apoptotic figures were scored using the TUNEL tech-
nique as were scored by the methyl green-pyronine staining
method, suggesting a major difference in the sensitivities of the
two methods (see Discussion).

We knew from a previous study (38) that gentamicin, at the
dose of 10 mg/kg, induces a marked proliferative response in
kidney cortex. This reaction was therefore quantitated in the

FIG. 1. Light microscopy appearance of paraffin sections of kidney cortex. (A and C) Sections stained with hematoxylin and eosin; (B and D) sections stained with
methyl green-pyronine (Brachet staining [8]). Animals were treated with gentamicin for 10 days (10 [A and B] or 20 [C and D] mg/kg). Single arrows point to cells
showing clear evidence of nuclear alterations related to apoptosis; the double arrowhead (in panel C) shows a cell with clear shrinkage and eosinophilia of the
cytoplasm; NT (in panel C) denotes a necrotic tubule. Two mitotic figures are circled in panels B and D. Bars, 20 mm.
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present study using the [3H]thymidine incorporation approach
to draw quantitative correlations with the apoptotic process.
Figure 5 shows that a large number of labeled nuclei could eas-
ily be observed in both the proximal tubules and the inter-
stitium of gentamicin-treated rats. Using the criterium of 3H
incorporation in cortical DNA (Fig. 6), we noted that the re-
sponse was highly variable but nevertheless clearly dose depen-
dent (this variability was already noted in earlier studies [38] and
was shown to result from true variation among treated animals
in their ability to incorporate [3H]thymidine in cortical tissue
[54]). A marked difference between gentamicin-treated and
netilmicin-treated animals was also observed. A reasonable
correlation was obtained when comparing the biochemical
data (DNA radioactivity) with the enumeration of cells la-
beled by histoautoradiography in the kidney cortex of the
same animals. Finally, Fig. 7 shows that there was a statisti-
cally significant correlation between the proliferative process
(quantitated by either the measurement of the cortical DNA

FIG. 4. Correlation between the frequency of apoptotic nuclei detected by
TdT-mediated labeling of fragmented DNA (TUNEL) and revealed by methyl
green-pyronine (Brachet staining) in control animals and in animals treated for
10 days with gentamicin at 10 or 20 mg/kg (r 5 0.89; n 5 18; P , 0.001).

FIG. 2. Immunohistochemical demonstration of apoptotic nuclei in sections
of kidney cortical specimens of controls (A) and animals treated for 10 days with
gentamicin at 10 (B) and 20 (C) mg/kg. Sections were treated for TdT-mediated
labeling of fragmented DNA (TUNEL [19]). Positive nuclei were identified as
shrunken, darkly stained bodies with either a condensed or a fragmented ap-
pearance (arrowheads). Labeling is also detected in small granules which prob-
ably originate from the disruption of an apoptotic nucleus (arrows). When these
granules occurred in clusters, only one count was recorded in the quantitative
analysis (Fig. 3). Bars, 20 mm.

FIG. 3. Enumeration of apoptotic nuclei observed in cortex sections after
application of TUNEL (Fig. 2). Open circles, control animals; filled squares,
animals treated for 10 days with gentamicin (G); filled triangles, animals treated
with netilmicin (N). Each point refers to the pooled counts of one individual
animal (n 5 6 in each group). Statistical analysis (ANOVA followed by Scheffe
post hoc test with P , 0.05): a, significantly higher than control; b, significantly
higher than the lower dose; c, significantly lower than the other aminoglycoside
at the same dosage.
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radioactivity or the enumeration of labeled cells after histo-
autoradiography) and the apoptotic response (quantitated by
TUNEL). The statistical analysis suggested, however, that the
correlation was not linear.

