
PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 189,338-343 (1988) 

Adaptation to Nephrotoxic Chemicals (4281 6)' 

MAUREEN B. JENNINGS AND MARCUS M. REIDENBERG2 
Departments of Pharmacology and Medicine, Cornell University Medical College, New York, New York I0021 

Abstract. Rats given gentamicin chronically become resistant to its nephrotoxic effects. To 
further explore this adaptation to nephrotoxicity, we gave male rats gentamicin 40 mg/kg/day 
for 12 days, then 80 mg/kg/day for 24 days. We then challenged them with 1 10 mg/kg/day of 
gentamicin for 9 days. Spermine was given 16 mg/kg/day for 42 days, then gentamicin chal- 
lenge at 60 mg/kg/day for 9 days. Gossypol was given at 6 mg/kg/day for 19 days, then 
gentamicin at 60 mg/kg/day for 2 1 days. A fourth group of rats (controls) received 0.5 ml saline 
daily for 42 days and then received gentamicin 60 mg/kg/day for 9 days. Urine N-acetyl-P-glu- 
cosaminidase (NAG) was measured 3 times weekly and serum creatinine was measured 5 times 
during the study. Each drug-treated rat increased its urine NAG from baseline values. After a 
period of drug administration, all NAG values returned to the predrug values. Then all animals 
were given gentamicin daily. NAG values increased 20-fold in the animals previously treated 
with saline but did not rise in the other groups. The serum creatinine frequently but not always 
changed in parallel with the NAG values. These observations indicate that adaptation to these 
nephrotoxic substances occurs and that cross-resistance to gentamicin is produced by spermine 
and gOSSYpO1. 0 1988 Society for Experimental Biology and Medicine. 

The resistance of the kidney that has re- 
covered from chemically induced acute tu- 
bular necrosis to injury from a second dose 
of the nephrotoxic chemical was first ob- 
served by Suzuki in 19 12 ( 1) and studied in 
pathologic detail by MacNider in 1929 (2). 
This acquired resistance to acute renal fail- 
ure continues to be of interest and has been 
the subject of recent reviews (3,4). Uranium 
salts were used for the early studies and 
HgC12 and gentamicin for the more recent 
ones. Studies evaluating cross protection 
have shown certain chemicals protect while 
others exacerbate the challenge. Glycerol and 
HgC12 cross protect. Dichromate and HgC12 
protect against gentamicin challenge. Netil- 
micin exacerbates a gentamicin challenge 
and gentamicin exacerbates an HgCI2 chal- 
lenge (3). 

The eventual recovery from the nephro- 
toxic effects of gentamicin during continued 
drug administration has been reported ( 5 ,  6) 
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and studied in some detail (7, 8). The pur- 
pose of our research was to explore further 
the ability of the kidney to recover from 
nephrotoxic effects while continuing to re- 
ceive the nephrotoxic drug and to examine 
further the extent of cross-resistance. Genta- 
micin was selected for the known positive 
control. Spermine was used because it is an 
endogenous metabolite that is known to be 
nephrotoxic (9, 10) and accumulates in the 
serum of some elderly people (1 1). Gossypol 
was selected because it is a natural product 
from cotton seed and was reported as causing 
an increase in urinary N-acetyl-0-glucos- 
aminidase (NAG) excretion in some men re- 
ceiving it in a clinical trial as an oral contra- 
ceptive (12) and caused a slight increase in 
serum creatinine in a chronic rat study (1 3) 
but not in a chronic primate study (14). Gos- 
sypol, when used as a contraceptive, is 
known to cause hypokalemia (14), a sus- 
pected nephrotoxic effect. 

Renal tubular cells are rich in enzymes 
that may be released following damage. As 
reported by Prescott, the measurement of the 
activity of these enzymes in urine seems to be 
a sensitive test of proximal tubular injury by 
toxins ( 15). The increase in NAG may occur 
even in the absence of other evidence of renal 
injury and may represent simply a response 
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of the renal tubular cell to a drug or chemi- 
cal. Whether evidence of injury or merely 
effect, the rate of NAG excretion can be used 
to investigate the renal response to drugs and 
chemicals. 

Materials and Methods. Two experiments 
using the same protocol were conducted at 
different times. Male Sprague-Dawley rats 
weighing 200-300 g were housed singly in 
metabolic cages. Water and Purina diet were 
allowed ad libitum. The results of the two 
experiments were similar so they have been 
grouped together for analysis. 

