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Abstract--The fractional renal clearance of platinum relative to inulin was measured in the conscious 
rat during the period 60-70 min after injection of the nephrotoxic drug, cisplatin, or its non-nephrotoxic 
analogues (trans-dichlorodiammine platinum II, carboplatin or iproplatin). The fractional clearance of 
platinum was between 3 and 4 for cisplatin and its analogues. Platinum from cisplatin and its trans 
isomer is essentially irreversibly bound whilst that from carboplatin and iproplatin is largely reversibly 
bound to blood proteins. Probenecid and triethanolamine both caused an increase whereas furosemide 
caused a decrease in the fractional clearance of total platinum from cisplatin. Choline chloride had no 
nett effect on the fractional clearance of total platinum. Both furosemide and triethanolamine made no 
significant difference to the severity of cisplatin induced nephrotoxicity. However, probenecid enhanced 
cisplatin induced nephrotoxicity and choline chloride was capable of blocking cisplatin induced neph- 
rotoxicity, We conclude that the renal tubular transport of platinum is not per se responsible for the 
nephrotoxicity of platinum compounds. However, in the case of cisplatin, or one of its metabolites 
renal tubular transport may be a prerequisite for nephrotoxicity. 

Cisplatin (cis-dichlorodiammine platinum II) is a 
widely used antitumour drug [1] with severe neph- 
rotoxic side-effects [2]. There are structural ana- 
logues of cisplatin which do not exhibit neph- 
rotoxicity, several of which are currently on clinical 
trial [1]. 

We have reported previously that cisplatin and its 
metabolites are excreted in part by renal tubular 
transport. This was established by measurement of 
the renal clearance of platinum relative to inulin 
(fractional clearance) in whole rats [3, 4] and in the 
isolated perfused rat kidney [5]. Renal secretion of 
platinum has also been described in humans treated 
with cisplatin [6]. This phenomenon may be impor- 
tant in the development of the platinum-induced 
renal lesion since the process probably involves the 
concentration of platinum in kidney tubular cells. In 
this study we have investigated further the renal 
tubular transport of cisplatin and compared the renal 
fractional clearance of non-nephrotoxic analogues 
with that of cisplatin. We have also investigated the 
effect of competitive inhibitors of different renal 
tubular transport mechanisms on the fractional clear- 
ance and nephrotoxicity of cisplatin. 

MATERIALS AND METHODS 

Chemicals. Sources: Platinum compounds; cispla- 
tin (cis-dichlorodiammine platinum II), trans-DDP 
(trans-dichlorodiammine platinum II), carboplatin 
(diammine 1,1-cyclobutanedicarboxylato platinum 
II), iproplatin [cis-dichloro-trans-dihydroxo-cis- 
bis(isopropylamine) platinum IV] were gifts from 
Johnson Matthey Research, Reading. Probenecid 

* Present address: ICI Central Toxicology Laboratory, 
Alderley Park, Macclesfield, Cheshire. 

(Sigma Chemical Co., Poole), furosemide DDSA 
Pharmaceuticals Ltd., London), triethanolamine- 
HC1, choline chloride and inulin (BDH Chemicals 
Ltd., Poole). All agents were administered to ani- 
mals by the i.p. route as freshly prepared solutions 
in 0.9% NaCI. 

Animals. All animals used in these experiments 
were male Wistar rats (Charles River, Margate), 
350-450 g. Animals were housed in plastic cages and 
allowed ad libitum access to food and water. 

Cannulation of rat ureters. Fractional renal clear- 
ance measurements were made in conscious animals 
prepared by surgical cannulation of the ureters. Ani- 
mals were anaesthetised with sodium pentobarbital 
(50 mg/kg, i.p.) and plastic cannulae (size 3, intra- 
venous, 15-20cm in length, Portex, Kent) were 
inserted and sutured into the ureters of both kidneys. 
The cannulae were then led subcutaneously to exit 
at the back of the neck. The volume of the cannula 
tubing was 18 mm 3 and the approximate volume of 
urine collected in 10 min was 200 mm ~. Rats were 
allowed to recover for 24 hr after the operation 
before clearance measurements were made. The 
urine was collected, during the recovery period, in a 
glass saddle which was sutured to the skin on the 
back of the animal. During the experimental period 
urine was collected into preweighed plastic vials. 
For blood sampling the animals were restrained and 
blood (up to 0.5 cm 3) removed from the caudal vein. 

