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ABSTRACT
' THE EFFECTS OF CISPLATIN ON CARBOHYDRATE METABOLISM
by

Robin Sheryl Goldstein

This study was designed to characterize the effects of cisplatin
(cis-DDP) and other divalent platinum compounds on carbohydfate meta-
bolism and to elucidate the underlying biochemical and endocrine mecha-
nisms.

Glucose metabolism was evaluated in male F-344 rats treated with
equimolar platinum doses of cis-DDP, trans-DDP or ammonium tetrachloro-
platinate. A group of pair-fed controls was also studied to correct
for the metabolic effects of reduced food intake. Administration of
cis-DDP, but not trans-DDP or tetrachloroplatinate, resulted in fasting
and nonfasting hyperglycemia. Impaired glucose utilization contributes
in part to cis-DDP hyperglycemia, as indicated by a marked and persis-
tent hyperglycemia following an exogenous glucose load in treated
animals. Glucose intolerance was apparent 2 and 4, but not 7 and 14,
days following cis-DDP (5 mg/kg) treatment, indicating that it is a
transient phenomenon. cis-DDP glucose intolerance was accompanied by
a relatively deficient plasma insulin response. Neither trans-DDP nor
tetrachloroplatinate impaired glucose tolerance at any time examined,

suggesting that cis-DDP glucose intolerance is unique to the geometry



Robin Sheryl Goldstein
of the complex and is related to properties other than the presence of
a divalent platinum atom.

Mannitol pretreatment reduced cis-DDP nephrotoxicity and glucose
intolerance, suggesting that impaired renal function by cis-DDP contri-
butes in part to the observed glucose intolerance. Administration of
other nephrotoxicants, however, did not uniformly impair glucose intol-
erance.

cis-DDP treated animals did not exhibit a blunted hypoglycemic re-
sponse to exogenous insulin. Rather, decreased glucose utilization
following cis-DDP treatment was associated with impaired insulin secre-
tion, an effect not related to starvation, adrenal-mediated stress, hypo-
kalemia or hypocalcemia. No histopathological damage of cis-DDP
treated pancreata was evident.

cis-DDP treatment resulted in hyperglucagonemia, an effect not
associlated with increased hepatic or renal gluconeogenic enzyme activi-
ties. A component in addition to the 3500 MW form of plasma immunoreac-
tive glucagon was significantly elevated by cis-DDP treatment. cis-DDP
hyperglucagonemia was reduced by ameliorating cis-DDP nephrotoxicity
via mannitoL pretreatment. Other nephrotoxicants also increased plasma
glucagon. These results suggest that cis-DDP hyperglucagonemia is pro-
bably related to decreased renal degradation of glucagon.

In summary, the results of this study indicate that cis-DDP in-
duces hyperglycemia in association with impaired glucose utilization;

the latter is mediated by decreased insulin secretion.
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INTRODUCTION

Cisplatin (cis-dichlorodiammineplatinum) is the first of a group of
platinum coordination complexes to be introduced as a cancer chemo-
therapeutic agent. This agent, both alone or in combination chemo-
therapy, has been demonstrated to be effective in the treatment of
testicular, ovarian, bladder, prostate, lung, and head and neck cancers.
However, clinical use of cisplatin is often limited by its toxic side
effects, including renal toxicity, gastrointestinal disturbances,
myelosuppression and ototoxicity (Madias and Harrington, 1973; Von Hoff
et al., 1979).

In addition, administration of cisplatin has also been reported to
induce hyperglycemia in laboratory rats (Kociba and Sleight, 1971).
Several divalent metal ions are known to induce hyperglycemia by affect-
ing pancreatic islé; function (Ghafghazi and Mennear, 1975; Horak and
Sunderman, 1975a,b); therefore, a divalent platinum compound such as
cis-DDP may similarly impair carbohydrate metabolism. Although an
extensive number of studies have characterized specific organ toxicities
of cisplatin, very little is known about its effects on intermediary
metabolism. The primary objective of the research reported herein
is to elucidate the effects of cisplatin and other divalent platinum

compounds on carbohydrate metabolism. Implicit in this objective



2
is an assessment of the biochemical and endocrine correlates of platinum

toxicity.

CISPLATIN

History and Development

The biological effects of platinum complexes were first noted in
Escherichia coli (E. coli) exposed to an electrical field generated
across two platinum electrodes (Rosenberg et al., 1965). Voltage
applied across these electrodes resulted in a changed appearance of E.
coli from its normal rod shape to an elongated filament form (Rosenberg
et al., 1965). Further investigations revealed that one or more long-
lived chemical species were produced by the electrical current and
induced bacterial filamentation by inhibiting cellular division but not
cellular growth (Rosemberg et al., 1965). These chemical by-products
were later identified as cis-dichlo;odiamnineplat1num (II) (cis-DDP) and
cis-tetrachlorodiammineplatinum (IV). Further studies est;blished that
neutral platinum complexes, such as cis-DDP, not only specifically
inhibit cell division without affecting growth rate but derepress latent
viral genomic information in lysogenic bacteria (Reslova, 1972), an
effect commonly observed with other anti-tumor agents.

On this basis, Rosenberg postulated that neutral platinum com-
plexes, by virtue of their action on bacteria cells, may similarly
inhibit cell division in rapidly growing cancer cells. This postulate
was confirmed by the successful tumor regression of solid sarcoma 180
in mice by cis-DDP treatment (Rosenberg et al., 1969). Since then,

the broad spectrum anti-tumor activity of cis-DDP has been well
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established as indicated by its effectiveness against transplantable,
chemical and viral induced tumors, slow as well as rapidly growing
tumors, and disseminated as well as solid tumors (Rosenberg, 1978a).
Currently, cis-DDP, either alone or in combination chemotherapy, is
primarily used in the management of testicular and ovarian cancers,
althbugh its use has also been extended to treating cancers of the

head and neck, bladder, prostate and lung.

Chemistry and Mode of Action

cis-DDP is a square planar coordination complex containing a central
platinum atom surrounded by two chloride atoms and two ammonia moieties
(MW = 300.1) (Figure 1). It has a melting point of approximately 270°C
and is soluble in aqueous vehicles at maximum concentrations of 1 mg/ml.
cis-DDP appears to be highly reactive in in vitro systems. Several
reports clearly demonstrate that aqueous solutions of cis-DDP &egrade
via nucleophilic displacement of the chloride iigands by water molecules
(Greene et al., 1979; Lee and Martin, '1976), yielding various combina-
tions of aquated and/or hydroxylated specieé of the parent drug (Figure
2). The predominating species appear to be determined by pH; the
dihydroxy species are formed at a pH greater than 7.37 while the diaquo
species are formed at a pH less than 5.51.

In vitro, the lability of the chloride ligands appears to be re-
lated to the chloride concentration of the solvent such that addition
of chloride to aqueous solutions of cis-DDP results in an increased
proportion of intact cis-DDP molecules (Greene et al., 1979). Converse-

ly, preparation of cis-DDP solutions in water with no added chloride
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Figure 1. cis-Dichlorodiammineplatinum (II).
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increases the aquated/hydroxylated complexes (Greene et al., 1979).
Furthermore, the reversibility of this reaction has been indicated by
the reformation and stabilization of cis-DDP following addition of
0.92 NaCl to an ;i;eady degraded sample of cis-DDP (Greeme et al.,
1979). Extrapolating these in vitro data to the in viyo disposition
of cis-DDP has led to the hypothesis that cis-DDP exists as an un-
charged neutral complex in extracellular fluid (ECF) since the chlor-
ide concentration of ECF (=112 mM) is sufficiently high to stabilize
the complex and prevent hydrolysis. However, the markedly lower intra-
cellular concentration of chloride (=4 mM) facilitates the displace-
ment of chloride by water molecules, yielding a positively charged
aquated/hydroxylated platinum complex (Rosenberg, 1978). It is the
aquated/hydroxylated intracellular complex whicﬁ is believed to be
active in inhibiting DNA synthesis.

The screening of cis-DDP and other platinum analogues for anti-
tumor activi;y has provided valuable information regarding structure-
activity relationships. One striking feature of these studies is that
the geometry of these complexes is clearly a decerminaﬁt of anti-tumor
activity, as indicated by the marked anti-tumor activity of the cis,
but not the trans, configuration of DDP (Leonard et al., 1971).
Furthermore, it has been suggested by Cleare and Hoeschele (1973)
that complexes exhibiting anti-tumor activity share definite chemical
properties: (1) they are electrically neutral (although the ultimate
active form may be charged following ligand exchange in vivo), (2) they

exchange only some of their ligands rapidly, (3) the complexes are
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either square planar or octahedral, (4) they contain a pair of cis-
monodentate (or one bidentate) leaving groups (corresponding trans
isomers are generally inactive), (5) the leaving groups are spaced
approximately 3.3 ) apart, and (6) ligands trans to the leaving groups
appear to be strongly bound and inert. The lability of the cis leaving
groups is believed to be important in determining anti-tumor activity
and is consistent with the pbstulate that the anti-tumor effects of
c1s-DDP are mediated by a modified form of cis-DDP. The aquated/hy-
droxylated forms of cis-DDP are electrophilic and may react at nucleo-
philic sites of DNA. That the intact parent drug does not react with
DNA is indirectly suggested by the reduced affinity of cis-DDP for DNA
when chloride concentrations are increased in vitro (Horacek and
Drobnick, 1971), an effect presumably related to decreased formation of
the aquated/hydroxylated flatinum species.

Several lines of evidence indicate that the primary intracellular
target of cis-DDP (or metabolite) is DNA. In bacteria, cis-DDP inhi-
bits cell division (Rosenberg et al., 1965), inactivates transforming
DNA (Munchausen, 1974) and DNA containing bacteriophage (Shooter et
al., 1972), and reduces viability of DNA repair-deficient mutants
(Beck and Brubaker, 1973). In addition, cis-DDP has been reported to
be mutagenic (Beck and Brubaker, 1975), as indicated by its ability to
' induce base-pair substitutions (Monti-Bragadin et al., 1975) and frame
shift mutations (Andersen, 1979), In eukaryotic cells, cis-DDP selec-
tively inhibits DNA synthesis in cultured human embryonic AV3 cells

(Harder and Rosenberg, 1970), Erlich ascites tumor cells (Howle and
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Gale, 1970) and Chinese hamster cells (Van den Berg and Roberts, 1976).
More platinum molecules are bound per molecule of DNA than per mole-
cule of RNA or protein in Hela cells treated with cis-DDP (Pascoe and
Roberts, 1974), further indicating that DNA is a likely target for
~ cis-DDP. In addition, cis-DDP also appears to be mutagenic in eukary-
otic cells (Zwelling et al., 1979).

The binding of cis-DDP (or metabolite) to DNA may occur in several
possible ways, including interstrand crosslinking (crosslinking of two
bases on opposite DNA strands), mono- and bi—funétional chelation to
bases, and/or crosslinking between RNA and protein. Several ‘studies
have suggested that interstrand crosslinking or crosslinking to protein
does not play a critical role in cis-DDP cytotoxicity (Pascoe and
Roberté, 1974; Shooter et al., 1972).4 Rather, it has been proposed
that intrastrand crosslinking represents a likely mechanism of plati-
num-DNA interaction. Indirect in vivo evidence supporting this concept
has been provided by Roos (1977) who measured the binding of an inter-
calating agent (9-aminoacridine) (9AA) to DNA, with or without platinum
pretreatment, as a means of assessing DNA-platinum interaction. Roos
(1977) postulated that if cis-DDP (or metabolite) is avidly cross-
linking two bases 3.4 % apart on a single strand, then this intrabase
separation will be preserved and prevent intercalation by 9AA. Con-
versely, interstrand crosslinking by cis-DDP (or metabolite) could
still allow 9AA intercalatioﬁ. Binding of 9AA to DNA, which increases
base separation from 3.4 to 6-7 &, is indeed decreased by prior reac-
tion of DNA with active platinum compounds, indicating the likelihood

of intrastrand crosslinking to DNA as a primary mode of interaction
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by active platinum complexes. Unfortunately, the platinum complex
under investigation was dichloro(ethylenediammine)platinum (II) and
not cis-DDP. Although‘this compound and cis-DDP have similar anti-
tumor activities it would have been of interest to examine the effects
of cis-DDP on 9AA binding to DNA.

It is genefally believed that active platinum complexes react pri-
marily with purine bases, rather than sugar-phosphate moieties of DNA.
Furthermore, it has been suggested that DNA intrastrand crosslinking
may involve adjacent guanine bases and may represent an important lesion
induced by cis-DDP (or metabolite) (Kelman et al., 1977). 1In this re-
gard, several investigators have sought to explain the stereospecific
anti-tumor activity of cis-DDP complexes by invoking a possible reac-
tion site of DNA specific to the cis configuration. Guanine has been
postulated as a likely reaction site since a cis geometry would facili-
tate férnation of a closed ring bidentate chelate structure with the
N7 and 06 sites of guanine. In contrast, the trans isomer may pri-
marily form a monodentate ligand attachment at the N7 site of guanine;
its geometry prohibiting formation of a closed ring chelate (Figure 3)
(Goodgame et al., 1975; Macquet and Theophanides, 1976).

Chelation at the 06 site of guanine may be particularly signifi-
cant to the stereospecific effects of DDP complexes on DNA integrity
since other adducts (i.e., alkylated products) at this specific site
have been causally linked to mutagenesis. On this basis, Rosenberg
(1975; 1978b) has suggested that a "platinated" adduct, presumably at

the 06 site of guanine, becomes fixed as a mutation, modifying the DNA
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by active platinum complexes. Unfortunately, the platinum complex
under investigation was dichloro(ethylenediammine)platinum (II) and
not cis-DDP. Alchough-this compound and cis-DDP have similar anti-
tumor activities it would have been of interest to examine the effects
of cis-DDP on 9AA binding to DNA.

It is genefally believed that active platinum complexes react pri-
marily with purine bases, rather than sugar-phosphate moieties of DNA.
Furthermore, it has been suggested that DNA intrastrand crosslinking
may involve adjacent guanine bases and may represent an important lesion
induced by cis-DDP (or metabolite) (Kelman et al., 1977). 1In this re-
gard, several investigators have sought to explain the stereospecific
anti-tumor activity of cis-DDP complexes by invoking a possible reac-
tion site of DNA specific to the cis configuration. Guanine has been
postulated as a likely reaction site since a cis geometry would facili-
tate férnation of a closed ring bidentate chelate structure with the
N7 and 06 sites of guanine. In contrast, the trans isomer may pri-
marily form a monodentate ligand attachment at the N7 site of guanine;
its geometry prohibiting formation of a closed ring chelate (Figure 3)
(Goodgame et al., 1975; Macquet and Theophanides, 1976).

Chelation at the 06 site of guanine may be particularly signifi-
cant to the stereospecific effects of DDP complexes on DNA integrity
since other adducts (i.e., alkylated products) at this specific site
have been causally linked to mutagenesis. On this basis, Rosenberg
(1975; 1978b) has suggested that a '"platinated" adduct, presumably at

the 06 site of guanine, becomes fixed as a mutation, modifying the DNA
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Figure 3. Proposed differences in binding of cis-DDP (top) and
trans-DDP (bottom) to guanine. Binding of cis-DDP to guanine
results in formation of a closed ring bidentate chelate structure
with attachments at N7 and 06 sites of guanine. The geometry of
trans-DDP prohibits formation of closed ring chelate.
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Figure 3
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template and resulting in selective inhibition of DNA replication by
cis, but not trans, DDP. To account for the selective cytotoxicity
to cancer cells, Rosenberg (1978b) has further postulated that the
platinated adduct may be removed and repaired only by normal tissue;
cancerous tissue may lack the necessary repair mechanisms. Along these
lines, recent evidence suggests the presence of repair mechanisms for
cis-DDP induced DNA damage: (1) cells harvested from Xeroderma pigmen-
tosum patients are more sensitive to cytotoxicity of cis-DDP than
normal fetal lung cells, indicating that deficient DNA repair mechanisms
enhance cis-DDP cy;otoxicity, (2) platinum is removed from DNA of expo-
nentially growing Chinese hamster cells at a constant rate with a t%
of 28 hrs and (3) there is a positive correlation between the extent of
platinum binding to DNA and cell death, indicating that cell death may
be a consequence of unexcised' platinum lesions of DNA (Roberts and
Fraval, 1980).

Another possible mechanism of the selective destruction of cancer
cells has been proposed by Rosenberg (1972) as the enhanced antigeni-
city hypothesis. This hypothesis proposes that cis-DDP enhances
immunological response of the host to cancer cells. Cancer cells
produce new antigens at the cell surface and generate a host immune
reaction resulting in destruction of these cells. According to Rosen-
berg (1972), these strong antigens of cancer cells are masked by weaker
antigens, such as nucleic acids, and thereby escape host immune re-
sponses. Inasmuch as these cell surface nucleic acids are no longer
apparent following cis-DDP treatment, it has been postulated that cis-

DDP may disrupt antigen masking and expose the underlying stronger
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antigens of cancer cells to stimulate an immune response. Direct evi-

dence substantiating this attractive hypothesis is lacking.

Pharmacokinetics: Plasma Clearance and Protein Binding

Similar patterns of plasma clearance of cis-DDP have been observed.
In all species studied to date, plasma concentrations following intra-
venous administration of cis-DDP decline in a biphasic manner, charac-
terized by a rapid a t% and a more prolonged B t%; however, the specific
plasma clearance rates differ quantitatively according to species, dose,
route of drug administration and time points analyzed. For example, the
estimated t% of cis-DDP in the mouse is 1.6-5 hours (Hoeschele and Van
Camp, 1972). 1In the rat, Litterst et al. (1976b) initially reported the
a t% as 43 minutes and the B t% as 2 days, and reported in a later
study, the a tk and B t% as 9.7 minutes and 35.7 hours, respectively,
using more time points for their analysis (Litterst et al., 1979). 1Im
dogs, the initial rapid phase of plasma clearance of cis-DDP is similar
to rats; however, the more prolonged B t% approximates 4-5 days in dogs
(Litterst et al., 1976a). In humans, a biphasic mode of plasma clear-
ance of platinum has also been observed, with an initial t% of 25-49
minutes and a secondary phase of 58-73 hours (DeConti et al., 1973).
These findings are consistent with a recent clinical study by Gormely et
al. (1979); however, in conducting experiments over a 21 day period,
these investigators also observed a slow tertiary phase of plasma
platinum clearance (Gormley et al., 1979). All of these studies, how-
ever, are difficult to interpret since only total platinum concentra-
tions were determined and therefore may not reflect clearance of intact

cis-DDP.
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Plasma protein binding of platinum occurs within the first two
hours of drug administration and may account for as much as 90% of
administered dose (DeConti et al., 1973). Further analysis of platinum
concentrations in blood have revéaled its presence in at least three
distinct pools: a free, protein bound and erythrocyte bound fraction
(Manaka and Wolf, 1980). Inasmuch as total serum platinum concentra-
tions apparently does not reflect active drug concentrations (Gormley
et al., 1979), meaningful pharmacokinetic studies must discriminate
between the disposition of free circulating drug from that of total drug
(bound plus unbound) concentrations. Recent analytical developments
utilizing centrifugal ultrafiltration and atomic absorption spectro-
scopy have provided the necessary means to distinguish free filterable
platinum from protein bound species following cis~DDP administration
(Bannister et al., 1977).

The kinetics of protein binding of cis-DDP are characterized by a
first order reaction with a t% of 220 minutes, as indicated by the in
!ﬁ disappearance of platinum with time in ultrafiltrates of solutions
containing human serum and cis-DDP (Gormley et al., 1979). Similar
studies suggest that the rate of protein b:l:nding to platinum is too
slow to be accounted for by affinity reactions (i.e., hydrogen bonding,
van der Waals forces, etc.) (Long and Repta, 1981).

Although the plasma clearance of non-protein bound platinum appears
to be biphasic in humans, the terminal half-lives for filterable pla-
tinum (32-53 minutes) are considerably shorter than those for total

platinum (>67 hours) (Gormley et al., 1979; Himmelstein et al., 1981;
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Patton et al., 1978). The nature of the protein-platinum reaction has
been recently evaluated by equilibrium dialysis in which human plasma
or 2% serum a{pumin in phosphate buffer was equilibrated with cis-DDP
(Repta and Long, 1980). Theoretically, if protein-platinum reaction
is reversible, then equilibrium would be established and characterized
by equivalent platinum concentrations on either side of the dialysis
membrane. Results, however, indicate no evidence of dialysis for
periods of up to 24 hours, suggesting that the rate of release of
platinum from the protein-platinum complex is slow and the reaction
is not readily reversible (Repta and Long, 1980). Long and Rgpfa
(1981) therefore suggested that the protein-platinum reaction is pro-
bably one of covalent bond formation.

