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Abstract

The protective effect of hydroxyl radical scavengers and iron
chelators has strongly implicated the hydroxyl radical in sev-
eral models of tissue injury. Based on in vitro studies showing
gentamicin-enhanced generation of reactive oxygen metabo-
lites in renal cortical mitochondria, we examined the effect of
hydroxyl radical scavengers and iron chelators in gentamicin-
induced acute renal failure. Rats treated with gentamicin (G)
alone (100 mg/kg, s.c. X 8 d) developed advanced renal failure
(BUN 215130 mg/dl) compared to saline-treated controls
(BUN 16+1 mg/dl, P < 0.001). In contrast, rats treated with
gentamicin and either dimethylthiourea (DMTU, an hydroxyl
radical scavenger, 125 mg/kg, i.p. twice a day) or deferoxa-
mine (DFO, an iron chelator, 20 mg/day by osmotic pump) had
significantly lower BUN (G + DMTU 48.8+8 mg/dl, P
<0.001, n = 8; G + DFO 30+7 mg/dl, P < 0.001, n = 8). In
separate experiments, treatment with two other hydroxyl radi-
cal scavengers (dimethyl sulfoxide or sodium benzoate) and a
second iron chelator (2,3,dihydroxybenzoic acid) had a similar
protective effect on renal function (as measured by both BUN
and creatinine). In addition, histological evidence of damage
was markedly -reduced by the interventional agents. Finally,
concurrent treatment with DMTU prevented the gentamicin
induced increase in renal cortical malondialdehyde content (G:
4.4+0.2 nmol/mg; G + DMTU: 3.1£0.2 nmol/mg, P
< 0.0001, n = 8) suggesting that the protective effect of
DMTU was related to free radical mechanisms rather than to
some other effect. Taken together, these data strongly support
a role for hydroxyl radical or a similar oxidant in gentamicin-
induced acute renal failure.

Introduction

Aminoglycoside antibiotics including gentamicin are widely
used in the treatment of gram-negative infections. A major
complication of the use of these drugs is nephrotoxicity (re-
viewed in 1), accounting for 10-15% of all cases of acute renal
failure (1). The specificity of gentamicin for renal toxicity is
apparently related to its preferential accumulation in the renal
proximal convoluted tubules (50 to 100 times greater than
serum) (1). Although gentamicin’s effect on biological mem-
branes appears to be critical in the pathogenetic sequence (1),
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the exact mechanisms of gentamicin nephrotoxicity are un-
known.

A large body of in vitro, ex vivo, and in vivo evidence
support the concept that reactive oxygen metabolites including
free radical species (e.g., superoxide and hydroxyl radical) and
other oxygen metabolites (e.g., hydrogen peroxide, hypochlo-
rous acid) are important mediators of tissue injury (reviewed
in 2-4 and 5-13). In particular, recent in vivo studies have
demonstrated the protective effect of hydroxyl radical scaven-
gers and/or iron chelators (presumably by preventing the gen-
eration of hydroxyl radical by the iron-catalyzed Haber-Weiss
reaction) in several models of tissue injury (8-13). These stud-
ies thus suggest an important role for hydroxyl radical in tissue
injury.

Reactive oxygen metabolites have been shown to affect
several biological processes potentially important in glomeru-
lar diseases (14, 15) and their role in neutrophil-mediated glo-
merular diseases has recently been demonstrated (16-18). In
addition, reactive oxygen metabolites have been postulated to
be important in ischemic acute renal failure (19). However, the
role of reactive oxygen metabolites in gentamicin-induced
nephrotoxicity has not been previously examined.

In our previous studies we have shown that gentamicin in
vitro enhances the generation of hydrogen peroxide by renal
cortical mitochondria (20). Most, if not all, of the hydrogen
peroxide generated by mitochondria is derived from superox-
ide anion (21). Superoxide anion and hydrogen peroxide may
interact (with iron as catalyst, by the Haber-Weiss reaction) to
generate the hydroxyl radical (22, 23). Several studies have, in
fact, shown that agents that enhance the generation of hydro-
gen peroxide and superoxide anion by mitochondria also en-
hance the generation of hydroxyl radical (24, 25).

