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Summary. Groups of mature Large White female pigs,
approximately 10 months of age, received single in-
travenous infusions of 1.5, 2 or 2.5 mg/kg body weight
(equivalent to ~90, ~120 and ~150 mg/m?) cisplatin. Glo-
merular filtration rate (GFR) and effective renal plasma
flow (ERPF) were measured before and at 4 weeks after
cisplatin infusion by renography using [° mT¢]-DTPA (di-
ethylenetriamminepentaacetic acid and iodohippurate
sodium I 131, respectively. The left kidney of each cispla-
tin-treated animal plus that of four age-matched control
pigs was then removed surgically, and GFR and ERPF
were measured in the remaining kidney at 4 weekly inter-
vals for up to 24 weeks after unilateral nephrectomy (UN).
The pigs treated with cisplatin exhibited no consistent
change in either GFR or ERPF at 4 weeks after treatment.
A histological evaluation of kidneys from animals treated
with =2 mg/kg cisplatin that had been removed at UN
revealed both tubular and glomerular lesions. The latter
consisted of cell proliferation on the parietal surface of the
urinary space; damage to the S1 portion of the proximal
convolution was also noted. Following UN there was a
pronounced dose-dependent reduction in the functional
status of the remaining kidney such that the increase in
GFR and ERPF in pigs initially receiving 2.5 mg/kg cispla-
tin was <50% of that seen in age-matched UN controls.
Moreover, the glomerular lesions observed at 4 weeks after
cisplatin infusion had apparently progressed to glomerular
hyalinisation by 24 weeks after UN. Thus, prior treatment
with cisplatin may cause a permanent reduction in renal
functional reserve that may be clinically “silent” until ex-
posure to an additional nephrotoxic insult.
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Introduction

cis-Diamminedichloroplatinum(II), or cisplatin (CDDP),
is one of the most important chemotherapeutic agents to
have emerged in the last decade. Cisplatin has become the
drug of choice in the treatment of a number of solid
tumours, such as those of the head and neck, bladder,
cervix, lung and oesophagus [30], and, in particular, testic-
ular [11] and ovarian cancers [38]. Unfortunately, cisplatin
is also one of the most toxic anticancer drugs, causing
severe emesis, neuropathy, anaemia and deafness. Its dose-
limiting toxicity is nephrotoxicity [24], which was pre-
dicted from initial animal studies.

Despite the use of optimal methods for cisplatin admin-
istration, such as concomitant active hydration or the use of
sodium chloride as the vehicle [6, 26], approximately 30%
of patients treated manifest nephrotoxicity as defined by a
creatinine clearance of <50 ml/min.

Initial clinical and experimental studies concentrated
on the acute nephrotoxicity of cisplatin. Patients treated
with the drug exhibited an increase in serum creatinine
within 6—7 days of treatment [18], followed by a return to
pre-treatment values within approximately 3 weeks. Simi-
lar results have been reported following the administration
of cisplatin to rats [4, 37]. However, more recent findings
have suggested that this drug causes a permanent reduction
in glomerular filtration rate (GFR) [9, 13, 17], which may
indeed be progressive [16, 19].

Since cisplatin may produce a permanent reduction in
GFR, it is likely that patients initially given the drug may
be at risk if they are subsequently subjected to another
nephrotoxic modality. Although this has been mentioned
in the literature, there appear to be few data available on
this potentially deleterious consequence of cisplatin treat-
ment.

The present study addresses this question by investi-
gating the effect of a second renal insult, i.e. unilateral
nephrectomy (UN), on the functional status of the kidney
in pigs previously treated with a single dose of cisplatin.
The pig and man are unique among mammals in possess-
ing a multipyrimidal multipapillate kidney [32]. In addi-
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Fig. 1 a, b. Time-related changes in right kidney a GFR and b ERPF of
mature pigs following UN performed 4 weeks after the infusion of cis-
platin. (O), 1.5 mg/kg; (<), 2 mg/kg; (0), 2.5 mgkg; ® @, the
changes in right-kidney function in age-matched control animals after
UN. The hatched area represents the 95% confidence limits on GFR and
ERPF values for individual kidneys in intact, age-matched control ani-
mals. Error bars, £SE

tion, there are marked similarities in renal function and
biochemistry between the pig and man [23, 26]. Cisplatin
produces functional changes in the pig kidney that are
similar to those found in other species [5, 25, 29]. The
similarities between the pig and the human kidney would
suggest that findings of cisplatin nephrotoxicity in the pig
may be of direct clinical relevance.

