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Aminoglycosides have long been one of the commonest
causes of drug-induced nephrotoxicity (137). Although a clear
recognition of the patient- and treatment-related risk factors
(91), combined with the once-a-day schedule and effective
monitoring procedures (98), have definitely improved the sit-
uation over what prevailed in the early 1980s (115), we are still
short of having brought the safety of aminoglycosides to that of
the main other wide-spectrum antibiotics. Chemical research
aimed at obtaining intrinsically less toxic compounds has met
with only modest success, and few of the other approaches
proposed to reduce the toxicities of the available agents have
reached practical clinical applications. Yet, because aminogly-
cosides are very effective antibiotics well suited to the treat-
ment of severe infections (35), it seems important to maintain
and even develop efforts to improve their therapeutic indices.
The present minireview tries to present in a prospective way
the status of both the basic and the clinical research on ami-
noglycoside nephrotoxicity in order to clarify the main issues
and to pinpoint strategies that may eventually lead to their
safer use. Ototoxicity, which is the second main adverse effect
of aminoglycosides and which, in contrast to nephrotoxicity, is
irreversible, will not be considered here since it has already
been reviewed in this journal (52) and elsewhere (10). A com-
panion minireview (83) examines and discusses the recent re-
search dealing with the activities of aminoglycosides and bac-
terial resistance.

GENERAL FEATURES OF AMINOGLYCOSIDE
NEPHROTOXICITY

Nephrotoxicity induced by aminoglycosides manifests clini-
cally as nonoliguric renal failure, with a slow rise in serum
creatinine and a hypoosmolar urinary output developing after
several days of treatment. Aminoglycosides are nephrotoxic
because a small but sizable proportion of the administered
dose ('5%) is retained in the epithelial cells lining the S1 and
S2 segments of the proximal tubules (135) after glomerular
filtration (30). Aminoglycosides accumulated by these cells are
mainly localized with endosomal and lysosomal vacuoles (108,
112) but are also localized with the Golgi complex (108). They
elicit an array of morphological and functional alterations of
increasing severity, which are presented in a summary fashion
in Table 1, with their ultrastructural appearance schematically
depicted in Fig. 1. We have distinguished between low and high
dose effects since there is probably more than a quantitative
difference between the changes seen under these two condi-
tions (130).

EFFECTS OF CLINICAL DOSES IN ANIMALS
AND HUMANS

After only a few days of administration of clinical doses to
humans or of low multiples of the human therapeutic dose to
animals (typically 10 to 20 mg/kg of body weight for a labora-
tory rat), aminoglycosides induce conspicuous and character-
istic changes in lysosomes of proximal tubular cells consistent
with the accumulation of polar lipids (myeloid bodies) (10, 22,
71, 138). These changes are preceded and accompanied by
signs of tubular dysfunctions or alterations (release of brush-
border and lysosomal enzymes; decreased reabsorption of fil-
tered proteins; wasting of K1, Mg21, Ca21, and glucose; phos-
pholipiduria; and cast excretion [for a review, see reference
35]). In humans, the occurrence of these signs may be followed
by the development of overt renal failure characterized mainly
by a nonoliguric and even often polyuric hypoosmotic fall in
creatinine clearance (35). Progression to oliguric or anuric re-
nal failure is infrequent, and recovery upon drug discontinua-
tion is most often observed. Occasionally, a Fanconi’s syn-
drome (18) or a Bartter’s-like syndrome (74) has been
observed. A correlation between the development of these
clinical signs and the severity or rate of progression of the
subclinical alterations remains difficult to establish mainly be-
cause of large interpatient variations. Consequently, the use-
fulness of monitoring the subclinical changes to detect individ-
uals at risk has remained questionable. In animals, tubular
alterations have clearly been associated with the development
of focal necroses and apoptoses in the tubular epithelium,
together with an extensive tubular and peritubular cell prolif-
eration (77, 127), without an apparent change in kidney function.

EFFECTS OF HIGH DOSE IN ANIMALS

High doses (40 mg/kg or more for gentamicin) are necessary
in animals to rapidly induce extended cortical necrosis and
overt renal dysfunction (71, 95). At this stage, a large number
of structural, metabolic, and functional alterations are ob-
served in tubular cells (Table 1), and several of these alter-
ations have been claimed to be responsible for cell death or
dysfunction. Many of the changes observed at the level of the
apical membrane (25, 45, 46, 113, 116) could, however, be
merely mediated by a direct effect of the drug on this structure
during its initial stages of uptake in proximal tubular cells.
Conversely, other effects, such as inhibition of protein synthe-
sis and modulation of gene expression, mitochondrial alter-
ations, or inhibition of enzymes located on the cytosolic side of
the pericellular membrane, must involve uptake and intracel-
lular distribution of the drug to the corresponding targets.