Based on the above observations, the aim of the present
study was to examine the effect of hydroxyl radical scavengers
and iron chelators on gentamicin-induced acute renal failure
in rats.

Methods

Adult male Sprague-Dawley rats weighing 200-250 g and having free
access to water and standard rat chow (1.00% calcium, 0.21% magne-
sium, 0.40% sodium, 1.10% potassium) were used in these experi-
ments. For most studies the rats received daily subcutaneous injections
of either 1 ml of sterile, isotonic saline or gentamicin (100 mg/kg per d)
for 8 consecutive d (26). 24 h after the last injection, the rats were
sacrificed, plasma obtained for the measurement of blood urea nitro-
gen (BUN)! and/or creatinine and kidneys obtained for histology and
for determination of gentamicin levels.

Interventional therapy. The effect of several hydroxyl radical scav-
engers and of iron chelators on gentamicin-induced acute renal failure

1. Abbreviations used in this paper: BUN, blood urea nitrogen; DFO,
deferoxamine B mesylate; DMTU, dimethylthiourea; MDA, malon-
dialdehyde.



was examined. Dimethylthiourea (DMTU) was administered in a dose
of 500 mg/kg i.p. just before the first gentamicin injection followed by
125 mg/kg i.p. twice a day. The other hydroxyl radical scavengers used
included dimethyl sulfoxide (DMSO) 4 g/kg (27) i.p. twice a day, and
sodium benzoate 150 mg/kg i.p. twice a day. The iron chelator defer-
oxamine B mesylate (DFO) (Desferal; Ciba-Geigy Corp., Summit, NJ)
or 2,3 dihydroxybenzoic acid (13, 28) was administered intravenously
in a dose of 20 mg/rat just before the first gentamicin injection. At the
same time, deferoxamine or 2,3 dihydroxybenzoic acid was adminis-
tered via an osmotic pump (type 2ML 2; Alza Corp., Palo Alto, CA)
that was implanted subcutaneously. The drug were reconstituted at a
concentration of 175 mg/ml, and the pumps (with a 2-ml capacity)
delivered ~ 20 mg of the iron chelator per rat per day at continuous
rate of 5 ul/h. Previous studies have shown that constant plasma levels
of the drug are maintained when the deferoxamine is administered by
this route (29).

Urea nitrogen and creatinine were measured in plasma samples
using the Beckman BUN Analyzer 2 and the Beckman Creatinine
Analyzer (Beckman Instruments, Inc., Fullerton, CA).

Gentamicin assay. One part renal cortical homogenate was diluted
with nine parts 0.15% Triton-X in distilled water. A further dilution
was then made to produce a protein concentration of 1 mg/ml and the
concentration of gentamicin was determined using a standard enzy-
matic radiochemical assay (30). (Assays kindly performed by Michael
Wilson and Dr. Robert Daum, Section of Infectious Disease, Depart-
ment of Pediatrics, Tulane Medical School.)

Briefly, “C-labeled acetyl-coenzyme A is incubated with sample
containing gentamicin and gentamicin acetyl transferase for 10 min
allowing all the gentamicin to go to acetyl-gentamicin. The reaction
liquid is then pipetted onto a phosphocellulose disc to which acetyl-
gentamicin binds very tightly. After washing to remove unreacted ace-
tyl-coenzyme A, the bound radioactivity is counted in a liquid scinti-
lation counter. The validity of the assay was assessed by measurements
of gentamicin in kidney homogenates from the nongentamicin treated
rats and a kidney homogenate from a non-gentamicin treated rat to
which gentamicin was added in concentrations of 2, 5, 10, 15, and 20
pug/ml.

