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Aminoglycoside nephrotoxicity: 
a paradigm in toxicodynamic research

Paul M. Tulkens, MD, PhD
Cellular and Molecular Pharmacology Unit
Université catholique de Louvain, Brussels,

Belgiumwww.facm.ucl.ac.be

In his book "The Structure of Scientific Revolutions", Thomas S. Kuhn (1922-1996) 
defines a scientific paradigm as:

* what is to be observed and scrutinized
* the kind of questions that are supposed to be asked and probed for answers in 

relation to this subject
* how these questions are to be structured
* how the results of scientific investigations should be interpreted

From: http://en.wikipedia.org/wiki/Paradigm
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But what are aminoglycosides ? 
(in one structure [of the lead compound] and 4 lines)

• polyaminated, hydrophilic
• broad spectrum (mostly Gram-negative), highly bactericidal
• predictable pharmacokinetics (no metabolism; renal excretion only)
• resistance remains low in most set-ups 

(many semi-synthetic derivatives with activity against resistance strains)
• parenteral administration only (no gut resorbtion)
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You said nephrotoxicity ?
• Typing "(gentamicin OR aminoglycoside*) AND 

nephrotoxicity" on PubMed will yield 1540 papers (among 
which 229 reviews), with the first one in 1969... 
(gentamicin was introduced in the clinics in 1967...)

• Controversies were immediate since among the 6 first 
papers, two say opposite things:

– Falco et al. Nephrotoxicity of aminoglycosides and 
gentamicin. 
J Infect Dis. 1969 Apr-May;119(4):406-9. 
PMID: 4306975

– Stille et al. [Arguments against the nephrotoxicity of 
cephalothin and gentamicin] Med Welt. 1972 Oct 
28;23(44):1603-5. German. PMID: 5085870

• Perhaps the true was:
– Schultze et al. Possible nephrotoxicity of gentamicin. 

J Infect Dis. 1971 Dec;124 Suppl:S145-7. 
PMID: 5126240
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Aminoglycoside nephrotoxicity: 
its is all how you look at it...

Patients with nephrotoxic reaction after 
treatment with gentamicin
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young volunteers Smith et al, 1982

random hospital populat. Smith et al., 1980

critically-ill patients Plaut et al., 1979

% 
% of patients experiencing nephrotoxicity

All those patients 
were under close

monitoring ...
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What was monitoring aminoglycosides 
on those times ?

Very small range,
isn’t it ?

• avoid high peaks 
... to reduce toxicity

• get sufficiently high trough levels   
… to get efficacy

toxicity !!

lack of
efficacy

From an "Abbott TdX booklet" (1976) to which I contributed...
Belgian guidelines kept this until 2000...
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So, now you have two series of questions ...

• Is it toxic or not ? If yes, please
– explain the mechanism...
– what are the risk factors ?

• Can we do something to reduce this toxicity ? 
If yes, 
– can we put in clinical practice ?
– or, perhaps, in drug development ?
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Aminoglycoside toxicity cascade  (1st version)…

1

4

2

3



3 April 2007Aminoglycosides - Nuremberg 3 October 2008 8

Aminoglycoside entry in proximal tubular cells 
is via brush border binding *...

* Just et al, Naunym Schmied. Arch. Pharmacol, 1977
Silverblatt & Kuehen, Kidney Intern., 1979

binding to
• megalin 

(Moeströp et al., 1995)

• acidic phospholipids 
(Humes et al, 1983)
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A look in the microscope in a rat treated with low doses … 
(10mg/kg)

P. Maldague, the original slide was a real kidney section…
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Gentamicin accumulates in lysosomes of proximal tubular cells

Schmitz et al., J. Biol. Chem. 277:618-622, 2002 
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Mice deficient in 
megalin do not 
accumulate 
gentamicin in 
kidney

Schmitz et al., J. Biol. Chem. 277:618-622, 2002 
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Somewhat closer in the control …
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Compare …

P. Maldague, unpublished
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And examine …

P. Maldague, unpublished
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Intralysosomal gentamicin binds to phospholipids and 
cause phospholipidosis

Tulkens, Am. J. Med. 80:105-114, 1986
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Towards a mechanism …*

1. binding to brush border (via megalin / ac. phospholipids)
2. accumulation in lysosomes and phospholidosis / phospholipiduria

