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Nephrotoxicity of Aminoglycosides in Young and 
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ABSTRACT. The nephrotoxicity of gentamicin and ami- 
kacin was evaluated comparatively in young and adult rats. 
The aminoglycosides were administered once daily for 14 
days, gentamicin in a dose of either 20 or 60 mg/kg, and 
amikacin in a dose of either 60 or 180 mg/kg. Renal 
function was measured during and after treatment. In adult 
rats there was a dose dependent fall in the glomerular 
filtration rate which was preceded by histopathological 
changes in the proximal tubules. The nephrotoxicity of 
gentamicin was more severe than that of amikacin. The 
nephrotoxicity of either aminoglycoside was less severe in 
young rats than in adult rats. In the proximal tubules there 
were less histopathological changes in young rats than in 
the adult rats. The mechanism underlying this difference 
in nephrotoxicity was investigated by measuring the renal 
accumulation of gentamicin and amikacin. The renal up- 
take after the first dose of either aminoglycoside was 
similar in young and adult rats. Expressed as a percentage 
of the injected amount, the uptake decreased as the amino- 
glycoside dosage increased. The uptake of gentamicin was 
somewhat greater than that of amikacin. In young rats, the 
aminoglycoside concentration in total kidney as well as in 
renal cortex, was significantly less than in adult rats. This 
difference was due to the larger wet kidney weight relative 
to body weight in the young rats. The lower renal amino- 
glycoside levels in the young rats provide an explanation 
for the difference observed in aminoglycoside nephrotox- 
icity when comparing young and adult rats. (Pediatr Res 
19: 1191-1196,1985) 

Abbreviations 

Ak, amikacin 
BW, body weight 
ERPF, effective renal plasma flow 
GFR, glomerular filtration rate 
Gm, gentamicin 

The nephrotoxic side effects of aminoglycoside antibiotics are 
well known and have been widely investigated in humans as well 
as in experimental animals (1). A great deal of knowledge con- 
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cerning the pathogenesis of the aminoglycoside-induced neph- 
rotoxicity has been generated by studies performed in rats (2:). 
Most of this work involved adult animals. Experimentally, there 
is some evidence for a reduced nephrotoxicity of aminoglycosides 
in young animals as compared with adults (3,4). While reversible 
changes in renal function of infants treated with aminoglycosides 
have been reported (5, 6), most of the clinical studies seem t(o 
indicate that there are few nephrotoxic side effects of aminogly- 
cosides in neonates and children (7-9). 

To further investigate the nephrotoxicity of aminoglycosides 
in the developing individual, we compared the effects of two 
doses of either gentamicin (Gm) or amikacin (Ak) on the renal 
function and histopathology in young and adult rats. A ratio c~f 
Gm to Ak dosage was chosen to obtain equally potent bacten- 
cidal activity. At the same time we examined the difference in 
renal tissue accumulation of these aminoglycosides in either 
young or adult rats. 

MATERIALS AND METHODS 

Rats. Male rats of a Wistar strain (Wistar Cpb/Wu, TNO, 
Zeist, The Netherlands) were used. Adult rats were about .3 
months of age with a body weight (BW) of about 300 g. The 
young rats were 3-4 wk of age at the time of the first injection 
with a BW of 50-60 g. The animals had free access to food and 
water. 

Aminoglycoside dosage. The aminoglycosides were adminis- 
tered by subcutaneous injection once daily between 0900 and 
1100 h for a maximum of 14 days. Gm (Essex BV, Amstelveen~, 
The Netherlands) was injected in doses of either 20 mg/kg/da:y 
(Gm-20) or 60 mg/kg/day (Gm-60), Ak (Bristol Myers BV, 
Weesp, The Netherlands) was administered in doses of either 60 
mg/kg/day (Ak-60) or 180 mg/kg/day (Ak- 180). 

Renal function studies. The GFR and the effective ERPF wer'e 
assessed in pentobabital anesthetized (60 mg/kg intraperitoneal) 
rats. The GFR and ERPF were measured as the plasma clear- 
ances of Cr-5 1 -EDTA and of I- 125-Iodohippurate, respectively, 
using a single injection, single sample technique. This method., 
allowing for repeated use in the same animal, has been described 
in detail elsewhere (10). 

