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Abstract - Participation of fke radicah in the adverse tenal and cochlear side effects of aminoglycosidc 
antibiotics is controversial. We mcasumd the production of fke radkals by gentamGin in vitro through 

the oxidation of amchidonic acid. Gentamicin alone (0.05 to 10 mM) did not cause lipid pemxidation. 
However, it dramatically promoted radical formation in the presence of iron salts. peroxidation was 
maximal at 1 mM gentamicin plus 0.1 mM Feo/Fe(Bl) (0.05 mM FkSO4 and Fe@ each). At these 
iron concentrations, peroxidation was not sign&ant in the absence of genuuuicii. Sii chelators can 
enhance ironcatalyzad oxidations, this &ding saggested that gentamicindepe&ent radical formation 
was based upon iron chelation. This hypothesis was tested by measmingtheimhwnceofgentamicinon 
the oxidation of salicylate by Fe-BDTA complexei, a reaction that is inhibited by competing iron 
chelators. Gentamicin was a concentration-dependent inhibiter. In contrast, concentrations of 
gemam& as high as 50 mM did not interfere with iron-independent salicylate oxidation. These results 
suggest that gentamicin acts as an iron chelator, and that the iron-gemamicin complex is a potent catalyst 
of free radical formation. 
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Ami.uoglycosi&s, such as gentamicin, am exuettzly 
efficacious antibiotics, pa&uhuly against gram- 
negative bacteria lkir bactericidal action involves a 
series of distinct steps inchtding biig- to libosomes 
and inhibiting protein synthesis [l]. Amhloglycosides 
also have toxic side effects on the kidney and the inner 

with well documented pathologies and 
;ophysiologies [Z-4]. Although several hypotheses 
have been advanced [5,6], the biochemical mechanisms 
for this nephro- and ototoxicity are not understood. 

We have recently documntcd the existence of a 
cytotoxic form of gentamicin [7,8] and suggested that 
the formation or action of this compound may involve 
free mdicals [9, lo]. The notion of a fFee radical 
mechanism of aminoglycoside toxicity, however, is 
controversial. In vivo evidence is indimct and 
contradictory. While the radical scavenger WR-2721 
attenuates the ototoxicity of the aiuinoglycoside 
kauamycin in guinea pigs [ll], another radical 
scavenger, &tcetylcysteine, is ineffective [12]. 
mewise, gnntamicin increases renal lipid pemxidation, 
but this effect is only considued an epiphenomenon of 
nephrotoxicity [ 131. FInally, to the best of our 
knowledge, thcrc is no in vitro evidence for any 
mechanism by which gentamicin could catalyze free 
radical reactions. 

Aminoglycosides are cousidued to be redox- 
inactive compounds [14]. Therefore, conversion to a 
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tedox-active form may require the participation of 
transition metals, such as iron. At physiological pH, 
iron-catalyxed oxidation is greatly accelerated by 
chelatom 1151. In- iron supplemsmation e&ances 
gemamicin nephrotoxicity in rats [16. 171, and the 
pathology of iron overload shares chamctmistics with 
aminoglycoside nephrotoxicity [18]. Interestingly, the 
iron chelator deferoxatnine works syneqisticahy with 
8muamicin to incnape its antimicrobial efficacy [19] 
and, by i&elf, can be ototoxic in guinea pigs [XI]. 
Another aminoglycoskh+ streptomycin, forms 
coordinate complexes with cobalt, nickel, copper, and 
calcium salts [21]. but a complex with iron has not 
been demonstrated. The present study investigated 
oxidation of amchidonic acid by iron and gentamicin 
in a non-enxymatic system and gives evidence that 
such oxidation may occur through the formation of an 
iron-gentamicin complex. 

MATERIALS AND METHODS 

Lipid peroxidation 

Amchidonic acid peroxidation was monitored 
spectrophotomeuically by measuring conjugated dicne 
levels according to Buege and Aust m]. Incubations 
were carried out at 370 for 90 min. Unless stated 
othenvisc, the reaction mixhues (200 RL) couttuned 
0.25% a&lido& acid (v/v), 10 mM Kxlium 
phosphate @H 7.4), 50 pM IKI3,50 PM FcSO4, and 
either 1 mM gtntamicin sulfate (previously adjusted to 
pH 7.4 with NaOH) or an equivalent amount of 
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sulfate (2.5 mM sodium sulfate). Reactions were 
stopped by the addition of 1 mL of 
chIomfornXnWhanol(2:1). Following vortexing and 
centrifugation, the organic phase (lower layer) was 
removed and dried at 450 under a stream of Nz. 
Cyclohexane (200 pL) was then added to the lipid 
residue, and absorbances wen? read at 235 nm. A 
molar extinction coefficient of 2.52 x 104 M-&I-~ for 
the conjugated diene was used in calculations [22]. 