In most of these studies, analytical techniques are based upon
the detection and quantification of the platinum atom; i.e., atomic
absorption, X-ray fluorescence, neutron activation or isotopic assays.
In all cases, it has been assumed that elemental or radiolabeled pla-
tinum represents the parent drug, thereby precluding the possibility
of bilotransformation. Thus, the relatively nonspecific nature of
these techniques provides little information regarding the pharmaco-
kinetics specific to the parent drug or its metabolic products. How-
ever, recently Chang et al. (1978) reported a method capable of speci-
fically isolating and quantifying cis-DDP in the presence of other
platinum containing species utilizing high performance l1iquid chromato-
graphy (HPLC) with a strong anion-exchange resin. Utilizing this

technique, the pharmacokinetics of intact cis-DDP, total platinum and
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non-protein bound platinum have been studied in patients receiving
intravenous drug administration (Himmelstein et al., 1981). While
total platinum concentrations in plasma appear to decline in a tri-
phasic mode (with a terminal t% greater than 24 hours), both non-protein
bound platinum and cis-DDP decline in a monophasic manner (with a ter-
minal t% of 20-30 minutes). Furthermore, the ratio of cis-DDP to total
non-protein bound platinum in plasma approximates 0.6-0.8 within 5
minutes of cis-DDP administration and remains in this range throughout
the time course of sampling. The authors therefore suggest that cis-
DDP is converted to other non-protein bound platinum forms only shortly
after drug administration. Thus, measurement of total non-protein bound
platinum probably provides a reasonable index of circulating cis-DDP
concentrations, although overestimations are likely.

Using HPLC techniques, the half-life of cis-DDP in human plasma and
plasma ultrafiltrates has been estimated as 1.5 and 2.2 hours, respec-
tively (Long et al., 1980). The in vitro disappearance of c1s-DDP
from ultrafiltrates may be due td (1) association of cis-DDP with other
low molecular weight plasma components or (2) biotransformation reac-
tions. In support of the former, sulfhydryl groups of amino acids
and/or peptides have been indicated as likely nucleophilic sites for

cis-DDP reactivity (Repta and Long, 198Q0).

Pharmacokinetics: Excretion

cis-DDP and/or its related metabolic products are excreted primarily

in the urine although a small amount of biliary and fecal excretion has
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also been detected (DeSimone et al., 1979). Using radiolabeled plati-
num, DeConti et al. (1973) reported a bimodal pattern of urinary pla-
tinum excretion in humans, characterized by a rapid initial phase and
a more prolonged and incomplete later phase. The amount of cis-DDP
recovered as platinum in the urine has been estimated as 35% at 4
hours, 40 at 24 hours and 50% four days following intravenous drug
administration (Lagasse et al., 1981). In rats, 75% of the administered
dose 1is recovered as platinum in urine 30 days following drug admini-
stration (Litterst et al., 1979). However, these studies suffer from
non-gspecific determination of platinum and provide little information
regarding the chemical forms of cis-DDP excreted. Recently at least two
platinum species in the urine have been identified using ion exchange
chromatography: a water elutable (presumably cis-DDP) and HCl elutable
(presumably aquated/hydroxylated complex) fraction (LeRoy et al., 1980).
During cis-DDP infusion to patients, a rapid urinary excretion of both
of these species appears in proportions similar to the composition of '
drug infusate (LeRoy et al., 1980). Following drug treatment, urinary
excretion of the water elutable fraction decreases while that of the
acid-elutable fraction increases with time. These authors suggested
that the quantitative aspects of urinary platinum excretion may depend
on factors such as urinary concentration of chloride and/or pH.

Recently, the renal handling of cis-DDP has been investigated in
patients receiving a 24 hour drug infusion. Using plasma ultrafiltrate
and atomic absorption techniques, it has been reported that free

platinum clearance exceeds creatinine clearance, suggesting tubular
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secretion of cis-DDP (or metabolite) (Jacobs et al., 1980). Although
these results have been confirmed by a recent preliminary report (Sa-
firstein et al., 198la), more definitive information regarding the
nature of the platinum species excreted in the urine and their respec-

tive handling by the kidney is needed.

Pharmacokinetics: Tissue Distribution

Studies examining the in vivo disposition of platinum following
drug administration indicate an initial distribution to nearly all
tissues, followed by a specific accumulation in kidney, liver, muscle
and skin (Litterst et al., 1979). Thus far, similar patterns of drug
distribution have been documented in all species studied including mice
(Hoeschele and Van Camp, 1972; Lange et al., 1972), rats (DeSimone et
al., 1979; Litterst et al., 1976b), rabbits (Lange et al., 1972), dogs
(LeRoy et al., 1979; Litterst et al., 1976) and dogfish sharks (Litterst
et al., 1979). A consistent finding of these studies is the localiza-
tion and prolonged retention of platinuﬁ in the kidney (t% = 50 hours)
and liver (t% = 32 hours) (Choie et al., 1980). When tissue mass is
taken into account the absolute amount of platinum in the rat is
greatest in skin, bone, muscle and liver for up to three days following
drug treatment (Wolf and Manaka, 1976). In contrast, very low concen-
trations of platinum are present in brain tissue (Hoeschele and Van
Camp, 1972; Lange et al., 1972; Litterst et al., 1976b); although re-
cently it has been reported that brain concentrations of platinum in-
crease two-to-three fold following the first day of drug treatment in

dogfish sharks (Litterst et al., 1979).
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Interestingly, the distribution of cis-DDP to target organs of
anti-tumor activity does not reveal any consistent correlation; that 1is,
although high platinum concentrations are detected in ovarian and
uterine tissue, very low concentrations are reported in the testes
(Litterst et al., 1976b). Comparisons of platinum tissue distribution
in tumored versus non-tumored animals have also been investigated in an
attempt to account for the preferential cytotoxicity of cis-DDP to can-
cer cells. Although there appears to be no specific uptake of platinum
by tumor tissue (Toth-Allen, 1970), consistently higher platinum con-
centrations have been reported in tissues of tumored, compared to non-
tumored, mice 108 hours after drug administration, an effect which may
be attributable to reduced drug excretion by tumored animals (Hoeschele
and Van Camp, 1972).

The subcellular distribution of cis-DDP in HeLa cells appears to
be greatest in the nuclear fraction whereas the cytoplasm contains
little or no platinum (Kahn and Sadler, 1978). Although there is a
paucity of information regarding subcellular platinum distribution
following in vivo drug administration, Choie et al. (1980) recently
reported that specific platinum concentrations (ug Pt/mg protein) in
kidney nuclei and microsomes are significantly greater than those in
kidney mitochondria, plasma membrane or cytosol. In contrast to the
kidney, no specific subcellular accumulation of platinum is observed
in hepatic tissue (Choie et al., 1980). The lack of association of

platinum with hepatic microsomes is consistent with the absence of any
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effect of cis-DDP on the activities of hepatic microsomal drug metabo-
lizing enzymes following single drug administration (Litterst et al.,

1979.

Pharmacokinetics: Biotransformation

Biotransformation of cis-DDP is suggested by the in vitro dis-
appearance of cis-DDP and concomitant appearance of other platinum
compounds in plasma and plasma ultrafiltrates. Utilizing gel filtration
chromatography techniques, at least seven platinum species have been
identified in plasma ultrafiltrates 12 hours following addition of cis-
DDP (Long and Repta, 1980). Further characterization by X-ray fluor-
escence indicates the presence of both sulfur and platinum in approxi-
mately equimolar concentrations. Molecular weights of the four major
species are estimated as 600, 500, 465 and 440 daltons (Repta and Long,
1980).

In vivo studies indicate that the chromatographic profile of plati-
num species in plasma ultrafiltrates and urine from a patient receiving
cis-DDP are markedly different than that observed in vitro (Repta and
Long, 1980). However, a peak with an estimated molecular weight of 440
is evident in both ultrafiltrate and urine and corresponds closely to
in vitro results. The apparently low molecular weights of these plati-
num compounds coupled with the presence of sulfur suggests that cis-DDP
probably reacts non-enzymatically with low molecular weight proteins,
peptides and/or amino acids. To date, studies on the in vivo metabolism

of cis-DDP in both extracellular and intracellular compartments are
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limited and require further attention if the physiological disposition

and molecular actions of cis-DDP are to be understood.

Toxic Effects of cis-DDP: Kidney

Clinical use of cis-DDP is primarily limited by its dose-related
and cumulative renal toxicity, an effect which is well-documented in all
species studied to date including mice (Leonard et al., 1971; Schaeppi
et al., 1973), rats (Choie et al., 1980; Kociba and Sleight, 1971;
Safir-
stein et al., 1981b; Ward and Fauvie, 1976), dogs (Cvitkovic et al.,
1977; Litterst et al., 1976a; Schaeppi et al., 1973), monkeys (Leonard
et al., 1971; Schaeppi et al., 1973) and humans (Dentino et al., 1978;
Gonzalez-Vitale et al., 1977). In laboratory animals, cis-DDP nephro-
toxicity is characterized histologically by acute tubular necrosis in
the corticomedullary region (Choie et al., 1981; Dobyan et al., 1980;
Ward and Fauvie, 1976). Although there is uniform agreement that cis-
DDP nephrotoxicity primarily involves degenerative changes in the
proximal tubule, there are conflicting reports regarding its effects on
the distal tubules, with some studies reporting either moderate to
severe (Aggarwal et al., 1980; Choie et al., 1981) or an absence of
(Dobyan et al., 1980; Lehane et al., 1979; Safirstein et al., 1981b)
damage to distal tubules of rat kidneys. In humans, reports of cis-DDP
nephropathy are limited; however, Gonzalez-Vitale and coworkers (1977)
reported focal acute tubular necrosis, affecting primarily the distal
convoluted and collecting tubules at autopsy. To date, glomerular or

vascular lesions following cis-DDP treatment have not been detected.
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The time course of cis-DDP nephropathy in laboratory animals is
characterized by degenerative changes in the proximal tubule as early
as 1-2 days following treatment and consists of cytoplasmic vacuoliza-
tion, tubular dilatation, pyknotic nuclei and hydropic degeneration
(Choie et al., 1980; Dobyan et al., 1980; Ward and Fauvie, 1976). By
days 3-5 pathologic changes are the most profound and are characterized
by widespread tubular necrosis of the corticomedullary region, predomi-
nantly in the third segment (83) or straight portion of the proximal
tubule (pars recta) (Choie et al., 1980; Dobyan et al., 1980; Lehane
et al., 1979; Safirstein et al., 1981b; Ward and Fauvie, 1976). Elec-
tron microscopic studies reveal several ultrastructural changes in the
pars recta including: profound thinning or focal loss of brush border,
cellular swelling, condensation of nuclear chromatin, cytoplasmic
vaéuolization, rounded mitochondria with swollen cristae, dissociation
of mitochondria from basal infoldings, loss of basal infoldings and an
increased number and size of pinocytotic vesicles and lysosomal bodies
in the apical region bordering the lumen (Aggarwal et al., 1980;
Dobyan et al., 1980). Animals surviving cis-DDP nephrotoxicity demon-
strate renal tubular regeneration as indicated by enlarged nuclei and
mitotic figures. However, the presence of necrotic debris in tubular
lumen coupled with persistent tubular damage for six months following
single administration of cis-DDP (Dobyan et al., 1980) suggests incom-
plete recovery. In addition, chronic treatment with cis-DDP may result
in cyst formation (Dobyan et al., 1981), and interstitial fibrosis and
thickening of tubular basement membranes (Choie et al., 1980), causing

irreversible renal damage.
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Functional correlates of cis-DDP nephrotoxicity include transient
elevations in blood urea nitrogen (BUN) and serum creatinine concen-
trations (Gonzalez-Vitale et al., 1977; Kociba and Sleight, 1971; Ward
and Fauvie, 1976) and polyuria despite diminished glomerular filtration
rate (GFR) (Safirstein et al., 1981b). Micropuncture studies indicate
that ci1s-DDP treatment compromises superficial single nephron GFR
(SNGFR) ; however, the magnitude of its reduction is insufficient to
account for the decline in whole kidney GFR, suggesting that cis-DDP
profoundly affects GFR in juxtamedullary nephrons (Safirstein et al.,
1981b). A defect in concentrating ability is also a striking feature of
cis-DDP nephrotoxicity and appears to be related to a diminished corti-
copapillary solute gradient, an effect associated with a failure to
recycle urea (Safirstein et al., 1981b).

The mechanisms underlying cis-DDP nephrotoxicity, and in particu-
lar the profound necrosis of the pars recta, remain unclear. .Choie
and coworkers (1980) have postulated that the localization and severity
of tubular necrosis following cis-DDP treatment is related to the
regional platinum distribution within the kidney. This postulate is
supported by the observed concentration gradient of platinum in the
kidpey with the highest concentration in the corticomedullary junction
and the lowest platinum concentration in medullary tissue, an effect
correlating with the localization of tubular necrosis (Choie et al.,
1980). The mechanisms responsible for the selective accumulation of
platinum in corticomedullary tissue are not well-identified. However,
it is known that the pars recta is a major site of active tubular

secretion, a process which initially involves active transport from
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peritubular fluid into proximal tubules, resulting in intracellular
accumulation of the transported molecule. On this basis, it has been
postulated that cis-DDP (or metabolite) may be transported by a similar
mechanism and may account for selective intracellular accumulation of
platinum in the pars recta (Dobyan et al., 1980). Although cis-DDP
appears to undergo renal tubular secretion (Jacobs et al., 1980; Safir-
stein et al., 198la), characterization of this transport mechanism and
direct evidence linking it to intracellular platinum accumulation in
the pars recta is lacking.

An important aspect of cis-DDP nephrotoxicity which has not been
adequately addressed is the chemical nature of the immediate nephro-
toxicant. Inasmuch as the gross characteristics of cis-DDP nephropathy
appear similar to the histopathological changes observed following
administration of other heavy metals, particularly mercury, it has
been presumed that the nephrotoxicity of cis-DDP is related to the
toxicity of the platinum atom (Choie et al., 1980; Madias and Harring-
ton, 1978). Characteristics common to both cis-DDP and mercuric-
chloride nephrotoxicity include: (1) acute tubular necrosis affecting
primarily the pars recta (Dobyan et al., 1981), (2) increased size and
number of renal lysosomes (Aggarwal et al., 1980), and (3) depletion of
protein-bound SH groups (Levi et al., 1980). However, several lines
of evidence suggest that the differences between cis-DDP nephrotoxicity
and mercuric chloride toxicity are quite distinct:

(1) Time course and development. The earliest detectable changes

in the kidney appear several days following cis-DDP treatment. Although
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GFR is compromised 3, 7, 14 and 22-30 days following a single admini-
stration of cis-DDP (5 mg/kg) to rats, no differences are observed on
days 1 and 2 (Safirstein et al., 1981). Similarly, changes in uri-
nary composition and volume are not evident until several days follow-
ing treatment (Safirstein.ggwgi., 1981). In contfast, alterations in
renal function following administration of even a small dose of mer-
curic chloride are rapidly induced within 24 hours (Haagsma and Pound,
1979). Thus, the delayed appearance of cis-DDP nephrotoxicity suggests
that its underlying mechanisms probably differ from mercuric chloride
and may be related to the time needed for biotransformation. 1In
addition, tubular regeneratien is complete 9-14 days following mercuric
chloride (Haagsma and Pound, 1979), but not cis-DDP (Choie et al.,
1980; Dobyan et al., 1981), treatment, further suggesting differences
in the time course of kidney damage and repair between these compounds.

(2) Chelation therapy. Mercuric chloride nephrotoxicity is often
reversible following treatment with sulfhydryl reacting chelating
agents, i.e., cysteamine, penicillamine and N-acetylcysteine. In con-
trast, cis-DDP nephrotoxicity is not reduced by metal chelators
(Graziano et al., 1981), suggesting a dissociation between the nephro-
toxic actions and molecular reactivity of cis-DDP and mercury.

Furthermore, several lines of evidence suggest that cis-DDP nephro-
toxicity may not be solely attributable to the platinum atom:

(1) Stereospecificity of cis-DDP. Although cis-DDP and trans-

DDP result in similar renal concentrations of platinum (Van Camp and
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Hoeschele, 1972), the trans isomer does not induce renal toxicity
(Leonard et al., 1971; Van den Berg et al., 1981), indicating that the
geometry of these complexes probably plays a crucial role in producing
nephrotoxicity and that the presence of the platinum moiety alone may
not be sufficient for inducing nephrotoxicity.

(2) Structure-activity relationships. Modification of ligands of
DDP complex alters the nephrotoxicity. The following chemical proper-
ties appear to be related to nephrotoxicity: (a) presence of N-H in
coordinating amines, (b) absence of bulky alkyl groups in coordinating
amines, and (c) chelate ring size, with smaller ring associated with
increased toxicity (Broomhead et al., 1980). Thus, modulation of
nephrotoxicity by altering the ligands of platinum complexes indicates
that toxicity is not solely related to the platinum atom.

Inasmuch as the immediate nephrotoxicant of cis-DDP has not been
identified as of yet, the molecular mechanisms of cis-DDP nephrotoxicity
remain poorly understood. Since cis-DDP (or metabolite) is known to
react with nuclear DNA, it has been suggested that its nephrotoxicity
may result from a similar mechanism. The selective accumulation of
platinum in renal nuclei (Choie et al., 1980) may be particularly signi-
ficant in this regard. Other mechanisms of renal toxicity which have
been suggested, but not adequately tested, include depletion of renal
sulfhydryl groups (Dobyan et al., 1980) inhibition of renal Na,K-ATPase
(Guarino et al., 1979), and activation of renin-angiotensin system

(Madias and Harrington, 1978).
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Modulation of Kidney Toxicity

Since nephrotoxicity limits the clinical use of cis-DDP, numerous
attempts have been made to reduce kidney damage and increase the thera-
peutic index of this drug. Cvitkovic et al. (1977) demonmstrated that
vigorous intravenous hydration before, during and immediately after
cis-DDP administration reduces the incidence and severity of remal
toxicity in dogs. Similarly, mannitol (10 g/hr) in conjunction with
hydration (0.45% saline, 200 ml/hr) for six hours after cis-DDP admini-
stration significantly improves the therapeutic index of cis-DDP (Hayes
et al., 1977). Although these manipulations reduce cis-DDP nephrotoxi-
city, as indicated by the prevented rise in BUN concentrations, drug
half-life and plasma clearance and tissue distribution of platinum
are unaltered (Pera et al., 1979; DeSimone et al., 1979). Furthermore,
the anti-tumor properties of cis-DDP are not compromised (Hayes et al.,
1977; Pera et al., 1979). The reduction in cis-DDP nephrotoxicity
associated with mannitol pretreatment appears to be related to reduced
urinary concentration of platinum, although total urinary platinum
excretion is not affected (Pera and Harder, 1979). Histopathological
evaluation of kidneys on days 1-4 indicate, however,:an equivalent
degree of proximal tubular necrosis in rats treated with cis-DDP alone
or in combination with mannitol. Thereafter, a trend developed toward
less persistence of histopathological damage in mannitol treated
groups (Pera et al., 1979).

Other attempts to modify cis-DDP nephrotoxicity inciude pretreat-

ment with probenecid (Ross and Gale, 1979), thiosulfate (Howell and
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Taetle, 1980), superoxide dismutase (McGinness et al., 1978), furosemide
(Ward et al., 1977) and chelating agents (Graziano et al., 1981). Re-
cently, Litterst (1981) has reported that alterations in the vehicle
concentration of NaCl influence renal toxicity. Specifically,
- nephrotoxicity is increased when cis-DDP is prepared in distilled water.
Conversely, cis-DDP nephrotoxicity is reduced when prepared in increas-
ing concentrations of NaCl. Furthermore, kidney platinum concentra-
tions and plasma protein binding of platinum are both markedly elevated
following administration of drug prepared in distilled water, compared
to 0.92 or 4.5 NaCl drug solutions. These results therefore suggest
that cis-DDP prepared in a water vehicle facilitates the formation of an
aquated/hydroxylated platinum species, resulting in enhanced plasma pré-
tein and tissue binding. Although efforts to modify cis-DDP nephro-
toxicity have been somewhat successful, complete protection from
nephrotoxicity will only be feasible when the mechanism of cis-DDP

nephrotoxicity is more fully understood.

Other Toxic Effects

In addition to kidney toxicity, gastrointestinal disturbances,
characterized by nausea, vomiting and diarrhea, also represent major
clinical problems associated with cis-DDP therapy. Although the patho-
genesis of these gastrointestinal disturbances has not been defined in
humans, several reports indicate histological damage of the intestinal
tract of laboratory animals. Kociba and Sleight (1971) reported
edematous villi of intestinal mucosa as early as one day following

cis-DDP treatment. On days 3-4 histopathological lesions are the most
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severe, coinciding with development of fluid distension and diarrhea,
and are characterized by denuded mucosal surface and a cyst-like ap-
pearance of the crypts of Lieberkuhn. The intestinal epithelium of
surviving rats demonstrate increased mitotic activity of cells lining
the crypts, indicating regeneration. A more recent study has confirmed
and extended these observations, indicating that cellular necrosis is
most severe in the ileum, followed by the jejunum and duodenum, while
neither the stomach nor colon are markedly affected (Choie et al.,
198la). Inasmuch as tissue concentrations of platinum are comparable in
all segments of the GI tract, the effect of cis-DDP on GI mucosa may be
related to other factors, e.g., pH (Choie et al., 198la). Pancreatitis
has also been observed in cis-DDP treated dogs (Schaeppi et al., 1973)
and there has been one report of liver toxicity in a treated patient
(Cavalli et al., 1978).