In adult rats, the GFR and ERPF were determined on days 4., 
7, 11, and 14 during treatment, and at wk 3, 6, and 9 after 
cessation of the aminoglycoside administration. The various 
groups of aminoglycoside-treated rats were compared with a 
group of saline-treated control rats. Each group consisted of 
seven to 10 animals. 

Due to technical difficulties, the renal function of the young 
rats could only be measured at the end of the treatment period 
(day 14) and 3, 6, and 9 wk after cessation of the treatment. In 
order to determine the effects during treatment, separate groups 
of Gm-60 (n = lo), Ak-180 (n = 9), and saline (n = 7) treated 
control rats had their GFR and ERPF measured on day 7 during 
treatment. There was no further follow-up of these rats. 
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Renal histopathology. Histological examination was camed 
out in separate groups of three to four rats at various times during 
and after aminoglycoside treatment. The kidneys were removed 
and cut sagitally; one half was fixed in 4% formaldehyde solution 
while the other half, as well as the contralateral kidney, were 
used for the assessment of renal aminoglycoside levels. 

The fixed renal tissue was dehydrated with ethanol and em- 
bedded in paramat. Serial sections were cut to a thickness of 3 
pm. Sections were stained with hematoxylin and eosin. Patho- 
logical changes in the kidney were scored by a pathologist (Dr. 
W. 0. Odesamni, University of Ife, Nigeria) who was unaware 
of the origin of the specimen. Histological changes in tubules 
were scored according to criteria given in Table 1. 

Renal tissue studies. The amounts of Gm and Ak in renal 
tissue were measured at days 1, 4, 7, 1 1, and 14 of the treatment 
period in separate groups of six to eight rats on days 1 and 14, 
and of three rats on days 4, 7, and 1 I .  

The animals were killed 4-5 h after receiving the last dose of 
aminoglycoside. The kidneys were removed and weighed. The 
right kidney was assayed for the total kidney drug level. The left 
kidney was cut sagitally. Half a piece of renal cortex was excised 
and weighed to determine the cortical aminoglycoside concen- 
tration. The other half was reserved for histological examination. 
The kidneys and cortices were homogenized with a Potter- 
Elvehjem homogenizer in 66.7 mM phosphate buffer (pH 8.0). 
Both Gm and Ak were determined by an enzyme-immuno-assay 
(EMIT, Syva, Palo Alto, CA). The samples were diluted not only 
to obtain an aminoglycoside level within the recommended 
range, 1-10 pg/ml for Gm and 2.5-30 pg/ml for Ak, but also to 
have less than 50 mg of renal tissue homogenate per ml of buffer. 
Previously we have shown that a greater amount of renal tissue 
interfered with the EMIT assay procedure (I I). 

Statistics. Statistical differences between the means of the renal 
function parameters of the various groups of either young or 
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adult rats were assessed by one-way analysis of variance. In case 
of statistically significant differences, i.e. an F value indicating a 
p < 0.05, the Newman-Keuls test was applied to detect which 
pair(s) of means were different (12). Differences in renal amino- 
glycosides levels between adult and young rats receiving the same 
dose of aminoglycosides were compared by Student's t test. 

RESULTS 

Renal Function. 
Adult rats. The effects on the GFR and the ERPF of the 

various doses of Gm or Ak in adult rats are presented in Figure 
I .  With Gm-20 a small, but significant drop of about 20% in the 
GFR was noted at the end of the treatment period. With Gm-60 
the fall in the GFR was more marked. After 4 days of treatment 
the GFR had fallen to 80%. The greatest reduction was observed 
between days 7 and 1 I. At day 11 the GFR was only 15% of 
that of control rats. With continuation of the Gm treatment, the 
GFR showed a small increase between days 1 I and 14. 

With Ak-60 no significant changes in GFR were observed 
during the treatment period. With Ak-180 there was a gradual 
decrease in the GFR to a level of about 50% of that of control 
rats at the end of the treatment period. 