Salicylate oxiaktion 
The Fe-EDTA catalyzed oxidation of s&y&e to 

dihydroxybenzoate was measured according to 
HaUiwell and Gut&ridge [23]. Incubations were 
carried out at 250 for 90 min. Salicylate oxidation by 
Fe-EDTA was initiated by either enzymatic 
superoxide generation, or the addition of Hz02 and 
ascorbate. In the enzymatic generation of superoxide, 
the maction mixtums (2 mL) contained 2.5 mM 
salicylate, 0.3 mM EDTA, 0.1 mM FeS04, 0.2 mM 
hypoxanthine, and 150 mM K$IPO4 (adjusted with 
HCl to pH 7.4). The reactions were started by the 
addition of 40 & of xanthine oxidase (0.4 enzyme 
units/ml). In the other design, the reaction mixtmes 
(2 mL) contained 2.5 mM salicylate, 0.3 mM EDTA, 
0.1 mM FeCl3, 0.1 mM ascorbic acid, 150 mM 
K@‘O4 (adjusted with HCl to pH 7.4), and the 
reaction was started by the addition of 200 PL of 1 

mM H202. 
The effect of gentamicin on the iron-independent 

breakdown of H202 was mtasurcd using.UV light as 
the catalyst. The reaction mixtures (2 mL) contained 
2.5 mM ~alicylate, 0.1 mM Hz&, 150 mM K$PG4 
(adjusted with HCI to pH 7.4) and either 50 mM 
gentamicin sulfato or 250 mM sodium sulfate. The 
disproportionment of H& was catalyzed by exposure 
to short-wave UV light for 30 min at 00. 

AU reactions wen stopped by the addition of 80 @, 
of concentrated HCl, 0.5 g Nail (solid), and 4 mL of 
chilled diethyl ether. Following vortexing, 3 mL of 
the ether layer was dried at 400 under a stream of N2. 
Chilled water (250 PL) was then added to the &due, 
followed by (in or&) 0.125 mL of 10% (w/v) 
trichloroacctic acid dissolved in 0.5 M HCl. 0.25 mL 
of 10% (w/v) sodium tnngstate, and 0.25 mL of 
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freshly prepared 0.5% (w/v) NaN02. After 5 min. 0.5 
mL of 0.5 M NaOH was added, and absorbances were 
read at 510 nm. A molar extinction coefficient for 
dihydroxybenzoate of 3.25 x 106 M-la-1 was used in 
calculations [23]. 

All chemicals were purchased &om the Sigma 
Chemical Co., St. Louis, MO, with the exception of 
gentamicii sulfate, which was a gift from the S&ring 
Corp., Bloomfiekl, NJ. 

RESULTS 

Lipid peroxidatbn 
Conjugated diene formation hm anxchidonic acid, 

a measure of iiee radical activity [22], was negligible 
with either iron or gentamicii alone. However, it 
increased to approximately 160 w after 90 min iu 
their combined presence (Fig. 1). 

In the presence of 1 mM gentamicin, peroxidation 
approached saturation at 0.1 mM iron salts. 
Conversely, in the presence of 0.1 mM iron salts, 
peroxidation cached a nU7dmllmIIearlmM 
gentamicii. Noincrease in peroxidation was observed 
when sodium sulthte replaced genmxnicin sulfa@. The 
biphasic effect on lipid peroxidation by gentamicin is 
consistent with the behavior of iron chelators, which 
promote iron-dependent oxidation at low molar ratios 
to iron, and inhibit it at high ratios [24]. 

