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Abstract—We tested the hypothesis that accelerated lipid peroxidation, possibly at the level of the
lysosome, is linked causally to the pathogenesis of aminoglycoside nephrotoxicity by investigating
whether administration of vitamin E would inhibit lipid peroxidation and prevent or ameliorate
gentamicin-induced proximal tubular cell injury. Five groups of rats were injected with either saline,
vitamin E (600 mg/kg per day) for 6 days, gentamicin (100 mg/kg per day) for 6 days, vitamin E for 6
days plus gentamicin for 6 days or vitamin E for 12 days and gentamicin for the last 6 days. Gentamicin
alone induced a 16% increase in renal cortical phospholipids; vitamin E had no significant effect on this
change. Gentamicin alone caused accelerated lipid peroxidation evident by a doubling of renal cortical
malondialdehyde to 1.23 nmol/mg protein, and a sharp decline of esterified polyunsaturated fatty
acids, especially arachidonic acid which fell 43%. These changes were accompanied by depressions of
superoxide dismutase, catalase, and total glutathione and a shift from reduced to oxidized glutathione.
Concurrent treatment of rats with vitamin E plus gentamicin for 6 days had no significant effect on the
gentamicin-induced alterations of malondialdehyde, superoxide dismutase, catalase or the glutathione
cascade; however, the shift from polyunsaturated to saturated fatty acids was largely reversed. In rats
pretreated with vitamin E for 6 days, gentamicin failed to raise renal cortical malondialdehyde above
that of saline-treated rats. The changes in esterified fatty acids were prevented almost entirely, and
there were no significant alterations from control of the glutathione cascade. The depressions of
superoxide dismutase and of catalase, however, were not reversed. Vitamin E did not affect the amount
of gentamicin accumulated in renal cortex nor did it prevent the gentamicin-induced rise of serum
creatinine. Examination of renal cortex by light and electron microscopy revealed that vitamin E did
not prevent or even reduce the severity of gentamicin-induced proximal tubular cell lesions and necrosis.
These results confirm those we obtained in a previous study with the antioxidant diphenyl-
phenylenediamine. The observation that inhibition of lipid peroxidation by two distinct antioxidants
failed to prevent proximal tubular cell injury and renal dysfunction associated with gentamicin adminis-
tration leads us to conclude that lipid peroxidation is a consequence and not a cause of gentamicin-
induced nephrotoxicity.
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We recently reported that gentamicin induces accel-
erated lipid peroxidation in the renal cortex of the
rat [1]. Based on this observation we postulated that
lipid peroxidation was a proximal event in the injury
cascade of aminoglycoside nephrotoxicity. To test
this hypothesis, rats were treated with diphenyl-
phenylenediamine (DPPD+), an antioxidant [2].
This compound proved to be highly effective in pre-
venting accelerated lipid peroxidation but it did not
abrogate gentamicin-induced nephrotoxicity [3].
These findings support the view that lipid per-
oxidation is a consequence rather than a cause of
aminoglycoside-induced proximal tubular cell injury.
Although DPPD is effective in preventing lipid per-
oxidation as assessed in terms of gross changes
measured in a homogenate of renal cortex, we cannot
exclude the possibility that this compound may have
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failed to inhibit lipid peroxidation at a critical intra-
cellular site perhaps due to inadequate access to that
site. For example, aminoglycoside nephrotoxicity is
characterized by congestion of the lysosomal com-
partment with phospholipid in the form of myeloid
bodies [4-6] which is thought to be a consequence of
drug-induced inhibition of lysosomal phospholipase
degradation of phospholipid {7, 8]. We have shown
that the increased lysosomal content of phospholipid
is enriched in phosphatidylinositol [4]. Since arachi-
donic acid is typically found in the sn-2-position of
phosphatidylinositol [9], the accumulation of this
phospholipid within lysosomes could serve as sub-
strate for free radical attack [10, 11]. If DPPD did
not gain access to the lysosomal compartment, this
reaction could have proceeded at a time when other
lipid peroxidation reactions at other subcellular sites
had been depressed or completely inhibited. More-
over, given the small size of the lysosomal com-
partment, persistence of lipid peroxidation within
lysosomes might not be readily detected as a change
from baseline of the various parameters monitored.
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Accelerated lipid peroxidation at the level of the
lysosome has been shown to cause lysis of the lyso-
somal membrane [12-15]. This finding is of particular
interest because several groups of investigators have
implicated labilization of lysosomes in the patho-
genesis of aminoglycoside-induced proximal tubu-
ular cell injury [16-19].