After cessation of aminoglycoside administration, there was a 
recovery of GFR in all groups of treated rats. The GFR was not 
significantly different from control rats 3, 6, or 9 wk after 
cessation in Gm-20-, Ak-60-, and Ak- 180-treated rats. However, 
a small, permanent reduction in GFR persisted in the Gm-60- 
treated adult rats up to 9 wk after cessation of the drug admin- 
istration. 

During aminoglycoside treatment, the reduction in ERPF was 
less marked than for GFR. No significant changes were seen 
after Gm-20 and Ak-60 during the whole treatment period. A 
severe fall in the ERPF was only noted after Gm-60. As with 
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Fig. 1. Longitudinal study of the changes in the GFR ( A )  and effective renal plasma flow (B) of adult rats during and after 14 days of 
aminoglycoside administration. Data represent mean f SEM. * p < 0.05 from saline-treated controls; 0, control ( n  = 9); 0, Gm-20 ( n  = 8); 0, Gm- 
60 ( n  = 10); A, Ak-60 ( n  = 8); A, Ak-180 ( n  = 9). 
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GFR the lowest value was obtained at day 11 of treatment. At 
that time the ERPF amounted to 20% of that of control rats. 
When measured 9 wk after cessation of the various treatments, 
there were no significant differences between the ERPF of pre- 
viously treated and control rats. Only a small drop in the ERPF 
was found at day 14 after Ak- 180. 

Young rats. When compared with control rats, only the Gm- 
60-treated rats showed a small but significant reduction (about 
20%) in GFR after 14 days of aminoglycoside administration. 
The GFR recovered completely after cessation of treatment (Fig. 
2). At the end of the treatment period no significant differences 
were seen between the ERPF of treated and control rats. 

In a separate study of groups of Gm-60, Ak-180, and saline- 
treated control rats, no significant differences in GFR or ERPF 
were found among the groups after 7 days of treatment. 

Histopathology. 
Adult rats. During aminoglycoside treatment tubular damage 

was dose dependent and, in general, more severe after Gm than 
after Ak. With the lower doses, Gm-20 and Ak-60, grade 3 
damage (see Table 1) was present at day 11. At that time there 
also was evidence of regeneration of tubular cells. With the higher 
doses, Gm-60 and Ak-180, the most severe tubular damage 
(grades 4-5) was present at days 4 and 7. By days 11 and 14 
there was tubular regeneration and the degree of necrosis had 
decreased. During the follow-up period some tubular damage 
persisted. The degree of damage was somewhat higher in the 
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Fig. 2. Longitudinal study of the changes in effective renal plasma 
flow (upper portion) and GFR (lower portion) of young rats during and 
after 14 days of aminoglycoside administration. Data represent mean f 
SEM. * p < 0.05 from saline-treated controls; 0, control (n = 8); 0, Gm- 
20 (n = 9); a, Gm-60 (n = 10); A, Ak-60 (n = 10); A, Ak-180 (n = 7). 
The data at day 7 represent single data obtained in separate groups of 
young rats, control (n = 7), Gm-60 (n = lo), and Ak-180 (n = 9). 

Table 1. Pathological scores of kidneys of adult a n d  young rat.r 
treated with various doses of Gm or  Ak* 

- 

Pathological score 

During treatment After treatment 

Day 4 Day 7 Day 1 1  Day 14 Wk 3 Wk 6 Wk 9 
- 

Adult 
Gm-20 2 3 3 2 2 1 1 
Ak-60 2 2 3 2 2 1 1 
Gm-60 5 5 3 2 2 2 2  
Ak-180 4 4 2 2 2 2 2  

Young 
Gm-20 2 2 1 1 1 1 1 
Ak-60 1 1 2 2 1 0 0  
Gm-60 2 3 3 3 2 2 2  
Ak-180 2 3 3 3 2 2 2  

* Grading of histopathological changes. Grade 0, normal histological 
appearance; grade 1, cloudy swelling of proximal tubular epithelium 
without necrosis; grade 2, necrosis of up to 25% of the tubules; grade 3, 
necrosis of 25% to 50% of the tubules; grade 4, necrosis of 50% to 75% 
of the tubules; grade 5, necrosis of 75% to 100% of the tubules. 

adult rats receiving the higher doses of aminoglycosides (Table 
1 ). 