To further delineate a potential relationship between all
changes demonstrated so far, we examined the time depen-
dence of their occurrence by treating animals for both 4 and 10
days. We used only gentamicin (to obtain large responses for
all criteria) but selected the low dose (10 mg/kg) to fully ex-
clude the possibility of causing extended necrosis. Results pre-
sented in Fig. 8 clearly show that, while drug accumulation and
development of cortical phospholipidosis and phospholipid-
uria proceeded in parallel and almost linearly with time, both
DNA synthesis and apoptosis were delayed events with only
minimal changes detected at day 4 compared to what was seen
at day 10. Serum creatinine was only minimally increased at the
end of the treatment. In a final series of experiments, we
compared gentamicin and netilmicin to amikacin and isepami-
cin at an equitherapeutic dose. We selected again the low dose
of gentamicin (10 mg/kg) and set, accordingly, the doses of
amikacin and isepamicin at 40 mg/kg, based on their corre-
sponding dosage ratios to gentamicin in human clinical use.
Netilmicin was also included to complete the comparison. The
treatment period was set at 10 days to allow for the potential
development of all changes while remaining within acceptable
clinical criteria of treatment duration. As shown in Fig. 9,
amikacin and isepamicin (i) accumulated to lower levels than
gentamicin and netilmicin in the kidney cortex in spite of their
higher dosage, (ii) caused a milder phospholipidosis as as-
sessed by the two criteria of cortical phospholipid content and
phospholipiduria, (iii) caused only a modest increase in corti-
cal DNA radioactivity, and (iv) caused only minimal apoptosis
(all values for both amikacin- and isepamicin-treated animals
were statistically different from those of gentamicin- and netil-
micin-treated ones). No change in renal function was seen for
all drugs.

Finally, we tested whether apoptosis and DNA synthesis
were correlated at the level of all individual animals used to
generate the data of Fig. 9. Figure 10 shows that the DNA
specific radioactivity and TUNEL were indeed correlated in a
nonlinear fashion in an imperfect but nevertheless significant
manner. Similarly, significant, nonlinear correlations were ob-
tained when using the data from the enumeration of S-phase

cells to evaluate the proliferative process or when assessing
apoptosis by methyl green-pyronine staining (data not shown).

DISCUSSION

Low multiples of the human therapeutic doses of aminogly-
cosides have long been known to cause an array of tubular
alterations without signs of extended necrosis and overt tubu-
lar dysfunction (48). These alterations were therefore consid-
ered by many observers to be unrelated to toxicity defined by
histopathological damage (mainly cell death) and alteration of
kidney function (decrease of glomerular filtration) (20). Yet,
our observation that low-dose treatment is associated with a
highly significant increase in cellular proliferation of cortical
cells (proximal tubules and interstitium [38]), a process typi-
cally considered as denoting tissue repair and inflammation,
has cast doubt on the benign character of these alterations

FIG. 6. Determination of the DNA specific radioactivity in renal tissue cor-
tex. Open circles, controls; filled squares, animals treated for 10 days with
gentamicin (G); filled triangles, animals treated with netilmicin (N). Each animal
received an intraperitoneal injection of 200 mCi of [3H]thymidine 1 h before
sacrifice. Each symbol refers to an individual animal (n 5 6 in each group).
Statistical analysis (ANOVA followed by Scheffe post hoc test with P , 0.05): a,
significantly higher than control; b, significantly higher than the lower dose; c,
significantly lower than the other aminoglycoside at the same dosage.