Renal cortical lipid peroxidation. We examined the effect of genta-
micin administration and the effect of concurrent DMTU administra-
tion on renal cortical malondialdehyde content using the experimental
protocol of Ramsammy et al. (31). Male Sprague-Dawley rats (as
above) were divided into three groups: the first group received saline
only (as control); the second group received gentamicin (100 mg/kg
s.c.) on days 1-4 and were killed 48 h after the last injection (31); and
the third group received, in addition to gentamicin, DMTU (as de-
scribed above) until the day of sacrifice. At the time of sacrifice, plasma
was obtained for urea nitrogen and creatinine concentration and renal
cortex was obtained for malondialdehyde content. Malondialdehyde
determinations were carried out on the same day.

Malondialdehyde assay. Lipid peroxidation of renal cortex was
assessed by measuring malondialdehyde using the thiobarbituric acid
assay as in our previous study (32). Briefly, the renal cortex was sepa-
rated from the medulla, weighed, minced and homogenized in 0.02 M
sodium phosphate buffer, pH 7.4 (1:10 wt/vol) using a Potter-Elveh-
jem smooth glass homogenizer with a motor driven teflon pestle. 1 ml
of 17.5% TCA and 1 ml of 0.6% thiobarbituric acid, pH 2, were added
to 1 ml of the homogenate containing 1.0-1.7 mg of renal cortical
protein. This mixture was placed in a boiling water bath for 15 min and
then allowed to cool. 1 ml of 70% TCA was added and the mixture
allowed to incubate for 20 min. The sample was then centrifuged for 15
min at 2,000 rpm and the optical density of the supernatant read at 534
nm on a spectrophotometer (DMS 100; Varian Associates, Palo Alto,
CA) against a reagent blank. The amount of malondialdehyde, ex-
pressed in nanomoles, was calculated using a molar extinction coeffi-
cient of 1.56 X 10°M~! em™! at 535 nm. Malondialdehyde production
is expressed as nanomoles per milligram protein (protein content de-
termined by the method of Lowry [33]).

Kidney histology. The kidneys were sectioned and a portion fixed

in either 10% formalin for light microscopy or 3% glutaraldehyde for
electron microscopy. The tissue for light microscopy was dehydrated
and embedded in glycol methacrylate. Sections were cut at 2 um and
stained with periodic acid-Schiff reagent. The slides were coded and
examined without knowledge of the treatment protocol. Tissues for
electron microscopy were post-fixed in 1% osmium tetroxide for 1 h,
dehydrated and embedded in maraglas. Silver sections were obtained,
stained with lead citrate and uranyl acetate and examined in an
electron microscope (300; Philips Electronic Instruments, Inc., Mah-
wah, NJ).

A light microscopy semiquantitative analysis of the kidney sections
was performed using the technique of Houghton et al. (34). The
changes seen were limited to the tubulointerstitial areas and were
graded as follows: 0 = normal; 1 = areas of focal granulovacuolar
epithelial cell degeneration and granular debris in tubular lumens with
or without evidence of tubular epithelial cell desquamation in small
foci (< 1% of total tubule population involved by desquamation); 2
= tubular epithelial necrosis and desquamation easily seen but involv-
ing less than half of cortical tubules; 3 = more than half of proximal
tubules showing desquamation and necrosis but uninvolved tubules
easily found; 4 = complete or almost complete proximal tubular ne-
crosis. In addition to grading the histological changes, the presence or
absence of cytoplasmic PAS-positive bodies (confirmed to be cytose-
gresomes by electron microscopy) in the proximal tubule epithelial
cells was also recorded.

In vitro studies. We examined the effect of DMTU (10 mM) and
deferoxamine (1 mg/ml) on gentamicin-enhanced generation of hy-
drogen peroxide by renal cortical mitochondria. Mitochondria were
isolated as described by Johnson and Lardy (35) using 0.27 M sucrose,
1 mM EGTA, 5 mM Tris-HCI buffer pH 7.4 as the isolation medium
and centrifugation of the 600 g X 10 min supernatant at 10,000 g for 10
min to sediment the mitochondria. The mitochondrial pellet was re-
suspended in 0.25 M sucrose and centrifuged at 10,000 g for 10 min.
The final pellet was suspended in 0.25 M sucrose to give a protein
concentration of about 10 mg of protein/ml. Only mitochondria that
had a respiratory control index (state 3/state 4 respiration) of > 2.5
were used for experiments.