* what is to be observed and scrutinized
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Aminoglycoside toxicity: a 2d view…

Mingeot-Leclercq & Tulkens, Antimicrob. Agents Chemother. 1999; 43:103-1012
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Apoptosis in kidney and renal cells as first sign of 
toxicity…

Morphological changes in rat renal 
cortex (A,C,D) upon treatment with 
gentamicin at low doses (10 mg/kg; 
10 days) and in cultured LCC-PK1 
renal cells (B) upon incubation with 
gentamicin (under conditions 
causing a drug accumulation 
similar to that observed in rat renal 
cortex of the animals treated as 
indicated in A, B, and C [approx. 
10 µg/g; 

Laurent et. al Antimicrob Agents Chemother (1983) 24:586-593. 
Servais et al. In: Toxicology of the Kidney (Target Organ Toxicology Series), 2004, chap. 16, pp 635-685, 

rat cortex LLC-PK1 cells
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Apoptosis and phospholipidosis in kidney cortex: 
an early sign of toxicity ?

El Mouedden et al. Antimicrob. Agents 
Chemother. 2000; 44:665-675

rats treated with
therapeutically-relevant
doses of 
aminoglycosides (*)

phospholipids

apoptosis
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What do you mean by therapeutically-relevant doses of 
aminoglycosides ?

El Mouedden et al. Antimicrob. Agents 
Chemother. 2000; 44:665-675

rats treated with
therapeutically-relevant
doses of 
aminoglycosides (*)
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Apoptosis is probably induced by disruption of 
gentamicin-loaded lysosomes
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Electroporation allows to by-pass lysosomes and increases 
cell-susceptibility to gentamicin-induced apoptosis 

in cultured cells

Figure 1: Staining of nuclei of LLC-PK1 cells by 4’,6’-diamidine-2’-phenylindole (DAPI). Incubated: cells were maintained for 24 h in the 
absence of gentamicin (no GEN) or in the presence of gentamicin (GEN) at the concentration shown (3 mM; 1.3 g/L). Electroporated: cells 
were electroporated in the absence (no GEN) or in the presence of gentamicin (GEN) at the concentration shown (0.03 mM; 13.9 mg/L), and 
examined 24 h later. In the absence of gentamicin, both electroporated and incubated cells show a diffuse finely reticulated staining 
characteristic of euchromatin of diploid interphase animal cells.  In contrast, cells electroporated or incubated in the presence of gentamicin 
show typical changes associated with apoptosis, consisting in the condensation and fragmentation of the nuclear material.  

Servais et al., Antimicrob. Agents Chemother. (2006) 50:1213-1221
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Bypassing 
lysosomes in 

cultured cells …

apoptosis

necrosis

Servais et al., Antimicrob. Agents Chemother. 50(4):1213-21, 2006
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Apoptosis in 
electroporated cells 
as a means 
to test for toxicity

Denamur et al. 
Antimicrob. Agents Chemother. 
2008; 52:2236-2238

11-54 mg/L



3 April 2007Aminoglycosides - Nuremberg 3 October 2008 25

caspase 3

cyt. c

cathepsins ?

lysosomes

Golgi

ER

ROS
ROS

mitochondria

megalin

degradation

proteasome

ubiquitinated
Bax

DNA 
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Gentamicin and apoptosis: an overview

endosomes

Servais et al.
Apoptosis 2007; 13:11-32

Bax

Bax

* how these questions are to be structured
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lysosomes

Golgi

ER

mitochondria

megalin

Are they other mechanisms proposed ?

endosomes

* how these questions are to be structured

Yes, many others, but the questions are
whether alterations described 
• are primary (causative) or secondary
• are seen at therapeutically-meaningful 

doses and concentrations (PK/PD)

membrane
protein 
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inhibition
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So, now you have two series of questions ...

• Is it toxic or not ? If yes, please
– explain the mechanism...
– what are the risk factors ?

• Can we do something to reduce this toxicity ? 
If yes, 
– can we put in clinical practice ?
– or, perhaps, in drug development ?
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Risk factors in a nutshell…
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So, now you have two series of questions ...

• Is it toxic or not ? If yes, please
– explain the mechanism...
– what are the risk factors ?