ORIGIN OF TOXICITY

A major difficulty and a point of many controversies has
been and still is ascertainment of which changes, among the
numerous ones described above, are truly responsible for tox-
icity. It is partly the lack of unambiguous knowledge in this
area which has prevented the launching of large-scale pro-
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grams aimed at designing or screening new aminoglycosides on
a rational basis after the trial-and-error approaches followed
during the period from 1970 to 1980 had proven to be poorly
successful (97).

TUBULAR NECROSIS

Histopathological studies strongly support the concept that
tubular necrosis (and related phenomena) is the primary cause
of functional toxicity. Frustratingly enough, however, the mech-
anism of this necrosis remains unsettled and cannot be unam-
biguously traced to a single, well-determined cause. It is, more-
over, perfectly possible that no single change or alteration is
important per se but that tubular cells eventually die because
of the simultaneous occurrence of multiple changes (56). Three
plausible lines of hypotheses have, however, been presented.

The first hypothesis assumes that aminoglycosides exert
their toxicity in direct relation to their local concentration. This
would therefore designate lysosomes as a key site and lysoso-
mal alterations as a main cause of toxicity, since this is where
the bulk of the tissue-bound drug is primarily stored. So far,
however, the molecular and cytological links between the ly-
sosomal alterations and cell necrosis have not been uncovered.

A second hypothesis is that aminoglycosides become toxic once
they are released from lysosomes. This release would take
place when, and probably because, a critical threshold in lyso-
somal alterations and/or drug accumulation has been reached.
Almost all the alterations listed in Table 1 are consistent with
this hypothesis. If triggered abruptly, the release of large quan-
tities of aminoglycosides from lysosomes could indeed cause
the simultaneous development of a number of otherwise un-
related metabolic changes, many of which are capable of caus-
ing cell death. The question, then, is to distinguish between
real toxic events from trivial or secondary effects, as well as
from artifacts. A typical example is the inhibition of mitochon-
drial respiration and Ca21 transport or lipid peroxidation, both
of which were claimed to be causes of irreversible cell damage
but which detailed studies eventually showed occur after cell
death (31, 140). Aminoglycosides released from lysosomes
could, however, act indirectly as nephrotoxins. In this con-
nection, gentamicin was shown to chelate mitochondrial iron,
forming a very oxidant Fe(II)-gentamicin complex capable of
causing hair cell death (100). Finally, a third hypothesis is that
the drug stored in lysosomes is intrinsically nontoxic but that,
in parallel to endocytic uptake, a small amount of aminogly-

TABLE 1. Main alterations elicited by aminoglycosides in kidney cortex

1. At low dosesa

1.1. Early alterations
- Accumulation of phospholipids in lysosomes and enlargement of these organelles (71, 138)b

- Inhibition of the activities of lysosomal phospholipases and sphingomyelinase (75)
- Decreased reabsorption and/or intracellular lysosomal sequestration and digestion of filtrated, low-molecular-weight proteins (e.g., lysozyme, alpha-2-

macroglobulin, beta-2-microglobulinc (see references 35 and 130 for reviews)
- Shedding of brush-border enzymes (e.g., alanylaminopeptidase) and release of lysosomal enzymes (e.g., N-acetyl-beta-glucosaminidase)c (see reference

130 for a review)
1.2. Later alterations
1.2.1. Degenerative alterations
- Coarse granulation of epithelial cellsd (see reference 130 for a review)
- Focal necroses,e apoptoses (77)
- Increased phospholipid excretion and cast in urinef (see reference 130 for a review)
- Proteinuria, hypoosmotic polyuria, in humans only (see reference 35 for a review)
- Decreased glomerular filtration and increase in blood urea nitrogen and creatinine, without immediate signs of glomerular damage, in humans only

(see reference 130 for a review)
1.2.2. Regenerative lesions
- Tubular cell proliferation and dedifferentiation (127)
- Tubular dilatation (see reference 130 for a review)
- Interstitial proliferation (fibroblastic cells) and focal infiltration by inflammatory cells (see reference 130 for a review)
2. At high doses
2.1. Brush-border and apical membranes
- Wasting of K1, Mg21, and Ca21 (35, 116)
- Decreased reabsorption of water, HCO3