FIG. 5. Light microscopy appearance of cortex sections processed for histoautoradiography. Animals were treated for 10 days with gentamicin (10 [A] or 20 [B]
mg/kg). Bars, 20 mm. Each animal received 200 mCi of [3H]thymidine 1 h before sacrifice for the demonstration of DNA synthesis in S-phase cells (arrowheads).
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(39). The present data now provide unambiguous, quantitative
evidence that proximal tubular epithelium actually undergoes a
marked process of nonnecrotic cell death, namely, apoptosis,
upon exposure to gentamicin at these low multiples of the
clinical doses. The morphological techniques that we have used
clearly identify the characteristic changes associated with the
apoptotic process, namely, a nuclear condensation and frag-
mentation, together with a shrinkage of the cell body, an eo-
sinophilia of the cytoplasm, and the characteristic cleavage of
DNA (demonstrated in situ by the TUNEL technique). The
lower incidence of apoptotic cells or clusters of apoptotic bod-
ies detected by Brachet staining than by the TUNEL approach
can probably be accounted for by the fact that the former
detects cells where chromatin has undergone marked conden-
sation and the cytoplasm has been profoundly modified, cor-
responding to a late stage in apoptosis, whereas the latter
allows one to label all nuclei in which DNA has been frag-
mented, i.e., at an earlier stage of the apoptotic process. Al-
though transcription and RNA splicing can to some extent
interfere with the TUNEL method and lead to an overestima-
tion of apoptotic cells (35), we believe that the apoptotic pro-
cess present here is probably more extensive than can be evi-
denced by our approaches. Apoptotic cells, indeed, display
changes in surface-exposed sugars and modifications of phos-
pholipid transversal distribution in plasma membrane, to-
gether with an increase in vitronectin content (17, 57, 58), that
ensure their recognition and swift engulfment by adjacent cells
(59). Apoptotic cells, and damaged tubular cells in general,
quickly detach from the basement membrane and are shed in
the urine (55, 56, 66). All these cells will escape detection in
tissue sections. Despite these uncertainties concerning the ac-
tual frequency of apoptotic cells, it is probably safe to say that
apoptosis induced by gentamicin in proximal tubular epithe-
lium of kidney is widespread and develops in a dose-dependent
fashion. The data therefore indicate that apoptosis is clearly
part of the array of early changes occurring in renal tissue after
treatment with aminoglycosides at low doses, i.e., in the ab-
sence of detectable necrosis and functional alterations. We

also show that apoptosis and necrosis can simultaneously occur
in proximal tubules when the dosage of gentamicin is moder-
ately increased (20 mg/kg). The observations reported here are
therefore of a different nature than those of Nouwen et al.

FIG. 7. Correlation between cortical DNA radioactivity (A) or frequency of
labeled cells in cortex (B) and apoptosis (detected by TUNEL) in controls and
in animals treated for 10 days with gentamicin at 10 or 20 mg/kg. Curvilinear,
polynomial functions were fitted by GraphPad software (for panel A, r 5 0.90,
n 5 36, and P , 0.01; for panel B, r 5 0.88, n 5 18, and P , 0.01) after a first
analysis disclosed a statistically significant nonlinear relationship.

FIG. 8. Cortical drug content, cortical total phospholipids, urinary excretion
of phospholipids, DNA specific radioactivity, apoptotic nuclei in renal cortex
(TUNEL), and serum creatinine in rats treated receiving saline (controls) or
gentamicin at 10 mg/kg for 4 or 10 days. Values are means 6 standard deviations
(n 5 6 in each group). Symbols with different letters in each graph indicate values
significantly different from each other based on statistical analysis by ANOVA
followed by Scheffe post hoc test (P , 0.05). prot., protein.

VOL. 44, 2000 AMINOGLYCOSIDE-INDUCED APOPTOSIS IN KIDNEY 671



(51), who reported the occurrence of apoptosis in distal seg-
ments of the nephron after induction of acute necrosis in
proximal tubules by massive gentamicin dosage (400 mg/kg for
2 days).

Apoptosis plays a major role in kidney embryogenesis, re-
sulting in large-scale cell death during development (12). By
contrast, in the adult and under normal circumstances, evi-
dence of apoptosis is seldom found in the kidney, where the
rate of cell turnover is very low. However, there are a number
of documented cases related to kidney insult in both pathology
and toxicology where the renal tissue, in particular the tubular
epithelium, exhibits a substantial increase of apoptotic cells
(13, 14). Thus, apoptosis is clearly involved in ischemic renal
atrophy (22) and in the recovery of tubular epithelium after
temporary ischemia (62). The intercalating anticancer agents
doxorubicin and mitoxantrone have also been found to induce
apoptosis in renal tubule epithelium (25). At a low concentra-
tion, cisplatin, another antitumor drug well known for its renal
toxicity, causes apoptosis in cultured proximal tubular cells
(41). Subchronic cadmium intoxication of kidney is also asso-
ciated with cell apoptosis occurring in the absence of necro-
sis in the S3 segment of proximal tubules (65). Interestingly
enough, the frequency of apoptotic cells in that model evolves
in parallel with that of S-phase cells, exactly as demonstrated in
the present study.