Myelosuppression, characterized by leukopenia, thrombocytopenia and
anemia, is also observed following cis-DDP treatment (Kociba and
Sleight, 1971 ; Von Hoff et al., 1979). Other toxic side effects of
cis-DDP include ototoxicity (tinnitus, hearing loss) (Helson et al.,
1978; Von Hoff et al., 1979), allergic reactions (eczema, anaphylactic
reactions) and peripheral neuropathy (Von Hoff et al., 1979). A poten-
tially serious toxic effect of cis-DDP is drug induced hypomagnesemia.
A phase II prospective clinical trial has indicated the development of
hypomagnesemia in 23 of 44 patients receiving cis-DDP (Schilsky et al.,
1979), an effect which may be attributable to impaired tubular reab-

sorption of magnesium, resulting in inappropriate urinary losses.
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Hypocalcemia has also been observed in 4 of 8 patients (Hayes et al.,

1979).

Pharmacology and Toxicology of Other Platinum Compounds

The increasing utility of platinum as the active component of the
automotive catalytic converters has stimulated interest in its toxi-
city following inhalation. Moore and coworkers (1975a,c) reported that
immediately following inhalation of the soluble platinum saits, 191Pt
is distributed in the gastrointestinal and respiratory trac;. In addi-
tion, kidney and bone contain the greatest amount of radioactivity.
Intravenous administration of platinum to rats results in significant
platinum accumulation in kidney, liver, spleen, adrenal gland and pan-
creas (Moore et al., 1975a,b,c). Following a single oral dose, almost
all of the 19lPt is excreted in the feces due to malabsorption; where-
as, similar quantities are excreted in both urine and feces following
intravenous administration.

Information regarding the toxicology of platinum salts is extremely
limited. However, it has been reported that workers chronically exposed
to platinum metal salts in refineries are subject to platinosis, a con-

dition characterized by dermatitis, eczema, skin ulcerations and respi-

ratory distress (LeRoy, 1975).

ENDOCRINE REGULATION OF GLUCOSE HOMEOSTASIS

General Aspects of Biological Actions of Insulin and Glucagon

Despite differing nutritional states, blood glucose concentrations

in normal humans are generally maintained within the narrow range of
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3-7 mM. Such stringent regulation of blood glucose is probably reflec-
tive of the importance of glucose as a primary respiratory fuel, par-
ticularly by the central nervous system. Thus, if blood glucose con-
centrations are to remain fairly constant, Soth influx and efflux of
glucose from extracellular fluid (ECF) must be balanced. In this re-
gard, the liver plays a major regulatory role by controlling glucose
fluxes in response to variations in dietary intake and to variations
in fuel homeostasis. For example, in response to low glucose concen-
trations in portal venous blood net glucose production and released into
ECF is increased. Conversely, in response to increased glucose concen-
trations in portal vein, net uptake and metabolism of glucose is in-
creased. In this way, the liver is able to exert tight regulation of
peripheral blood glucose concentrations.

The intrinsic Ability of the liver to respond appropriately to
glycemic stimuli is governmed, in part, by the biological actions of
insulin and glucagon perfusing the liver. Both insulin and glucagon are
synthesized in pancreatic islets; the insulin-containing beta cells form
more than 602 of the islet cell population and are arranged in a rela-
tively homogeneous central mass while the glucagon containing alpha
cells are situated at the periphery of the islet and comprise approxi-
mately 30Z of islet cells. Somatostatin containing delta cells form the
remaining 10% of islet cell population. Both insulin (MW =6000) and
glucagon (MW =3485) are proteolytic products of larger precursor mole-
cules, i.e., proinsulin (MW =9000) and proglucagon (MW =9000-18,000),

respectively.
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Proinsulin, synthesized by ribosomes associated with the rough
endoplasmic reticulum of beta cells, is translocated to the Golgi
apparatus by an energy dependent system where hydrolytic cleavage
yields insulin and C-peptide. These products, packaged into granules,
migrate to the periphery of the cell, fuse with the plasma membrane and
are ultimately extruded by an exocytotic process into ECF. The normal
secretory products of the beta cell, therefore, include insulin, an
equimolar concentration of C-peptide and a small amount (=5%Z) of uncon-
verted proinsulin. Once secreted, the initial action of insulin depends
upon specific receptor binding in the plasma membrane of target tissues.
It is generally believed that following binding, the insulin-receptor
complex generates one or more signals and may include changes in con-

2, Mg+2) and/or nucleo-

formation of plasma membrane, ion flux (Na+, Ca+
tides (ATP, cyclic AMP) (Czech, 1981). These signals or second messen-
gers then interact with a variety of effector units which ultimately
mediate the host of biological actions attributable to insulin. The
cardinal feature of insulin action is the promotion of nutrient storage
and/or utilization. With respect to carbohydrate metabolism, insulin
stimulated glucose utilization is characterized by increased tissue
uptake and metabolism of glucose (glycolysis) while storage of carbo-
hydrates is effected by increased glycogen synthesis. In contrast, the
effects of glucagon on carbohydrate metabolism are characterized by
mobilizing nutrients from storage depots and are mediated by the action
of cyclic AMP. The biological effects of glucagon are thus antagonistic

to those of insulin and include increased glycogenolysis and gluconeo-

genesis.
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The molar ratio of insulin to glucagon (I/G) has been suggested to
provide a more accurate index of net biological action than the absolute
level of either hormone alone (Unger, 1971). Thus, an elevated I/G
would promote glycogen storage and inhibit endogenous glucose produc-
tion. Conversely, a reduced I/G would favor mobilization of stored
glycogen and increase gluconeogenesis. For example, in fasting animals,
the concentration of glucagon, relative to insulin, must be sufficiently
high to maintain hepatic fuel production to meet the fuel needs of the
organism. On the other hand, when the need for endogenous glucose
production is diminished by glucose ingestion, I/G increases markedly
and promotes carbohydrate storage and/or utilization (Unger, 1971). 1In
this way, the maintenance of normoglycemia is achieved through a 'push-
pull" system of two tightly coordinated biological antagonists, insulin

and glucagon.

EFFECTS OF HEAVY METALS ON CARBOHYDRATE METABOLISM

Several divalent metal ions, including cadmium, nickel, cobalt,
copper, zinc and mercury affect carbohydrate metabolism (Horak and
Sunderman, 1975b). Of these metals, cadmium and nickel have been
studied the most extensively. Ghafghazi and Mennear (1973) were the
first to demonstrate that administration of a single dose of cadmium
(6 mg/kg, 1i.p.) impairs glucose tolerance in mice. Glucose intolerance
is observed 1 hour, but not 24 hours,'following cadmium administration.
In addition, these authors reported a reduced immunoreactive insulin

response to glucose stimulation in cadmium treated animals. In
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contrast to these acute effects, repeated injections of cadmium (4
mg/kg/day x 14 days) does not impair glucose tolerance (Ghafghazi and
Mennear, 1973). The authors attributed the absence of glucose intoler-
ance to the possible induction of metallothionein synthesis, ;;;ch
presumably sequesters the cadmium ion. To more clearly define.the role
of the pancreas in cadmium induced glucose intolerance, Ghafghazi and
Mennear (1975) utilized the isolated perfused rat pancreas to demon-
strate a direct inhibitory effect of cadmium on pancreatic insulin
secretory activity. The inhibition of insulin secretion by cadmium
appears to be nonspecific, immediate in onset and is not reversed by
washout of the pancreas with perfusion medium. However, perfusion of
cadmium treated pancreata with both glucose and theophylline results in
a partial restoration of normal insulin secretion. The partial restora-
tion of insulin secretion in cadmium treated pancreata by theophylline
may be due to the effects of theophylline on intracellular calcium flux
and/or on pancreatic islet cyclic AMP (cAMP) metabolism (Ghafghazi and
Mennear, 19?5).

. Administration of cadmium chloride (1 mg/kg/day x 21 days) has also
‘been reported to markedly elevate hepatic cAMP levels (Merali et al.,
1975). Chronic treatment with cadmium chloride (0.25 mg/kg/day x 45
days) markedly elevates the activities of key gluconeogenic enzymes
(Merali et al., 1975). Single administration of cadmium (60 mg/kg)
does not however affect gluconeogenic enzyme activity ome hour follow-
ing treatment, although elevated blood glucose and hepatic cAMP levels

are evident at this time (Singhal et al., 1976). Since alteratioms in
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cAMP precede elevations in gluconeogenic enzyme activity, it has been
proposed that the primary lesion mediating cadmium induced.hypergly-
cemia involves altered cAMP metabolism (Singhal et al., 1976).

The effects of cadmium on adrenal catecholamine metabolism have
also been investigated. Daily intraperitoneal injections of cadmium
chloride (1 mg/kg/day x 45 days) significantly augments adrenal weight
and adrenal norepinephrine and epinephrine concentrations (Rastogi and
Singhal, 1975). Inasmuch as catecholamines may inhibit insulin secre-
tion, the reduced insulin secretory response following cadmium treatment
may be secondary to the effects of catecholamines. To further examine
the influence of the adrenal glands on cadmium induced hyperglycemia,
Ghafghazi and Mennear (1973) measured blood glucose levels in adrenal-
ectomized mice treated with a single dose of cadmium. Since cadmium
induced hyperglycemia was abolished in adrenalectomized micé, the authors
concluded that the hyperglycemic response to cadmium may be adrenal-
mediated.

Nickel (II) also induces a transient elevation in plasma glucose
(Horak and Sunderman, 1975; Clary, 1975). Peak plasma glucose levels
are observed 0.5 hours following intraperitoneal injection of nickel

(II) as either NiCl, or R:I.SO4 and is associated with elevated levels

2
of plasma glucagon in rats (Horak and Sunderman, 1975), suggesting that
hyperglucagonemia may be responsible for nickel induced hyperglycemia.
Plasma concentrations of glucagon and glucose returned to control

values within 2-4 hours following nickel administration. Horak and

Sunderman (1975) further observed that the hyperglycemic response to
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nickel was suppressed, but not completely abolished, by adrenalectomy.
To date, the exact mechanism(s) of nickel induced hyperglycemia re-

main(s) poorly defined.

RATIONALE

Recent investigations have suggested that several divalent metal
ions, particularly cadmium and nickel, markedly affect carbohydrate
metabolism. Therefore, a divalent platinum compound, such as cis-DDP,
may similarly alter carbohydrate metabolism. Several lines of evidence
suggest that cis-DDP may affect glucose homeostasis: (1) cis-DDP
treatment in rats results in random hyperglycemia (Kociba and Sleight,
1971) and (2) adrenal hyperplasia in mice (Toth-Allen, 1970) and pan-
creatic necrosis in dogs (Schaeppi et al., 1973) have been observed
following cis-DDP treatment. This study was therefore designed to
characterize the effects of cis-DDP and other divalent platinum com-
pounds on carbohydrate metabolism and to elucidate the underlying bio-

chemical and endocriné mechanisms.



MATERIALS AND METHODS

GENERAL

Animals and Diet
[}

Adult male Fischer-344 (F-344) rats, weighing 175-200 g, were pur-
[

chased from either Charles River (Boston, MA) or Harlan Industries
(Indianapolis, IN). All animals were housed in sanitary, ventilated
animal rooms with controlled humidity, temperature, and 12-12 light-dark
cycle for the duration of the experiments. A minimum of four days prior
to experimental manipulation was allowed for acclimation to animal
quarters. Unless indicated otherwise, all animals were offered a closea
formula laboratory chow (Wayne Lab Blox, Allied Mills, Inc., Chicago,

IL) and distilled water ad-libitum.

Platinum Treatment

The platinum compounds tested were cis-DDP and trans-DDP (kindly
provided by Dr. Barnett Rosenberg, Department of Biophysics, Michigan
State University, E. Lansing, MI) and ammonium tetrachloroplatinate
[(NHA)ZPtCIA] (Aldrich Chemical Company, Milwaukee, WI). All agents,
prepared in 0.9Z NaCl, were administered intravenously as a single bolus
injection. Rats were lightly anesthetized with ether and received pla-
tinum or a saline vehicle via a jugular vein. The relative insolubility
of the DDP complexes in concentrations exceeding 1 mg/ml necessitated a

volume injection of 16 ml/kg. Therefore, all treatment groups,

37
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including controls receiving saline, were administered this volume un-
less indicated otherwise. Twenty-four hours prior to treatment was

designated as day 0.

Glucose Tolerance Tests

Animals were fasted 4-5 hours prior to glucose tolerance tests.
Glucose tolerance was evaluated by serially sampling blood (approxi-
mately 400 ul) before and 15, 30, 60 and 120 minutes following a glucose
load (2 g/kg, i.p., 8 ml/kg). Venous blood was sampled by orbital sinus
puncture in unanesthetized animals and was collected in test tubes con-
taining EDTA (14 mg/ml blood) as an anticoagulant and 1% NaF to inhibit
glycolysis. Following centrifugation at 2000 x g for 10 minutes, the
plasma fraction was separated, frozen at 0°, and later analyzed for
glucose using glucose oxidase, peroxidase and o-dianisidine as reagents

(Sigma Chemical Company, St. Louis, MO).

Insulin and Glucagon Determination

For measurement of plasma immunoreactive insulin (IRI) and glucagon
(IRG), blood was collected in test tubes containing EDTA (14 mg/ml
blood) as an anticoagulant, and Traysylol (aprotinin) (FBA Pharmaceu-
tical, New York, NY) (1000 kallikrein inactivator units/ml blood) to
inhibit the proteolytic degradation of glucagon. Both IRI and IRG
assays were conducted under the supervision of Dr. Ronald Gingerich
(Department of Pediatrics, Washington University, St. Louis, MO) using a

double antibody system.
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IRI was assayed according to the method of Morgan and Lazarow
(1963) and is based on a two step reaction involving:

(1) Incubating sample, 1251-insulin (300-350 uCi/ug), and anti-
insulin plasma obtained from guinea pigs, in a 0.05 M sodium, potassium
phosphate buffer containing 0.025 M EDTA and 1% bovine serum albumin.
Incubations were conducted overnight at 4°C, allowing adequate time for
equilibration and formation of a soluble insulin-antibody complex.

(2) PFollowing overnight incubation, anti-guinea pig plasma, ob-
tained from rabbits, was added to samples and were incubated at 4° for
2.5 hours. Addition of anti-guinea pig plasma results in precipitation
of the once soluble insulin-antibody complex. Samples were then cen-
trifuged and the precipitate quantified for 1251 activity utilizing
gamma counting techniques. The percent of radioactivity in the pre-
cipitate is inversely proportional to the concentration of IRI in the
plasma samples. Calibration curves are based on porcine insulin stan-
dards. IRI concentrations are expressed as uUnits/ml.

IRG was assayed according to the method of Leichter et al. (1975)
and was conducted in a similar manner to the IRI assay with the follow-
ing exceptions:

(1) Incubation reaction included plasma sample and anti-glucagon
plasma obtained from guinea pigs. Samples were incubated for three days
at 4° in a 0.2 M glycine buffer containing 102 Traysylol and 12 bovine
serum albumin. Following incubation, lzsI—glucagon (400-445 uCi/ug) was

added to samples and incubated at 4° overnight.
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(2) Following overnight incubation, anti-guinea pig plasma ob-
tained from goats, was added to samples, incubated for 2.5 hours at 4°

125, activity was determined in the precipitate using

and centrifuged.
gamma counting techniques. Calibration curves are based on porcine

glucagon standards. IRG concentrations are expressed as pg/ml.

SPECIFIC PROTOCOLS

Effect of Platinum on Serum Glucose in Nonfasting Animals

Male F-344 rats were administered a single intravenous dose of O,
2.5, 5, 7.5 or 15 mg/kg cis-DDP or trans-DDP. Ammonium tetrachloropla-
tinate was administered in a similar manner in doses equimolar in pla-
tinum concentration to those used in the DDP studies, yielding final
doses of 0, 3, 6, 9 or 18 mg/kg of the platinum salt. Since preliminary
studies indicated a dose-related anorexia associated with cis-DDP treat-
ment, a group of controls was pair-fed on a daily basis to cis-DDP
treated animals at each dose studied to correct for the metabolic effects
of reduced food intake. Immediately before and 1, 2, 4, 7 and 14 days
following platinum treatment, animals were lightly anesthetized with
ether and serum obtained from orbital sinus blood was analyzed, for glu-

cose as previously described.

Effect of cis-DDP on Serum Glucose in Fasting Animals

Male F-344 rats were administered a single bolus injection of 0, 2.5,
5, 7.5 or 10 mg/kg cis-DDP (5 ml/kg). cis-DDP (1.5 mg/ml) was prepared
in 0.9% NaCl and required gentle heating prior to injection. Animals
were fasted 4-5 hours prior to each blood sampling. Orbital blood was

sampled in anesthetized animals every 12 hours for the first five days
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and then daily from days 5 to 7. Serum was analyzed for glucose as

previously described.

Effect of—cis-DDP on Glucose Tolerance

Rats were treated with a single intravenous dose of 0, 2.5 or 7.5
mg/kg cis-DDP (5 ml/kg). A pair-fed control group, restricted to the
amount of food consumed by the 7.5 mg/kg group, was also studied. Since
meal-feeding is known to alter carbohydrate tolerance, an attempt was
made to simulate ad-libitum consumption in pair-fed animals by offering
the allotted food over several time points during the day. Two days
following treatment, glucose tolerance was measured by collecting serial
blood samples before and after an intraperitoneal glucose load as pre-
viously described. Plasma from three identically treated rats was
pooled, frozen at 0° and later assayed for glucose, IRI and IRG concen-

trations.

Effect of Platinum on Glucose Tolerance: Time Course and Dose Response

Glucose tolerance was evaluated 2, 4, 7 and 14 days following
treatment with cis-DDP (0, 2.5 or 5 mg/kg), trans-DDP (0, 5, 7.5 or 15
mg/kg), or ammonium tetrachloroplatinate (0, 6 or 18 mg/kg). Plasma
from three identically treated rats was pooled and analyzed for glucose.

In specific incidences, plasma was also analyzed for IRI and IRG.

Effect of Platinum on Selected Organ Weights and Serum Amylase Activity

Following completion of glucose tolerance tests on day 4, and in
some specific incidences on day 14, animals treated with cis-DDP, trans-

DDP or ammonium tetrachloroplatinate in above experiments were sacrificed.
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Liver, kidneys and adrenal glands were rapidly excised and wet weight
determined.

On day 4, rats treated with cis-DDP were anesthetized with sodium
pentovarbital (50 mg/kg, i.p.) and blood sampled from the abdominal
aorta. Serum was colorimetrically analyzed for amylase activity using
a standardized extract of corn starch as suSstrate (Sigma Chemical
Company, St. Louis, MO). Results are expressed as Somogyi Units/dl.

A Somoygl unit is defined as that amount of amylase causing formation
of reducing power equivalent to 1 mg glucose in 30 minutes at 37°.

Histopathological Examination of Selected Tigsue from cis-DDP Treated
Animals

Male F-344 rats were treated with 0, 2.5, 5 or 7.5 mg/kg cis-DDP.
Animals were sacrificed on day 4 and samples from the pancreas and kid-
ney were fixed in buffered formalin (3.7Z formaldehyde in 0.3 M sodium
phosphate buffer, pH 7.2). After fixation, tissues were embedded in
paraffin blocks, sectioned at 5 microns, mounted on glass slides and
stained with hematoxylin and eosin under the supervision of Dr. Vance
Sanger (Departmeht of Pathology, Michigan State University, E. Lansing,
MI). Histopathological examination of pancreatic tissue was performed
by Dr. George Padgett (Department of Pathology, Michigan State Univer-
sity, E. Lansing, MI). Sections were evaluated for presence of intact
islets, cellular necrosis, vacuolization and inflammatory cell infiltra-
tion. Histopathological examination of kidney tissue was performed by
Dr. Keizo Maita (Department of Pathology, Center for Environmental

Toxicology, Michigan State University, E. Lansing, MI). Renal tissue
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was evaluated for coagulative necrosis, vacuolization, loss of brush

border and nuclear enlargement.

Role of Adrenal Glands in cis-~DDP Glucose Intolerance

Bilateral adrenalectomies (Adx) were performed in male F-344 rats
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) following re-
troperitoneal incisions. A control group of rats was subjected to spam
operations in which the adrenal glands were inspected but not excised.
All rats were allowed a 7 day recuperative period following surgery.
During this period and for the duration of the experiment, adrenalecto-
mized animals were allowed free access to saline (0.9%2) in lieu of water
to help maintain sodium balance. Following the recuperative period,
rats were lightly anesthetized with ether and administered a single
intravenous dose of 5 mg/kg cis-DDP or saline vehicle. The experimental
groups included: Adx/control, Adx/cis-DDP and Sham/cis-DDP. Glucose
tolerance was evaluated 2 and 4 days following drug or vehicle admini-
stration. Plasma from three identically treated animals was pooled and
assayed for glucose as previously described. Plasma IRI and IRG was
assayed in the fasting state and 15 minutes following a glucose load on

day 2.