Hydrogen peroxide production was measured using the scopoletin
method (36). 0.5 mg of mitochondrial protein was added to the reac-
tion mixture consisting of 150 mM KCIl, 10 mM Tris-phosphate
buffer, 5 mM Tris-HCI buffer, pH 7.4 and 0.1 ml of horseradish per-
oxidase (400 pug/ml) in a total volume of 3 ml. Scopoletin was added (5
nmol) and the 100% baseline fluorescence was set in a Spectrofluorom-
eter (Farrand System 3; Farrand Optical Co., Valhalla, NY). The de-
crease in fluorescence (excitation wavelength 385 nm and emission
wavelength 460 nm) was first recorded after the addition of substrate
(10 mM sodium succinate, baseline values) and then gentamicin (4
mM) was added to the same reaction mixture. The effect of DMTU (10
mM) and deferoxamine (1 mg/ml) added prior to the addition of
gentamicin, on gentamicin-stimulated production of hydrogen perox-
ide was examined. The amount of hydrogen peroxide produced was
determined using a standard curve obtained for each experiment.

Materials. Drugs and reagents were purchased from the following
sources: gentamicin, Schering Corp. (Kenilworth, NJ); 2,3 dihydroxy-
benzoic acid and 1,3-dimethyl-2-thiourea, Aldrich Chemical Co.
(Milwaukee, WI); deferoxamine B mesylate (Desferal), Ciba-Geigy
Corp.; [**Clacetyl Co-A, ICN Radiochemicals Corp. (Irvine, CA); gen-
tamicin-3-acetyl transferase, Pharmacia Fine Chemicals (Piscataway,
NJ); sodium benzoate, dimethyl sulfoxide and other reagents and
buffers, Sigma Chemical Co. (St. Louis, MO).

Results

In preliminary studies, we examined the time course of the
effect of daily subcutaneous injections of gentamicin (100
mg/kg) (26) on renal function (measured by the BUN concen-
tration 24 h after the last injection). A marked increase in the
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BUN was noted after eight injections in all the gentamicin-
treated rats. Based on these data, we examined the effect of
various interventions on nephrotoxicity after eight injections
of gentamicin. In the first experiment we examined the effect
of DMTU, a hydroxyl radical scavenger (10) and of the iron
chelator deferoxamine on gentamicin-induced acute renal fail-
ure. Rats treated with gentamicin for 8 d had a marked in-
crease in BUN (215+30 mg/dl, n = 8) compared to saline-
treated controls (BUN: 16+1 mg/dl, n = 8) (Fig. 1). In con-
trast, rats treated with gentamicin and DMTU (in doses that
have previously been shown to achieve concentrations suffi-
cient to scavenge hydroxyl radical in vivo (10)) had signifi-
cantly lower BUN values (BUN: 48+17 mg/dl, n = 8, P
< 0.0001). Similarly, deferoxamine afforded a marked protec-
tive effect (BUN: 307 mg/dl, n = 8, P < 0.0001) against
gentamicin-induced acute renal failure (Fig. 1).