Gentamicin sulfate, spermine hydrochlo- 
ride, and the 4-methylumbelliferyl derivative 
of N-acetyl-P-glucosaminide were purchased 
from Sigma Chemical Co., St. Louis, Mis- 
souri. Pharmaceutical grade gossypol acetic 
acid was supplied by the World Health Orga- 
nization, Geneva, Switzerland. 

Preliminary dose-ranging experiments re- 
vealed that a dose of gossypol of 6 mg/kg/day 
given sc was tolerated well by rats and was 
associated with normal weight gain after a 
few days of impaired weight gain. Spermine, 
33 mg/kg, was reported as having systemic 
toxicity (10) so a dose of one-half that 
amount was chosen for these experiments. 

Each experiment was started with four 
groups of four rats each. All drugs were given 
by subcutaneous injection 6 days per week. 
Group A received gossypol at 6 mg/kg/day 
for 19 days. Group B received spermine at 16 
mg/kg/day for 42 days and Group C received 
gentamicin at 40 mg/kg/day for 12 days. Due 
to lack of urine NAG increase, the gentami- 
cin dose for Group C was then increased to 
80 mg/kg/day for 30 days. Group D received 
saline 0.5 ml/day. The transient rise in NAG 
excretion was seen within 2 days of gossypol 
administration while gentamicin required 2 1 
days before an increase was detected. Sper- 
mine required 15 days for an initial increase 
in NAG. NAG had returned to baseline in 
the gossypol group after 19 days and in the 
spermine and gentamicin groups by 42 days 
of drug administration. Since we wanted to 
test for “adapted” kidneys, the gentamicin 
challenge was given after these NAG excre- 
tion levels returned to predrug values. Urine 
specimens were collected three times per 
week and N-acetyl-P-glucosamindase activ- 
ity and creatinine concentration values were 

measured. After the return to predrug NAG 
values, a challenge dose of gentamicin 60 
mg/kg/day was given to Groups A, B, and D. 
Group C (the gentamicin-treated group) was 
given a larger challenge dose of gentamicin 
110 mg/kg/day. Because the results of the 
two experiments were similar, they were 
pooled for analysis. 

Serum creatinine was measured at base- 
line, 2-3 days after the NAG peak, 2-3 days 
after the NAG returned to baseline, and dur- 
ing the subsequent gentamicin challenge. 
These days were chosen because serum creat- 
inine elevation lags behind the proximal tu- 
bular necrosis and we tried to take blood at 
presumed times of high serum creatinine. 

Urinary NAG was assayed by a modifica- 
tion (16) of the method of Leaback and 
Walker (17). The urinary NAG activity is 
expressed as nanomoles of 4-methylumbelli- 
ferone liberated from 4-methylumbelliferyl- 
N-acetyl-P-D-glucosaminide substrate per 
hour of incubation at 37.0”C per milligram 
of urine creatinine. 

Creatinine in serum and urine was mea- 
sured by the alkaline picrate (Jaffe) reaction. 

All statistics were done using the Mann- 
Whitney U test. All P values obtained were 
multiplied by four for the number of groups 
(three drug groups plus one saline (control 
group)) analyzed simultaneously (Bonferroni 
correction). In each analysis, the data for the 
selected day are compared to the predrug 
baseline value. This corrected P value is pre- 
sented in the figures. 

Results. Gentamicin, spermine, and gos- 
sypol produced an increase in N-acetyl-P- 
glucosaminidase excretion with an eventual 
return to predrug levels despite chronic drug 
administration. Detailed observations of the 
chronic gossypol experiment are shown in 
Fig. 1. The NAG levels rise within the first 2 
days of gossypol administration and return 
to baseline by Day 6. A gentamicin challenge 
of 60 mg/k/day beginning on Day 19 failed 
to raise the NAG level during 21 days of 
gentamicin administration. Serum creati- 
nine rose from a baseline value of 0.5 -t 0.1 
to 0.9 -t 0.3 mg/dl after 3 days of gossypol 
administration. Figures 2 and 3 show the 
NAG excretion and serum creatinine course 
for chronic gentamicin and spermine injec- 
tions, respectively, and the lack of effect of a 
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FIG. 1. Effect of 6 day per week gossypol (6 mg/kg) injections on urinary N-acetyl-P-glucosaminidase 
(NAG) and serum creatinine levels (mean 2 SD). On Day 19, a gentamicin challenge at 60 mg/kg 6 days 
per week was begun. N = 8. 