Vitamin E is a lipid soluble antioxidant which
distributes preferentially to membranes enriched in
polyunsaturated fatty acids [20-22] and is highly
susceptible, therefore, to lipid peroxidation [10, 11].
Vitamin E has been demonstrated to protect against
peroxidative injury in a number of experimental
settings [12, 23-28]. Importantly, vitamin E has been
shown to be effective in blocking the induction of
lysosomal lipid peroxidation and reducing the loss of
lysosomal latency [12, 15]. Therefore, we undertook
the present studies to investigate the efficacy of vit-
amin E in preventing lipid peroxidation and proximal
tubular cell injury in rats treated with the nephrotoxic
aminoglycoside gentamicin.

METHODS

Experiments were performed in five groups of
male Sprague-Dawley rats (weighing 200-250 g)
injected subcutaneously with: (1) 0.9% NaCl for 6
days; (2) vitamin E in ethanol, 600 mg/kg per day
for 6 days; (3) gentamicin sulfate, 100 mg base/kg
per day for 6 days; (4) vitamin E, 600 mg/kg per day
for 6 days and gentamicin sulfate, 100 mg/kg per day
for 6 days; (5) vitamin E, 600 mg/kg per day for 12
days and gentamicin, 100 mg/kg per day for 6 days
(days 7-12). Vitamin E and gentamicin were injected
separately. Twenty-four hours after the last injec-
tion, rats were killed under pentobarbital anesthesia
by exsanguination from the aorta. The renal cortex
was rapidly dissected free and homogenized in 0.9%
NaCl buffered to pH 7.4 with sodium phosphate.
Aliquots of homogenate were processed for sub-
sequent measurements of phospholipids, malon-

dialdehyde (MDA), fatty acids, glutathione,
catalase, superoxide dismutase (SOD), protein and
gentamicin.

Renal cortical phospholipids were extracted in
chloroform-methanol (2:1, v:v) containing 0.01 M
tetrabutylammonium sulfate and were quantitated
by inorganic phosphorus determination [29]. Fatty
acids were removed from phospholipids by alkaline
hydrolysis with simultaneous formation of methyl
ester derivatives and analyzed by GLC as previously
described [1]. MDA was determined by the thio-
barbituric acid procedure [30]. Glutathione was
assayed by monitoring spectrophotometrically the
reduction of 5,5-dithiobis-2-nitrobenzoic acid by
NADPH [31]. Catalase activity was determined by
the method of Cohen [32] which involves the titration
of KMnO,. The activity of catalase was expressed as
the first-order reaction rate constant, k, which is
defined by the equation & = log (S,/S;) % 2.3/t where
t = time, and S, = initial concentration of KMnOy at
time ¢. Superoxide dismutase (SOD) was determined
on the 700 g supernatant fraction of renal cortical
homogenate containing both cytosolic and mito-
chondrial enzyme and was measured as the rate
of inhibition of ferricytochrome c¢ reduction in a
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xanthine—xanthine oxidase generating system [33].
One unit of SOD is defined as that quantity required
to inhibit the rate of reduction of ferricytochrome ¢
by 50%. Protein was determined by the method of
Lowry et al. [34]. Gentamicin in renal cortex was
measured using the Emit Gentamicin Assay (Sylva
Co., Palo Alto, CA). Serum creatinine was measured
by the method of Mitchell {35] which involves column
chromatography to separate true creatinine from
chromagen.

Kidneys of four rats from groups 1, 3 and 5 were
perfused in situ with 3% glutaraldehyde in 0.2M
sodium cacodylate buffer at pH7.3. Ten rep-
resentative blocks of tissue (1 mm?) were taken from
the inner cortex and outer cortex of one kidney of
each rat. The blocks were treated with an unbuffered
aqueous solution of osmium tetroxide, dehydrated
with alcohol, and embedded in Epon 812. All blocks
were sectioned for light microscopy. The sections
were stained with Azure II-methylene blue and
coded so that the observer (B. L.) could not dis-
tinguish control from experimental material. Each
section was scored for the presence and site of necro-
sis, vacuolization and cytologic inclusions. Replicate
sections from the same kidney were evaluated for
uniformity. Thin sections for electron microscopy
were cut from blocks from each cortical zone. The
faces were trimmed to central regions in which
tubules were cut in cross sections and glomeruli were
absent. Electron micrographs were taken at 3000
diameters of at least four proximal tubules from each
zone of each kidney. A square grid was placed on
the micrographs, and the area of cytoplasm occupied
by lysosomes and the area occupied by myeloid
bodies were measured independently using standard
morphometric methods [36].