Phosphate buffer, pnsent in these incubations, is a 
weak iron chelator and thus a possible confounding 
factor. To test its effect on the pe&dation assay, 
gentamicin and iron salts were incubated with 
arachidonic acid in either 10 m.M Tris/HCl buffer, pH 
7.4, or ‘in the absence of buffer with the pH of the 
stock solutions canfully adjusted to 7.4 prior to 
incubation. In the absence of phosphate, gentamicin 
signifiantly enhanced lipid peroxidation as before, 
and the kinetics seemed somewhat accelerated. In 
Tris buffer, 1 mM gentamicin plus 0.1 mM iron salts 
pioduced 111 of: 6 @4 conjugated diene in 30 min 
while in the absence of buffer 116 f 7 @4 was 
produced. Sodium sulfate controls exhibited 
negligible conjugated diene formation under both 
conditions. 
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Fig, 1. Aracbidonic acid peroxidation in response to iron and gentamicin. Dime concentration was de&mined as 
described in Materials and Methods. Concentrations of gentamicin sulfate were varied in the pxesence of 0.1 mM 
Fe(IX)iFe(IIl) (left panel), or Feo/Fe(III) was varied in the presence of 1 mM gentamicin (right panel). Data points 
m the means f SEM of 4-8 experiments. 
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Fig. 2. Jnhibition of Fe-EDTA catalyzd salicylate oxidation by gentamicin sulfate. The oxidation of salicyhtte by 
either Hz&, ascorbate, and Fe-EDNA (left panel) or superoxide snd Fe-EDTA (right panel) was measured by the 
formation of dihydroxybenxoate (see Materials and Methods). Data points am the mtans f SD of 3-5 experiments. 

Salicylate oxidation 
Iron chelators, such as deferoxamine, inhibit 

salicylate oxidation by Fe-EDTA through competition 
with iron and formation of iron complexes of greater 
stability against reduction by ascorbate or superoxide 
[23]. To determine if gemami& acted like such an 
iron chelator, salicyhtte oxidation was measumd by the 
production of dihydroxybenxoate (Fig. 2). 
Gentamicii sulfate inhibited the oxidation of salicylate 
in a concentration dependent fashion regardless of 
whether tbe reaction proce&d from H&. ascorbate, 
and Fe-EDTA (Fig. 2, left panel) or from the 
enxymatic generation of superoxide in the presence of 
Fe-EDTA (Fig. 2, right panel). 

In contrast, gentamicin did not interfere with 
salicylate oxidation under conditions where H20, 
dispmportionment was catalyzd by UV light rather 
than iron catalysis. Dihydroxybenxoate formation in 
the presence of 50 mM gentamicin snlfate (44 + 11 
nM,mean+SEM,N=5)didnotdiffersig&cantly 
from controls containing sodium sulfate (47 f 10 nM). 

DISCUSSION 

The results indicate that gentamicin promotes the 
oxidation of arachidonic acid in the presence of iron 
salts. To the best of our knowledge, this is the first 
dii demonstration of fret radical production by an 
aminoglycoside. Furthermore, our data suggest that 
genuunicin catalyzes this reaction by forming a 
gentamicin-iron complex. This is evident from the 
fact that gentamicin inhibits Fe-EDTA-catalyzed but 
not iron&dependent sahcylate oxidation. 

In a me&an&m for the pet-oxidation of arachidonic 
acid, oxygen is implied. We propose that gentamicin, 
iron, and a species of oxygen form a ternary complex 
which facilitates electron transfers. Such an action of 
gentamicin would be analogous to that of bleomyciu, a 
s-y unrelated, non-aminoglycoside antibiotic 
[25]. The iron-bleomycin species combines with 
oxygen to fcm ‘ktive bleomycin” through a one- 
electron transfer. A second binding domain on 
bleomycin attaches to DNA, atlowing reactive oxygen 
to attack the DNA strands. Gentamicin may similarly 
foun “active gentamicii.” This species may likewise 

have specitk intmceMar targets, such as 
phosphatidylinositol 4,5-bisphosphate, for which 
aminoglycoside antibiotics have a selective and high 
affinity P6.271. 

Free radicals have been implicated in a variety of 
pathologies and drug actions [28, 291. Whether the 
oto- and nephrotoxicities of aminoglyco5ides an? in 
fact mediated by such a mechanism mmains to be 
established. However, it seems likely that formation 
of an “active gentamicin” is the fundamental teaction 
behind the previously reported enzymatic conversion 
of gentamicin to a cytotoxin [7-lo]. The enzyme 
fraction may supply the necessq iron and reducing 
equivalents. Recent results from this laboratury on the 
pnveotion of gentamicin-induced ototoxicity by 
radical scavengers [lo] or iron chelators [30] strongly 
support such a notion. The mechanism proposed here 
would provide a rational explanation for a fmc radical 
nxchanism involved in aminoglycoside toxicity. 
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