2, glucose (64)
- Decreased of Na1 and Pi cotransport and Na1 and H1 exchange (79)
- Inhibition of phosphatidylinositol phospholipase C (see reference 131 for a review)
- Decrease of carrier-mediated dipeptide transport (113)
2.2. Basolateral membrane
- Impairment of organic acid and bases transport (see reference 131 for a review)
- Inhibition of Na1/K1 ATPase (34, 131)
- Reduction of the electrogenic Na1 transport (126)
2.3. Mitochondria
- Impairment of respiration and cation transport; swelling (see reference 35 for a review)
- Impairment of the activities of key mitochondrial enzymes in gluconeogenesis, ammoniogenesis, and tricarboxylic acid oxidation pathways (107; see

reference 131 for a review)
2.4. Protein synthesis and related phenomena
- Inhibition of protein synthesis (see reference 35 for a review) and dilatation of endoplasmic reticulum
- Suppression of gene expression for the Na1 and Ca21 exchanger, Na1-dependent D-glucose transporter, and alpha, subunit of Na1/K1 ATPase (23,

47)
- Expression and move of heat shock proteins from nucleus to lysosomes (69)

a Low doses refer to either clinical dosages for humans or of dosages less than 20 mg/kg per day for animals.
b References are given as a source for illustration of the typical effect that is described or refer to review papers; see text for more comprehensive citations.
c These alterations have often been used for the early detection of aminoglycoside insult; however, their measurement is of limited practical value in diseased patients.
d These cells show markedly enlarged lysosomes, with a decreased buoyant density and prominent myeloid bodies.
e Electron microscopy shows widespread alteration of the cell ultrastructure and subcellular organelles, including mitochondria, endoplasmic reticulum, and nuclei.
f Myeloid bodies are abundant in lumen and urine.
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coside reaches a critical, nonlysosomal target and causes tox-
icity (by this hypothesis, lysosomal storage could even protect
the cell by retaining or diverting aminoglycosides from reach-
ing these more crucial targets). Apical and basolateral mem-
branes appear to be the best candidates because they are
readily accessible in intact cells (from the extracellular fluids)
and because changes at their levels may result in many poten-
tially lethal effects. For instance, the changes in renal brush-
border Na1 and Pi cotransport and Na1 and H1 exchange
have been ascribed to an increase in membrane fluidity caused
by a direct effect of gentamicin (79). Along the same lines,
gentamicin was shown to cause the simultaneous inhibition of
very different membrane protein species including Na1/K1

ATPase and a release of lactate dehydrogenase, resulting in an
apparently multifactorial cell death process. Yet, many “mem-
brane effects” actually require more than a simple contact of
the drug with the outer part of the pericellular membrane
(inhibition of Na1/K1 ATPase, for instance, occurs only if the
aminoglycoside has access to the cytoplasm [34]). This clearly
raises the question of a primary access of the drug to intracel-
lular, nonlysosomal sites. Cell fractionation techniques applied
to the kidney cortexes of rats treated with low doses detect
aminoglycosides only in endocytic vacuoles and lysosomes
(40). Yet, an autoradiographic study has suggested an early,
transient occurrence of gentamicin in the cytosol of proximal
tubular cells (139). In contrast, cell culture studies have always
found the drug to be vacuolarly distributed, with a main local-
ization in lysosomes, even though a recent study by confocal
microscopy has shown that some of these vacuoles belong to
the Golgi complex (108). The link between nonlysosomal lo-
calizations of aminoglycosides and the onset of early toxicity
therefore remains an area for more investigations.

RENAL FAILURE

While the determinants of cell damage still remain unde-
fined, more knowledge concerning the mechanisms causing the
impairment of the renal function is available. Activation of the
renin-angiotensin system and the ensuing local vasoconstric-

tion appear to be primarily responsible for the decrease in
glomerular filtration (45). This explains very well the aggravat-
ing effect of nonsteroidal anti-inflammatory drugs on amino-
glycoside nephrotoxicity, since these drugs inhibit the produc-
tion of the vasodilatatory prostaglandin PGE2 (4). An increase
in proximal intratubular free-flow pressure of single nephrons,
most likely related to necrotic obstruction, has also been ob-
served (5), suggesting that the decline of glomerular filtration
has a multifactorial origin and involves a combination of tu-
bular and nontubular mechanisms. The hypoosmotic polyuria,
characteristic of the aminoglycoside toxicity, has been shown to
result from the decreased fluid reabsorption by proximal tu-
bules, secondary to an impaired solute reabsorption (64, 105),
evidenced by the ion-wasting phenomena described above.