We considered the possibility that the interventional agents
might have caused the gentamicin nephrotoxicity to be mani-
fested at an earlier time point and that the BUN was lower
after eight injections because these rats were in the recovery
phase. We therefore examined the effect of deferoxamine on
rats receiving six gentamicin injections. In the deferoxamine-
treated animals, the mean BUN was significantly lower (22+2,
n=26, P <0.0001) compared to the mean BUN in rats treated
gentamicin alone (80+5, n = 6). In separate experiments we
also examined whether the protective effects were present at
longer time points. Rats were treated with either gentamicin
alone or gentamicin with deferoxamine. By day 11 half of the
rats (6/16 by day 10 and 8/16 by day 11) treated with genta-
micin alone had died (presumably from acute renal failure). In
contrast, there was no mortality in gentamicin treated rats
receiving deferoxamine. When the study was terminated, the
BUN in deferoxamine-treated rats was significantly lower
(days 10 and 11, 4843, n = 16, P < 0.0001) than the BUN
from the surviving rats (50% mortality) receiving gentamicin
alone (days 10 and 11, 99+7, n = 8). These results thus provide
further evidence for the protective effect of deferoxamine in
both mortality and renal failure induced by gentamicin.

We also considered the possibility that the protective effect
of DMTU and deferoxamine might be related to an effect on
gentamicin uptake by the renal tissue. We therefore measured
gentamicin levels in the kidney cortices. The renal cortical
gentamicin concentrations from the first study were as follows:
gentamicin alone, 14+0.7 ug/mg protein, n = 8; gentamicin
plus DMTU, 19+1.9 ug/mg protein, n = 8; and gentamicin
plus deferoxamine, 20+1.5 ug/mg protein, n = 8. These results
indicate that the protective effect of these agents was unrelated
to the uptake of gentamicin by renal cortical tissue. We also
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considered the possibility that the effect of DMTU and defer-
oxamine may be related to some direct interference with the
ability of the mitochondria to respond to gentamicin. We
therefore examined in vitro the effect of DMTU and deferox-
amine on gentamicin-enhanced generation of hydrogen perox-
ide by renal cortical mitochondria. DMTU (10 mM) and de-
feroxamine (1 mg/ml) had no significant effect on gentami-
cin-enhanced generation of hydrogen peroxide (data not
shown). DMTU (6, 10) and deferoxamine (6) have been simi-
larly shown not to affect generation of superoxide and/or hy-
drogen peroxide by neutrophils. Taken together these results
demonstrate a significant protective effect of DMTU and de-
feroxamine on gentamicin-induced acute renal failure and that
this protection is not due to their effect either on the mito-
chondrial response to gentamicin or on the uptake of genta-
micin by renal cortical tissue.

In a second experiment, we examined the effect of DMTU
again and a second hydroxyl radical scavenger, DMSO (37),
on gentamicin-induced acute renal failure. DMTU provided a
marked protective effect (confirming the results described
above) with both BUN and plasma creatinine being signifi-
cantly lower compared to rats treated with gentamicin alone
(Fig. 2). Also, in rats concurrently treated with DMSO (which
has been previously shown to protect against tissue injury [8, 9,
11-13]), both BUN and plasma creatinine were significantly
lower compared to rats treated with gentamicin alone (Fig. 2).

In a third experiment, we examined the effect of a third
hydroxyl radical scavenger, sodium benzoate (13). In addition,
we also examined the effect of the iron chelator deferoxamine
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on gentamicin-induced acute renal failure. The BUN and
plasma creatinine were significantly lower in rats that received
sodium benzoate or deferoxamine in addition to gentamicin
(Fig. 3). In the same experiment, iron-saturated deferoxamine
was only partially protective (BUN 646, n = 6). In addition,
we also examined the effect of a second iron chelator on gen-
tamicin-induced acute renal failure. In rats concurrently
treated with 2,3,dihydroxybenzoic acid both BUN (29+£1.5, n
= 4) and plasma creatinine (0.620.1, n = 4) were significantly
lower (P < 0.0001) compared to rats treated with gentamicin
alone (BUN: 205+9; plasma creatinine: 2.6+0.1, n = 4).