Materials and methods

A total of 16 mature Large White female pigs, approximately 10 months
of age, were used in this study. Of these, 12 received single intravenous
infusions of 1.5, 2 or 2.5 mg/kg body weight (i.e. ~90, ~120 and
~150 mg/m?2) cisplatin in groups of 4, 5 and 3 pigs, respectively. All
procedures were carried out with the animals under anaesthesia main-
tained using a mixture of 2%—3% halothane, ~30% nitrous oxide and
~70% oxygen. Prior to the infusion of cisplatin each pig was hydrated via
an ear vein with 2 1 saline at a rate of 1.3 I/h. Cisplatin was then infused
in 11 saline to which an anti-emetic agent (Maxolon, 1.5 mg/kg body
weight) had been added. Additional saline (1 f) was subsequently in-
fused.

Prior to and approximately 4 weeks after cisplatin administration,
individual kidney GFR and effective renal plasma flow (ERPF) were
assessed by renography using [*° mTc]-DTPA (diethylenetriamminepen-
taaceticacid) and iodohippurate sodium I 131, respectively. Three
matched Nal crystal scintillation detectors (diameter, 5 cm) were used;
one was positioned over each kidney and the other, over the heart. The

detectors were connected to a multichannel analyser (Nuclear Data
ND 66) with windows set to record activity in the photopeak regions for
technetium Tc 99 m and iodine 131. The analyser was operated in the
multiscaling mode, with counts for each tracer from the three detectors
being integrated over 20-s intervals for the duration of each study.

The tracers used were human serum albumin (HSA) labelled with
technetium Tc 99 m (BYK-Mallinckrodt) and with iodine 131 (CIS,
UK), [*®Tc]-DTPA (BYK-Mallinckrodt) and iodohippurate sodium
1131 (Amersham International). The studies were carried out using the
following standard protocol:

1. HSA tagged with technetium Tc 99 m (250—500 1Ci, depending
on the size of the pig) was injected into an ear vein via an indwelling
butterfly cannula. A 5-min interval enabled the tracer to equilibrate
within the blood; radioactivity was then recorded for 2 min over each
detector. This data was used to determine the radiolabel subtraction
factor for each kidney [28].

2. HSA labelled with iodine 131 (25—40 nCi) was then injected into
the same ear vein. After 5 min, radioactivity was recorded over each
detector for 2 min to determine the radiolabel subtraction factor. A blood
sample (2 ml) was then drawn from the contralateral ear vein via an
indwelling butterfly cannula.

3. A solution containing [ ®Tc}-DTPA (7-10 mCi) and iodo-
hippurate sodium I 131 (300 pCi) was injected via an ear vein and the
time-related changes in radioactivity over the kidneys and the heart were
recorded for up to 40 min).

4. Blood samples were taken at 5-, 10-, 15-, 30-, 40-, 60- and
120-min intervals after injection of the isotope cocktail. Aliquots (1 ml)
of plasma were counted in a well-type Nal detector connected to a
multichannel analyser (Nokia, LP 4840). The activity of both nuclides
was determined and the GFR and ERPF were estimated from the plasma
disappearance curves of [*° mTc]-DTPA and iodohippurate sodium I 131,
respectively [27].

The relative contribution of each kidney to the total function was
assessed by determining the uptake function of each tracer in each kidney
[28]. Measurements of individual kidney GFR and ERPF values were
also carried out in four age-matched control animals.

At 4 weeks after cisplatin infusion, the left kidney of each treated
animal as well as that of the four age-matched, untreated control pigs was
removed surgically. After UN, each pig received analgesics (1 mg Tem-
gesic; Reckitt and Coleman) intramuscularly twice daily for 4 days. All
animals recovered well from the surgical procedure. GFR and ERPF
were subsequently assessed in the remaining kidney at 4 week intervals
for periods of up to 24 weeks after UN; the animals were then killed. The
surgically removed left kidney and the right kidney, which was removed
at post-mortem examination, were fixed in a solution of 1% acetic acid in
10% formol saline. Several renal tissue samples were then dehydrated
and embedded in paraffin wax. A histological evaluation was carried out
on 5 pm-thick sections stained with either periodic acid-Schift’s reagent
(PAS) or periodic acid-methenamine silver.