EARLY COMPENSATION, REPAIR OF KIDNEY TISSUE
AND POSTTOXIC ADAPTATION

The kidney has a large capacity to compensate for tubular
insults so that an ongoing cell death process may long remain
undetected by functional explorations. The demonstration that
tubular cells undergo a marked proliferative response, even
after low-dose treatments with aminoglycosides, has shed a
new light on the significance of the so-called nontoxic alter-
ations seen under these conditions (127). It may be speculated
that one of the reasons why patients appear to be more sensi-
tive to gentamicin than healthy animals (or young human vol-
unteers) is their decreased ability to effectively regenerate and
to sufficiently compensate for the spotty necrotic insults (131).
The importance of regeneration for protection against renal
dysfunction is clearly demonstrated by the fact that laboratory
rats survive the repeated administration of relatively high daily
doses of aminoglycosides (typically, 40 mg for gentamicin per
kg per day for at least 42 days). After a first episode of acute
tubular necrosis that occurs within 8 to 10 days and that is
associated with a marked azotemia, renal function returns al-
most to normal, as if the kidney had become refractive (27, 28).
This stage is actually related to the simultaneous occurrence of
necrosis and regeneration of tubules in an asynchronous fash-

FIG. 1. Ultrastructural alterations induced in proximal tubular cells during aminoglycoside treatment. (A) Control. Changes detected early on and at low doses (B)
consist mainly of the enlargement of lysosomes, which most likely occurs by fusion of preexisting structures and which is caused by the progressive deposition of polar
lipids which adopt a concentric lamellar disposition (myelin-like structures, most commonly referred to as myeloid bodies); the other subcellular structures are usually
well preserved. Later changes or changes observed with high doses (C) include the apparent rupture of lysosomes (with the release of myeloid bodies in the cytosol),
extensive mitochondrial swelling and damage, dilatation of the endoplasmic reticulum cisternae, shedding of the apical brush-border villi, pericellular membrane
discontinuities, and the occurrence of apoptotic nuclei. These alterations do not necessarily coexist in all cells. The figure is adapted from reference 76 and is based
on the typical descriptions given in references 38, 40, 71, 76, 77, 127, and 138.
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ion (49). Regenerating cells are also less differentiated (127)
and apparently less susceptible to aminoglycosides (accumula-
tion of gentamicin is actually reduced in the cortex of animals
treated for long periods of time by a mechanism that involves
not a decrease in its binding but probably altered intracellular
trafficking [119]).

DETERMINANTS OF THE AMINOGLYCOSIDE EARLY
INSULT TO PROXIMAL TUBULES

While the molecular mechanisms of toxicity themselves are
still unclear, it remains that the drugs must somehow physically
interact with one or several cellular constituents to initiate the
cascade of events leading to toxicity. Approaches aimed at
reducing aminoglycoside toxicity should therefore preferably
be targeted at preventing or modulating these early interac-
tions. To us, two phenomena appear to be essential in this con-
text, namely, the uptake of aminoglycosides into proximal tubu-
lar cells and their interactions with phospholipids in cells (130).

UPTAKE OF AMINOGLYCOSIDES IN
TUBULAR CELLS

Aminoglycosides bind to the brush-border membrane in
their cationic form (19). The initial points of attachment are
probably the acidic phospholipids (and mainly phosphatidyl-
serine, an abundant acidic phospholipid of brush borders),
since modulation of the membrane content in these phospho-
lipids results in commensurate changes in uptake (90). Quickly
thereafter, aminoglycosides are transferred to the transmem-
brane protein megalin, with which they become internalized in
endosomes (89). Megalin binds to many polybasic drugs and
peptides and is expressed in the renal tubule epithelium and a
few other specialized epithelial cell types including retinal and
inner ear epithelia (143). It is probably responsible for the
selective uptake and toxicity of aminoglycosides by these cells
(109, 121) (the toxicity of intravitreal gentamicin toward retinal
pigmented epithelium is a little-known but well-established fact
[15]). N-Acetylneuraminic acid, the cortical content of which is
increased in the kidneys during gentamicin treatment (60),
could also be involved. Perhaps the most interesting aspect of
this uptake process, from a toxicological point of view, is its
saturable character at concentrations which are clinically rele-
vant (apparent Km in rats, '15 mg/ml [39]).