Assay of platinum and inulin in urine and plasma 
samples. Both platinum and inulin were determined 
in urine and protein free plasma (pfp), platinum was 
also determined in whole plasma. Pfp was obtained 
from heparinized blood which was centrifuged to 
remove cells and then filtered through Amicon CF25 
ultrafilters to remove proteins. Platinum was meas- 
ured by flameless atomic absorption spectroscopy 
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using a Perkin Elmer 2380 spectrophotometer with 
HGA400 graphite furnace and temperature control- 
Jet. Inulin was measured using the method of Hey- 
rovsky [7]. Where necessary samples were diluted 
with 0.9% NaCI before analysis. 

Assessment of  nephrotoxicity. Nephrotoxicity was 
assessed by measurements of blood urea (BUN) and 
by histopathological examination of the kidneys, as 
previously described [8]. 

Equilibrium dialysis. A heparinized syringe was 
used to collect blood by cardiac puncture from rats 
anaesthetized with ether. Plasma was prepared by 
centrifugation of freshly obtained blood. For each 
experiment a 1 cm ~ sample of blood or plasma was 
placed in viscose dialysis tubing (6.3 mm dia., Medi- 
cell, London). The sample was then suspended in a 
50cm ~ measuring cylinder containing 0.9% w/v 
NaC1 (50 cm ~) and the platinum compound (cispla- 
tin, trans-DDP, carboptatin, or iproplatin) at a con- 
centration of approx. 10 #g/cm ~. The solutions were 
then allowed to reach equilibrium with constant stir- 
ring. In a preliminary experiment this was found to 
take 16hr at room temperature. After this time 
samples of blood, plasma and saline were removed 
and assayed for platinum. The samples of blood and 
plasma were then transferred in their dialysis tubing 
to a fresh 50cm ~ solution of 0.9c4 NaCI not con- 
taining platinum. Samples of the blood and plasma 
were then removed after various times during the 
second dialysis and the platinum concentration 
determined. 

R E S U L T S  

Fractional clearance measurements 

Animals with cannulated ureters were hydrated 
with 0.9% NaC1 (5.0 cm~/kg) p.o., and then immedi- 
ately injected with inulin (60 mg/kg) and the plati- 
num compound (eisplatin, trans-DDP, carboplatin 
or iproplatin; 15 mg/kg). After 60min urine was 
collected for 10 rain. At the mid point of the urine 
collection period a blood sample was obtained. These 
samples were assayed for platinum and inulin. The 
clearance of platinum (C~t) and inulin (glomerular 
filtration rate, GFR) were calculated from the for- 
mula U~/P~ x V, where U, and P, are the urine and 
plasma concentrations of the substance and V is the 
urine flow rate in cm~/min. The concentration of 
platinum in pfp (non protein-bound platinum) was 
used for P~. The fractional clearance of platinum 
was calculated as follows: Cp,/GFR. The results are 
shown in Table 1. 

In one experiment, after dosing with cisplatin and 
inulin as described above, three successive fractional 
clearance measurements were made (during 55-60, 
60-65 and 65-70min after dosing). The results 
(Table 2) indicate that the plasma levels of platinum 
and inulin do not decline substantially during the 
time period encompassing the clearance measure- 
ments. 
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Protein binding studies 
The binding of platinum from cisplatin, trans- 

DDP, carboplatin and iproplatin to blood proteins 
under equilibrium dialysis conditions was deter- 
mined as described in the methods. The results from 
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Table 2. Consecutive fractional clearance measurements made in a single rat during 
the period 55-70 rain following injection of cisplatin and inulin 

Platinum (#g/cm 3) Inulin (gg/cm 3) 

Protein Protein Fractional 
Time free free clearance 
(min) plasma Urine plasma Urine (Cpt/Cinulin) 

55-60 2.73 860 8.7 920 2.94 
6(~65 2.67 832 8.2 947 2.81 
65-70 2.60 81(1 8.2 1068 2.31 
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plasma binding are shown in Fig. 1 and Table 3. 
When the exper iment  was repeated with whole blood 
the results were almost identical except that the 
amount  of plat inum bound at the end of the first 
dialysis was approx. 30% lower than the values 
shown for plasma. 