Results
Early haemodynamic changes

A comparison of individual kidney GFR and ERPF values
measured 4 weeks after cisplatin administration with their
respective pre-treatment values revealed considerable vari-
ability in terms of response, such that no consistent or
dose-related change in renal haemodynamics was evident.

Effect of UN on renal haemodynamics

At 4 weeks after the administration of cisplatin, the left
kidney of each pig was surgically removed, and GFR and
ERPF values in the remaining kidney were determined
sequentially for periods of up to 24 weeks after UN. The
left kidney was also removed in four age-matched control
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Fig. 2a, b. Dose-related reductions in the mean a GFR and b ERPF
assessed over the period 4—24 weeks after UN. Animals received a
single dose of cisplatin 4 weeks prior to UN. Error bars, =SE

animals. The time-related changes in the GFR and ERPF of
these animals are shown in Fig. 1. Within 4 weeks of UN,
the GFR in the remaining kidney of the age-matched con-
trol animals had increased markedly, reaching levels ap-
proximately 2.5 times greater than those found in individu-
al kidneys of intact, age-matched control pigs. The GFR
remained at this value throughout the period of investiga-
tion (Fig. 1a).

A similar pattern of change was evident in the remain-
ing kidney of pigs that had previously been treated with
1.5 mg/kg cisplatin. There appeared to be an increase in the
GFR of these animals at between 20 and 24 weeks after
cisplatin treatment. However, this increase was not statisti-
cally significant (P >>0.10). Pigs previously treated with
higher doses of cisplatin exhibited a dose-related reduction
in the extent of the compensatory increase in GER follow-
ing UN. In pigs treated with 2 mg/kg cisplatin, the GFR
increased within 4—8 weeks of UN to values 1.8 times
those observed in individual kidneys of intact, age-
matched control pigs. This increase, however, was not
statistically significant as compared with the pre-UN
values for this group of animals. By 24 weeks after UN the
GFR appeared to be declining, although values did not
significantly decrease below those seen at between 4 and
20 weeks after UN (P >>0.10). In pigs treated with
2.5 mg/kg cisplatin, there appeared to be a slight increase
in GFR following UN, but this was not statistically signif-
icant; GFR values in these kidneys were only marginally
greater than those found in individual control kidneys.

The changes in ERPF following UN in the age-
matched animals were qualitatively similar to those seen in
GFR, although the absolute increase  was smaller
(Fig. 1b). Within 4 weeks of UN, the ERPF in the remain-
ing kidney had increased to a level nearly 1.8 times greater
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Fig. 3a, b. Dose-related changes in the percentage of kidneys exhibiting
a =50% reduction in a GFR and b ERPF over the period 4—24 weeks
after UN. Animals received single doses of cisplatin 4 weeks prior to
UN. Error bars, +SE

than that seen in individual kidneys of intact, age-matched
controls. At between 8 and 16 weeks after UN, the ERPF
values remained close to these levels; this was followed by
a further increase at between 16 and 24 weeks after UN,
when the mean ERPF was ~2.3 times greater than that
observed in individual age-matched control kidneys. As
shown for GFR, prior infusion with cisplatin produced a
dose-related reduction in the magnitude of the increase in
ERPF following UN, although the response was more vari-
able.

It is noteworthy that increasing cisplatin dose was as-
sociated with an increase in the time required post-UN for
ERPF values in the remaining kidney to increase above
those measured in individual age-matched control kidneys.
Thus, after doses of 1.5, 2 and 2.5 mg/kg cisplatin, the
respective periods were 8, 12 and 20 weeks post-UN. The
increase in ERPF seen in pigs infused with 1.5 mg/kg
cisplatin was similar to that seen in the remaining kidney of
age-matched control pigs after UN. However, at doses of
=2 mg/kg cisplatin the increase in ERPF in the remaining
kidney was less than that seen in controls after UN. Indeed,
in pigs receiving 2.5 mg/kg cisplatin, ERPF values were
not significantly different from pre-UN values until 16—
20 weeks after UN, and they remained well below those
seen in both the other cisplatin-treated animals and the
age-matched control pigs that underwent UN.