We may at this stage only speculate on the mechanisms by
which aminoglycosides, and gentamicin in particular, cause
apoptosis in proximal tubules. It is currently acknowledged
that the process leading to apoptosis can be divided into two
major phases (40), namely, the commitment phase and the
execution phase. The commitment phase is reversible and de-
termines whether or not a cell will undergo apoptosis. This
phase can be triggered by a variety of external or internal
stimuli, the influence of which is now viewed as creating inap-
propriate signals in a given context. This phase is under the
control of an intricate network of regulating systems, most of
them also involved in cellular physiological processes distinct
from apoptosis. It is during the execution phase, which is irre-
versible, that the cell exhibits the various morphological and
biochemical changes typical of apoptosis, including chromatin
compaction and internucleosomal DNA cleavage. Despite the

FIG. 9. Cortical drug content, cortical total phospholipids, urinary excretion
of phospholipids, DNA specific radioactivity in renal cortex, apoptotic cells in
cortex sections (TUNEL), and serum creatinine in rats treated with saline (con-
trols) or with gentamicin (10 mg/kg), netilmicin (10 mg/kg), amikacin (40 mg/kg),
or isepamicin (40 mg/kg) for 10 days. Values are means 6 standard deviations
(n 5 6 in each group). Groups with different letters are significantly different
from each other based on statistical analysis by ANOVA followed by Scheffe post
hoc test (P , 0.05). prot., protein.

FIG. 10. Correlation between apoptotic cells (TUNEL) and tubular prolif-
eration (DNA specific radioactivity) in control animals and all animals treated
with aminoglycosides (gentamicin, netilmicin, amikacin, and isepamicin) for 10
days. Data and treatments are those used for Fig. 9. A curvilinear, polynomial
function was fitted by GraphPad software (r 5 0.69; n 5 18; P , 0.01) after a first
analysis disclosed a statistically significant nonlinear relationship.

672 EL MOUEDDEN ET AL. ANTIMICROB. AGENTS CHEMOTHER.



fact that apoptosis can result from exposure to a wide variety of
stimuli, the execution phase displays a remarkable similarity
irrespective of the cell type or apoptosis inducer and is prob-
ably mediated by a common pathway. Our current knowledge
of the renal disposition of aminoglycosides suggests that these
drugs could act upon either phase of the apoptotic process.

Likely mechanisms related to the commitment phase are (i)
a direct effect of aminoglycosides on membranes, especially the
brush border membrane causing inhibition of phosphatidylino-
sitol phospholipase C and/or impairment of protein kinase C,
both processes likely to lead to apoptosis (47, 61); and (ii) a
perturbation of mitochondrial integrity leading to the release
of caspase-activating proteins (23). The former series of mech-
anisms, which essentially rely on direct contact between drug
and membrane, are demonstrable upon exposure to aminogly-
cosides (24, 42, 46, 60). In our opinion, however, an effect of
gentamicin at this level is difficult to reconcile with the fact that
apoptosis, although already detectable at day 4, becomes par-
ticularly prominent only at a later stage (Fig. 8). This suggests
that it is not the mere contact but the accumulation of the
gentamicin within kidney cortex which actually causes, directly
or indirectly, apoptosis. Gentamicin accumulated within cells
has been shown to interact with mitochondria, causing disrup-
tion of electron transport and a drop in ATP (63, 75, 76), and
these changes could trigger one or several of the recently
described mitochondrial signals involved in the commitment
phase of apoptosis (23). However, most if not all metabolic
effects of aminoglycosides on mitochondria have been shown
to occur after cell death (77).