Role of the Kidney in cis-DDP Glucose Intolerance

Effect of Platinum on In Vivo Renal Function

Male F-344 rats, individually housed in stainless steel metabolism
cages, were administered a single intravenous dose of 0, 2.5, 5, 7.5 or

15 mg/kg cis-DDP or trans-DDP or equimolar platinum doses of ammonium
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tetrachloroplatinate (0, 3, 6, 9, or 18 mg/kg). A group of controls,
pair-fed on a daily basis to each cis-DDP treatment group, was also
studied. Twenty-four hour urine volume was determined following urine
collection into glass flasks containing toluene to prevent microbial
contamination and evaporation. Urine samples were collected prior to
(day 0) and 1, 2, 4, 7 and 14 days following platinum treatment. Urine
samples were also analyzed for: osmolality by a vapor pressure osmo-
meter (Wescor, Inc., Logan, UT), sodium and potassium by flame photo-
metry (IL Flame Pho;ometer, Lexington, MA) and glucose by a sﬁectrophoto-
metric assay using a hexokinase reagent (Calbiochem, La Jolla, CA).
Twenty~-four hour urinary osmolar, sodium, potassium and glucose excre-
tion was calculated from the observed volume and measured concentra-
tions. |

At the end of days 0, 1, 2, 4, 7, and 14, animals were lightly
anesthetized with ethef and approximately 1 ml blood was sampled from
the orbital sinus cavity.‘ Blood was allowed to clot, centrifuged for
10 minutes at 2000 x g and the serum fraction separated and analyzea for
urea nitrogen using a urease-Berthelot reagent (Sigma Chemical Co., St.
Louis, MO).

Effect of Platinum on Renal Organic Ion Transport

Four days following cis-DDP administration (0, 1.25, 2.5 or 5 mg/kg),
animals were weighed and killed by decapitation. Kidneys were quickly
removed, decapsulated, weighed and placed in cold isotonic saline (0.9%
NaCl). The ability of renal cortical slices to activély accumulate an
organic anion, p-aminohippurate (PAH), and an organic cation, tetra-

ethylammonium (TEA), was determined. Renal slices were prepared
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freehand and approximately 100 mg tissue was incubated in phosphate
buffered medium (Cross and Taggart, 1950) containing 7.4x10-5M [14C]PAH
(0.02 mCi/ml) (New England Nuclear, Boston, MA) and 1x10 M [1*C]TEA
(0.02 mCi/nl) (New England Nuclear, Boston, MA). Incubations were
performed in a Dubnoff metabolic shaker at 25°C for 90 minutes under
1002 oxygen. After incubation, slices were quickly removed, blotted,
weighed and prepared for analysis of PAH and TEA concentration of both
slice and media preparations by liquid scintillation spectroscopy. Data
are expressed as slice (dpm/g tissue) to medium (dpm/ml media) or S/M
concentration ratios.

To determine the in vitro effect of cis-DDP on renal organic ion
transport, renal cortical slices were prepared from untreated adult ‘male
F-344 rats as described above. Slices were incubated in phosphate-
buffered medium (Cross and Taggart, 1950) containing 7.4x10-5M PAH,
1x10-3M llac]TEA (0.02 mCi/ml), and 0, 300, 400, 500 or 600 ug/ml cis-
DDP. Following incubation procedures as described above, tissue and
media were prepared for the spectrophotometric determination of PAH
according to Smith et al. (1945). TEA concentrations of tissue and
media was determined by liquid scintillation spectroscopy. Data are
expressed as S/M concentration ratios.

Effect of cis-DDP on Renal Clearance of Inulin and PAH

The effects of cis-DDP on the renal clearance of inulin (cinulin)
and PAH (CPAH) were determined in vivo four days following administra-
tion of 5 mg/kg cis-DDP or a saline vehicle. A pair-fed control group
was also studied. Rats were anesthetized with 50 mg/kg sodium pento-

barbital, intraperitoneally. Body temperature was maintained at 37°
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using heat lamps. A PE50 cannula was inserted into the bladder and
urine was collected into preweighed vials. The femoral vein was cannu-
lated for infusion of a saline solution containing 2x10-3M [3H]inulin
(0.5 uCi/ml) and 3x10 2 [1%C]PAH (0.5 uCi/ml) infused at 0.018 ml/
minutes using a Harvard infusion pump. The duration of the clearance
experiment approximated 3 hours and included: an equilibration period
of 90 minutes from the beginning of infusion to the initiation of urine
collections, two 20-minute urine collections (prevolume expansion
period), one 5-minute volume expansion period followed by an equili-
bration period of 10 minutes and a final 20—miﬁute urine collection
(post-volume expansion period). Blood (300 ul) was sampled from the
femoral artery at the midpoint of each urine collection. Volume expan-
sion was accomplished by infusing a 1:4 rat plasma:saline solution at

[lac]PAH and [3H]inulin in plasma and urine was simul-

47 body weight.
taneously determined by dual-label counting techniques using a Packard
Tri-Carb liquid scintillation counter.

Effect of Mannitol Pretreatment on cis-DDP Glucose Intolerance

Pretreatment of animals with mannitol was conducted according to
the method described by Pera et al. (1979). Rats were anesthetized
with pentobarbital (50 mg/kg, i.p.) and the right jugular vein cannulated
with PES50 tubing. A 102 mannitol solution (in 0.45Z NaCl) was infused
at a dose of 2.4 g/kg over a 30 minute period using a Harvard infusion
pump. After 25 minutes, a bolus injection of cis-DDP (5 mg/kg) or
saline vehicle was infused via the intravenous tubing. Mannitol was

infused for the remaining few minutes. Control animals also received
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mannitol and were pair-fed to the mannitol/cis-DDP group. In addition,
another group of animals was subjected to similar surgical procedures
with the exception that they received cis-DDP alone, without mannitol
pretreatment (Sham/cis-DDP). Thus, there were three experimental
groups: Mannitol/Control, Mannitol/cis-DDP and Sham/cis-DDP. On day
4, glucose tolerance was evaluated as previously described. Plasma ob-
tained from three identically treated rats was pooled and assayed for
glucose, IRI and IRG. Following completion of glucose tolerance tests,
rats were anesthetized with pentobarbital (50 mg/kg, i.p.) and blood
sampled from the abdominal aorta. Plasma was assayed for urea nitrogen
as previously described.

Effect of Selected Nephrotoxicants on Glucose Tolerance

In addition to cis-DDP (5 mg/kg), three agents known to impair
renal function were studied for their effects on glucose tolerance:
cephaloridine (1000 mg/kg, i.p.) (Eli Lilly and Co., Indianapolis, IN),
gentamicin (30 mg/kg, i.p. x 2x/day x 8 days) (Schering Pharmaceutical
Corp., Kenilworth, NJ) and glycerol (10 ml/kg, i.m., 50% w/v solution);
Controls received a saline vehicle. Glucose tolerance was evaluated on
those days in which renal functional impairment was manifested as an
elevation in blood urea nitrogen as determined by preliminary experi-

ments. Thus, glucose tolerance was evaluated on:

Day 1 — glycerol
Day 4 -- cis-DDP and cephaloridine

Day 9 -- gentamicin
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Injections were staggered in such a way that evaluation of glucose
tolerance for all treatments was conducted on the same day. Serial
plasma samples were assayed for glucose as previously described.
Following the two hr glucose tolerance test, animals were anesthetized
with pentobarbital (50 mg/kg, i.p.) and blood sampled from the abdomi-
nal aorta. Serum samples were measured for urea nitrogen and creati-
nine concentrations (Sigma Chemical Co., St. Louis, MO). Following

exsanguination, kidneys were removed and wet weight determined.

Biochemical Correlates of cis-DDP Glucose Intolerance

Effects of cis-DDP on Serum Sodium, Potassium, Calcium and Phos-
phorus '

Male F-344 rats were treated with a single intravenous dose of O,

2.5, 5 or 7.5 mg/kg cis-DDP. Controls pair-fed to the 7.5 mg/kg group
were also studied. On day 4, serum was obtained from abdominal aortic
blood of anesthetized animals and assayed for sodium and potassium by

' flame photometry as previously described. Serum calcium was quantified
using a Varian AA-375 atomic absorption flame photometer. For calcium
determinations, potassium (5000 ug/ml) was added to serum samples and
calcium measured at 422.7 nm using a nitrous oxide acetylene flame.
Serum phosphorus was measured using a modification of the method de-
scribed by Fiske and Subbarow (1925).

Gluconeogenic Enzyme Activity

Hepatic and renal glucose-6-phosphatase (G-6-Pase) and fructose
1,6-diphosphatase (FDPase) activities were determined in male F-344 rats

four days following a single intravenous administration of 0, 2.5, 5 or
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7.5 mg/kg cis-DDP. A group of controls pair-fed to the 7.5 mg/kg group
was also studied. All animals were fasted overnight (16 hours) prior to
the day of experimentation. On day 4, animals were sacrificed by decapi-
tation, blood collected in chilled test tubes for glucose determination
and liver and kidneys were rapidly removed and placed in ice-cold
buffers.
| For measurement of G-6-Pase activity, 250 mg tissue was weighed,
minced, rinsed and homogenized in 9.75 ml of ice-cold 0.1 M citrate
buffer, pH 6.5, using 4 passes of a motor driven Potter-Elvehjem homo-
genizer. The homogenates were then filtered through cheesecloth and
used for the in vitro determination of G-6-Pase activity according to
the method of Harper (1965). Following five minutes of preincubation of
homogenates (0.1 ml) in a Dubnoff metabolic shaker at 37°, either 0.1
ml of 0.08 M glucose-6-phosphate (substrate) or citrate buffer (tissue
blank) was added to samples. After exactly 15 minutes, 2 ml of 10Z TCA
was added to the reaction mixture and samples placed on ice. Following
centrifugation of samples (2000 x g for 10 minutes), product formation
was estimated in the resulting supernatant fraction by the spectrophoto-
metric determination of phosphate according to Fiske and Subbarow (1925).
Protein concentration of whole homogenates was determined according to
Lowry et al. (1951) and results expressed as umoles phosphate/hour/mg
protein.

FDPase activity was quantified in hepatic and renal tissue by pre-
paring 5% homogenates in ice-cold 0.15 M KCl buffer, pH 7.4 using four

passes of a motor driven homogenizer. The homogenates were centrifuged
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at 100,000 x g at 0° for 30 minutes using a Beckman L8-55 ultracentri-
fuge. The supernatant fraction was then assayed for FDPase activity by
a modification of the method of Pogell and McGilvery (1952). Incubation
media contained 0.05 M sodium borate buffer, pH 9.5, 0.1 ml of 0.05 M
MgSO,, 0.1 ml1 of 0.05 M fructose 1,6-diphosphate and supernatant fluid
(kidney, 0.3 ml; liver, 0.2 ml), yielding a total reaction volume of 1.0
ml. Following Rreincubation of samples containing buffer, MgSO4 and
supernatant for ,5 minutes at 37°, substrate was added and samples were
incubated for exactly 15 minutes. The enzymatic reaction was stopped by
the addition of 1 ml of 102 TCA. Following centrifugation (2000 x g for
10 minutes), samples were measured for product formation by the spectro-
photometric determination of phosphate (Fiske and Subbarow, 1925).
Protein was determined in the 100,000 x g supernatant according to the
method of Lowry et al. (1951) and results expressed as umoles phos-
phate/hr/mg protein. Both enzyme assays were carried out under strictly

linear conditions with respect to time and protein concentration.

Endocrine Correlates of cis-DDP Glucose Intolerance

Plasma and Pancreatic IRI and IRG Concentrations

Blood from treated animals in above experiment was collected in
chilled test tubes containing EDTA and Traysylol for determinations of
plasma IRI and IRG. In addition, pancreatic tissue from these animals
was rapidly excised, weighed and homogenized for 10 seconds in an ice-

cold 2.1% sulfuric acid/80% ethanol mixture. Pancreatic tissue from the
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duodenal lobe (head) and the remaining tissue adjacent to the spleen
and stomach (body and tail) were individually analyzed for IRI and IRG
concentrations. Extractions were carried out under ice-cold conditions
using a ratio of 100 mg tissue:l ml acid/ethanol solution. Samples were
incubated overnight at 4°. The following day samples were centrifuged
at 2000 x g for 10 minutes at 4°C. Supernaténts were appropriately di-
luted with 0.05 M phosphate buffer, pH 7.6, containing 0.025 M EDTA,
0.9% NaCl, 1% bovine serum albumin and 107 Traysylol. Samples were
frozen at 0° and later assayed for IRI and IRG as previously described.

Components of Plasma IRG

Four days following treatment with 0, 2.5, Sior 7.5 mg/kg cis-DDP,
animals were anesthetized with sodium pentobarbital (SO mg/kg, i.p.) and
blood sampled from the abdominal aorta twenty minutes following admini-
stration of the anesthetic. Blood was collected in chilled test tubes
containing EDTA and Traysylol. Plasma was frozen at 0° and later ana-
lyzed for IRG as previously described ("total" plasma IRG). In addi-
tion, plasma reactivity to Unger's 30K antibody, which utilizes an anti-
porcine/bovine glucagon obtained from rabbits, was also measured and
designated as '"true pancreatic' plasma IRG; "Extra-pancreatic" plasma
IRG was calculated as the difference between "total" and "true pan-
creatic" plasma IRG.

Both "total" and "true pancreatic" IRG were also measured in plasma
of animals from experiments evaluating the effect of mannitol pretreat-

ment and the effect of selected nephrotoxicants.
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Glucagon Resistance

Four days following drug treatment (0, 2.5, 5 or 7.5 mg/kg cis-
DDP), rats were fasted 4-5 hours and were evaluated for glucagon re-
sistance by measuring the glycemic response to an intraperitoneal ad-
ministration of porcine glucagon (1 mg/kg) (Sigma Chemical Co., St.
Louis, MO). Blood was sampled by orbital sinus puncture in unanesthe-
tized animals before and 10, 20, 30 and 60 minutes following glucagon
administration. Plasma was assayed for glucose as previously described.

" Insulin Resistance

Four days following administration of 5 mg/kg cis-DDP or a saline
vehicle, rats were fasted 4-5 hours and then evaluated for insulin re-
sistance by méaauring the glycemic response to an intraperitoneal ad-
mnistration of porcine insulin (0.28 IU/kg) (Sigma Chemical Co., St.
Louis, MO). Blood was sampled from the orbital sinus cavity in un-
anesthetized animals before and 10, 15, 20, 30 and 60 minutes following
insulin administration. Plasma was assayed for glucose as previously

described.

Statistical Analyses

All data are expressed as means * SEM. All data were analyzed by
analysis of variance and treatment means were compared using the Student-
Newman-Keuls or the Least-Significant-Difference tests (Sokal and Rohlf,

1969). The criterion of significanée was p<0.05.



RESULTS

Food Intake

A dose-related depression in food intake was observed following
treatment with cis-DDP (Figure 4). Daily food consumption averaged 16,
12, 11, 9 and 8 grams one day following treatment with O, 2.5, 5, 7.5 or
15 mg/kg cis-DDP, respectively (Figure 4). Animals treated with 7.5 or
15 mg/kg cis-DDP did not survive the duration of the 14 day experiment.
In animals treated with 5 mg/kg cis-DDP, food intake was depressed
through day 4, increased modestly on day 7, and was comparable to con-
trols on day 14 (Figure 4). In contrast, administration of equimolar
doses of trans-DDP did not significantly alter daily food intake at any
time examined (Table 1). Animals treated with 18 mg/kg tetrachloro-
platinate consumed significantly less food than controls one day follow-
ing treatment; however, food conéumption in this treatment group was not
different from controls on days 2, 4, 7 and 14 (Table 1). Smaller doses
of tetrachloroplatinate did not significantly affect daily food intake

(Table 1).

Body Weight
Significant weight loss was apparent 2 and 4 days following treat-

ment with 5, 7.5 or 15 mg/kg cis-DDP (Figure 5). Treatment with 5 mg/kg

cis~-DDP also resulted in a significant reduction in body weight on day

33
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TABLE 1

Effects of Platinum Treatment on Daily Food Intake

(g food/24 hours)

Time (days after administration)

0 1 2 4 7 14
Trans-DDP
Smg/kgz
0 17+2%  11+2  13#1 1421 1541 12+1
2.5 15+1 11+2 1241 13#1 16+1 18#2
5 16+2 13+2  13%#2 16%1 16+1 16+1
7.5 16+2 1141 12+1 141 14#1  14%2
15 141 11+2 9+1 13+1 15#1 16+l
(NH,), PtCl,
(mg/kg)
0 15+1 1242 15#1 15#1 15%+2 18%3
3 131 1241 14%2 1541 15#1 19+1
6 15+1 9+1 11+l 13+2 15%1 20+l
9 17+1 11+2  14#1 15%#2 15+1 16%2
18 14+1 7:2° 1021 13:2 12+#2 18%2

8Values are expressed as means + SEM of four to five deter-

minations.
b
day (p<0.05).

Significantly different from controls on corresponding
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Figure 5. Top: Effect of cis-DDP on body weight. Data are expressed
as percent of initial or pretreatment (day 0) body weight. Each point
with vertical line represents the mean * SEM of four to five determina-
tions. Animals treated with 7.5 or 15 mg/kg cis-DDP did not survive
the duration of the 14 day experiment. Asterisks indicate a significant
difference from controls on the corresponding day (p<0.05).

Bottom: Effect of reduced food intake (pair-feeding) on body weight.
Animals were offered the measured amount of food consumed by their drug
treated partners. Each symbol indicates the drug treatment group to
which animals were pair-fed. Asterisks indicate a significant differ-
ence from controls on the corresponding day (p<0.05).
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7; however, by day 14, body weights of these treated animals were com-
parable to those of ad-libitum fed controls (Figure 5). No effect on
body weight was evident following treatment with 2.5 mg/kg cis-DDP
(Figure 5). Animals pair-fed to cis-DDP treated groups (5 or 7.5
mg/kg) similarly lost a significant amount of weight on days 4 and 7
(Figure 5). Body weights of pair-fed partners to the 5 mg/kg group
were comparable to controls on days 1, 2 and 14 (Figure 5). In con-
trast, neither trans-DDP nor tetrachloroplatinate significantly affected

body weight at any time examined (Table 2).

Effect of Platinum on Serum Glucose in Nonfasting Animals

Hyperglycemia was evident one day following treatment with 7.5 or
15 mg/kg cis-DDP (210+15 and 210+3 mg/dl, respectively) (Figure 6).
Hyperglycemia persisted in these animals through day 2, ieaching a
concentration of 541+89 mg/dl in the latter treatment group (Figure 6).
Treatment with 5 mg/kg cis-DDP resulted in a significant elevation in
serum glucose only on day 2 (Figure 6). In contraat; administration
of equimolar doses of trans-DDP or ammonium tetrachloroplatinate did
not significantly alter serum glucose concentration at any time examined

(Figure 6).

Effect of cis-DDP on Serum Glucose in Fastihg,Animals

Animals treated with 7.5 or 10 mg/kg cis-DDP exhibited fasting
hyperglycemia 0.5 days following drug treatment (Figure 7). 1In both of
these treatment groups, hyperglycemia was apparent immediately prior to

death, reaching concentrations of 527+101 mg/dl 1.5 days following
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TABLE 2

Effects of Platinum Treatment on Percent of Initial
Body qeight

Time (days after administration)

1 2 4 7 14
Trans-DDP
Smg/kgz
0 99+12 97+1 97+2 97+2 1003
2.5 99+1 961 97+1 1002 1051
5 98+1 961 96+1 9742 10242
7.5 98+1 95+1 961 98+2 101+2
15 97+1 95+1 94 +1 96+2 98+1
(NH 4) thCI 4
(mg/kg)
0 99+1 97+2 95+2 97+2 102+2
3 97+1 97+1 95+1 96+2 100+3
6 98+1 95+2 96+2 97+1 101+1
9 98+1 961 96+1 962 99+2
18 95+1 93+2 9112 93+3 99+1

8Values are expressed as means + SEM of four to five determi-
nations. Values represent percent of body weight on day O.
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Figure 6. Effect of cis-DDP (top), trans-DDP (center) or ammonium
tetrachloroplatinate (bottom) on serum glucose concentration in non-
fasting animals. Each point with vertical line represents the mean
+ SEM of four to five determinations. Animals treated with 7.5 or 15
mg/kg cis-DDP did not survive the duration of the 14 day experiment.
The stippled area represents the mean * 957 confidence interval of
pair-fed animals. Asterisks indicate a significant difference from
both ad-libitum and pair-fed controls (p<0.05).
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administration of 10 mg/kg cis-DDP and 560+136 mg/dl 3 days following
treatment with 7.5 mg/kg cis-DDP (Figure 7). Smaller doses of cis-
DDP (2.5 or 5 mg/kg) did not affect fasting serum glucose concentra-

tion at any time examined (Figure 7).