The dose dependence of these cisplatin-induced reduc-
tions in the compensatory increase in renal haemodynam-
ics following UN was demonstrated by examining the
mean values measured for both GFR and ERPF, at
4-24 weeks post-UN expressed relative to those found for
individual kidneys of intact, age-matched controls (Fig. 2).
Values for both mean GFR and mean ERPF were well
correlated with the cisplatin dose (r =-0.99, P <0.001).
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Fig. 4a—-c. Renal lesions at 4 weeks after cisplatin treatment. a The parietal
layer of Bowman’s capsule is irregularly expanded along two-thirds of the
glomerular circumference. It is supported by a thickened, wavy basement
membrane and consists of several layers of fusiform cells. Periglomerular
sclerosis and tubular atrophy are evident, whereas the glomerular tuft appears
to be intact. b The first segment of a proximal convoluted tubule is collapsed
and crowded, with atrophic epithelial cells being encircled by a thick and
wrinkled basement membrane continuous with that of the parietal layer of
Bowman’s capsule. No glomerular abnormalities are evident. ¢ A glomerulus
damaged as in a, showing an adjacent cluster of atrophic tubules, each of
which is delineated by unevenly thickened basement membrane and sur-
rounded by overabundant, dense connective tissue. a, b PAS and ¢ periodic
acid-methenamine silver staining. Bar = 100 um. Same magnification in a—c¢
(% 580 in the original)



Dose-effect curves were also constructed by assessing,
at each dose level, the percentage of renal function tests at
4-24 weeks after UN in which the remaining kidney ex-
hibited a = 50% reduction in GFR and ERPF as compared
with values seen in individual kidneys of age-matched
controls. The dose-response curves for the impairment in
GFR and ERPF were fitted by probit analysis [12]. All data
related to the reduction in ERPF were below the EDsg
value. For fitting of a dose-effect curve, it was assumed
that the curve for ERPF was parallel with that for GFR.
The data are illustrated in Fig. 3. The doses associated with
the 50% level of effect (i.e. the EDsp values) were
2.46+0.14 and 3.28£0.22 mg/kg for GFR and ERPF,
respectively. These EDsp values were significantly differ-
ent, indicating that measurements of GFR were a more
sensitive indicator of cisplatin-induced damage.

Morphological findings at 4 weeks after cisplatin infusion

At cisplatin doses of 2 and 2.5 mg/kg, the surgically re-
moved kidneys showed both glomerular and tubular le-
sions (Fig. 4). In the affected glomeruli, the tufts appeared
to be largely intact, whereas the normally inconspicuous
cells of Bowman’s capsule were focally replaced by multi-
layered cell deposits. The abnormal cells had ellipsoidal,
pale-staining nuclei and poorly defined cell outlines and
were interspersed with fine PAS-positive fibres. The cells
tended to localise towards the tubular pole of the glomer-
ulus and only seldom occupied the entire surface of the
capsule. Bowman’s space was preserved in most of the
affected glomeruli, with adhesions of the glomerular capil-
lary loops being rare. The basement membrane encircling
these new formations was thickened, wrinkled and often
bulging. In pigs treated with 2.5 mg/kg cisplatin, these
lesions affected 13% of glomeruli; they occurred less
frequently in animals receiving 2 mg/kg and were only
occasionally seen in those treated with 1.5 mg/kg.

In the cortex, there were also clusters of tubules that
were markedly reduced in size, often consisting of solid
groups of small epithelial cells surrounded by a thick and
folded basement membrane. These atrophic tubules were
separated by excessive amounts of intervening, dense con-
nective tissue that was variably infiltrated by mononuclear
cells, including plasma cells. The tubular lesions could be
demonstrated to include the initial portion of the proximal
convolution (Fig. 4b). Both the glomerular and the tubular
lesions were more widespread and severe in the deep cor-
tex than in the subcapsular region.

The long loops of Henle were also affected, as judged
by the thickening and wrinkling of the basement mem-
brane of some small and thin-walled tubules in the inner
medulla. These changes were accompanied by focal in-
creases in density and a chronic inflammatory infiltration
of the medullary stroma.