Young rats. During treatment the degree of tubular necrosils 
was less than observed in the adult rats treated with similar doses 
of aminoglycosides. Again the lower doses of Gm and Ak were 
associated with less damage than the higher ones. After 7 days 
of treatment, in Gm-60 and Ak-180, grade 3 tubular damage 
was present. The accompanying interstitial reactions were most 
pronounced in the Gm-60-treated rats. By day 7 there was a 
concurrent regeneration of epithelial cells, which was even more 
marked on days 11 and 14. After cessation of the drug treatment 
some damage remained, especially in animals given higher dos- 
age (Table I). 

Renal  tissue levels. The tissue aminoglycoside levels for total 
kidney and renal cortex determined in adult and young rats are 
depicted in Figure 3. In both age groups the cortical concentra- 
tions of both Gm and Ak were higher than that of total kidney. 
In adult rats, initially, the tissue drug levels were dose related. 
After 7 days of treatment, the lowest level was found after Gm- 
20, intermediate levels after Gm-60 or Ak-60, while the highest 
levels were found after Ak- 180. A steady state level was achieved 
after 1 1 - 14 days of treatment. However, after Gm-60, no steady 
state level was found. From day 7 the amount of Gm in renal 
tissue decreased. At day 14 the renal tissue Gm levels after Gm- 
60 were almost identical to those measured after Gm-20. 

In young rats dose-related steady state levels were reached 
during the 2nd wk of aminoglycoside treatment. As in adults the 
drug concentration in renal cortex was significantly higher than 
that of total kidney. With an identical dose, aminoglycoside 
concentrations in the kidneys always were significantly less in 
young rats than in adult rats. This difference probably related to 
differences in kidney weight relative to BW between adult and 
young rats. As indicated in Table 2, the wet kidney weight per 
100 g of BW of young rats on the 1st day of aminoglycoside 
administration averaged about 170% of that of adult rats. 

The total amount of Gm or Ak taken up by the kidney frocn 
the first administration increased with dose in both adult and 
young rats. However, this increase was not proportional to the 
increase in dosage. The renal uptake (as a percentage of the 
injected dose) in adult rats amounted to 4.1 % after Gm-20 and 
decreased to 1.5% after Ak-180. In the young rats these figures 
were 3.6 and 1.5%, respectively. At day 1 the renal uptake after 
Ak-60 was less than after Gm-60 in both adult and young rats 
(Table 2). 
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Fig. 3. Aminoglycoside concentration in total ludney and renal cortex of adult (left) and young rats (right) at various intervals during the 
administration of various does of Gm or Ak. Data represent mean k SEM. 0, total kidney; 0, renal cortex; A, Amikacin, G, Gentamicin. The 
fiXures behind A and G indicate the dosages in mg/kg/day. Note the difference in scale of the concentration between adult and young rats. 

Table 2. Pharmacokinetic varameters of  renal aminonlvcoside uvtake in adult and vounn rats (mean k SD) 

Wet kidney wt Accumulation Concentration Uptake 
( n )  Bw (g) (mg/ 100 g) (pg) ( ~ g l g )  (% injected dose) 

Adult 
Gm-20 (6) 294 -t 4 704 + 28 240 -t 18 117 t 7  4.1 + 0.3 
Gm-60 (6) 296 k 3 644 + 21 522 t 58 273 + 17 2.9 + 0.3 
AK-60 (6) 297 + 4 700 t 46 378 k 24 189 + 12 2.1 + 0.2 
AK- 180 (6) 294 + 6 704 + 52 816 +. 90 394 t 36 1.5 t 0.2 

Young 
Gm-20 (6) 62 t 4 1226 + 58 46 -t 14 59 t 14 3.6 t 0.9' 
Gm-60 (6) 63 + 2 1210 + 88 88 t 10 115 k 10 2.3 k 0.2 
Ak-60 (6) 64 + 2 1088 k 52 76 t 10 109 + 14 2.0 t 0.2* 
Ak- 180 (6) 66 + 4 1108 t 76 176 t 30 244 + 36 1.5 + 0.3* 

*All data of young rats are significantly different (p  < 0.05) from those of adult rats, except those marked with an asterisk. 