Effect of cis-DDP on Glucose Tolerance

Fasting plasma glucose concentration was two times greater in
animals treated with 7.5 mg/kg cis-DDP compared to both ad-libitum and
pair-fed controls (Figure 8). These differences, however, were not
statistically significant. Although the glucose tolerance curve of the
2.5 mg/kg group was comparable to controls, plasma glucose concentra-
tions of animals treated with 7.5 mg/kg cis-DDP were significantly
elevated throughout the two hour glucose tolerance test. At 120 minutes
following a glucose load, plasma glucose concentration was six times
greater in this treatment group compared to controls (Figure 8).

Fasting plasma IRI concentrations of cis-DDP treated animals were
not significantly different than ad-libitum fed controls; however,
those of the 7.5 mg/kg group were four times greater than their pair-
fed partners (Figure 9). Fifteen minutes following a glucose challenge,
plasma IRI concentrations of ad-libitum and pair-fed controls increased
approximately 490 and 11002, respectively, from fasting concentrations.
Animals treated with 2.5 mg/kg cis-DDP exhibited a similar plasma IRI
response to glucose stimulation as controls. However, plasma IRI did
not change from fasting concentrations upon glucose administration in
the 7.5 mg/kg group (Figure 9). The lack of insulin response to a glu-
cose stimulus in these cis-DDP treated animals persisted throughout the

two hour experimental period (Figure 9).
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Figure 9. Effect of cis-DDP on plasma immunoreactive (IRI) in the
fasting state (0) and 15, 30, 60, and 120 minutes following a glucose
load (2 g/kg, i.p.). Each point with vertical line represents the
mean * SEM of four determinations. Plasma pooled from three identi-
cally treated animals was used for one determination. Pair-fed animals
were offered the measured amount of food consumed by 7.5 mg/kg group.
Asterisks and daggers indicate a significant difference from ad-
1ibitum fed and pair-fed controls, respectively, at the corresponding
time point (p<0.05).
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Fasting plasma IRG of the 7.5 mg/kg group averaged 777+155 pg/ml
whereas ad-libitum and pair-fed controls averaged 254*17 and 178+3
pg/ml, respectively (Figure 10). Similarly, plasma IRG concentrations
in the 7.5 mg/kg group were significantly elevated throughout the two
hour glucose tolerance test (Figure 10). Administration of 2.5 mg/kg
cis-DDP did not significantly affect plasma IRG concentrations in either

the fasting or glucose stimulated state (Figure 10).

Effect of Platinum on Glucose Tolerance: Time Course and Dose Response

Fasting plasma glucose concentrations were not significantly ele-
vated 2, 4, 7 or 14 days following administration of cis-DDP (Figures
11-14), trans-DDP (Figures 11-14) or ammonium tetrachloroplatinate
(Figures 15 and 16). However, on day 2, plasma glucose waé markedly
elevated 15, 30, 60 and 120 minutes following a glucose load in the 5
mg/kg cis-DDP group compared to both ad-libitum and pair-fed controls
(Figure 11). In contrast, equimolar or greater than equimolar doses of
"trans-DDP did not result in plasma glucose concentrations different
than controls during the two hour glucose tolerance test (Figure 11).

On day 4, animals treated with 5 mg/kg cis-DDP, but not those
treated with equimolar or greater than e&uimolar doses of its trans
isomer, exhibited profound hyperglycemia following a glucose load,
reaching a concentration of 379+10 mg/dl at 15 minutes compared to ad-
libitum and pair-fed control values of 232+20 and 30013 mg/dl, respec-
tively (Figure 12). Hyperglycemia in the 5 mg/kg cis-DDP group was
evident following a glucose load at every time point examined (Figure
12). Plasma glucose was significantly elevated only at 15 minutes

following glucose administration in the pair-fed group (Figure 12).
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Figure 10. Effect of cis-DDP on plasma immunoreactive glucagon (IRG)
in the fasting state (0) and 15, 30, 60, and 120 minutes following a
glucose load (2 g/kg, i.p.). Each point with vertical line represents
the mean + SEM of four determinations. Plasma pooled from three identi-
cally treated animals was used for one determination. Pair-fed animals
were offered the measured amount of food consumed by 7.5 mg/kg group.
Asterisks and daggers indicate a significant difference from ad-libitum
fed and pair-fed controls, respectively, at the corresponding time point
(p<0.05).
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On day 7, hyperglycemia was only apparent 60 and 120 minutes
following a glucose load in the 5 mg/kg cis-DDP group (Figure 13).
Administration of trans-DDP did not affect glucose tolerance on this day
(Figure 13). On day 14, no effect of cis-DDP, trans-DDP or reduced food
intake on glucose tolerance was evident (Figure 14). In addition,
administration of 2.5 mg/kg cis-DDP did not affect glucose tolerance at
any time examined, i.e., days 2 (Figure 11), 4 (Figure 12), 7 (Figure
13) or 14 (Figure 14).

Plasma glucose concentration was markedly elevated fifteen minutes
following a glucose load in animals treated with 18 mg/kg ammonium
tetrachloroplatinate on day 2 (Figure 15). However, hyperglycemia was
not evident in these animals 30, 60 and 120 minutes following glucose
administration (Figure 15). No effect on glucose tolerance was apparent
4 (Figure 15), 7 or 14 (Figure 16) days following 18 mg/kg tetrachloro-
platinate treatment. Administration of 6 mg/kg tetrachloroplatinate did
not alter glucose tolerance at any time examined throughout the 14 day

- experiment (Figures 15 and 16).

Effect of c1s-DDP on Plasma IRI and IRG

Fasting plasma IRI concentrations of cis-DDP treated animals (2.5
or 5 mg/kg) were comparable to ad-libitum fed controls on days 2 (Figure
17), 4 (Figure 18), 7 (Figure 19) and 14 (Figure 20). However, fasting
plasma IRI concentrations of the 5 mg/kg group were significantly greater
than their pair-fed partners on days 2 (Figure 17), 7 (Figure 19) and
14 (Figure 20). Following glucose stimulation, plasma IRI of all drug

treated animals was comparable to ad-libitum fed controls at all times
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9
examined throughout the 14 day experiment (Figures 17-20). Plasma IRI
concentrations of the 5 mg/kg group, however, were significantly ele-
vated compared to pair-fed partners following glucose stimulation.
This effect was apparent on days 2 (15, 30 and 60 min) (Figure 17),
4 (30 and 120 min) (Figure 18), 7 (15 and 120 min) (Figure 19) and 14
(15, 30 and 60 min) (Figure 20).

Plasma IRI concentration of pair-fed controls was significantly
diminished compared to ad-libitum fed controls 15 minutes following
glucose stimulation on days 2 (Figure 17), 4 (Figure 18), 7 (Figure 19)
and 14 (Figure 20). However, the percent plasma IRI response from the
fasting to the glucose stimulated state (at 15 minutes) was not signi-
ficantly impaired in pair-fed animals on these days (Table 3).

Although fasting plasma IRG concentrations in the 5 mg/kg group
tended to be elevated on all days examined, significant differences
were only observed on days 2 (Figure 17) and 7 (Figure 19). On day 2,
fasting plasma IRG of animals treated with 5 mg/kg cis-DDP averaged
364+22 pg/ml c&mpared to ad-libitum fed and pair-fed control values of
253+30 and 185+9 pg/ml, respectively (Figure 17). Although plasma IRG
concentrations of the 5 mg/kg group tended to be elevated throughout
the two hour glucose tolerance test on all days examined, significant
differen ces throughout the two hour period were only observed on day 2
(Figure 17). Treatment with 2.5 mg/kg cis-DDP did not affect plasma IRG
concentrations in the fasted state or following glucose administration

on any day examined (Figures 17-20).
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TABLE 3

Effects of cis-DDP on % Plasma Immuno;eactive
Insulin (IRI) Response to Glucose

Time After Treatment (days)

cis-DDP
(mg/kg) 2 4 7 14
0 28834° 289+47 252427 29029
2.5 260+22 292416 274230 251+21
5 239+35 375£38 353£37 226+20
Pair-fed®  477:85% 327161  4s9:619 247143

‘z Plasma IRI response was determined as:

ulnits IRI/ml (15 minutes following glucose) x 100
uUnits IRI/ml (0 minutes) *
Glucose was administered at a dose of 2 g/kg, i.p.

bPair-fed animals were offered the measured amount of food
consumed by the 5 mg/kg group.

®Values are expressed as means + SEM of four determinationms.
Plasma was pooled from three identically treated animals
and represents one determination.

d81gnificantly different from ad libitum fed controls
(p<0.05).
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Organ Weights

Adrenal weight to body weight (AW/BW) ratios were significantly
increased 4 and 14 days following treatment with 5 mg/kg cis-DDP com-
pared to ad-libitum fed controls (Table 4); however, significant differ-
ences compared to pair-fed animals were only observed on day 4 (Table
4). 1In contrast, equimolar or greater than equimolar doses of trans-DDP
did not affect relative adrenal weight (Table 4). Treatment with 18
mg/kg, but not 6 mg/kg ammonium tetrachloroplatinate increased AW/BW
on days 4 and 14 (Table 4).

Kidney weight to body weight (KW/BW) ratios were significantly ele-
vated 4 days, but not 14 days, following treatment with 5 mg/kg cis-DDP
(Table 4). 1In contrast, trans-DDP did not affect KW/BW at any time
examined (Table 4). Treatment with 18 mg/kg, but not 6 mg/kg, ammonium
tetrachloroplatinate increased KW/BW on days 4 and 14.

Liver weight to body ﬁeight (LW/BW) ratios were not affected by
treatment with cis-DDP, trans-DDP or ammonium tetrachloroplatinate at

any time examined (Table 4).

Role of Adrenal Glands in cis-DDP Glucose Intolerance

cis-DDP treated animals (5 mg/kg), with intact adrenal glands,
exhibited marked hyperglycemia following a glucose load on days 2 and
4 (Figure 21). Fasting plasma glucose concentration of cis-DDP treated
animals was significantly reduced by bilateral adrenalectomy (Figure 21).
However, plasma glucose concentrations at 15, 30 and 60 minutes follow-

ing glucose administration were comparable in both cis-DDP groups (sham
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and adrenalectomized) and were each significantly elevated compared to
controls (Figure 21). On day 2, plasma glucose concentrations of the
Adx/cis-DDP group returned to fasting levels by 120 minutes, an effect
which was not observed in sham drug treated partners (Figure 21).

On day 2, plasma IRI of cis-DDP treated animals in the fasting and
glucose-stimulated state (at 15 minutes) was significantly reduced by
bilateral adrenalectomy (Table 5). However, the percent increase in
plasma IRI from the fasting to the glucose stimulated state (15 minutes)
was not significantly different between adrenalectomized and sham
treated animals receiving cis-DDP (Table 5). Neither cis-DDP treated
groups (sham and adrenalectomized) exhibited hyperglucagonemia (Table
5).

Role of the Kidneys in cis-DDP Glucose Intolerance

Renal Function Following Platinum Treatment

Urine Volume and Fluid Intake. Twenty-four hour urine volume

was increased 2-3 fold one and two days following treatment with 7.5 or
15 mg/kg cis-DDP and persisted through day 2 (Figure 22). Polyuria

was also evident in the 5 mg/kg cis-DDP group on day 2, 4, 7 and 14
(Figure 22). Fluid intake was increased in the latter treatment group
only on days 4, 7 and 14 (Figure 22). In contrast, equimolar doses of
trans-DDP did not affect daily urine volume or water intake (Figure 23).
Treatment with 18 mg/kg tetrachloroplatinate, however, resulted in a

3-4 fold elevation in daily urine volume on days 1, 2, and 4 (Figure 23).
Water intake was also increased in these animals 2 and 4 days following

platinum treatment (Figure 23). Tetrachloroplatinate (18 mg/kg) did not
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affect daily fluid intake or urine volume on days 7 and 14 (Figure 23).
Smaller doses of tetrachloroplatinate did not affect daily urine volume
or fluid intake at any time examined (Figure 23).

Urine Glucose. Urinary glucose concentrations were markedly

elevated two days following treatment with 15 mg/kg cis-DDP and four
days following treatment with 5 or 7.5 mg/kg cis-DDP (Figure 24). On
days 7 and 14, urinary glucose concentrations of the 5 mg/kg cis-DDP
group were comparable to controls (Figure 24). Daily urinary glucose
excretion was increased in the 5, 7.5 and 15 mg/kg cis-DDP groups,
averaging 241+58 mg/24 hours 4 days following administration of 5 mg/kg
cis-DDP (Figure 24). Urinary glucose excretion was also increased in
the 5 mg/kg group on day 7, but not on day 14 (Figure 24). In contrast,
administration of equimolar doses of trans-DDP did not affect urinary
glucose concentration or total daily excretion at any time examined
(Figure 25).

Urinary glucosg concentration and excretion was increased 1,
2 and 4 days following administration of 18 mg/kg tetrachloroplatinate
(Figure 26). However, glycosuria was no longer apparent on days 7 and
14 in this treatment group (Figure 26). Smaller doses of tetrachloro-
platinate did not significantly affect urinary glucose concentration
or total daily excretion (Figure 26).

Urine Osmolality. Administration of 5, 7.5 or 15 mg/kg cis-

DDP resulted in reduced osmolality on day 2 and this effect persisted
in surviving animals at all times examined during the 14 day experiment

(Figure 27). Decreased urine osmolality was also apparent in the 2.5
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Figure 25. Effect of trans-DDP on concentration (left) and daily
excretion (right) of urinary glucose. Each bar with vertical line
represents the mean * SEM of four to five determination.
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mg/kg cis-DDP group, but only 4 days following drug treatment (Figure
27). Daily urine osmolar excretion was reduced 4 days following admi-
nistration of 5 or 7.5 mg/kg cis-DDP compared to ad-libitum, but not
pair-fed, controls (Figure 27). In contrast, treatment with equimolar
doses of the trans isomer did not alter urine osmolar concentration or
daily excretion at any time examined (Figure 28). Although urine osmo-
lality of animals treated with 18 mg/kg tetrachloroplatinate averaged
30-40% of controls on days 1, 2, 4 and 7, daily urine osmolar excretion
was not affected by this treatment (Figure 28). Smaller doses of
tetrachloroplatinate did not affect urine osmolar concentration or daily
excretion at any time examined (Figure 28).

Sodium and Potassium. cis-DDP treatment (5, 7.5 or 15 mg/kg)

resulted in decreased urinary sodium (Figure 29) and potassium (Figure
31) concentrations on day 2 and persisted in surviving animals at all
times examined through day 14, with the exception of the 15 mg/kg group
which exhibited increased urinary sodium concentrations on day 4 (Figure
29). Two and four days following treatment with 5, 7.5 or 15 mg/kg cis-
DDP, 24 hour urinary sodium (Figure 29) and potassium (Figure 31) excre-
tion decreased compared to ad-libitum, but not pair-fed, controls.
Compared to pair-fed controls, urinary potassium excretion was markedly
increased two days following treatment with 15 mg/kg (Figure 31).
Administration of 7.5 or 15 mg/kg trans-DDP resulted in reduced
urinary sodium (Figure 30), but not potassium (Figure 32), concentra-
tions only on day 2. Daily urinary sodium excretion was only signifi-
cantly affected 2 days following administration of 15 mg/kg trans-DDP
(Figure 30). Urinary concentration or excretion of potassium was not

affected by trans-DDP treatment at any time examined (Figure 31).
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Treatment with 9 or 18 mg/kg tetrachloroplatinate resulted in de-
creased urinary sodium (Figure 30) and potassium (Figure 32) concen-
trations on days 1 and 2 and this effect persisted in the latter group
through days 4 and 7. Urinary potassium (Figure 32), but not sodium
(Figure 30), excretion was elevated 1 day following treatment with 18
mg/kg tetrachloroplatinate. Smaller doses of tetrachloroplatinate did
not affect urinary sodium (Figure 30) or potassium (Figure 32) concen-
tration and excretion.

Blood Urea Nitrogen. Treatment with 7.5 or 15 mg/kg cis-DDP

resulted in marked elevations of BUN concentration on days 1 and 2
(Figure 33). Animals treated with 5 mg/kg cis-DDP exhibited a 3-fold
increase in BUN on day 4, but not on days 7 or 14 (Figure 33). 1In
contrast, administration of the trans isomer of DDP did not affect BUN
concentrations at any time examined (Figure 33). Treatment with 18
mg/kg ammonium tetrachloroplatinate, but not smaller doses, resulted
in increased BUN concentrations, an effect observed on days 1 and 2,
but not on days 4, 7 or 14 (Figure 33).

Organic Ion Accumulation. The ability of renal cortical

slices to accumulate PAH or TEA was not significantly altered in cis-DDP
treated animals when compared to pair-fed partners (Figure 34). In con-
trast, addition of cis-DDP (500 or 600 ug/ml) directly into incubation
medium significantly depressed organic ion accumulation by kidney slices
(Figure 35). In the presence of 500 or 600 ug/ml cis-DDP, PAH S/M
ratios were approximately 48 and 34 of controls, respectively. Simi-
larly, the ability of kidney slices to accumulate TEA in the presence

of 500 or 600 pg/ml cis-DDP was 40-50% of controls (Figure 35).
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Figure 33. Effect of cis-DDP (top), trans-DDP (center) and ammonium
tetrachloroplatinate (bottom) on blood urea nitrogen (BUN) concentra-
tions. Each point with vertical line represents the mean * SEM of four
to five determinations. Identical symbols indicate equimolar platinum
treatment. Animals treated with 7.5 or 15 mg/kg cis-DDP did not sur-
vive the duration of the 14 day experiment. The stippled area repre-
sents the mean * 957 confidence interval of pair-fed controls. Asterisks
and daggers indicate a significant difference from ad-libitum fed and
pair-fed controls, respectively, on the corresponding day (p<0.05)-.



BUN (mgill)

129

el | =@ control
O=0 2.5 mg/kg cis-DDP
90.F
75
5ol i
45
t
30 —d
sp
3:82.3-,/&. frane-DDP
y E-y
45 75 *
o -
o #\.
1 11 [ 1 4
@9 control
O-O 3 mg/kg (NH,),PrCl,
90 A 6"
LA 9"
oo "
75

01 2 4 7 14

Ti
e davs)



130

*juamjeaal 3nip yoea 103 sasaulaed paj-ayred jussaadax sieq
uadQ ‘SuoOTjIBUTWASIAIP ANOJ JO WHS F UedW 3Y3 sjuasaiadaa ieq yoey °JudwILaII JUJ-8FO SupmoTToI

sdAep anoj s3DFTS TEOT3I100 TeUd1 £q (W/S) (WNTPawW/9OF[S) UOFIBTNUNDO®R VL pue HVd

%€ 2an31y



131

y€ 2an3tg
(B3/Bw) daad

STl auljos [~ (3 A (YAl aul|ps

vil 0S Hvd

daa> i
Paj-1104 (]

Oolvd W/S



132

Figure 35. Effect of addition of cis-DDP to incubation medium on PAH
and TEA accumulation (S/M ratio) by renal cortical slices. Each bar
represents the mean + SEM of four experiments. Each experiment con-
sisted of slices pooled from three animals. Asterisks indicate a signi-
ficant difference from controls (p<0.0l). :
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Renal Clearances of Inulin and PAH. Both Cinulin and CPAH

were significantly depressed four days following administration of 5

mg/kg cis-DDP (Table 6) during pre-volume and post-volume expansion

periods. Prior to volume expansion, C and C were diminished

inulin PAH

by approximately 50 and 60%, respectively, in treated animals (Table
6). Following volume expansion, Cinulin increased approximately two-
fold in both control and treated animals while CPAH
150 and 220% in ad-libitum fed controls, pair-fed controls and cis-DDP

increased by 317,

treated animals, respectively (Table 6).

Histopathological Effects of cis-DDP on the Kidney. Renal

tissue from animals receiving 5 or 7.5 mg/kg cis-DDP exhibited coagula-
tive necrosis of the outer stripe of the outer medulla, primarily

affecting the S, segment of the proximal tubule (Figures 36 and 37).