The modification of renal transport of cisplatin by 
organic anions and cations 

Animals  with cannulated ureters were dosed with 
probenecid (200 mg/kg) ,  furosemide (200mg/kg) ,  
t r ie thanolamine-HC1 (200 mg/kg)  or choline chlor- 
ide (100mg/kg) .  Af te r  0.5 hr animals were dosed 
with cisplatin (15 mg/kg)  and inulin (60 mg/kg)  as 
described above.  Fractional  clearance measurements  
were then made  as before,  60min  after the 
administrat ion of cisplatin. The results are shown in 
Table 4. 

The modification of renal toxicity of cisplatin by 
organic anions and cations 

To test the effect of the organic anions and cations 
on cisplatin induced nephrotoxici ty intact animals 
were dosed with probenecid  (100mg/kg) ,  furo- 
semide (100 mg/kg) ,  t r ie thanolamine-HC1 (100 mg/  
kg) or choline chloride (30mg/kg) .  Af te r  30min  
animals were dosed with cisplatin (5 mg/kg) .  Blood 

urea measurements  were made daily for seven days. 
For  all animals where B U N  levels were elevated the 
maximum value was found on the fifth day after 
t reatment .  Kidneys were removed from treated ani- 
mals on the fifth day after t rea tment  for histo- 
pathological examination.  In the damaged kidney 
the lesions were confined to the pars recta of the 
proximal tubule,  and the severity of the damage was 
graded on a scale form - (no visible damage) to + + 
(severe damage) .  The results are shown in Table 5. 

DISCUSSION 

Fractional clearance of cisplatin 
The data presented here (Tables 1 and 2) agree 

with our earlier observations that platinum from 
cisplatin is secreted by the kidney of the conscious 
rat with a fractional clearance, relative to inulin, of 
approx, three [3]. Using the isolated perfused rat 
kidney we obtained a fractional clearance for cispla- 
tin of 1.25-1.29. The lower values for the perfused 
kidney may be the result of the high perfusate flow 
rate employed in this in vitro preparat ion [5]. Osman 
and Litterst [9] reported a fractional clearance of 
1.15 for platinum from cisplatin in the anaesthetized 
rat. In their  experiments  a continuous i.v. infusion 
of cisplatin and inulin was used. They did not report  

EOUILIBRIUM DIALYSlS OF PROTEIN BOUND PLATINUM 

100 ,TRANS-DDP 

60 
CiSPLATIN 

40 

20 • CARBOPLATIN 

olPROPLAT[N 

Time(h) 

Fig. 1. Rat plasma was dialysed for 16 hr against various platinum compounds (10 ug/cm ~) dissolved in 
0.9% NaCI. The figure shows the result of a second dialysis of the plasma against 0.9¢+ NaCI, which 
was performed to assess the reversibility of the platinum-protein complexes that formed during the first 
dialysis. The decline with time of the total platinum concentration inside the dialysis bag is shown. The 
concentration of platinum both free and protein bound in the plasma, inside the dialysis bag at thc 

beginning and end of the first and second dialysis is shown in Table 3. 
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Table 5. The nephrotoxicity of different platinum treatments in the rat 
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Treatment N 

BUN Dose Pt 
Day 5 excreted 

(mg/dl) day 1 (%) 
Histopathological 

damage 

Control 15 20.2 -+ 6.4 
Cisplatin 9 95.6 + 46.8 80.5 
Cisplatin + probenecid 6 152.2 + 30.5* 74.8 
Cisplatin + furosemide 4 108.5 +_ 42.0 49.2 
Cisplatin + triethanolamine HCI 4 114.0 -+ 45.3 64.0 
Cisplatin + choline chloride 6 36.7 +- 9.2** 42.0 
Trans-DDP 4 27.1 -+ 3.2+ 76.6 

+ +  

+ +  

N . D .  
+ +  

+ 

N.D., no data. 
+ Not significantly different from the control, P < 0.01. 
* Significantly different from cisplatin treatment, P < 0.05. 
** Significantly different from cisplatin treatment. P < 0.01. 
Values are means -+ S.D. 

whether steady state plasma levels of platinum were 
achieved by this method. However, anaesthesia is 
usually accompanied by a fall in GFR and this would 
result in low urinary output and an increase in the 
tubular modification of the formative urine. Siddik 
et al. [10] reported a renal clearance value for cispla- 
tin in the rat of 1.28 times the clearance of inulin; 
however, their protocol is not described. 