INTERACTION OF AMINOGLYCOSIDES
WITH PHOSPHOLIPIDS

Once transferred from endosomes to lysosomes through the
physiological process of endosome-lysosome fusion, aminogly-
cosides will be exposed to a fairly acidic pH ('5), at which they
will be fully protonated and therefore expected to bind tightly
to negatively charged structures. Among those, cellular mem-
branes, which autophagy and heterophagy bring continuously
to lysosomes, are probably a main target since they contain an
average of 5 to 20% acidic phospholipids. In vitro studies show
that aminoglycosides bind tightly to acidic phospholipids, pri-
marily by electrostatic forces (20), and cause a marked de-
crease in the mobility of the phosphate heads in membrane
bilayers (86). As shown in Fig. 2, gentamicin bound to phos-
phatidylinositol lies close to the interface, being inserted in the
monolayer at the level of the phospho group and extending
toward the hydrophobic phase up to the level of the ester
linkage of the fatty acids (101, 133). The binding of aminogly-
cosides to lipid bilayers causes their aggregation (134) as well
as the inhibition of the activities of phospholipases (48, 75).

The latter is due to the neutralization of the surface negative
charge which these enzymes require to fully express their ac-
tivity (84, 96), as well as, perhaps, to the lesser accessibility of
the substrate to the enzyme catalytic site (17). Enzyme inhibi-
tion and membrane aggregation most likely account for the
conspicuous accumulation of myeloid bodies observed in lyso-
somes in vivo (myeloid bodies isolated from the renal cortex
essentially contain phospholipids and proteins [the latter prob-
ably entrapped in the bilayers] but little cholesterol [3]). The
main critical drug-related parameters involved in phospholi-
pase inhibition appear to be (i) the energy of interaction be-
tween the drug and the surrounding negatively charged phos-
pholipids, (ii) the drug orientation at the lipid-water interface,
and (iii) the drug accessibility to the aqueous phase (85, 87).
Although neither the phospholipid accumulation nor the inhi-
bition of phospholipase activity by itself explains cell death, the
extent of phospholipidosis induced by most aminoglycosides
correlates rather nicely with their nephrotoxic potential (131).
Moreover, as we shall see later, impairment of the binding
of aminoglycosides to phospholipids or displacement of them
from phospholipid layers protects against the development of
both phospholipidosis and renal toxicity.

REDUCING OR PROTECTING AGAINST
AMINOGLYCOSIDE NEPHROTOXICITY

The goal of reducing or protecting against aminoglycoside
nephrotoxicity has attracted much effort and attention over the
last decade. Based on the considerations discussed so far, these
efforts can be subdivided into several types of approaches, as
illustrated in Table 2.

Decreasing or preventing aminoglycoside accumulation by
kidneys. Decreasing or preventing aminoglycoside accumula-
tion by the kidneys would represent one of the most simple and
radical approaches to reduce aminoglycoside nephrotoxicity,
since it should lead to success whatever the targets of amino-
glycosides are in the kidney. Aminoglycoside accumulation
could be reduced either by impairing their uptake or by en-
hancing their release. Reduction of uptake has been obtained
by two strategies. The first one is aimed at complexing the
aminoglycosides extracellularly, and the second one is aimed at
competing with or decreasing drug binding to the brush-border
membrane. Table 2 illustrates the compounds used in this
context. Unfortunately, these approaches could not be trans-
lated into clinical applications because of a lack of efficacy
and/or because of intrinsic toxicity (21, 81). Yet, the strategy
based on competition for binding eventually led to the recog-
nition that aminoglycosides could be their own competitors.
Early studies with animals (103) indeed revealed that admin-
istration of the daily dose of gentamicin as a single dose (thus
creating one high daily peak level) was considerably less toxic
than administration of the same daily dose divided into three
doses per day or by continuous infusion (38). An explanation
for this unexpected behavior came from the finding that ami-
noglycoside uptake by kidney tubular cells is saturable (39), so
that much of the drug that passes in the lumen will not be
reabsorbed if the drug is too concentrated. Because saturation
was shown to occur at a clinically meaningful range of concen-
trations, this observation triggered a large number of studies
comparing the toxicities of various drug administration sched-
ules. Almost at the same time, animal and clinical studies
demonstrated that a high, transient peak level in serum was
also a critical determinant of aminoglycoside efficacy (see ref-
erence 35 for a review). The once-daily dosing mode of ad-
ministration of aminoglycosides was therefore clinically tested
in the late 1980s in a limited series of clinical trials that were at
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first cautious (118, 123, 132), but thereafter, it was tested with
almost all indications for aminoglycosides (see reference 35 for
a review and references 2, 6, 7, 13, and 43 for meta-analyses
plus the large number of references cited therein). The once-
daily regimen is now widely accepted (36), and it is in the
official package insert recommendations for netilmicin and
amikacin in several countries in Europe and elsewhere, even
though discordant voices are still heard (12). Beyond its po-
tential impact on the toxicity and activity of aminoglycosides,
the once-daily dosing regimen also offers interesting phar-
macoeconomic and practical advantages (93) and makes drug
monitoring easier (98). A further development could be the
implementation of once-daily administration at a specific hour
of the day since there might be important circadian variations
in the glomerular filtration rate and, hence, the availability of
the aminoglycoside to the kidney (a recent clinical study has
indicated that the administration of gentamicin during the
midnight to 7 a.m. period was probably more likely to cause
toxicity than administration during other periods of the day [8,
99]).