Morphological findings at 24 weeks after UN

All of the single kidneys left in situ showed glomerular
enlargement and a uniform dilatation of Bowman’s spaces
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and tubular lumina. In addition, the kidneys of pigs that
had received 2 or 2.5 mg/kg cisplatin 28 weeks previously
showed focal glomerular and tubular lesions (Fig. 5). The
spectrum of glomerular changes ranged from segmental
sclerosis of the tufts, through shrinkage with widespread
hyalinisation, to total replacement by solid, amorphous
hyaline deposits in which a few spindle-shaped nuclei were
occasionally embedded. The more advanced glomerular
Iesions were associated with periglomerular fibrosis and
usually scanty chronic inflammatory infiltration. In pigs
treated with 2.5 mg/kg cisplatin, these changes affected
between 6% and 27% of glomeruli. In animals receiving
2 mg/kg, the frequency of these lesions tended to be lower,
and only occasionally were lesions of this type found in
those treated with 1.5 mg/kg cisplatin. The renal cortex of
pigs exhibiting these lesions showed irregular scarring,
with the dense connective tissue incorporating scattered
atrophic tubules that were either encircled by a thin base-
ment membrane or apparently lacked one. Mononuclear
cell infiltration was usually sparse. The juxtamedullary
layer of the cortex tended to be more severely affected than
the superficial regions. The medullary stroma showed less
well-defined areas of expansion and an increase in density,
with a variable admixture of lymphocytes and occasional
tubular atrophy.

Discussion

The present results indicate that pigs given a range of
single doses of cisplatin exhibit no consistent change in
either GFR or ERPF at 4 weeks after drug administration.
In contrast, the surgical removal of the left kidney pro-
duced a pronounced dose-dependent reduction in the com-
pensatory functional response of the remaining kidney.
Thus, treatment with cisplatin may produce a permanent
reduction in renal functional reserve that may be clinically
“silent” until the instigation of a second nephrotoxic insult.

Earlier investigations of the nephrotoxicity associated
with cisplatin appeared to indicate that the drug produces
an acute but reversible reduction in renal function [18].
Maximal impairment was observed within several days of
drug administration, followed by apparently full recovery.
Hayes et al. [18] reported that patients treated with a single
dose of cisplatin (3—5 mg/kg) showed a transient increase
in serum creatinine levels for up to approximately 7 days
after infusion; this was followed by a return to pre-treat-
ment levels. Similar findings have been reported in dogs
(7] and rats [4, 37]. These early studies, however, were
limited because the investigators used relatively insensi-
tive parameters such as serum creatinine and blood urea
nitrogen to measure decrements in renal function [22].

More extensive studies using radionuclide techniques
in rodents to measure GFR and ERPF have confirmed that
cisplatin indeed produces an acute reduction in renal
haemodynamics [20, 33]. These results have also sug-
gested that cisplatin causes a permanent reduction in GFR
[10, 20, 33). Similar findings have been reported clinically
[9, 13, 17]; indeed, in some cases the reduction in GFR
appears to have been progressive [16, 19].
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Fig. Sa—c. Renal lesions at 28 weeks after cisplatin treatment and 24 weeks
after contralateral nephrectomy. a Two glomeruli, one with a normal tuft but
distended urinary space and the other showing severe hyalinisation (upper
left). b A hyalinised glomerulus surrounded by excessive loose connective
tissue. ¢ A sclerosed glomerulus (upper right) with periglomerular and intes-
tubular fibrosis. Note tubular dilatation in all three cases. a, b PAS and
¢ periodic acid-methenamine silver staining. Bar = 100 \m. Same magnifica-
tion in a—c ) x 580 in the original)



The pathophysiology of this reduction in GFR remains
ill-defined. It is well established that cisplatin produces an
acute, mainly proximal, tubular functional impairment
within hours of its administration [7]. Groth et al. [16]
attributed the chronic reduction in GFR observed in
patients following cisplatin treatment to increased hydrau-
lic pressure within the damaged tubules.

Histological studies in the rat have shown that cispla-
tin-induced damage is largely confined to the proximal
convoluted tubules, in particular the S3 segment located in
the outer stripe of the outer medulla [1, 4]. In contrast,
clinical observations showed that the distal tubules and
collecting ducts were more affected than the proximal con-
volutions [9, 15]. More recently, a histopathological study
of kidneys from patients who died 3—60 days after the
completion of cisplatin treatment was reported [34]. The
results revealed sporadic lesions of degeneration, necrosis
and regenerative changes in the pars convoluta and pars
recta of the proximal tubule, distal tubule and the collecting
duct. In all of these cases the glomeruli did not appear to be
involved. These findings would seem to indicate that the
reduction in GFR results from the primary action of cispla-
tin on the renal tubules.