3
These proximal tubular cells appeared atrophic with pale vesicular cyto-
plasm and necrotic foci as indicated by the presence of desquamated
epithelial cells and amorphous cellular debris in the tubular lumen
(Figures 36 and 37). Treatment with 5 or 7.5 mg/kg cis-DDP also resulted
in a slight mononuclear cell infiltration in necrotic regions. There
was occasional atrophy of the tubular cells in the cortex. Kidneys of
animals treated with 7.5 mg/kg cis-DDP also exhibited dilatation of
tubular lumen (Figure 37). Kidneys of animals treated with 2.5 mg/kg
cis-DDP did not exhibit significant histological damage (Figures 36

and 37).
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Figure 36. Renal tissue four days following cis-DDP treatment. Hema-
toxylin and eosin, 40x. Necrosis of the outer stripe of the outer
medulla was evident in kidneys of animals treated with 5 or 7.5 mg/kg
cis-DDP. Kidneys of animals treated with 2.5 mg/kg cis-DDP were not
markedly different than those of controls.
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Figure 37. Renal tissue four days following cis-DDP treatment. Hema-
toxylin and eosin, 100x. Proximal tubular cells of the 5 and 7.5 mg/kg
cis-DDP group were atrophic with pale vesicular cytoplasm. Desquamated
epithelial cells and amorphous cellular debris filled the tubular lumens.
Proximal tubular lumens of kidneys of animals treated with 7.5 mg/kg were
markedly dilated. Administration of 2.5 mg/kg cis-DDP did not markedly
affect proximal tubules.
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Figure 37
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Effect of Mannitol Pretreatment on cis-DDP Glucose Intolerance

Administration of mannitol prior to cis-DDP treatment resulted in
a marked reduction in BUN concentration (Table 7). Although mannitol
pretreatment did not affect cis-DDP hyperglycemia fifteen minutes
following a glucose load, a significant reduction in plasma glucose
concentrations was observed at 30, 60 and 120 minutes (Figure 38).
Nevertheless, plasma glucose concentrations were elevated in the Manni-
tol/cis-DDP group compared to controls at 15, 30 and 60 minutes (Figure
38).

Plasma IRI concentrations of cis-DDP treated animals in both the
fasting and glucose stimulated state were not significant affected by
mannitol pretreatment (Figure 39). Plasma IRG concentrations were sig-
nificantly elevated in both cis-DDP treated groups (sham and mannitol
pretreated) (Figures 39); however, plasma IRG of cis-DDP drug treated
animals was significantly reduced by mannitol pretreatment at all time

points examined (Figure 39).

Effect of Other Nephrotoxicants on Glucose Tolerance

Blood urea nitrogen and serum creatinine concentrations were sig-
nificantly elevated following administration of cis-DDP, gentamicin
or glycerol (Table 8). Kidney weight to body weight ratios were ele-
vated following treatment with any of the tested nephrotoxicants (Table
8). Glucose tolerance, however, was only impaired following treatment
with cis-DDP or glycerol, and not following treatment with cephalori-

dine or gentamicin (Figure 40). Similarly, the total integrated
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TABLE 7

Effect of Mannitol Pretreatment on Blood Urea Nitrogen (BUN)
and Plasma Immunoreactive Glucagon (IRG) of cis-DDP

Treated Rats
BUN Plasma IRG (pg/ml)

Treatment (mg/d1) d P 3

Total True Pancreatic Extra-Pancreatic
Control 30+ 22 154+ 6 74+ 8 80+10
Mannitol/ 48+ 3°  321+33P5¢ 122+ 3° 199+33P:¢
cis-DDP
Sham/cis- 101+19°  835:56° 251443° 602+69°
DDP

8Values are expressed as means * SEM of four determinations. Plasma
pooled from 3 identically treated rats was used for one determina
tion. Mannitol pretreatment (2.4 g/kg) involved intravenous infu-
sion of 10 mannitol solution (in 0.45% NaCl) over a 30 minute
period using a Harvard infusion pump. Following 25 minutes of
mannitol infusion, cis-DDP (5 mg/kg) (Mannitol/cis-DDP) or saline
vehicle (controls) was intravenously infused. Mannitol was then
infused for remaining 5 minutes. Sham/cis-DDP animals were sub-
jected to similar surgical procedures but did not receive mannitol.

bSignificantly different from Sham/cis-DDP (p<0.05).

cSignificantly different from controls (p<0.05).

dTotal plasma IRG was determined using an antibody which cross-
reacts with all immunoreactive components of glucagon (Leichter et
al., 1975).

®True pancreatic plasma IRG was determined using Unger's 30K antibody
which cross-reacts with 3500 MW form of glucagon.

fExtra-pancreatic plasma IRG was calculated as the difference between
total and true-pancreatic IRG.



142

*(60°0>d) 3uyod swyl Buppuodsaiaod a3yl 3Ie sTewiur JUJ-SIO

/TOIFUURPE WOIJ dDUSIIIIFP IJUBDTITulfs ® 93OTpuf 81383eQ ‘*3Jurod 2wyl Buppuodsaiiod ay3y e 81013
—U0d WOIJ 9OU3IBIITP IUBDTITUSTS B 9IBIOFPUT SYSTIVISY °*UOTIBUTWIIISP AUO 103 pPosn SBM STBUTUR
po93®aa13 ATTBOTIUSPT 991yl woaj pafood BWSEB]J °SUOTIBRUTWIIIAP INOJ JO WAS F uUBSW 3yl SIUIS
-2adax QUFT TEOFIIBA Y3IfMm Jurod yoeg “UOFSNIUF TOIFUUBW INOYIFM ‘duofe JAJ-SFO PaATada1 L9yl
3ey3 uofidedxa 9yl Yirm saanpadoad Tedf8ians Ie[juwys 03 paidafqns o1em sTeWIuU®R JUJ-STO/WeYS
*sajnutm aATJ Sujujewsi 3yl 103J PISNJUF TOIFUUBW puB ATSNOUIABIIUT pasnjuf sem (TOIJUOD) BTITYaA
aurTes 10 (dad-s¥o/1oatuueuw) (3y/3w ¢) dag-s¥O Jo uofidoafuy snyjoq ® ‘sajnuim Gz I93JV ‘' poraad
dInNUFW (Of B ISA0 JOJTuuBW ¥%O)T JO UOFSNJUT SNOUIARIIUT PIATOAUT (83/8 4°z) To3IFuusBw YITM Jusm
-3831391d °90UBIITOIUF 3s0oNT3 paonpur JUJ-SFO U0 Juawieaalaad Jojfuuew jJo 30933 *8¢ 2an3fgq



143

ge @2an3tg
A:_Evm.h_._.

ozl 09 o€gst O

ool
002
4%
00¢
- daa-s»/jojuubw Y-y
daa-s1/woys yy
|onuo> @-@ oov

(1p/Bw) @sodnjo pwisold



144

*(60°0>d) 3auyod swy3 Burpuodsaiiod

9yl Je syewWiuUER JUJd-STO/TOITUURW WOIJ 3DUIIDIIFP JuedFJTuldrs ® 23eOFpur 81988eq °3juyod

awfl Suypuodsariod syl e STOIIUOD WOIJ 3OUSIIIIFP JueOTITuSYS ® 93BOTPUT SHSTIIISY °UOFIBUTW
-1939p 9UO I0J pOSN Sem STEWJUE pajeal]l AT[BOTIUSPT 991yl woaj pajood euse[d °*SUOTIBUTWIIIIP
anoj jJo WES 7 ueauw ayj s3judsaiadal aujlT TEOFII2A YITM jufod yovF °*UOFSNIJUF TOIFUUBL INOYIFM
‘duoTe JAd-STO paAredax A3yl eyl uoridedxa ayl yigm sainpadoad Teoydans aeTFwEs o3 paloafqms
919M sTeBUuUR JUJ-SFO/WeYyS ‘SaInuu 3ATJ Sujufewsi ayl 10J pasnjuf TojFuurm pue A[Snousaariuf
pasnjuf sem (T013uod) ITOTYIA aulTes 1o (Jqg-S¥d/1o3fuueuw) (3y/3w ¢) JAa-STO 3JOo uofidafuf snyoq
B ‘sajnulmw GZ 1933V °*poraad ajnujw (Qf ® I3A0 TOIFuuRW Y(OT JO UOFSNJUT SNOUIABIIUT PIATOAUT
(33/8 %°g) TOo3ITUUBW YITM JuSWILDI1IDA4 ‘“STEWFUER PIILIII JJJ-STO JO SUOTIBIIUIDUOCD (9YI) uod
-eon(3 pue (IYI) UFINSUT 3ArjIoearounuuwy ewse(d uo jusawlesailaad Tojjuueswm JO 83033IIF *6€ 2an3tg



145

6€ 2an31g

(nw) swyy
ozt~ 09 O0€SL O ozl 09 OESLO

ool
£
:W 00¢
2
00t

daqa-sy/jojluubw yy
ddqg-si/woys wy
|osjuod @-@

(lw/spunir) 131



144

*(60°0>d) 3uyod awyl Buypuodsaiiod

9yl Je sTeWfUR JQU-STO/TO3ITUUBW WOIJ DOUSIIIJTP JuedOFITudys ® a3jeojpuf sia88eq °3Jutrod

awyl Buppuodsaiiod a8yl 3B STOIJUOCD WOIJ IOUaI3IJFP JUEBDTIFuUSTS B 39JEOTPUT SHSFIIISY °UOTIBUTW
-1939p 9UO 10J PIsSn SeM STEWTUR PaILal] ATTBOFIUSIPT 931yl woaj patood BuSB]d °*SUOTIBUTWIAIIIP
ANO3J JO WIS F ueauw 3yl sjuasaidaa aul[ [BOFIASA Y3ITm Jufod yoey °*UOFSNJUF TOIFUUBE INOYIFM
‘auore JAd-STO PaAFaoax 4Lay3l eyl uoridaoxa ayl Yiym saanpadoad Tedoy3ians IeTfWES 03 paldafqns
919M sTewWfuU®R JU-SIO/WeyS ‘sajnulw aAFJ Sujujewsa a9yl 10J pesnjuf TOIFuuBm pue L[SNOUIABIJUT
pesnjuf sem (T013u0D) ITOFY2A BUL[ES 10 (JAd-ST19/T03IFuuew) (8y/3w G¢) JAQA-STO 3Jo uofIdafuyl snyoq
B ‘sojnulw Gz 19233V °poriad a3nulw (Of B I9A0 TOJFuuRm %O JO UOFSNIJUF SNOUIABIIUF PIATOAUT
(8%/8 %°z) T1o3aTuuEw YITM JusWIEDIIald °STEWIUR pPaIeall JUQ-STO JO SUOFIRIJUIOUOD (HYI) uod
-eony3 pue (IY¥YI) UTINsuj 2AFIoeazounumy euse]d uo jJuswmjeailaad JojfFuusm Jo 83IV33FIF *6€ 2an3t4q



145

6€ 2an3ty

(upw) ousy

14 . 09 O0ESL O OTl 09 O0ESL O

00¢

0ol

IRG (pg/ml)

00¢

daQ-s1d/jojuudw 3yy
ddQ-si>/woys -y
|[osuod> @-@

(lw/ssunir) 14



146

*SUOTIBUFWAIIBP §—-f JO WAS 7 Suvaw 8B passaidxa aie sanTep

*(60°0>d) 87013uU0D WOIJ JUSIIIITP haucmoﬁwﬁcwﬁmo

q

*£19AF309dsaa ‘sajnufu

0ZT Pue 09 ‘0f ‘ST ‘0 3I' uorjzeajuaduUOod 9soonyd euseyd jussaadoa @ pue ‘p ‘0 ‘q ‘e axaym ‘eQz1 - (30CT

+ POST + 206 + 94S% + ®BST1)% = B3IV

ternuioj SufmoTI0J @Yyl Bupsn pajeNOTED SEM BAIY

*(-d'¥ ‘8%/8 7)

peol 9sooni3 JupmolToJ sajnufw OZT Pue 09 ‘0f ‘ST @2Aand 9soon3 swse]d aapun vaie Juasaadax sanyep,

(a/m %08
JSTT Y9 S7°0FT Y S0TF0LT 5£0°0%66°0 Jo wr ‘33/Tm Q1)
10132419
(sfep g x ep/XT
£°€¥9°TC 57°0%9°¢ 58 ¥l 510°0%86°0 x dy “8y/8uw (f)
UFOoFwWElIUdn)
. (AT “‘84/3u g)
59°LF%°09 51°0¥T°C 5C ¥59 5C0°0¥€8°0 dag-s¥o
(dr “3y/3m 000T)
0°Ex%°¢TC T°0¥%°T 0T+0S 580°0%€0°T suypraoTeydap
% 1¥0° %2 T°0%2°1 € FG¢ nmo.oﬂk.o Tox3u0)
833NUTW X 3
s wwconmwm\ ) (1p/3u) (1p/3w) (3) y3yem Lpog
Formank 9 SUFIEI%91D uaB01IIN NoH (3) 3y3reM AdUpPTN ITSUITe AL jusmieail
T 1 unxag - B3l poold I193JV 9WL]

1e30]

8

479vVL

9DUBI3TO], 9S0ONTH pUB UOTIOUNng TeRUIY UO sJuedfxojoaydaN pe3Ioda[as JO I0933F



147

*(s0°0>d) 3jutrod awy3 Buppuodsaiiod ayj

38 S8T0IjUOD WOXJ IOUIAIIJJFP IJUBDTIFUSTS © IJBOFPUT SHSTIIISY °SUOFIBUFWAIIAP ANOJ 03 93aYy3l
Jo WAS F ueawm 3yl sjuasaidaa auT] TEOFIAIA YIFm jutod yoeg °(dy “8y/3 g) peoy @soonid e
SugmoTT103 2wyl 3Isurele pailjord ST UOTIBIJUIOUOD 3S0ONT3 ewse]d *TO0a32LAT8 SBuymoyyol £Lep |
pue juswieaal upofwejuad jo Lep yig ayi “dgq-sio 1o aurpraoreydsado SurmorTol sLep 4 pajenTead
SBM 90UBII[O3 9SO0INTH *ITIFYSA DUIIES ® X0 (A/M %0G 3JO Wl °*3y/Tu QT) T0a22418 ¢ (sfep

g x Aep/xz x dr ‘8y/3w og) urotwejuad (AF ‘Sy/3w ¢) d4ag-s¥o ‘(dy “3y/3wm go01) Surprioreydad
POPNTOUT S3UAWIEAX] °*IOUBISTO]I 3s0ONT8 uo sjuedfrxojoaydau pajoaas Jo 393334 ‘0% @and1j



148

|01834|6 @@
uplwpbjusb O-O
daad-s vy
sujpuojpyder y7
jo4juod @-@

ocl

0% @2an31g
(utw) ewnyy

ot st O

09

ool

00¢

00¢

oot

(1p/6w) 8sodn|9 pwspiyd



149
glycemic response to glucose administration was elevated only in ani-

mals treated with cis-DDP or glycerol (Table 8).

Effect of cis-DDP on Pancreatic Structure and Function

Pancreatic tissue from cis-DDP treated rats (2.5, 5 or 7.5 mg/kg)
appeared similar to that of controls (Figure 41). No signs of islet
degeneration, necrosis, or inflammation were apparent at any of the
drug doses tested (Figure 41). cis-DDP had no effect on serum amylase

activity (Figure 42).

Biochemical Correlates of cis-DDP Glucose Intolerance

Serum Sodium, Potassium, Calcium and Phosphorus

cis-DDP treatment (2.5, 5, or 7.5 mg/kg) did not affect serum
sodium, potassium or calcium concentrations on day 4 (Table 9). How-
ever, administration of 7.5 mg/kg cis-DDP resulted in serum phosphorus
concentrations approximately two times greater than controls (Table 9).

Fasting Plasma Glucogse and Hepatic and Renal Gluconeogenic Enzyme
Activity

Fasting plasma glucose concentrations of animals treated with 2.5

or 5 mg/kg cis-DDP were comparable to controls (Table 10). In contrast,
fasting plasma glucose was markedly elevated four days following admini-
stration of 7.5 mg/kg cis-DDP (Table 10). cis-DDP treatment (2.5, 5 or
7.5 mg/kg) had no effect on hepatic or renal G-6-Pase or FDPase acti-

vities (Table 10) on day 4.
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Figure 41. Pancreatic tissue from rats treated with cis-DDP. Hema-
toxylin and eosin stain, x100. Lighter stained tissue represents pan-
creatic islets. No gross differences in histological appearance of
pancreatic tissue are detectable following treatment with 2.5, 5 or 7.5

mg/kg cis-DDP.
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C

Figure 41
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TABLE 9

Effect of cis-DDP on Serum Sodium, Potassium,
Calcium and Phosphorus

cis-DDP Sodium Potassium Calcium Phosphorus
(mg/kg) (mEq/1) (mEq/1) (mg/dl) (mg/d1)
0 139+4° 4.8:0.3 9.5+0.4 6.2+0.2
2.5 1374 4.2:0.1 10.240.2 5.9:0.1
5 1382 4.1%0.2 9.0£0.3 5.8+0.2
7.5 138+1 4.5%0.2 9.10.2 11.2#1,7¢
Pair-fed® 1444 4.9%0.4 9.1:0.3 6.0£0.3

aPair-fed animals were offered the measured amount of food
consumed by the 7.5 mg/kg group.

bValues are expressed as means + SEM of 4-5 determinations.
Experiments were conducted 4 days following cis-DDP or
vehicle administration. Animals were fasted 4-5 hours
prior to experimentation.

cSignificantly different from both ad-libitum and pair-fed
controls (p<0.05).
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Endocrine Correlates of cis-DDP Glucose Intolerance

IRI and IRG Concentrations in Plasma and Pancreas

Although fasting plasma IRI concentrations of animals treated with
2.5 or 5 mg/kg cis-DDP were comparable to controls, those treated with
7.5 mg/kg cis-DDP were significantly elevated compared to ad-libitum
and pair-fed controls (Table 10). Fasting hyperglucagonemia was
apparent four days following treatment with either 5 or 7.5 mg/kg cis-
DDP.

cis-DDP treatment at doses of 2.5, 5 or 7.5 mg/kg, did not signi-
ficantly affect pancreatic concentrations of IRI (Figure 43) or IRG
(Figure 44) in either the head portion (duodenal lobe) or body and tail
region (adjacent to spleen and stomach).

Components of Plasma IRG

Treatment with 5 or 7.5 mg/kg cis-DDP resulted in a profound in-
crease in total circulating concentrations.of IRG on day 4 (Table 11).
When an antibody specific to the 3500 MW form of IRG ("true pancreatic"
glucagon) was used, a significant elevation in plasma IRG was also
observed in the 7.5 mg/kg group when compared to ad-libitum fed controls
(Table 11). An elevation in "true pancreatic" plasma IRG was also
apparent in the 5 mg/kg cis-DDP group when compared to pair-fed part-
ners (Table 11). A marked elevation in "extra-pancreatic" plasma IRG
(total - "true" IRG) was evident in these latter two treatment groups
(Table 11). Plasma IRG ("total", "true pancreatic", and "extra-pancre-
atic") in cis-DDP (5 mg/kg) treated animals was significantly reduced by
mannitol pretreatment (Table 7). Nevertheless, total and "extra-pancre-

atic" plasma IRG of Mannitol/cis-DDP treated animals was elevated
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TABLE 11

Components of Plasma Immunoreactive Glucagon (IRG)
Following cis-DDP Treatment

Plasma IRG (log)

cis-DDP
(mg/kg) Total? True-Pancreaticb Extra-Pancreaticc
0 2.32+0.04% 2.04£0. 04 0.26£0.03
2.5 2.34£0.06 2.04+0.02 0.31+0.06
5 2.61:0.03%° 2.10:0.01f 0.51£0.02% f
7.5 3.5620.06%" £ 2.73:0.05% 0.79:0.02%°f
Pair-fed 2.15+0.02° 1.94+0.05% 0.21+0.03%

4rotal plasma IRG was determined using an antibody which cross-reacts
with all immunoreactive components of glucagon (Leichter et al.,
1975).

bTrue pancreatic IRG was determined using Unger's 30K antibody which
cross-reacts with 3500 MW form of glucagon.

c:Em:::a-panc:reat:i.c IRG was calculated as difference between total and
true pancreatic IRG.

dValues are expressed as means * SEM of five determinations. Experi-

ments were conducted four days following drug or vehicle administra-

tion. Pair-fed animals were offered the measured amount of food con-
sumed by the 7.5 mg/kg group.

eSignificantly different from ad-libitum fed controls (p<0.05).

fSignificantly different from pair-fed controls (p<0.05).
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compared to controls (Table 7). '"Total", "true pancreatic'" and "extra-
pancreatic" plasma IRG was also elevated following treatment with
gentamicin and glycerol (Table 12).

Glucagon Sensitivity

Ten minutes following exogenous glucagon administration, plasma
glucose concentrations were similar between control and treated (2.5, 5
or 7.5 mg/kg) animals (Table 13). However, a significant elevation in
plasma glucose was observed 20 and 30, but not 60, minutes following
glucagon administration in the 7.5 mg/kg cis-DDP group. No differences
were noted between controls and animals treated with smaller doses of
the drug (Table 13). The total integrated glycemic response to exo-
genous glucagon was elevated only in the 7.5 mg/kg group (Figure 45).