gentamicin challenge. The NAG levels rise 
within 22 days of chronic gentamicin admin- 
istration and 16 days of chronic spermine 
injections with an eventual return to predrug 
levels for both nephrotoxins. For the sper- 
mine group, the serum creatinine doubled 
from a baseline value of 0.5 k 0.1 to 1.0 
f 0.3 mg/dl after 15 days of treatment. The 
serum creatinine for the gentamicin group 

more than doubled from a value of 0.4 k 0.1 
at baseline to 1 .O k 0.2 mg/dl after 2 1 days of 
treatment. Figure 4 shows the NAG course 
for chronic saline injections and the effect of 
a gentamicin challenge of 60 mg/k/day be- 
ginning on Day 42. The levels for the first 42 
days in the saline group are presented to 
show the variability of NAG excretion 
values. 
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FIG. 2. Effect of 6 day per week spermine ( 16 mg/kg) injections on urinary N-acetyl-P-glucosaminidase 
(NAG) and serum creatinine levels (mean k SD). On Day 42, a gentamicin challenge at 60 mg/kg 6 days 
per week was begun. N = 6. 
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FIG. 3. Effect of 6 day per week gentamicin (40 mg/kg/day for 12 days, then 80 mg/kg/day for 30 days) 
injections on urinary N-acetyl-P-glucosaminidase (NAG) and serum creatinine levels (mean -t SD). On 
Day 42, a gentamicin challenge at 110 mg/kg 6 days per week was begun. N = 7. 

The serum creatinine for all drug-treated 
groups, fell as NAG excretion returned to 
baseline. 

Discussion. We have observed that rats 
given gossypol, spermine, or gentamicin de- 
velop an acute renal injury from which they 
apparently recover while continuing to re- 
ceive the drug. They then appear resistant to 
the nephrotoxic effects of gentamicin. 

While this transient nephrotoxicity caused 

by gentamicin has been previously observed 
(8), the observation of the same phenome- 
non during gossypol and spermine adminis- 
tration is new. A similar observation of tran- 
sient renal injury with recovery during con- 
tinuous gentamicin administration has been 
made by Trollfors in patients receiving gen- 
tamicin for treatment of chronic osteomyeli- 
tis (1 8). Of greater importance is our obser- 
vation of the apparent cross-resistance of 
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FIG. 4. Effect of 6 day per week saline injections (0.5 ml) on urinary N-acetyl-P-glucosaminidase (NAG) 
and serum creatinine levels (mean f SD). On Day 42, a gentamicin challenge at 60 mg/kg 6 days per week 
was begun. N = 8. 
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spermine-adapted and gossypol-adapted rats 
to the nephrotoxicity of gentamicin. This in- 
dicates that a more general adaptive process 
is occurring than adaptation to the adminis- 
tered drug alone. 

Gossypol is a polyphenolic compound. 
Spermine is an aliphatic amine and gentami- 
cin is a polyamino antibiotic. There does not 
appear to be any similarity in structure of 
these three compounds to account for their 
cross-tolerance. 

A mechanism that could account for the 
cross-tolerance would involve reactive oxy- 
gen species. Reactive oxygen species have 
been implicated in many human diseases 
( 19) including renal diseases (20, 2 1). Reac- 
tive oxygen species have been incriminated 
in the renal injury from gentamicin (22, 23). 
While polyamines including spermine can 
absorb active oxygen radicals, under certain 
conditions spermine can increase the forma- 
tion of reactive oxygen species (24, 25, 26). 
Gossypol increases reactive oxygen species 
produced by rat liver or kidney microsomes 
(27). Thus, all three of these compounds 
have, in common, the capacity to increase 
the amount of reactive oxygen species. From 
this, one can develop the hypothesis that the 
nephrotoxicity of each of these compounds is 
due to this enhanced oxidative effect. “Adap- 
tation” then might follow the induction of 
enhanced “antioxidant” activity in the kid- 
ney. This hypothesis would account for 
cross-tolerance since the postulated mecha- 
nism of toxicity due to increased reactive ox- 
ygen species would be ameliorated by the 
enhanced antioxidant activity irrespective of 
which compound was given to induce the 
tolerance. 

We are grateful to the staff of the Research Animal 
Resource Center at Cornell University Medical College 
and Dr. Hai T. Nguyen for their assistance. 
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