Preventing or decreasing the lysosomal phospholipidosis
induced by the cell-associated aminoglycosides. A reduction in
lysosomal phospholipidosis could be achieved either by use of
an aminoglycoside modified to bind less tightly to phospholip-
ids at an acidic pH (Fig. 3) or by the administration of an agent
that would prevent the binding of the antibiotic to phospho-
lipids. Both strategies have been followed.

(i) Aminoglycoside modifications. As explained in the com-
panion minireview (83), a series of 1-N-substituted derivatives
of gentamicins and kanamycins were synthesized in the late
1970s to obtain molecules resistant to the bacterial enzymes

that inactivate the parent compounds. Retrospectively, it was
found that all derivatives in which the N-1 atom has been made
nonionizable (i.e., by substitution of the amino function with
an acyl side chain such as in amikacin) show reduced levels of
binding to acidic phospholipids together with a lesser inhibi-
tory potency toward lysosomal phospholipases (16). Among
them, amikacin, isepamicin, and arbekacin have been success-
fully developed and have been proved to cause less intense
renal changes in animals as well as in humans when they are
tested under strictly comparable conditions with other cur-
rently used aminoglycosides (14, 22, 70, 75, 82). For amikacin
and isepamicin, this effect has been ascribed to a lesser degree
of interaction of the amino functions of these drugs with the
phospho group of negatively charged phospholipid (17, 110)
and to changes in the orientation of the drug bound to the lipid
layer (133) (see the illustration of isepamicin in Fig. 2; these
models, however, have recently been challenged [17]). Efforts
have therefore been made accordingly to rationally design new
aminoglycosides with similar and, it is hoped, even more fa-
vorable properties. This led to the synthesis of derivatives of
kanamycin B substituted at position C-60 with halogen atoms,
a pseudo-halogen group (azido), or increasingly bulkier alkyl
chains via an intermediate N, S, or O atom, yielding the cor-
responding 60-amino, -amido, -thioalkyl, or -alkoxy derivatives
(88), as well as to derivatives of netilmicin and kanamycin A
substituted at positions N-1 and N-69 with amino acids (72),
but with only modest success. In a similar context, the disac-
charidic aminoglycosides astromicin (fortimicin A) and dac-
timicin (2-N0-formimidoyl-astromicin) have been shown to
bind less tightly to phospholipid bilayers and to be weaker
inhibitors of lysosomal phospholipases (73). Their lesser neph-