Ingulin Sensitivity

Ten, fifteen and twenty minutes following exogenous insulin admini-
stiation, a marked elevation in plasma glucose was evident in the 5
mg/kg group compared to controls (Figure 46). However, plasma glucose
concentrations of treated animals declined to similar levels as controls

30 and 60 minutes following insulin administration (Figure 46).
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TABLE 13

Effect of cis-DDP on Glycemic Response to Exogenous Glucagon

Plasma Glucose (mg/dl)

?;:722? Time (minutes) Following Glucagon (1 mg/kg, i.p.)
0 10 20 30 60
0 113+ 4% 182¢13  155:15 159411 176414
2.5 131:14 17317 153:17 151418 168+22
5 10412 175$30 17510 177+14 199£25
7.5 122¢15  221x68  229:+57°  243:80° 254198
Pair-fed 82+ 7 122+ 9 107t 2 _ 106% 7 129417

8Values are expressed as means + SEM of four determinations. Experi-
ments were conducted 4 days following drug or vehicle administration.
Pair-fed animals were offered the measured amount of food consumed
by the 7.5 mg/kg group.

bSignificantly different from pair-fed controls (p<0.05).
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DISCUSSION

Glucose homeostasis is characterized by a balance between the
opposing, but tightly coordinated, processes of glucose utilization
and glucose production. Consequently, a chemical lesion or insult dis-
turbing this delicate balance may result in hyperglycemia by impairing
glucose utilization and/or increasing glucose production. Although
regulation of these processes is primarily mediated by the "push-pull"
actions of insulin and glucagon, the individual contributions of these
hormones in producing hyperglycemia have been controversial. Recently,
two schools of thought have emerged. The "unihormonal abnormality con-
cept" proposes that hyperglycemia is the direct consequence of decreased
glucose utilization associated with impaired insulin secretion and/or
action. In contrast, the "bihormonal" or "double-trouble" hypothesis
assigns to glucagon the role of an essential co-mediator (Unger and
Orci, 1975). According to the latter postulate, hyperglycemia is not
only a consequence of a relative or absolute deficiency of insulin, but
in addition results from massive overproduction of glucose mediated by
excessive circulating glucagon (Unger and Orci, 1975).

Although Unger's bihormonal theory remains controversial, it is
generally agreed that impaired insulin metabolism plays an important

role in glucose utilization and therefore may determine the severity of

169
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hyperglycemia. Consequently, hyperglycemia may result, in part, from
a lesion affecting any aspect of insulin metabolism, ranging from pan-
creatic beta cell damage to impaired insulin action at target tissues.
With respect to the bihormonal theory, hyperglycemia may also result in
part from alpha cell hypersecretion of glucagon and/or increased sensi-
tivity to glucagon action at target tissues.

Several divalent meﬁal cations influence carbohydrate metabolism
by their ability to alter insulin and/or glucagon metabolism (Eaton,
1973; Ghafghazi and Mennear, 1975; Horak and Sunderman, 1975a,b; It-
hakissios et al., 1975). Therefore, it was the central hypothesis of
this dissertation that a divalent platinum compound, such as cis-DDP
may similarly affect glucose homeostasis. Although the paucity of data
documenting the effects of divalent metals on glucose homeostasis does
not support a common single mechanism, hyperglycemia appears to be a
common manifestation associated with metal toxicity (Ghafghazi and
Mennear, 1973; Horak and Sunderman, 1975b).

Results of this study suggest that cis-DDP (5, 7.5 or 15 mg/kg)
induces hyperglycemia in nonfasting animals (Figure 6). In contrast,
administration of equimolar doses of trans-DDP did not result in hyper-
glycemia (Figure 6), indicating that this action is unique to the geo-
metry of the cis-DDP complex. Furthermore, chemical properties other
than the presence of a divalent platinum atom appear to contribute to
cis-DDP hyperglycemia since administration of tetrachloroplatinate did
not elevate blood glucose concentrations (Figure 6).

Treatment with 5 mg/kg cis-DDP resulted in hyperglycemia observed

only in the nonfasting state and was no longer apparent upon fasting,
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when exogenous (dietary) carbohydrate is removed. These results there-
fore suggest that decreased utilization of exogenous glucose contributes
in part to cis-DDP hyperglycemia. To examine the effects of cis-DDP
treatment on glucose utilization, glucose tolerance was evaluated by
measuring plasma glucose following an exogenous glucose load. A glu-
cose challenge in cis-DDP treated (5 mg/kg) animals resulted in a marked
and persistent hyperglycemia (Figures 11 and 12), an effect consistent
with impaired glucose utilization. Impaired glucose metabolism follow-
ing treatment with 5 mg/kg cis-DDP was manifested to a modest degree on
day 2 (Figure 11) and to a more profound extent on day 4 (Figure 12).
However, this phenomenon appears to be transient as indicated by the
negligible and complete absence of cis-DDP glucose intolerance on days
7 (Figure 13) and 14 (Figure 14), respectively. Although the transient
nature of cis-DDP glucose intolerance is a pattern consistent with that
of other divalent metals, its exact time course is markedly different.
For example, glucose tolerance is impaired 1 hour following treatment
with cadmium and returns to control values by 24 hours (Ghafghazi and
Mennear, 1973). In contrast, at least four days are required for com-
Plete expression of cis-DDP glucose intolerance. This apparent delay
of cis-DDP toxicity is not unique to the development of glucose intol-
erance; cis-DDP nephrotoxicity requires several days before histopatho-
logical or functional damage becomes apparent (Dobyan et al., 1980;
Safirstein et al., 1981b; Ward and Fauvie, 1976). Thus, although the
effects of cis-DDP on glucose tolerance are similar to those of other
heavy metals, its delayed appearance may indicate that (1) the mecha-

nisms mediating cis-DDP toxicity differ from those of other heavy metals
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and/or (2) the biological handling of this platinum complex is uniquely
different from metal salts. Both of these possibilities are consistent
with the suggested biotransformation of cis-DDP to a more reactive and
cytotoxic molecule (Long and Repta, 1981).

Neither trans-DDP nor tetrachloroplatinate impaired glucose toler-
ance at any time examined (Figures 11-16), indicating the specificity
of action of the cis-DDP complex. Tissue platinum concentration per se
probably does not account for this specificity since similar tissue
distribution patterns of radiolabelled platinum have been reported fol-
lowing administration of cis-DDP or trans-DDP (Hoeschele and Van Camp,
1972). Although trans-DDP or tetrachloroplatinate may affect glucose
metabolism prior to day 2, mechanisms mediating these acute changes are
probably different than those mediating the more delayed actions of
cis-DDP.

Since insulin plays a fundamental role in tissue uptake and meta-
bolism of glucose, decreased utilization of exogenous glucose following
cis-DDP treatment may be secondary to impaired insulin secretion and/or
target tissue action. The deficient insulin response to a glucose
stimulus 2 days following treatment with 7.5 mg/kg cis-DDP (Figure 9)
is consistent with an impairment of insulin release by cis-DDP. How-
ever, plasma IRI concentrations following glucose stimulation in animals
treated with 5 mg/kg cis-DDP was not significantly different from ad-
libitum fed controls on days 2 (Figure 17), 4 (Figure 18), 7 (Figure
19) or 14 (Figure 20). Thus, although marked impairment of glucose

utilization was manifested 2 days following treatment with either 5 mg/kg
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(Figure 11) or 7.5 mg/kg (Figure 8) cis-DDP, plasma insulin response
was only significantly impaired in the latter group.

This apparent discrepancy may be attributable to a dose-dependent
impairment in insulin metabolism. Decreased glucose utilization in the
5 mg/kg cis-DDP group was evident despite an apparently normal plasma IRI
response to a glucose stimulus, suggesting that cis-DDP may impair insu-
1in action. Insulin resistance, by definition, exists when a known
quantity of insulin produces a less than normal biological response
(Olefsky, 1981); therefore, an apparently normal IRI response accom—
panied by decreased glucose utilization following cis-DDP treatment may
suggest the presence of insulin resistance.

In uremia, impaired glucose utilization may be due to insulin re-
sistance (DeFronzo, 1978; DeFronzo and Alvestrand, 1980; DeFronzo et
al., 1981). Therefore, impaired glucose metabolism following cis-DDP
treatment may be related to cis-DDP induced uremia. Impaired renal
function in cis-DDP treated animals (5, 7.5 or 15 mg/kg) was charac-
terized by polyuria (Figure 22), glycosuria‘(rigure 24) and elevated BUN
concentrations (Figure 33). Since polyuria preceded polydipsia in
treated (5 mg/kg) animals (Figure 22), increased water intake is pro-
bably secondary to volume depletion and is not a cause of increased 24
hour urine volume. Although polyuria following cisQDDP treatment may be
a consequence of impaired concentrating ability (Safirstein et al.,
1981b) or profound glycosuria (Figure 24), cis-DDP (5 mg/kg) glycosuria
was transient (Figure 24) whereas polyuria persisted throughout the 14
day experiment, suggesting a dissociation between these two phenomena.
Interestingly, those cis-DDP treated animals which were glycosuric

were also hyperglycemic (Figure 6). Inasmuch as hyperglycemia
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appeared to precede glycosuria following cis-DDP treatment, glycosuria
may not only reflect a proximal tubular lesion, but may also be a con-
sequence of hyperglycemia, conceivably by increasing the filtered load
of glucose beyond the transport capacity for proximal tubular reabsorp-
tion. Additionally, the transient nature of cis-DDP glycosuria and
hyperglycemia in surviving treated (5 mg/kg) animals further suggests an
interrelationship between the two phenomena.

In contrast to cis-DDP, equimolar doses of the trans isomer did not
affect urine volume (Figure 23) or urinary glucose excretion (Fiéure
25), indicating the specificity of cis-DDP action on the kidney. How-
ever, administration of 18 mg/kg tetrachloroplatinate resulted in both
polyuria (Figure 23) and glycosuria (Figure 26) on days 1, 2, and 4.
Similar to the effects of cis-DDP, polyuria preceded increased fluid
intake in tetrachloroplatinate treated (18 mg/kg) animals, indicating
that polyuria is not a consequence of increased fluid intake. Glycos-
uria accompanied polyuria at all times examined; therefore, the osmotic
effect of increased urinary glucose may contribute to increased urine
volume. Since tetrachloroplatinate did not result in hyperglycemia
(Figure 6), glycosuria in treated (18 mg/kg) animals may primarily re-
flect impaired proximal tubular reabsorption glucose.

Since cis-DDP treated and pair-fed animals consumed equivalent
quantities of food, urinary electrolyte excretion should be similar
between the two groups unless cis-DDP selectively affects gastrointesti-
nal absorption and/or renal excretion of electrolytes. Although cis-DDP
(5 mg/kg) decreased urinary sodium (days 7 and 14 (Figure 29) and potas-
sium concentration (days 2, 4, 7, and 14) (Figure 31) compared to pair-

fed partners, the concomitant increase in 24 hour urinary volume in
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treated animals resulted in renal electrolyte excretion equivalent to
pair-fed animals. Only animals treated with 15 mg/kg cis-DDP exhibited
increased urinary potassium excretion compared to pair-fed partners
(Figure 31) and presumably resulted in net negative potassium balance.
Similarly, neither trans-DDP nor tetrachloroplatinate affected urinary
sodium and potassium excretion (Figures 30 and 32).

BUN concentrations were elevated following cis-DDP (5, 7.5 or 15
mg/kg) or tetrachloroplatinate (18 mg/kg), but not trans-DDP, treatment
(Figure 33). ci1s-DDP induced elevation in BUN is a finding consistent
with other reports (Leonard et al., 1971; Safirstein et al., 1981b;
Schaeppi et al., 1973; Ward and Fauvie, 1976) and may be attributable
to impaired renal clearance of urea, suggested by the decreased GFR in
treated animals (Table 6). The decreased GFR may be related to the
profound depression in effective renal plasma flow (CPAH) (Table 6).

Although kidneys of animals treated with 5 mg/kg cis-DDP tended to
exhihit a decreased capacity to accumulate PAH and TEA, no differences
in these renal functions were noted compared to their pair-fed partners
(Figure 34), suggesting that the observed effect was probably related
to decreased food intake. In contrast, the presence of 500 or 600
ug/ml cis-DDP in incubation medium profoundly impaired the ability of
renal cortical slices to accumulate both PAH and TEA (Figure 35).
Insofar as PAH and TEA are secreted by independent systems, competitive
inhibition for both transport carriers by cis-DDP is unlikely. Rather,
cis-DDP related depression in organic ion accumulation is nonspecific

and is probably related to a generalized depression in renal metabolism.
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The apparent discrepancy between the profound depression in organic ion

accumulation observed in vitro and the modest effects observed in vivo

may be due, in part, to the relative differences in cis-DDP exposure
in the two studies. Four days following cis-DDP treatment (5 mg/kg),
kidneys of F-344 rats contain 10 ug platinum/g wet tissue (Litterst et
al., 1976b). Interpolation of these data suggest that kidneys of drug
treated animals are exposed to 30-40 times less platinum than slices
incubated in medium containing 500 or 600 ug/ml cis-DDP.

Taken collectively, these results indicate that administration of
cis-DDP (5, 7.5 or 15 mg/kg), but not equimolar doses of trans-DDP,
impairs specific renal functions. Therefore, the effects of cis-DDP on
the kidney may contribute to the disturbances observed in glucose meta-
bolism. Evidence supporting this postulation is based on the observa-
tion that administration of cis-DDP only at doses which are frankly
nephrotoxic appear to impair glucose tolerance. Furthermore, BUN con-
centrations of the 5 mg/kg cis-DDP group were profoundly elevated on
day 4 (Figure 33), a time at which glucose tolerance was also profound-
ly impaired (Figure 12).

Hemodialysis in uremic patients improves glucose tolerance and may
be associated with improved tissue sensitivity to insulin (DeFronzo et
al., 1981). By analogy, if cis-DDP induced glucose intolerance were
secondary to uremia, an amelioration in renal function should theoreti-
cally improve glucose metabolism. To determine the effect of cis-DDP
induced uremia on glucose tolerance, the effects of mannitol pretreatment
on cis-DDP nephrotoxicity and glucose intolerance were evaluated. Since

mannitol pretreatment reduces cis-DDP nephrotoxicity without altering
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its pharmacokinetic or therapeutic properties (Pera et al., 1979), any
effect of this manipulation on cis-DDP glucose intolerance is presumably
related to alterations in kidney function. Although mannitol pretreat-
ment reduced plasma glucose concentrations in drug treated animals 30,
60 and 120 minutes following a glucose load, hyperglycemia relative to
controls was still apparent at 15, 30 and 60 minutes (Figure 38). The
partial improvement in glucose utilization by reducing cis-DDP nephro-
toxicity suggests that impaired renal function contributes, at least in
part, to cis-DDP glucose intolerance. Furthermore, mannitol pretreatment
improved glucose tolerance with no apparent improvement in plasma IRI
response to glucose (Figure 39), suggesting that improved glucose meta-
bolism may be due to enhanced tissue sensitivity to IRI.

Although these results indicate that éis-DDP induced uremia may
contribute to the observed glucose intolerance, administration of other
agents which also induce uremia, i.e., cephaloridine, gentamicin or
glycerol, did not uniformly impair glucose tolerance (Figure 40). These
results therefore suggest that cis-DDP induced glucose intolerance is
probably independent of uremia.

To determine if ci1s-DDP produces insulin resistance, the hypogly-
cemic actions of exogenous insulin were evaluated. Theoretically,
if insulin action were impaired at the target tissue level by cis-DDP,
then administration of exogenous insulin to treated animals should
result in a blunted hypoglycemic response.‘ However, treated animals

exhibited a maximal hypoglycemic response 30 minutes following insulin

administration, an effect which was similar to controls (Figure 46).
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Insulin resistance may be due to decreased sensitivity to insulin
(i.e., a shift in the dose-response curve to the right) and/or decreased
maximal response to insulin (Kahn, 1978; 1980). Since only 10% of
receptor occupancy is required for maximal response to insulin (Kahn,
1978), a reduction in receptor binding of up to 90%Z produces decreased
sensitivity with no change in maximal response. Therefore, although
maximal biological response to insulin was elicited with the given dosage
of insulin, administration of smaller doses of insulin to treated ani-
mals may have produced a more blunted hypoglycemic response compared to
controls. These results therefore do not rule out the possibility of
decreased insulin sensitivity following cis-DDP treatment. Since manni-
tol pretreatment improved cis-DDP glucose intolerance without improving
IRI secretion, the increased metabolism of glucose may be related to
enhanced tissue sensitivity to insulin.

An alternative explanation for decreased glucose utilization accom-
panying an apparently normal plasma IRI response in cis-DDP treated
animals (5 mg/kg) may relate in part to the presence of a less biologi-
cally active, although immunoreactive, beta cell secretory product. .The
insulin antibody used in the routine immunoassay cross-reacts with pro-
insulin (Rubenstein et al., 1968). Proinsulin in the normal state com-
prises only 5% of total plasma IRI concentration; therefore, cross-
reactivity with this molecule does not usually confound interpretation
of IRI data. However, in renal failure, fasting proinsulin concentra-
tions are elevated 7.5-fold (Baba et al., 1979), a finding consistent

with the primary role of the kidney in proinsulin degradation (Constan
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et al., 1978; Izzo et al., 1978; Jaspan et al., 1977; Katz and Ruben-
stein, 1973; Kitabchi, 1977). The renal handling of proinsulin and
insulin are characterized by high extraction rates (36 and 40%, respec-
tively) and low urinary clearances, suggesting that almost all of the
polypeptide extracted is metabolized by the kidney (Katz and Rubenstein,
1973). Despite these similarities, renal clearances of insulin and
proinsulin represent one-third and two-thirds of their total metabolic
clearance, respectively; the differential between the two polypeptides
is related to the significant metabolism of insulin, but not proinsulin,
by the liver (Katz and Rubenstein, 1973).

In renal failure, plasma proinsulin levels are also elevated follow-
ing glucose stimulation and represent a significantly large percentage
of total circulating IRI (Baba et al., 1979). On this basis, plasma
IRI of cis-DDP treated animals in both the fasting and glucose-stimulated
states may represent a disproportionately large amount of proinsulin,
an effect secondary to diminished renal degradation associated with cis-
DDP néphrotoxicity. If this were the case, then the less potent hypo-
glycemic actions of this beta cell product may explain: (1) fasting
hyperglycemia accompanied by elevated plasma IBI in the 7.5 mg/kg cis-
DDP group (Table 10) and (2) decreased utilization of exogenous glucose
despite an apparently normal plasma IRI response in animals treated with
5 mg/kg cis-DDP (Figures 11, 12, 17 and 18). Since experiments were not
designed to examine the composition of plasma IRI following cis-DDP
treatment, these interpretations remain speculative.

In summary, these results indicate that cis-DDP (5 mg/kg) hypergly-

cemia accompanied by an apparently normal plasma IRI response to glucose,
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may either reflect decreased tissue sensitivity to insulin and/or the
presence of a less biologically active, although immunoreactive, beta
cell secretory product. However, it might be argued that although
absolute plasma IRI concentrations were apparently similar between
treated and controls, they were deficient relative to the elevated blood
glucose concentrations in animals treated with 5 mg/kg cis-DDP. Thus,
the absence of an exaggerated IRI response to glucose following cis-DDP
treatment suggests that impaired insulin synthesis and/or secretion
contributes significantly to the observed impairment in glucose utili-
zation (Figure 9). Although biosynthetic rates of insulin were not"
determined, pancreatic IRI concentrations were not affected by cis-DDP
treatment (Figure 43), indicating that pancreatic stores of IRI are not
deficient. Thus, impaired glucose utilization following exogenous
glucose is probably related to impaired insulin secretion. Several
factors may contribute to impaired insulin secretion following cis-DDP
treatment. Starvation is known to result in glucose intolerance by
impairing insulin release (Hedeskov, 1978) and therefore, reduced food
intake following cis-DDP treatment (Figure 4) may contribute, in part,
to impaired glucose metabolism. However, inasmuch as animals pair-fed
to drug treated partners did not exhibit glucose intolerance (Figures
11-14), the decreased utilization of exogenous glucose following cis-DDP
treatment appears to be independent of starvation. Furthermore, animals
pair-fed to the 7.5 mg/kg group did not exhibit a blunted plasma IRI
response to glucose stimulation (Figure 9), indicating that reduced food

intake of drug treated animals did not significantly affect insulin
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metabolism. Similarly, the relative response in plasma IRI from the
fasting to the glucose stimulated state at 15 minutes was not signifi-
cantly affected in animals pair-fed to the 5 mg/kg cis-DDP group (Table
3).

An impairment in insulin secretion may also result from drug-induced
stress. The stress-induced release of adrenal catecholamines and gluco-
corticoids produces hyperglycemia; the former by a direct adrenergic
effect on pancreatic islet function, resulting in inhibition of insulin
release, and the latter by decreasing receptor binding to insulin.
Consequently, impaired glucose utilization may not necessarily result
from a direct insult to pancreatic islet function; but rather to changes
in insulin metabolism effected by a stress related increase in catechol-
amines and glucocorticoids. In addition to influencing pancreatic islet.
functions, catecholamines may also directly activate hepatic glycogeno-
lysis and gluconeogenesis or inhibit tissue uptake of glucose.