DISCUSSION 

The present study clearly shows that aminoglycosides, when 
administered relative to BW, are less nephrotoxic in young rats 
than in adult rats. Young rats have a larger body surface area 
relative to BW than adult rats. Consequently, if the drugs had 
been administered relative to body surface area the differences 
in nephrotoxicity between young and adult rats might have been 
less. For example, the average drug dose per square meter in 
adult rats was about 1.5 times that in young rats. In adult rats 
prolonged administration of either Gm or Ak was associated 
with well-known, aminoglycoside-induced dose-dependent 
changes in GFR. In contrast, very little change in renal function 
was observed in young rats. Our data confirm and extend earlier 

experimental studies indicating that aminoglycosides are less 
nephrotoxic in young animals than in adult ones (3,4). Clinical 
studies also have suggested less nephrotoxicity of aminoglyco- 
sides in neonates and children (7-9). 

In adult rats the changes in the GFR observed after Gm or Ak 
were both dose and time dependent. When compared with the 
histopathological changes in the renal tubules, the fall in GFR 
was a late nephrotoxic event. Even with the higher dose of Gm, 
the GFR was only moderately reduced after 7 days of treatment. 
The most severe drop in GFR was noted during the 2nd wk of 
treatment, in agreement with the findings reported by others 
(1 3- 16). The GFR increased again at the end of the Gm treat- 
ment period. Such a recovery of function during prolonged Gm 
administration has been reported earlier (1 3, 17, 18). 
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Despite numerous experimental investigations the pathophys- 
iological mechanisms for the decrease in GFR after aminogly- 
coside administration remain controversial. Changes induced by 
Gm in glomerular ultrastructure, which may directly lead to a 
reduction in the GFR, have been reported (l9,20). On the other 
hand, the fall in GFR might result indirectly from severe damage 
to other parts of the nephron, especially the proximal tubule. In 
our study tubular cell necrosis preceded the changes in GFR. 

The mechanism by which tubular damage diminishes the GFR 
was not examined in the present study. There are, however, three 
possibilities. First, there could be backleak of the radioactive 
marker used to measure the GFR; this would lead to underesti- 
mation of the actual GFR (20). There has been no evidence of 
backleak. Second, tubular obstruction causing an elevation of 
tubular pressure and a reduction in the filtration pressure gra- 
dient is possible. However this is not very likely (15, 20). Third, 
activation of the tubuloglomerular feedback mechanism may be 
of importance in reducing the GFR. This possibility seems most 
likely. Aside from increased urinary excretion of marker enzymes 
from proximal tubular cells, polyuria and a fall in urine osmo- 
lality are among the earliest signs of aminoglycoside nephrotox- 
icity. The fall in GFR may then be regarded as a protective 
mechanism of the kidney to prevent further massive fluid losses. 
Tubuloglomerular feedback is thought to function through renal 
vasoconstriction, predominantly preglomerular, by activation of 
the renin-angiotensin system (22). Both the increase in renal 
vascular resistance (20, 23, 24) and an activation of the renin- 
angiotensin system (23, 25) have been found to be present after 
prolonged aminoglycoside administration in rats. 

Most of the experimental results on aminoglycoside nephro- 
toxicity in rats have been obtained using Gm. Comparative 
studies usually have examined the nephrotoxic effects of another 
aminoglycoside in relation to that of Gm. When comparing the 
nephrotoxicity of Gm and Ak it should be kept in mind that the 
therapeutic dosages used clinically differ for these two aminogly- 
cosides. In general, the therapeutic dose of Ak is about three 
times the daily dose of Gm to achieve equal bactericidal activity. 
Using this difference in dosage we found that in rats Ak was less 
nephrotoxic than Gm. Similar experimental findings have been 
reprted (26, 27). In humans, a reduced incidence of nephrotoxic 
reactions has been reported after Ak in comparison with Gm, 
but most clinical trials comparing the nephrotoxicity of Gm and 
Ak do not provide evidence that effective doses of Ak are less 
nephrotoxic than Gm (28, 29). 