In addition to measuring renal function, we also examined
the histological changes in the different groups in kidney tissue
obtained at the end of the second and the third experiments.
The histological changes were graded as described in Methods
and the results are expressed in Table I. In rats treated with
gentamicin alone for 8 d, the extent of tubular necrosis varied
from < 10% (grade 2) to > 75% (grades 3 and 4) of tubules as
described in previous studies (34). In addition, numerous
PAS-positive cytoplasmic bodies (cytosegresomes by electron
microscopy) were seen in all of the animals in keeping with
previous studies that have shown the development of cytose-
gresomes within 48 h following the first gentamicin injection
(1). In rats treated with the hydroxyl radical scavengers or with
deferoxamine (in addition to receiving gentamicin), the PAS-
positive cytoplasmic bodies were also seen in all the animals;
however, as shown in Table I and Fig. 4, there was a marked
reduction in the extent of tubular damage.
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Table 1. Semiquantitative Analysis of Renal Histology*

Grade

Group 0 1+ 2+ 3+ 4+
Controls 14 — — — —
Gentamicin — —_ 4 4 6

Gentamicin + DMTU 2 1 4 1 —
Gentamicin + DMSO 8 —_ — — —_
Gentamicin + Benzoate 4 — 1 1 —_
Gentamicin + DFO 6 — — — —

* Histologic grading as follows: 0 = normal; 1 = Areas of focal gran-
ulovacuolar epithelial cell degeneration with < 1% of total tubule
population showing epithelial cell desquamation; 2 = Tubular epi-
thelial necrosis and desquamation involving < 50% of cortical tu-
bules; 3 = Greater than 50% of proximal tubules showing desquama-
tion (uninvolved tubules easily found); 4 = Complete or almost com-
plete proximal tubular necrosis. Numerous cytoplasmic PAS-positive
bodies were present in the proximal tubule epithelial cells of all gen-
tamicin-treated animals with or without interventional treatment.

Previous studies have demonstrated that there is an in-
crease in renal cortical lipid peroxidation in gentamicin treated
rats, and that lipid peroxidation serves as a marker of en-
hanced free radical generation in response to gentamicin (31).
In order to provide additional support for the notion that the
protective effect of the hydroxyl radical scavengers was due to
their ability to scavenge free radicals rather than some other
mechanism, we examined the effect of gentamicin administra-
tion, and concurrent DMTU administration on renal cortical
lipid peroxidation. Using a time course that has been pre-
viously used to demonstrate enhanced lipid peroxidation (31),
we found that rats treated with gentamicin alone had a signifi-
cant increase in malondialdehyde content (as measured by the
thiobarbituric acid method) compared to saline treated con-
trols (Table II). In rats treated concurrently with DMTU, the
malondialdehyde content was significantly lower compared to
gentamicin treated rats and similar to the malondialdehyde
content in saline-treated rats. In the same experiment, DMTU
was protective against gentamicin-induced renal failure as
measured by BUN and plasma creatinine (Table II). In a sepa-
rate in vitro experiment, we confirmed that DMTU did not
interfere with malondialdehyde determination (data not
shown).

Discussion

We examined the effect of hydroxyl radical scavengers and
iron chelators on gentamicin-induced acute renal failure. In
two separate studies, DMTU and deferoxamine provided
marked functional and histological protection against acute
renal failure in rats receiving gentamicin for 8 d. The protec-
tive effect of DMTU and deferoxamine was not due to their
effect either on the mitochondrial response to gentamicin or
on the uptake of gentamicin by renal cortical tissue. Two ad-
ditional hydroxyl radical scavengers, sodium benzoate and
DMSO as well as a second iron chelator, 2,3 dihydroxybenzoic
acid, also afforded a marked protection against gentamicin-in-
duced acute renal failure. Finally the protective effect of defer-
oxamine was also noted at earlier (6 d) and at later (10 and 11
d) time points. ’
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Table I1. Renal Cortical MDA Content in Rats Treated with
Either Gentamicin Alone or Concurrently with DMTU*

n MDA BUN Creatinine
nmol/mg mg/dl mg/dl
Saline control 8 2.7+0.1 131 0.2+0.02
Gentamicin 8 4.4+0.2¢ 77+5% 1.4+0.07¢
Gentamicin + DMTU 8 3.140.28 16+18 0.3+0.03%

* Gentamicin (100 mg/kg, s.c.) X 4 d. Sacrificed 48 h after last genta-
micin injection. DMTU administered until the day of sacrifice. All
values are meanzstandard error of the mean.