The data were subjected to analysis of variance
and the Duncan multiple range test to define stat-
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Fig. 1. Effect of gentamicin and vitamin E on total phospho-
lipid of renal cortex. Rats were injected with saline (S),
gentamicin (G) at 100 mg/kg per day for 6 days and/or
vitamin E (V) 600 mg/kg per day for 6 or 12 days. The
numbers in parentheses at the top of the bars represent the
number of rats in each group. The bars represent the
mean = SE. Key: (**) significantly different from saline,
P <0.01.
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Fig. 2. Effect of gentamicin and vitamin E on malondialdehyde of renal cortex. Rats were injected with

saline (S), gentamicin (G) at 100 mg/kg per day for 6 days and/or vitamin E (V) at 600 mg/kg per day

for 6 or 12 days. The bars represent the mean = SE. Key: (**) significantly different from saline
P <0.01.

istically significant differences. The results in the text
and figures are expressed as the mean * SEM.

RESULTS

Vitamin E alone had no effect on total phospho-
lipids of renal cortex (Fig. 1). In gentamicin-treated
rats, renal cortical phospholipids were increased sig-
nificantly above that of control rats. Treatment of
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rats with vitamin E for 6 or 12 days did not prevent
the gentamicin-induced renal cortical phospho-
liptdosis.

MDA, an end product of lipid peroxidation, was
found to be depressed in the renal cortex of rats
treated with vitamin E alone compared to that of
saline-injected control rats (Fig. 2). In gentamicin-
injected rats, MDA increased 89% above that of
control rats (P < 0.01), and this increase was not
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Fig. 3. Effect of gentamicin and vitamin E on fatty acid composition of renal cortical phospholipid. Rats
were injected with saline, gentamicin (GENT) at 100 mg/kg per day for 6 days and/or vitamin (VIT)
E at 600 mg/kg per day for 6 or 12 days. The bars represent the mean + SE, The numbers above the
bars indicate the number of carbon atoms followed by the number of double bonds. Key: 20:4,
arachidonic acid; 18:2, linoleic acid; 18:1, oleic acid; 18:0, stearic acid; 16:0, palmitic acid;
(*) significantly different from saline, P < 0.05; and (**) significantly different from saline. P <0.01.
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Fig. 4. Effect of gentamicin and vitamin E on the average number of double bonds (A) per mole fatty

acid esterified in renal cortical phospholipids. Rats were injected with saline, gentamicin (G) at 100 mg/

kg per day for 6 days and/or vitamin E (V) at 600 mg/kg per day for 6 or 12 days. The bars represent
the mean * SE. Key: (**) significantly different from saline, P < 0.01.

attenuated significantly by 6 days of vitamin E ther-
apy. In rats given 12 days of vitamin E therapy,
MDA was not different from that of saline-injected
rats.

The shift from polyunsaturated to saturated fatty
acids provides another sensitive indicator of lipid
peroxidation. These data are summarized in Fig. 3.
In rats injected with vitamin E alone, there was a
slight shift from polyunsaturated towards saturated
fatty acids compared to that observed in saline-
injected rats, but only in the case of the saturated
fatty acid palmitate was the change statistically
significant. Rats injected with gentamicin manifested
a significant decline (—43%) of arachidonic acid
(AA) compared to that of saline-injected rats
(P < 0.01) and of rats injected with vitamin E alone
(P < 0.05). The decline of AA was accompanied by
significant increases of linoleic, oleic, and palmitic

acids and a significant decrease of stearic acid. This
pattern of change is similar to our previously
reported observations [1,3]. In rats injected with
gentamicin plus vitamin E for 6 or 12 days, these
changes in the composition of fatty acids esterified
in renal cortical phospholipids were either entirely
or largely prevented.

Calculation of the average number of double
bonds (A) per mole of fatty acid reveals that in rats
injected with vitamin E alone A/mole fatty acid
declined slightly, whereas it was greatly depressed in
rats treated with gentamicin (Fig. 4). In rats injected
with gentamicin plus vitamin E, A/mole fatty acid
was not different from that of rats injected with
vitamin E alone.

Figure 5 summarizes the SOD data. Treatment
with vitamin E alone was associated with depression
of SOD compared to that of saline-injected rats. In
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Fig. 5. Effect of gentamicin and vitamin E on superoxide dismutase (SOD) in renal cortex. Rats were

injected with saline, gentamicin (G) at 100 mg/kg per day for 6 days and/or‘ vitamin E (Y) 600 mg/kg

per day for 6 or 12 days. The bars represent the mean + SE. Key: (**) significantly different from
saline, P < 0.01.
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Fig. 6. Effect of gentamicin and vitamin E on catalase activity in renal cortex. Rats were injected with
saline, gentamicin (G) at 100 mg/kg per day for 6 days and/or vitamin E (V) at 600 mg/kg per day for
6 or 12 days. The bars represent the mean + SE. Key: (**) significantly different from saline. P < 0.01.

contrast to our previous reports [1, 3], gentamicin
treatment also depressed SOD, albeit only slightly,
and this effect was not influenced by vitamin E.