FIG. 2. Skeleton views of the mode of assembly of gentamicin C1a and isepamicin (in green) with phosphatidylinositol (hydrocarbon is in grey and oxygen and
phosphorus atoms are in red to clearly indicate the polar domain). The two isolated drug molecules, with the same orientation, are shown on the right for ease of
identification of their various parts (carbons are in grey, oxygens are in red, and nitrogens are in blue; see Fig. 1 of the companion minireview [83] for the chemical
structures of isepamicin and gentamicin C1a). The molecular modeling approach suggests that the orientations and the positions of the two drugs inserted in the
phosphatidylinositol monolayer are entirely different. First, the N-69 amino groups are oriented in opposite directions (toward the lipophilic phase in the case of
gentamicin and toward the water phase for isepamicin. Second, gentamicin lies above the plane of the inositol moieties and far away from the water phase (bottom),
whereas isepamicin is readily accessible and is probably therefore more easily displaceable. Similar differences have been noted between kanamycin A and amikacin
(133). Since both isepamicin and amikacin are characterized by a side chain at position N-1, these differences have been ascribed to the presence of this side chain (note
that the orientation and position of gentamicin C1a are very akin to those of gentamicin B, the parent, unsubstituted compound of isepamicin, and kanamycins). Such
changes in position and orientation are thought to explain the lower inhibitory potential of amikacin and isepamicin toward the activities of phospholipases (for
discussions, see references 16, 110, and 131). As outlined in this minireview and elsewhere (130, 133), inhibition of phospholipases is probably an important, early event
in aminoglycoside nephrotoxicity. The figure was adapted from reference 133, with permission.
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rotoxicities observed in animals could, however, mainly be due
to their lower levels of accumulation in the renal cortex (53).

Of greater interest are probably the derivatives of tobramy-
cin, dibekacin, arbekacin, or kanamycin with a fluorine atom
at position 5, 39, or 309 (65, 111, 122, 128, 129). These were
originally made to confer resistance to aminoglycoside-inacti-
vating enzymes, but for these derivatives chemical and biophys-
ical considerations suggest a reduced level of binding to phos-
pholipids because of a decreased basicity of the vicinal amino

group through an inductive effect. These compounds showed
increased 50% lethal doses, but experimental data on their
binding to phospholipids are not available.

(ii) Prevention of aminoglycoside binding to phospholipids.
Polyaspartic acid has emerged as a very successful protectant
against aminoglycoside-induced nephrotoxicity from the screen-
ing of various polymers that are likely to impair the binding of
aminoglycosides to kidney membrane vesicles (142). In exper-
imental studies with animals, the coadministration of polyas-

TABLE 2. Main approaches toward reduction of aminoglycoside nephrotoxicitya

Mechanism Compound

I. Decrease or prevention of drug accumulation by kidneys
Intracellular complexation of aminoglycosides

Polyanionic compounds Dextran sulfate (59)
Inositol hexasulfate (67)

Acidic drugs Piperacillin (44)
Latamoxef-moxalactam (68)
Fosfomycin (33, 54)
Pyridoxal-59-phosphate (114)

Competition with or decrease in aminoglycoside binding to brush bor-
der membrane

Raising the urine pH Bicarbonate (19, 29)

Competitors Ca21 (diet supplementation [51] or vitamin D-induced hypercalcemia [21])
Lysine (81)
Aminoglycosides (as their own competitors) (39)

Increase in exocytosis Fleroxacin (9)

II. Prevention or decrease of lysosomal phospholipase inhibition
Derivatives with lesser intrinsic bindingb

N substitution Amikacin (75), isepamicin (133), arbekacin,c 1-N- and 69-N-peptidic and
aminoacid derivative of kanamycin A and netilmicin (72)

Other substitution 60-substituted kanamycin B (88)

Fluorinated derivativesc 5, 309 or 39 fluoro derivatives of tobramycin, dibekacin, arbekacin, or kana-
mycinc

Disaccharidic aminoglycosides Astromicin (fortimicin) (73)
Dactimicin (2-N0-formidoyl-astromicin) (53, 73)

Coadministration of agent preventing intralysosomal phospholipidosis
Intralysosomal sequestration of aminoglycosides Polyaspartic acid (55, 62)

Increase of membrane negative charge Daptomycin (41)

Other Torbafylline (32)

III. Protection against necrosis and other gross cellular alterations
Antioxidants Deferroxamine (11)

Methimazole (24)
Sairei-to (94)
Vitamin E 1 selenium, vitamin C (1, 57)
Lower copper feeding (58)

Antioxidant and multifactorial factors Lipoic acid (107)

IV. Protection against vascular and glomerular effects
Suppression of renin-angiotensin activation Deoxycortisone and saline drinking (45)
Protection against Ca21 influx Ca21 channel blockers (80)
Undefined mechanism Platelet activation antagonists (104)

V. Increase in kidney regeneration capabilities
Unspecific mitogenic effect Ulinastatin (92)
Growth factors Fibroblast growth factor 2 (78)