The present study also demonstrated that the differences in 
nephrotoxicity between the low and the high doses of Gm or Ak 
can be explained by differences in the renal aminoglycoside 
concentration. In adult Gm-treated rats, the renal drug level was 
dose related and, when measured at day 7, before the most severe 
fall in GFR had occurred, predictive for the subsequent func- 
tional changes. A relationship between an increased nephrotox- 
icity and an increase in the amount of aminoglycosides admin- 
istered has been well established (20, 27, 30, 3 1). However, there 
is less certainty concerning a relationship between the dose of 
aminoglycoside or aminoglycoside nephrotoxicity and the renal 
accumulation of the drug. In a number of studies such a rela- 
tionship could not be established (27, 30). In agreement with 
others, we did find increasing renal aminoglycoside levels when 
the dose was increased (32). A relationship between the renal 
drug accumulation and nephrotoxicity can best be established 
by correlating an early drug level with the subsequent changes in 
renal function (33). 

In our opinion, the lower renal aminoglycoside concentration, 
found in young rats in comparison with adult rats with equal 
drug dosage, provide a good explanation for the observed atten- 
uated nephrotoxicity in the young animals. Lower aminoglyco- 
side levels in the kidneys of young animals when compared to 
adults have been noted previously (3, 4, 34). These differences 
have been explained either by a diminished ability to accumulate 
Gm (4) or by a different distribution of the renal blood flow (3) 

in the young kidney. The final renal tissue level is the result of 
an equilibrium between renal uptake and release and the toial 
amount of renal tissue available for the drug distribution. Vie 
found no marked differences between the young and adult rats 
in the percentage of the dose taken up. The only significant 
difference was the higher wet kidney weight relative to BW in 
the young rats when compared with adult rats. In a previous 
cross-sectional study we found that the wet kidney weight per 
100 g BW decreased linearly when the rats grew from 35 to 
more than 350 g (10). Due to this larger wet kidney weight per 
100 g BW and the almost identical renal uptake in the young 
rats when compared with adults, lower renal drug concentrations 
will result when the aminoglycosides are administered in a dose 
relative to BW. 

The fact that the high kidney weight in relation to BW effec- 
tively attenuates the nephrotoxicity of aminoglycosides may 
prove to be important in humans. When renal autopsy data from 
children are related to BW, relative renal weight falls from about 
8- 10 g/kg BW at birth and during the first year of life, to 4-5 g/ 
kg BW in adults (35). Consequently, the low incidence of amino- 
glycoside nephrotoxicity in neonates and infants (7-9) may well 
be the result of lower renal aminoglycoside concentration. In 
one case the post mortem renal Gm concentration was measured 
in a 2-day-old infant who had received a single dose of 2 mg/kg. 
The Gm concentration in the renal cortex was only 10% that of 
an adult who had received two times 2 mg/kg of Gm (36). This 
supports the view that renal aminoglycoside concentrations in 
human neonates may indeed be less than in adults and conse- 
quently give rise to less nephrotoxicity. 

The attenuating effect of the high kidney weight to BW ratio 
on nephrotoxicity in young rats is not limited to aminoglycosides. 
Recently, we camed out a study comparing the nephrotoxicity 
of the antineoplastic agent cis platin in adult and young rats. As 
with Gm and Ak, we found that when cis platin was administered 
per kg BW, the nephrotoxicity after equal dosages was less in 
young rats. This reduced nephrotoxicity was associated with 
lower renal platinum concentrations, while the renal uptake, as 
a percentage of the dose, was similar in young and adult rats 
(37). 

In conclusion, by studying the nephrotoxicity of Gm and Pik 
in both young and adult rats we found that Ak was less nephro- 
toxic than Gm. Comparing young and adult rats, we found that 
both aminoglycosides were less nephrotoxic in the young rats. 
This reduced nephrotoxicity could be explained by the lower 
renal drug concentration found in the young rats, which is most 
probably due to the higher kidney weight relative to BW in these 
animals. 
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