¥ Gentamicin vs. saline control, P < 0.0001 (unpaired Student’s ¢ test).
§ Gentamicin vs. gentamicin + DMTU, P < 0.0001 (unpaired Stu-
dent’s ¢ test).

Both DMTU, a potent hydroxyl radical scavenger, and the
iron chelator deferoxamine, have been extensively used in re-
cent studies to delineate a potential role for hydroxyl radical in
several models of tissue injury (5, 8-13). The ability of DMTU
to scavenge hydroxyl radical has been well established in in
vitro studies (10). In addition, DMTU has been shown to
achieve concentrations sufficient to scavenge hydroxyl radical
in vivo (half life—34 hours in rats) (10). DMTU has been
successfully used to prevent acute lung injury in rats after
exposure to a variety of injurious agents including: hyperoxia
(10), thermal trauma (13), or, in isolated rat lung preparations,
enzymatically generated oxygen metabolites (5) or stimulated
neutrophils (10).

Similarly, iron chelators, including deferoxamine and 2,3
dihydroxybenzoic acid, have been shown to be protective in
several in vivo models of tissue injury (8, 9, 11-13). The pro-
tective effect of iron chelators has been generally taken as evi-
dence for the participation of hydroxyl radical in tissue injury
because iron is critical in the generation of hydroxyl radical
(via the Haber-Weiss reaction). Indeed, in in vitro studies, the
ability of deferoxamine to block the generation of hydroxyl
radical has been well demonstrated (22). Although iron-me-
diated tissue injury could also be explained by a reaction in-
volving the formation of the perferryl ion (23), in our study,
the effectiveness of several hydroxyl radical scavengers sug-
gests that the role of iron is related to its participation in the
generation of hydroxyl radical. Taken together, the marked
protective effect of both the hydroxyl radical scavengers and
the iron chelators strongly implicate a role for hydroxyl radical
in gentamicin-induced acute renal failure.

An important question related to our results is the source
of the reactive oxygen metabolites. In our previous studies we
have shown that gentamicin in vitro enhances the generation
of hydrogen peroxide by renal cortical mitochondria (20). Al-
though we have not measured the generation of hydroxyl radi-
cal by renal cortical mitochondria in response to gentamicin,
several studies have, in fact, shown that agents that enhance
the generation of hydrogen peroxide and superoxide anion by

mitochondria also enhance the generation of hydroxyl radical
(24, 25). Thus a likely source for the hydroxyl radical appears
to be the renal cortical mitochondria. However, other sources
for the hydroxyl radical cannot be excluded. One possibility is
that the enhanced generation of hydroxyl radical is by leuko-
cytes since the role of leukocytes in gentamicin-induced acute
renal failure has never been critically examined.

Although the marked protective effects of iron chelators in
several models of tissue injury imply an important role for
iron, both the source of physiological iron in vivo, and how it
becomes biologically available to participate in the generation
of hydroxyl radical remain enigmatic. Recent studies have
begun to examine these important issues. Gutteridge et al. (38)
have developed an assay, based on the use of the antibiotic
bleomycin, to detect iron complexes capable of catalyzing rad-
ical reactions in biological fluids. Using this assay they have
demonstrated that nonprotein bound iron, which has the po-
tential to support hydroxyl radical generation, may be detected
in cerebrospinal, synovial, and inflammatory fluids. In addi-
tion, ferritin, generally regarded as a secure means of storing
iron in an inert form, may play a more dynamic role in vivo.
For example, mitochondria contain distinct binding sites for
ferritin from which iron can be mobilized (39, 40). Recent
studies also indicate that reactive oxygen metabolites may play
a role in the release of iron from ferritin. For example, super-
oxide, generated by xanthine-xanthine oxidase, was shown to
release ferritin iron in vitro (41, 42) and the released iron (Fe?)
reacted with hydrogen peroxide to form hydroxyl radical (23).
In our recent in vitro study we reported that gentamicin mark-
edly enhances the generation of reactive oxygen metabolites by
renal cortical mitochondria (20). This suggests the possibility
that the reactive oxygen metabolites generated by gentamicin
could mobilize iron for participation in the generation of hy-
droxyl radical. An additional possible source of iron for the
generation of hydroxyl radical that must be considered is en-
hanced uptake of iron by tissue. Indeed, altered trace metal
metabolism with increased concentrations of iron in kidney
have been reported in other disease states (43). At present the
precise source of iron and the how it gets mobilized to partici-
pate in the generation of hydroxyl radical in gentamicin-in-
duced acute renal failure remains unknown.