In contrast to the effect on SOD, vitamin E alone
was associated with an increase of catalase activity
compared to that of saline-injected rats (Fig. 6).
In agreement with our earlier findings [1, 3], rats
injected with gentamicin exhibited depression of
catalase, and this effect was not prevented by the
addition of vitamin E.

Vitamin E alone has no significant effects on total
glutathione, GSH, or GSSG (Fig. 7). Six days of
gentamicin therapy resulted in depression of total
and reduced glutathione and increased oxidized glu-
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tathione and the ratio of oxidized to total gluta-
thione. These changes confirm our earlier obser-
vations [1,3]. Injection of vitamin E for 6 days
concurrently with gentamicin did not alter the effects
of gentamicin on the glutathione cascade, whereas
pretreatment with vitamin E completely prevented
gentamicin-induced alterations of the glutathione
cascade.

Vitamin E did not affect the amount of gentamicin
accumulated in the renal cortex (Fig. 8). The con-
current administration of vitamin E with gentamicin
did not prevent the gentamicin-induced rise of the
serum creatinine concentration (Fig. 9).

Histopathology. Sections stained by light micro-

1
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Fig. 7. Effect of gentamicin and vitamin E on total glutathione, reduced glutathione (GSH) and oxidized

glutathione (GSSG) in renal cortex. Rats were injected with saline, gentamicin (GENT) at 100 mg/kg

per day for 6 days and/or vitamin (VIT) E for 6 or 12 days. The bars represent the mean * SE.
Key: (**) significantly different from saline, P < 0.01.
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Fig. 8. Effect of vitamin E on the renal cortical con-

centration of gentamicin. Rats were injected with genta-

micin (G) at 100 mg/kg per day for 6 days and vitamin E

at 600 mg/kg per day for 6 or 12 days. The bars represent
the mean * SE.

scopy revealed patchy single cell necrosis or dropout
in proximal tubules of kidneys from all gentamicin-
treated rats. The majority of necrotic cells were in
the pars recta. Approximately 7% of proximal tubu-
lar cells were necrotic in kidneys of rats injected with
gentamicin plus vitamin E compared to less than
2% of cells in kidneys or rats injected only with
gentamicin. Large irregularly stained cytoplasmic
inclusions were present in proximal tubule cells in
light microscopic plastic sections from rats injected
with gentamicin or gentamicin plus vitamin E. In the
inner cortex, 50-70% of proximal tubule cells and in
the outer cortex 20-30% of proximal tubule cells
contained inclusions. There was substantial varia-
bility in the numbers of inclusions among cells of the
same tubule as well as among cells of different
tubules so that quantitation of inclusions on a per
cell basis was not done. Sections of control kidneys
exhibited no necrosis and only rare blue-stained
inclusions.

L. S. RAMSAMMY et al.

At the ultrastructural level most of the inclusions
in proximal tubule cells were irregularly shaped
membrane bound cytoplasmic areas with finely par-
ticulate, moderately dense matrix and one or more
myeloid bodies. The inclusions occupied 26% (range
8-39%) of the cytoplasm of pars recta cells of gent-
amicin-injected rats and 20% (range 6-33%) of the
cytoplasm of comparable cells in gentamicin—vitamin
E treated animals. Myeloid bodies occupied approxi-
mately 10% (range 6-24%) of the cytoplasm of rats
injected with gentamicin and 8% (range 4-18%) of
the cytoplasm of rats treated with gentamicin and
vitamin E.

DISCUSSION

The results of these experiments confirm our pre-
vious studies [1, 3] that gentamicin treatment of rats
causes accelerated lipid peroxidation in the renal
cortex as reflected by increased MDA, an end prod-
uct of lipid peroxidation, and by depression of
polyunsaturated fatty acids, which serve as substrate
for free radical attack [10,11]. Moreover, we
detected alterations in the three major systems which
normally function to protect the cell against free
radical attack. The activities of SOD and catalase
were depressed which raises the possibility that
impaired removal of free radicals by these anti-
oxidant systems may have contributed to the accel-
erated lipid peroxidation [10, 11]. The glutathione
system manifested a shift from reduced to oxidized
glutathione, a response pattern consistent with
increased oxidative stress [10, 11, 37]. The accel-
erated lipid peroxidation and alterations in the anti-
oxidant systems were accompanied by functional and
histopathologic evidence of gentamicin nephrotox-
icity. Serum creatinine concentration was elevated
significantly which signifies depression of glomerular
filtration rate, and proximal tubular cell injury and
necrosis were observed by light and electron
microscopy.