We have established that following a single i.p. 
injection of cisplatin (15 mg/kg) and inulin (60 mg/ 
kg) there is a decline of only 4-5% in the plasma 
levels of platinum and inulin during the period 55- 
70 min post injection (Table 2). However, the frac- 
tional clearance of platinum relative to inulin fell 
from 2.94 to 2.31 during this period. There are at 
least seven cisplatin metabolites present in the 
plasma at this time, each having a different value of 
the fractional clearance. The decline in the value for 
fractional clearance of total platinum during the 55- 
70 min period could therefore be due to the change 
in relative amounts of the plasma metabolites during 
this time. Moreover, it is apparent that fractional 
clearance measurements made after the adminis- 
tration of different doses of cisplatin, or made at 
different times after dosing, may lead to different 
results. This decline with time of the fractional clear- 
ance of platinum has been observed in humans 
treated with cisplatin [6] and may be responsible for 
the wide range of published values mentioned above. 

Fractional clearance o f  cisplatin analogues 

The renal tubular transport of platinum may be an 
important process in the development of the cisplatin 
induced renal lesion [3]. If this hypothesis were cor- 
rect then it might have been possible to predict 
whether structural analogues of cisplatin would be 
nephrotoxic by measuring their fractional clearance. 
For this reason we measured the fractional clearance 
of non-nephrotoxic analogues of cisplatin, viz: trans- 
DDP, carboplatin and iproplatin. All of these com- 
pounds were found to have fractional clearance 
values not significantly different from cisplatin 
(Table 1). Siddik et al. [10] present data, from the 
rat, in which the renal and plasma clearances of 
carboplatin and inulin were similar: however, their 
protocol was not described. Harland et al. [11] report 

that in humans treated with carboplatin the ratio 
between the clearance of total free plasma platinum 
and the GFR averages 1.4 during the 24 hr following 
administration. Our data (Table 1) show no relation- 
ship between nephrotoxicity and fractional clear- 
ance, which suggests that the renal transport of plati- 
num is not involved per se in nephrotoxicity, although 
in the case of cisplatin it may still be a prerequisite 
for nephrotoxicity. 

Pharmacokinetic considerations 

The trans isomer of cisplatin, trans-DDP, is more 
reactive than cisplatin [12] and more inhibitory to 
enzymes in vitro [13]; however, it does not cause 
nephrotoxicity in vivo (Table 5). The trans isomer 
binds very extensively to plasma proteins which leads 
to low platinum levels in pfp and as a result little 
platinum appears in the urine (Table 1). This phar- 
macokinetic phenomenon may prevent a large pro- 
portion of the dose reaching the kidney and may, in 
part, be responsible for the lack of nephrotoxicity of 
this compound in vivo. 

The other analogues tested, carboplatin and ipro- 
platin, are less reactive than cisplatin [14]. This is 
reflected in the smaller amounts of protein binding 
seen with these analogues compared to cisplatin 
(Table 1 and Fig. 1). The pfp levels of platinum from 
carboplatin are much higher than those from cisplatin 
60-70 min after injection (Table 1). However, total 
plasma platinum and the urinary excretion of plati- 
num are very similar for all treatments except for 
trans-DDP (Table 1). 