We did not examine the biological processes that may be
affected by the hydroxyl radical leading to acute renal failure.
One of the mechanisms by which hydroxyl radical has been
postulated to cause tissue damage is by causing peroxidation of
membrane lipids. Although lipid peroxides are potentially
harmful to tissues and cells and they have been found to be
increased in several models of tissue injury (8, 13), it has not
always been possible to implicate them directly as the cause of
tissue injury. For example, Till et al. who examined lipid per-
oxidation and acute lung injury concluded that lipid peroxi-
dation appeared to be a marker of oxygen-mediated tissue
injury rather than to mediate or propagate the tissue injury
(13). Similarly in gentamicin-treated rats, there is an increase
in the malondialdehyde content (TBA-reactive material) in the
kidney cortex. Ramsammy and colleagues have examined the

Figure 4. (4) Light microscopy section of kidneys from rats receiving gentamicin alone showing severe tubular epithelial necrosis with slough-
ing of the lining epithelium and luminal debris (grade 4, periodic acid-Schiff stain X 200). (B) Light microscopy section of kidneys from rats re-
ceiving gentamicin plus deferoxamine showing essentially no pathologic abnormalities (grade 0, periodic acid-Schiff stain X 200).
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role of lipid peroxidation in gentamicin induced acute renal
failure by examining the effect of diphenyl-phenylenediamine
(31) and vitamin E (44), which are potent lipid antioxidants
and protect against lipid peroxidation (43). In these studies,
both diphenyl-phenylenediamine (31) and vitamin E (44) pre-
vented gentamicin-induced lipid peroxidation, but did not
prevent the acute renal failure. Although these studies indicate
that lipid peroxidation is unlikely to be the mechanism of
gentamicin-induced injury, lipid peroxidation nonetheless
serves as marker of enhanced free radical production by renal
cortical tissue in response to gentamicin. Our data confirm
that the malondialdehyde content is increased in gentamicin-
treated animals; furthermore, the protective effect of the hy-
droxyl radical scavenger DMTU was associated with signifi-
cant reduction in the malondialdehyde content in the renal
cortex. These results provide support for the notion that the
protective effect of DMTU was related its ability to scavenge
free radicals rather than to some other mechanism.

It should be noted that lipid peroxidation is not the exclu-
sive mechanism for oxygen radical-induced damage to the tis-
sues. In particular, hydroxyl radical is one of the most reactive
chemical species known and is capable of reacting at extremely
high rate-constants with almost every type of molecule found
in living cells (e.g., sugars, amino acids, phospholipids, nu-
cleotides, organic acids, etc.) (46, 47). It can thus potentially
affect numerous cellular processes leading to altered cellular
function and/or cell death. Our study, which shows the pro-
tective effects of several hydroxyl radical scavengers and iron
chelators coupled with studies by other investigators showing
the lack of a protective effect of vitamin E and diphenyl-phen-
ylenediamine (31, 44), suggest that the role of hydroxyl radical
in gentamicin-induced acute renal failure is most likely due to
its effects on biological processes other than lipid peroxidation.
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