To assess the role of lipid peroxidation in the
pathogenesis of gentamicin-induced proximal tubu-
lar cell injury, rats were treated with a large dose of
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Fig. 9. Effect of gentamicin and vitamin E on the serum creatinine concentration. Rats were injected
with saline, gentamicin (G) at 100 mg/kg per day for 6 days and/or vitamin E at 600 mg/kg per day for
6 or 12 days. The bars represent the mean = SE. Key: (**) significantly different from saline, P < 0.01.
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vitamin E, an antioxidant which has been shown to
scavenge free radicals and inhibit lipid peroxidation
in vitro [12,27,28] and in vivo [12,23-27]. The
major effect of vitamin E when administered alone
to rats was to depress basal MDA. A slight decline
of polyunsaturated fatty acids was also observed.
When vitamin E was administered concurrently with
gentamicin, its effects on the parameters of lipid
peroxidation were mixed. For example, vitamin E
had no discernible effect on gentamicin-induced elev-
ation of MDA, or the depression of SOD, catalase,
and total and reduced glutathione. However, it
largely prevented or reversed the alterations in the
composition of fatty acids esterified in renal cortical
phospholipids. The failure of vitamin E to prevent
gentamicin-induced lipid peroxidation when admin-
istered simultaneously with gentamicin could reflect
failure to achieve adequate concentrations of vitamin
E at critical subcellular membranes using this dose
and time schedule. To circumvent this problem, we
pretreated rats with vitamin E for 6 days before
challenging them with gentamicin. We reasoned that
during this time interval vitamin E would be taken
up into cellular membranes, particularly those en-
riched in polyunsaturated fatty acids [20-22] and
most susceptible to lipid peroxidation [10, 11], and
would facilitate the delivery of vitamin E to the
lysosomal compartment.

Pretreatment with vitamin E was effective in pre-
venting MDA from rising above the level of control
rats. It almost completely restored the alterations in
the composition of fatty acids esterified in renal
cortical phospholipids. It prevented alterations in
the glutathione cascade. In contrast, vitamin E did
not reverse the depression of SOD or of catalase
induced by gentamicin. In the case of catalase, the
activity was further depressed in rats pretreated with
vitamin E. In our previous study, we observed, that
DPPD also prevented the changes in MDA, fatty
acid composition and glutathione but it failed to
restore catalase activity [3]. It is uncertain to what
extent the depression of catalase reflects a direct
interaction between gentamicin and the enzyme. In
any event, pretreatment with vitamin E inhibited, to
an impressive degree, accelerated lipid peroxidation
in rats injected with gentamicin. Nevertheless, this
antioxidant did not abrogate or even ameliorate gent-
amicin-induced proximal tubular cell injury as as-
sessed by light and electron microscopy. In fact, the
degree of proximal tubular cell necrosis tended to be
greater in the vitamin E treated rats. In addition,
vitamin E pretreatment afforded no protection
against depression of glomerular filtration as assessed
by measurement of the serum creatinine con-
centration. The failure of vitamin E to protect
against gentamicin-induced nephrotoxicity cannot be
explained by differences in the accumulation of drug
by proximal tubular cells. The renal cortical con-
centrations of gentamicin were similar in the three
gentamicin-treated groups.

The objective of the present study was to evaluate
the hypothesis that accelerated lipid peroxidation
at the level of the phospholipid-ladened lysosomal
compartment might be a proximal event in the injury
cascade induced by gentamicin. Although we did not
directly measure lipid peroxidation within lysoso-
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mes, it is inconceivable that the pretreatment pro-
tocol involving large doses of vitamin E would not
have had some inhibitory effect on lysosomal lipid
peroxidation. The fact that vitamin E did not even
ameliorate gentamicin nephrotoxicity leads us to
reject our hypothesis that accelerated lipid per-
oxidation at the level of the lysosomes is a proximal
event in the injury cascade induced by amino-
glycosides,

The results of the present study confirm those
obtained in our previous study with DPPD. Inhi-
bition of lipid peroxidation by two distinct anti-
oxidants failed to prevent proximal tubular cell injury
and necrosis associated with gentamicin adminis-
tration. We conclude, therefore, that lipid per-
oxidation is a consequence and not a cause of
gentamicin-induced nephrotoxicity.
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