It is tempting to speculate that aminoglycosides act at the
execution phase by disrupting lysosomes (following their swell-
ing through phospholipidosis) and provoking the release of
cysteine proteases capable of activating caspase-3 (30), a key
effector in the execution phase of apoptosis (16). This process,
which was already proposed to account for gentamicin-induced
cellular necrosis (37, 71) and appears to operate in other cases
of apoptosis (9), would nicely explain (i) the delay in the onset
of apoptosis (since a threshold in lysosomal dilation is probably
necessary to cause rupture [70]), (ii) the self-limiting character
of the cortical phospholipidosis (through sloughing of phos-
pholipid-laden cells), and (iii) the more favorable behavior of
amikacin and isepamicin than of gentamicin (mediated by both
their lower accumulation [this study] and their lesser inhibitory
potential toward lysosomal phospholipases [11, 72]). Yet, a key
role of lysosomal alterations in eliciting apoptosis is difficult to
reconcile with the divergent effects of gentamicin and netilmi-
cin on apoptosis and their common behavior with respect to
phospholipidosis. In the absence of further characterization of
the precise process ongoing with netilmicin, the role of lyso-
somal alterations must therefore remain unsettled with respect
to the onset of apoptosis. Generally speaking, a more extensive
analysis of the toxicological behavior of netilmicin is war-
ranted, since this aminoglycoside shows a remarkably low over-
all toxicity in animals upon acute exposure at large doses (29,
53, 64) but not with chronic treatments at low doses (26).

The toxicological implications of our observations need to
be critically examined. First, the doses of 10 to 20 mg/kg for
gentamicin and netilmicin and of 40 mg/kg for amikacin and
isepamicin which were used in this study can probably be
considered low multiples of the corresponding human doses.
They actually can be considered to provide a total drug expo-
sure (in terms of area under the serum concentration-time
curve) lower than or similar to what is observed in humans
treated with the recommended clinical doses of these antibi-
otics (20) (Table 1), taking into consideration the difference in
drug elimination half-lives between rats ('30 min) and hu-

mans ('120 min). The present data are, therefore, likely to be
of immediate clinical relevance and may provide the basis for
future investigations in humans. Second, the loss of tubular
cells by apoptosis can probably be viewed as a mechanism of
tissue damage, and more extensive studies, comparing a large
array of aminoglycosides with different established toxicities or
using various nephroprotectants (48), would certainly be useful
in this context. Yet, one may also argue that apoptosis is a
favorable event insofar as it results in an early and swift elim-
ination of those cells the viability of which is compromised,
thereby allowing an efficient nephrogenic repair that prevents
the denudation of the tubular basement membrane. The fact
that netilmicin, amikacin, and isepamicin, all of which have a
better safety profile than gentamicin (48), also cause less apo-
ptosis pleads strongly, however, for a pejorative view of amin-
oglycoside-induced apoptosis. Third, the fact that a moderately
large dose of gentamicin (20 mg/kg) induces both apoptosis
and necrosis actually suggests the existence of two distinct
mechanisms of cytotoxicity which could be entirely different
but could also be related to a limited versus a massive alter-
ation of a common target. Finally, it now becomes almost
certain that the sizeable increase of DNA synthesis detected in
the absence of necrosis in tubular epithelium after treatment of
animals with low doses of aminoglycosides results from cellular
proliferation in response to apoptosis and compensates for the
loss of epithelial cells. As shown earlier, labeled cells seen in
tubular epithelium after [3H]thymidine pulse appear indeed in
tubules displaying signs of regeneration and the extent of DNA
labeling in cortex matches the abundance of dedifferentiated
cells (38, 67). Yet, we cannot exclude the partial involvement
of a DNA repair process associated with apoptosis itself. The
statistical analysis revealed that the correlation between the
increase in DNA synthesis and apoptosis is not linear, with a
more intense cellular proliferation than anticipated at large
doses. As discussed above, this observation may merely indi-
cate that the extent of apoptosis is underestimated at large
doses because of the swift loss of apoptotic cells from the
epithelium. It may, however, also suggest that apoptosis is
associated with the release of mitogenic factors which are ex-
pected to cause a more than directly proportionate effects (18).
In this context, the peritubular proliferation which is also ob-
served and has been fully documented and quantitated in pre-
vious studies conducted with the same low doses of aminogly-
cosides (38, 67) is probably highly indicative of such a
mitogenic effect caused by tubular injury, since there is no
evidence that aminoglycosides cause direct interstitial damage.
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