Protein binding studies 

Equilibrium dialysis (Fig. 1 and Table 3) shows 
that two types of protein binding occurs with these 
compounds. The binding of trans-DDP to protein is 
completely irreversible. With cisplatin the plasma 
proteins bind a small proportion of platinum revers- 
ibly, however. 65% remains firmly bound. Platinum 
from both carboplatin and iproplatin is largely 
reversibly bound (Table 3). The question therefore 
arises: Is this loosely attached platinum available for 
renal excretion'? If this is the case then the correct 
fractional clearance value would be obtained bv 
ignoring protein binding in the calculation of the 
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clearance of p la t inum.  This would result  in lower 
values for the fract ional  c learance of carbopla t in  
(2.78) and ipropla t in  (2.04) c o m p a r e d  to those shown 
in Table  1. 

Mod(fication (?/ /)actional clearance and net?h- 
rotoxici O, q /  cisplatin by compet i t ive  inhibitors q[  
renal tubular transport 

The mechan i sms  involved in the renal  tubular  
t r anspor t  of p la t inum compounds  are not  known.  
Cisplat in is a neut ra l  complex  that  appears  to be 
t r anspor t ed  unchanged .  Some of its metabol i tes ,  
which mav be charged ,  are also t r anspor t ed  [3]. Our  
results  (Table  4) show that  the mechan i sms  of renal  
t r anspor t  of organic  cat ions and  anions ,  which are 
suscept ible  to compet i t ive  inhibi t ion by o the r  organic 
ions [18], do not cur rent ly  provide  a simple expla- 
na t ion  for the renal  t r anspor t  of p la t inum species. 
P robenec id  increases  the fract ional  c learance of 
p la t inum (Table  4) and this is associated with an 
increase in the nephro toxic i ty  of cisplatin (Table  5), 
as has been  repor ted  previously [15]. Furosemide  
(200 mg/kg)  causes a decrease  in the fract ional  clear- 
ance of p la t inum (Table  4) but  was wi thout  effect on 
nephro toxic i ty  (Table  5) at the dose s tudied (100 rag/  
kg). Fu rosemide  decreases  the concen t ra t ion  of 
p la t inum in the urine (Table  4) and the percen tage  
dose excreted within 24 hr (Table  5). These  results 
parallel  those r epor ted  for the isolated rat  kidney 
[5]. Ward  et al. [16] have repor ted  that  furosemide  
can amel io ra te  cisplatin induced  nephro toxic i ty  and 
this effect was ascr ibed to a reduct ion in the ur inary 
p la t inum concen t ra t ion .  However .  o ther  workers  
[20] have shown furosemide  to enhance  cisplatin 
induced nephrotoxic i ty .  The base t r i e thano lamine  
( 2 0 0 m g / k g )  increased the fract ional  c learance of 
cisplatin,  but  did not  affect nephro toxic i ty  (Table  5) 
at the dose s tudied (100 mg/kg) .  A l though  chol ine 
chloride ( 1 0 0 m g / k g )  did not  al ter  significantly the 
fract ional  c learance  of p la t inum (Table  41. it mark-  
edly reduced  nephro toxic i ty  (Table  5) at the lower 
dose ( 3 0 m g / k g )  studied.  Unfo r tuna t e ly  chol ine 
chloride is toxic to rats [17] and  this p r e v e n t e d  higher  
doses being admin i s t e red  wi thout  deaths .  

The  obse rved  fract ional  c learance  of p la t inum is 
the net t  result  of the fi l tration,  and  different ial  reab-  
sorp t ion  or secre t ion of at least seven p la t inum 
species [3, 5, 19]. If nephro toxic i ty  were b rought  
about  bv a minor  cisplatin metabo l i t e  it might  be 
possible to inhibi t  the renal  t r anspor t  of the minor  
metabo l i t e ,  and  preven t  nephrotoxic i ty ,  wi thout  a 
significant effect on the fract ional  c learance  of total  
p la t inum.  This ma~ be the case when  chol ine chloride 
is adminis te red .  Chol ine  is b idi rect ional lv  trans- 
por t ed  in the k idney  tubule  [18[, it the re fore  has the 
potent ia l  to block the r eabsorp t ion  of a cat ionic 
species f rom the urine.  The  hydrolysis product  of 
cisplatin,  d i a q u o d i a m m i n e  p la t inum II, is a potent ia l  

candida te  for this role [8]. We aim to test the effect 
of chol ine on the renal  t r anspor t  of the individual 
cisplatin metabol i tes .  
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