Heparin-binding epidermal growth factor (106)

a References refer to publications dealing with the proposed mechanism; see text for further details on the extent and characterization of the protection.
b See reference 83 for structures.
c Mechanism is assumed on the basis of the substitution made (see reference 83 for a discussion and references to original papers), but it has not actually examined.
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partic acid with gentamicin or amikacin was shown to protect
against the development of phospholipidosis and phospholipi-
duria (61), as well against all early and late signs of aminogly-
coside nephrotoxicity (26, 37). Actually, both polyaspartic acid
and the aminoglycoside reach the lysosomes by endocytosis
(55) and form ion-pair complexes within these organelles due
to the acidic pH prevailing therein. In vitro studies demonstrat-
ed that polyaspartic acid prevents aminoglycoside binding to
negatively charged phospholipids bilayers and thereby makes
the drug unable to inhibit the activities of lysosomal phospho-
lipases (62). Further studies showed that polyaspartic acid also
protects against gentamicin-induced alterations of phospho-
lipid metabolism in cultured cells (102) and of electrophysio-
logical alterations in cultured human proximal tubular cells
(125). Polyaspartic acid also prevents impairment by gentami-
cin of homotypic fusion of renal cell endosomes (42) and
blocks the process of aminoglycoside-induced aggregation
of negatively charged liposomes (134), all events which had
been directly related to the binding of gentamicin to phospho-
lipids. In vivo studies have now defined the limits and the
duration of the protection afforded by polyaspartic acid (120).
Moreover, pharmacokinetic evaluations have shown that pol-
yaspartic acid increases the penetration of gentamicin in the
so-called deep peripheral compartment (which most likely rep-
resents the intracellular drug-polyaspartic acid complex [141]
and which suggests that the antibiotic is stored in a nontoxic
form). A protective effect of polyaspartic acid against ototox-
icity has also been demonstrated (50). A movement toward
large-scale toxicological studies and clinical applications of poly-
aspartic acid therefore appears to be warranted but is still
hindered by the lack of a clear definition of the precise type of
polymer which needs to be used. It must indeed, at the same
time, be filtratable through the glomerulus, bind effectively to
gentamicin (66), remain sufficiently stable in the kidney to
afford significant protection (61), and not causing renal toxicity
per se, as was shown for polymers that are too stable (63).

Daptomycin (LY 146032), which contains three Asp residues,
also colocalizes in the lysosomes of the renal cortex with gen-
tamicin and protects against lysosomal alterations in vivo
(124). In vitro, it increases the negative charge density of mem-

branes, while at the same time affecting the lipid packing (41),
two effects which counteract those of gentamicin and facilitate
the access of the catalytic site of the phospholipases to their
lipidic substrate. Torbafylline (HWA-448), an analog of the
vasculoactive agent pentoxifylline, also protects against gen-
tamicin-induced phospholipidosis, but its mode of action is un-
known (32).

Other means of protection. Among the other main ap-
proaches used so far to reduce or to protect against aminogly-
coside nephrotoxicity (Table 2), the most consistent effects
have been observed with the use of antioxidants and especially
deferroxamine. On the basis of the finding that gentamicin
forms complexes with mitochondrial Fe21 to catalyze the for-
mation of free oxygen radicals (see above), iron chelators were
tested and were proven to be effective in the prevention of
aminoglycoside-induced ototoxicity (109, 117). Extension of
this finding to nephrotoxicity appears to be possible (136), but
biophysical and biochemical considerations (100) suggest that
the protective effect of deferroxamine may be critically depen-
dent on the dosage of gentamicin. Other compounds were also
used on account of their antioxidant effects (Table 2), but the
mechanisms have not always been unambiguously established.
Means of protection based on a correction of the functional
abnormalities or on an increase in cell regeneration capabili-
ties have also been attempted, but no clinical application has so
far been made.

CONCLUSIONS

The study of aminoglycoside nephrotoxicity has clearly iden-
tified several critical mechanisms, the knowledge of which may
allow for the safer use of these drugs. Among the various ap-
proaches applicable to the presently available aminoglycosides,
only once-a-day dosing has already been brought successfully
to the clinic. Other protective approaches such as the coadmin-
istration of polyaspartic acid or deferroxamine deserve preclin-
ical and clinical development, and many more could certainly
be explored. Our progress in molecular modeling and an im-
proved knowledge of the meaningful differences in structure-
activity and structure-toxicity relationships for aminoglycosides
(see the companion minireview [83]) could also bring us, be-
fore too long new, intrinsically less toxic aminoglycosides.
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