In contrast to these studies, the present findings indi-
cated pronounced glomerular changes following cisplatin
infusion. These lesions consisted of cell proliferation on
the parictal surface of the urinary space. In addition, the
tubules were damaged, including the S1 segment of the
proximal convoluted tubule. It is not known to what extent
these structural lesions were responsible for the small re-
ductions in GFR observed 4 weeks after cisplatin adminis-
tration. However, the recent findings of Daugaard et al. [8]
in cisplatin-treated patients, all of whom developed pro-
teinuria, are noteworthy. During cisplatin infusion, low-
molecular-weight proteins such as beta-2-microglobulin
were excreted, indicating tubular damage. After cisplatin
treatment, however, increased excretion of high-molecu-
lar-weight proteins (albumin and IgG) was seen, demon-
strating glomerular damage. The present findings of glo-
merular lesions 4 weeks after cisplatin infusion may ex-
plain the reduction in GFR observed after treatment with
this drug.

Although it is unlikely that the initial reduction in renal
function observed clinically is by itself life-threatening, the
apparently progressive nature of this damage would sug-
gest that further treatment associated with nephrotoxicity
could be counter-indicated [9, 13]. This possibility was
investigated in the present study by a UN that was perform-
ed 4 weeks after cisplatin infusion. Although all remaining
kidneys exhibited a compensatory increase in renal func-
tion after UN, this increase was reduced dose-dependently
as compared with that seen in pigs that had not received
cisplatin. Thus, the increase in GFR and ERPF observed
after UN in animals initially treated with 2.5 mg/kg cispla-
tin was <50% of that seen in age-matched controls follow-
ing UN. This dose-dependent reduction in renal functional
reserve was noted even in animals that had “normal” levels
of renal function prior to UN. This finding would indicate
that the “normal” renal function seen after cisplatin admin-
istration reflects hyperfiltration by a reduced number of
undamaged nephrons rather than a genuinely undamaged
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organ. Histological examination at 24 weeks after UN ap-
peared to suggest that the glomerular lesions seen 4 weeks
after cisplatin treatment were irreversible and had by then
progressed to glomerular hyalinisation and glomerulos-
clerosis, with the preferential involvement of juxtamedul-
lary nephrons.

Is it possible that this late glomerulosclerosis was a
consequence of the UN performed 4 weeks after cisplatin
treatment? Renal ablation produces progressive glomer-
ulosclerosis in the rat, and recent findings indicate that this
may also occur in man [21, 31]. A reduction in the total
amount of renal tissue causes a compensatory hyperperfu-
sion and hyperfiltration by the remaining nephrons that
maintains the overall GFR close to normal levels. The
increase in glomerular perfusion results in glomerular
sclerosis, leading to a positive feedback stimulus for com-
pensatory adaptation in less severely affected glomeruli,
which, in turn, contributes to their eventual destruction [3].
In the pig, UN might result in a similar nephropathy. How-
ever, there was no evidence of glomerular damage in the
kidneys of age-matched control pigs after UN. Moreover,
different glomerular lesions had been seen in cisplatin-
treated pigs at UN, at which time their incidence was
nearly the same as that of subsequent glomerulosclerosis. It
is not possible to conclude from the current findings that
the chronic glomerular lesions seen 28 weeks after cispla-
tin infusion were a direct result of cisplatin treatment
alone, since no data are available on the long-term effects
of cisplatin in the otherwise untreated pig. Despite this
reservation, however, the present results indicate that cis-
platin played a major role in the development of glomer-
ulosclerosis subsequent to UN, possibly through a direct
mode of action.

The findings reported herein add weight to earlier
warnings concerning the susceptibility of patients treated
with cisplatin to further renal damage. Before such patients
are subjected to additional nephrotoxic treatment, their
renal functional reserve, defined as the increment in GFR
induced by an adequate stimulus [14], should be accurately
determined by the administration of an oral protein load [2]
or vasodilatory drugs [35] to indicate the possible sub-
sequent development of renal failure.
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