• Can we do something to reduce this toxicity ? 
If yes, 
– can we put in clinical practice ?
– or, perhaps, in drug development ?
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Aminoglycoside prevention of toxicity …

Excerpt from Mingeot-Leclercq & Tulkens, Antimicrob. Agents Chemother. 1999; 43:103-1012
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Aminoglycoside toxicity is not linked to peak (alone)
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Aminoglycoside accumulation is kidney is saturable 
at clinically meaningful concentrations * ...

* Giuliano et al., J. Pharm. Exp. Ther., 1986

this is where patients are 
in a q8h schedule !!
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Néphrotoxicity and schedule of administration … 
the first large scale clinical trial
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• 141 predominantly elderly patients with severe bacterial infections.
• All patients received once-daily doses of 2 g ceftriaxone, in addition to netilmicin.
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"Netilmicin-induced toxicity 
may be reduced by using 
once-daily dosing regimens 
and limiting the duration of 
treatment." 

ter Braak et al., Am J Med. 1990 Jul;89(1):58-66. 
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Is the once-a-day schedule used ? 

Clin Infect Dis 2000 Mar;30(3):433-9
National survey of extended-interval aminoglycoside dosing (EIAD).
Chuck SK, Raber SR, Rodvold KA, Areff D.

• 500 acute care hospitals in the United States
• EIAD adopted in 3 of every 4 acute care hospitals

– 4-fold increase since 1993
– written guidelines for EIAD in 64% of all hospitals

• rationale
– 87.1% : equal or less toxicity
– 76.9% : equal efficacy
– 65.6% :cost-savings

• dose: > 5 mg/Kg
• 47% used extended interval in case of decline in renal function (38% 

with Hartford nomogram)
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Aminoglycoside prevention of toxicity …

Excerpt from Mingeot-Leclercq & Tulkens, Antimicrob. Agents Chemother. 1999; 43:103-1012

1: Gilbert et al. Polyaspartic acid prevents experimental aminoglycoside nephrotoxicity. 
J Infect Dis. 1989 May;159(5):945-53. 

2: Kishore et al. Mechanism of protection afforded by polyaspartic acid against gentamicin- 
induced phospholipidosis. I. Polyaspartic acid binds gentamicin and displaces it from 
negatively charged phospholipid layers in vitro. 
J Pharmacol Exp Ther. 1990 Nov;255(2):867-74. 

* how the results of scientific investigations should be interpreted
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Conclusions *
• Aminoglycosides remain, and may become again potent and useful drugs 

against Gram (-) organisms if 

– appropriate resistance surveillance is in place

– accepting that they need to be administered by intravenous route

– toxicity is minimized by using a once-daily (extended interval) schedule and 
taking the known risk factors in due consideration... 

• It should be possible to design/screen for new aminoglycosides with reduced 
toxicity based on our present knowledge of its mechanisms

• Medicinal chemistry is needed to find new ways to avoid resistance (drug 
inactivation and target mutation...); additional screening may be needed to 
avoid efflux ... and renal uptake (antagonists ?) …

• new aminoglycosides made along these lines could be important drugs in the 
future because of the demise of many other classes towards Gram (-) 
organisms (β-lactams, fluoroquinolones, ...)

* not all based on what I said, but I can expand if you wish …
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So, why not new aminogycosides ? *

* the kind of questions that are supposed to be asked and probed for answers in 
relation to this subject
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You can join the team …

Bill Craig (US)

George Drusano (US)

Marc Le Bel (CDN)

Mike Dudley (US)

Otto Cars (SE)

Jurgen Bläser(CH)

Inga Odenholt (SE)
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It all started only a few years ago …

Yes, you !
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After all, he did not hesitate to throw balls …

Paul Ehrlich (1854-1915)

He devoted himself to chemotherapy, basing 
his work on the idea that the chemical 
constitution of drugs must be studied in 
relation to their mode of action and their 
affinity for the cells of the organisms against 
which they were directed. These would be, as 
Ehrlich expressed it, «magic bullets» which 
would go straight to the organisms at which they 
were aimed.

From Nobel Lectures, Physiology or Medicine 1901-1921, Elsevier 
Publishing Company, Amsterdam, 1967

Young Ehrlich throwing the magic ball 
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