These weil documented effects of adrenal catecholamines and gluco-
corticoids on carbohydrate metabolism coupled with the observation of
adrenal medullary and cortical hypertrophy following cis-DDP treatment
(Toth-Allen, 1970), suggest that cis-DDP glucose intolerance may be
adrenal mediated. The adrenal weight to body weight (AW/BW) ratios
were elevated 4 days following treatment with 5 mg/kg cis-DDP (Table 4),
an effect which is not due to decreased body weight since these ratios
were significantly different from pair-fed partners of comparable bedy
weight (Figure 5). Furthermore, changes in relative adrenal weights
(Table 4) were accompanied by changes in glucose tolerance (Figures 12

and 14) 4 and 14 days following treatment with 5 mg/kg cis-DDP.
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Theoretically, if glucose intolerance following cis-DDP treatment
were adrenal mediated, then adrenalectomy should prevent these abnorma-
lities in carbohydrate metabolism by improving insulin metabolism. Bi-
lateral adrenalectomy reduced plasma glucose concentrations in both the
fasting state and 120 minutes following a glucose load in cis-DDP
treated animals (Figure 21). This improvement in glucose metabolism
by adrenalectomy appears to be related to enhanced tissue sensitivity
to insulin as indicated by the absence of fasting hyperglycemia (Figure
21) and hyperinsulinemia (Table 5) in the Adx/cis-DDP group. Enhanced
tissue sensitivity to insulin in adrenalectomized animals may be due to
increased receptor binding affinity to insulin associated with the
presumed absence of glucocorticoid activity (Kahn, 1978). Nevertheless,
impaired glucose utilization following exogenous glucose administration
was apparent during the early stages of the glucose tolerance test
(iS, 30, and 60 minutes) in both cis-DDP groups, regardless of the
presence or absence of adrenal glands (Figure 21). These results sugest
that although partial improvement in cis-DDP glucose intolerance was
observed, a stress related effect on catecholamine and/or glucocorticoid
metabolism cannot entirely account for the abnormalities in carbohydrate
metabolism. Therefore, factors in addition to those related to adrenal
function must mediate cis-DDP glucose intolerance.

One of the critical events in glucose stimulated insulin rélease is
an increased flux of ionized calcium into the cytosol of pancreatic beta
cells. Diminished insulin response to glucose has been reported in

hypocalcemia (Bansal et al., 1975; Gero et al., 1976), an effect which
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may relate to the dependence of insulin secretion upon extracellular
calcium. Hypocalcemia may result from cis-DDP treatment (Hayes et al.,
1979) and therefore may contribute to glucose intolerance. However,
serum calcium concentrations of drug treated animals were comparable to
controls (Table 9). Hypokalemia is also known to result in impaired
insulin secretion (Rowe et al., 1980); however, serum potassium concen-
trations were also unaltered by cis-DDP treatment (Table 9). Although
neither serum potassium nor calcium concentrations were affected by cis-
DDP treatment, an effect on their beta cell metabolism cannot be dis-
counted.

Alternatively, impaired insulin secretion following cis-DDP treat-
ment may be a result of a direct pancreotoxic effect of the drug.
However, administration of cis-DDP at doses known to impair glucose
metabolism did not result in histopathological damage to the pancreas,
as indicated by the absence of islet degeneration, necrosis and inflam-
mation using light microscopy (Figure 41). Although no gross histo-
pathological damage to the pancreas was evident, cis-DDP may alter islet
cell population and/or subcellular architecture. Further studies would
be needed to explore these aspects. Serum amylase activity, which
provides a gross estimate of pancreatic function, was not affected by
cis-DDP treatment (Figure 42), indicating the unlikelihood of cis-DDP
induced pancreatic damage.

Since glucagon has been assigned the role of an essential co-
mediator in diabetes (Unger and Orci, 1975), it was hypothesized that
hyperglycemia following cis-DDP treatment may also be mediated in part

by drug induced hyperglucagonemia. Glucagon may induce hyperglycemia
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by increasing endogenous glucose production beyond the capacity for
glucose utilization. Plasma IRG concentrations were elevated following
cis-DDP treatment (5 or 7.5 mg/kg) and accompanied the observed glucose
intolerance (Figures 10, 17 and 18). Furthermore, administration of
7.5 or 10 mg/kg cis-DDP induced hyperglycemia in both the fasting and
nonfasting state (Figures 6 and 7), indicating the likelihood of endo-
genous glucose overproduction.

Endogenous glucose overproduction may be characterized by increased
rates of glycogenolysis and/or gluconeogenesis. Although fasting hyper-
glycemia accompanied by hyperglucagonemia, was evident following treat-
ment with 7.5 mg/kg cis-DDP, increased hepatic and renal activities of
the gluconeogenic enzymes, glucose-6-phosphatase and fructose-1,6-di-
phosphatase, were not observed (Table 10). Several possible explana-
tions may account for the absence of increased gluconeogenesis accom-
panying fasting hyperglycemia following cis-DDP treatment (7.5 mg/kg).
Mechanisms mediating fasting hyperglycemia may not involve an absolute
increase in glucose production; rather, glucose production may be in-
creased only relative to rates of glucose utilization. Since cis-DDP
treatment impairs glucose utilization, normal rates of glucose produc-
tion may exceed the capacity for utilization. Further studies would be
needed to determine the relative rates of glucose production and utili-
zation following cis-DDP. Secondly, glucagon mediated glucose produc-
tion is a short-lived phenomenon, resulting in only a transient increase
in glucose production (Fradkin et al., 1980). Therefore, since glucose
utilization is impaired by cis-DDP, a brief burst in glucose production

(prior to day 4) may result in prolonged hyperglycemia unaccompanied by
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a sustained elevation in glucose production. Finally, an alternative
explanation may be that fasting hyperglycemia in treated animals is
mediated by an increased glucose production due either to a preferen-
tial mobilization of glycogen stores or to increased gluconeogenesis
which was for some reason not detected in the present expefiments.

In contrast to the 7.5 mg/kg cis-DDP group, hyperglucagonemia
following treatment with 5 mg/kg cis-DDP was not associated with fasting
hyperglycemia (Table 10). Although it may be argued that profound
glycosuria induced by cis~-DDP (Figure 24) may mask the hyperglycemic
actions of glucagon, hyperglycemia was evident in these animals in the
nonfasting state (Figure 6). Thus, the paradoxical appearance of hyper-
glucagoenmia and normoglycemia is probably not related to urinary losses
of glucose. Rather, this phenomenon may be attributed to the effects of
cis-DDP on the biological activities of circulating IRG and/or to meta-
bolic adaptation to glucagon action. Plasma glucagon immunoreactivity
comprises at least four different components with differing molecular
weights, averaging 150,000, 9000-12,000, 3500 and 2000 daltons (Jaspan
et al., 1981).' The 3500 MW form corresponds with "true pancreatic"
glucagon and is believed to be the biologically active form of glucagon.
In contrast, the nature of the higher MW forms of plasma IRG are not
well defined, although the 9000-12,000 MW fraction may represent a pre-
cursor (proglucagon) or intermediate of glucagon biosynthesis. The
marked heterogeneity of plasma IRG is further complicated by the pre-
sence of glucagon like immunoreactive (GLI) components, which are prin-

cipally of intestinal origin.
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Since the antibody used to measure plasma IRG in these studies
cross-reacts with all immunoreactive components of glucagon, it was
hypothesized that the elevation in plasma IRG following cis-DDP treat-
ment (5 or 7.5 mg/kg) may represent a form other than the 3500 MW. To
test this, plasma IRG was quantified using an antibody which cross-
reacts with all IRG components ("total") and one which cross-reacts with
only the 3500 MW form ("true pancreatic"). Although plasma concentra-
tions of "true pancreatic" IRG of the 5 mg/kg group were comparable to
ad-libitum fed controls, they were significantly greater than pair-fed
controls (Table 11). "Extra-pancreatic" plasma IRG ("total" - "true
pancreatic") of animals treated with 5 or 7.5 mg/kg cis-DDP represented
a significantly large proportion of total circulating IRG (70 and 84%,
respectively) compared to ad-libitum or pair-fed controls (43 and 38%,
respectively). These data suggest that elevated plasma IRG following
cis-DDP treatment is primarily due to an increase in a form other than
the 3500 MW component. Normoglycemia accompanied by an elevation in
"extra pancreatic" plasma IRG in animals treated with‘S mg/kg cis-DDP
might suggest decreased hyperglycemic activity of this IRG component.
However, this suggestion remains speculative since the biological acti-
vity of these IRG fractions was not determined in these studies.

Despite the relatively large proportion of "extra pancreatic" plasma
IRG in the 7.5 mg/kg group, "true pancreatic" plasma IRG concentration
was elevated 5 to 7 fold (Table 11). The magnitude of this elevation
would be expected to produce severe fasting hjperglycemia and massive

increases in glucose production. However, neither of these phenomena
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was observed, suggesting the possibility of metabolic adaptation to
the biological actions of '"true pancreatic" glucagon following cis-DDP
treatment. The effects of hyperglucagonemia are short-lived; thus, a
chronic and sustained elevation in circulating glucagon is not charac-
terized by continued glucose overproduction (Fradkin et al., 1980;
Sherwin and Felig, 1980). Adaptation to chronic hyperglucagonemia is
well documented and appears to be characterized by either down regula-
tion of glucagon receptors (Bhathena et al., 1978) and/or the develop-
ment of hepatic refractoriness to the enzymatic effects of glucagon
(e.g., decreased activity of adenylate cyclase, increased activity of
phosphodiesterase) (Fradkin et al., 1980). Regardless of the exact
mechanism, it is likely that chronic hyperglucagonemia following cis-DDP
treatment results in metabolic adaptation and this may account for the
absence of severe fasting hyperglycemia and glucose overproduction
normally elicited by an elevation of glucagon.

An alternative, but less likely, explanation for hyperglucagonemia
unaccompanied by severe fasting hyperglycemia following cis-DDP treaf-
ment, is the possibility of an impaired glycemic response to glucagon
at the target tissue level. This phenomenon has been reported to con-
tribute to the hyperglucagonemia and normoglycemia of cobalt chloride
treated animals (Eaton, 1973). To test this possibility in cis-DDP
treatment, animals were evaluated for their glycemic response to exoge-
nous glucagon. A blunted response to glucagon was not observed in
treated animals (Table 13); therefore, glucagon resistance at the target
tissue level is unlikely following cis-DDP treatment. In fact, animals
treated with 7.5 mg/kg cis-DDP demonstrated marked hyperglycemia 20 and

30 minutes following glucagon administration (Table 13). Since the
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maximal increase in blood glucose was not different between treated and
control animals, the hyperglycemia following treatment with 7.5 mg/kg
cis-DDP probably reflects decreased tissue uptake and metabolism of
glucose rather than continued increase in glucose production.

In summary, these results indicate that the absence of severe fast-
ing hyperglycemia and massive glucose overproduction in cis-DDP hyper-
glucagonemia may be related in part to the biological activities of the
plasma IRG components and/or to the development of metabolic adaptation
to a chronic and sustained elevation in plasma IRG.

It is likely that cis-DDP hyperglucagonemia is due to decreased de-
gradation of IRG rather than increased secretion. The kidney represents
the principal site of glucagon degradation as indicated by the relatively
high extraction and low urinary clearance of this hormone (Bastl et al.,
1977; Lefebvre 35“52., 1974). Furthermore, hyperglucagonemia, indepen-
dent of pancreatic IRG secretion, has been documented following acute
bilateral kidney exclusion (Lefebvre and Luyckx, 1976), renal artery
clamping (Lefebvre et al., 1974), bilateral ureteral ligation (Bilbrey
et al., 1974; Emmanouel et al., 1976), 70% nephrectomies (Bastl et al.,
1977) and in chronic renal failure patients in which hyperglucagonemia
is reversed by renal transplantation (Bilbrey et al., 1975). 1In this
manner, hyperglucagonemia of renal failure has been attributed to im-
paired renal degradation rather than increased alpha cell secretion.

A similar mechanism associated with cis-DDP nephrotoxicity may therefore

mediate cis-DDP hyperglucagonemia.
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Reduced cis-DDP nephrotoxicity by mannitol pretreatment also re-
sulted in reduced plasma IRG concentrations in treated animals (Figure
39 and Table 7). Furthermore, administration of other agents which im-
pair renal function, such as glycerol and gentamicin, also resulted in
an elevation in plasma IRG (Table 12). These results are consistent
with the postulate that cis-DDP hyperglucagonemia is primarily mediated
by impaired renal degradation of glucagon, an effect secondary to cis-
DDP nephrotoxicity.

The mechanisms by which glucagon is handled by the kidney appear to
involve glomerular filtration followed by proximal tubular reabsorption
(Nahara et al., 1958); the proximal tubules contain glucagon degrading
enzymes located in both the brush border and cytosol (Duckworth, 1976a).
Kuku et al. (1975) reported that hyperglucagonemia of chronic renal
failure was largely due to a striking elevation in a 9000 MW component,
comprising 57Z of total circulating IRG, and a moderate elevation in -
the 3500 MW fraction. The 3500 MW form appears to be handled primarily
by glomerular filtration and tubular reabsorption whereas the renal
handling of the 9000 MW component may involve peritubular uptake from
postglomerular capillaries (Emmanouel et al., 1976).

These results, when extrapolated to the present studies, suggest
that the moderate elevation in the 3500 MW form of IRG may be related
to reduced GFR of drug treated animals (Table 6). Since the 3500 MW
IRG component is the only IRG peptide to be metabolized by both kidney
and liver (Jaspan et al., 1977), hepatic metabolism of this component
in cis-DDP treated animals may prevent a profound elevation in the

circulation. In contrast, the kidney is the major site of catabolism
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of the 9000 MW form of IRG. Therefore, the presumed impairment in renal
degradation of IRG associated with cis-DDP nephrotoxicity may result in
increasing circulating levels of this IRG component in treated animals.
Although experiments were not designed to identify the immunoreactive
components of plasma IRG in cis-DDP treatment, it seems reasonable to
speculate that a large proportion of "extra pancreatic" plasma IRG in
treated animals is represented by the 9000 MW form.

An alternative explanation for cis-DDP hyperglucagonemia is in-
creased glucagon secretion. Glucagon hypersecretion from the alpha
cells of the pancreas may be secondary to catecholamine release asso-
ciated with drug induced stress. If such a mechanism mediates cis-DDP
hyperglucagonemia, then adrenalectomy should prevent cis-DDP hypergluca-
gonemia. However, since plasma IRG concentrations wére not signifi-
cantly elevated 2 days following cis-DDP treatment (Table 5), it is
difficult to evaluate the role of adrenal mediated stress in cis-DDP
hyperglucagonemia.

In summary, these results indicate that cis-DDP treatment results
in profound hyperglucagonemia, an effect which is probably related to
decreased renal degradation of IRG. Since hyperglucagonemia in treated
animals was not associated with severe fasting hyperglycemia, the biolo-
gical activity of this hormone and its contribution to cis-DDP glucose
intolerance must be questioned. Several lines of evidence suggest that
cis-DDP hyperglucagonemia probably does not mediate cis-DDP glucose in-
tolerance: (1) hyperglucagonemia was apparent on days 2, 4, and 7
(Figures 17-195 following treatment with 5 mg/kg cis-DDP, yet glucose

tolerance was impaired only on days 2 and 4 (Figures 11-14), (2) although
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treatment with cis-DDP, gentamicin and glycerol resulted uniformly in
hyperglucagonemia (Table 12), glucose tolerance was differentially
affected by these agents (Figure 40), and (3) hyperglucagonemia was
not associlated with fasting hyperglycemia in animals treated with 5
mg/kg cis-DDP. These results therefore suggest that hyperglucagonemia
per se does not necessarily result in impaired glucose tolerance. Al-
though glucagon may contribute to cis-DDP hyperglycemia by acutely in-
creasing glucose production, the abnormalities in carbohydrate metabo-
lism persist for at least several days following cis-DDP treatment,
indicating that other mechanisms must be invoked. It is likely that the
primary lesion mediating cis-DDP hyperglycemia involves impaired glu-
coge utilization associated with impaired insulin secretion. The
exact mechanisms underlying the impairment in insulin secretion by
cis-DDP treatment cannot be evaluated from these studies and therefore

merit further investigation.



SUMMARY

This study was designed to characterize the effects of cis-DDP and
other divalent platinum compounds on carbohydrate metabolism and to
elucidate the biochemical and endocrine correlates mediating these
metabolic abnormalities.

Glucose metabolism was evaluated in male F-344 rats treated with
equimolar platinum doses of cis-DDP, trans-DDP or ammonium tetrachloro-
platinate. Since preliminary studies indicated a dose-related anorexia
agsociated with cis-DDP treatment, a pair-fed control group was also
studied to correct for the metabolic effects of reduced food intake.
Administration of cis-DDP, but neither trans-DDP nor tetrachloroplati-
nate, resulted in fasting (7.5 or 10 mg/kg) and nonfasting (5, 7.5 or
10 mg/kg) hyperélycemia. Impaired glucose utilization appears to con-
tribute to cis-DDP hyperglycemia as indicated by the marked and persis-
tent hyperglycemia following exogenous glucose administration in treated
(5 or 7.5 mg/kg) animals. Impaired glucose utilization ;as apparent 2
and 4, but not 7 and 14, days following treatment with 5 mg/kg cis-DDP,
indicating that it is a transient phenomenon. Neither trans-DDP nor
tetrachloroplatinate impaired glucose tolerance at any time examined.
These results suggest that glucose intolerance following cis-DDP treat-
ment is unique to the geometry of the complex and that properties other
than the presence of a divalent platinum atom must contribute to cis-

DDP glucose intolerance.
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The mechanisms mediating cis~DDP glucose intolerance are related to
impaired insulin metabolism. Decreased utilization of exogenous glucose
was observed in treated (5 mg/kg cis-DDP) animals despite an apparently
normal plasma IRI response. Although amelioration of cis-DDP induced
uremia was associated with an improvement in cis-DDP glucose intoler-
ance, other nephrotoxicants which induced uremia did not uniformly
impair glucose tolerance. These results therefore sugéest that cis-DDP
glucose intolerance is mediated by mechanisms other than those asso-
clated with uremia. Although improvement in glucose metabolism by
reducing cis-DDP nephrotoxicity suggests that cis-DDP impairs insulin
action at target tissues, treated animals did not exhibit a blunted
hypoglycemic response to exogenous insulin. Although plasma IRI con-
centrations following glucose stimulation were similar between control
and treated animals, it is likely that the composition of plasma IRI is
different following cis-DDP treatment. cis-DDP impairs renal function;
therefore, renal degradation of proinsulin, which is a less biologically
‘active, although immunoreactive, beta cell seﬁretory product, may be
compromised in treated animals and therefore may constitute a large
proportion of plasma IRI. Further studies would be needed to explore
this possibility.

Although it is likely that proinsulin is elevated following cis-DDP
treatment, an exaggerated total plasma IRI response to glucose stimula-
tion was not apparent, indicating that cis-DDP glucose intolerance is
primarily mediated by impaired insulin release. Pancreatic concentra-
tions of IRI were not significantly affected by cis-DDP treatment;

therefore, pancreatic insulin depletion probably does not account for
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impaired release. Impaired insulin release appeared to be independent
of starvation, uremia and adrenal-mediated stress. Furthermore,
neither hypocalcemia nor hypokalemia was evident in treated animals;
therefore, glucose intolerance associated with a blunted insulin re-
sponse cannot be attributed to these phenomena. A direct pancreotoxic
effect of cis-DDP also seems unlikely as indicated by the normal appear-
ance of the pancreas upon histological examination by light microscopy
following cis-DDP treatment.

Since glucagon is known to contribute to hyperglycemia by increas-
ing glucose production, glucagon metabolism was evaluated following cis-
DDP treatment. cis-DDP glucose intolerance was accompanied by hyper-
glucagonemia. However, several lines of evidence indicate that the
elevation in plasma IRG may not directly mediate cis-DDP glucose in-
tolerance: (1) hyperglucagonemia following cis-DDP treatment did not
increase hepatié or renal G6Pase or FDPase activities, suggesting an
absence of glucagon mediated glucose production, (2) a form other than
the 3500 MW form of plasma IRG constituted a large proportion of total
plasma IRG in treated animals, (3) animals treated with 5 or 7.5 mg/kg
cis-DDP exhibited a significant increase in the 3500 MW form of IRG;
however, this was not accompanied by severe fasting hyperglycemia and
(4) the biological effects of glucagon are known to be short-lived;
therefore, chronic hyperglucagonemia of treated animals may not result
in continued increase in glucose production.

The elevation in plasma IRG following cis-DDP treatment is probably

related to decreased renal degradation of this hormone. This is suggested
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by the decrease in plasma IRG when cis-DDP nephrotoxicity is reduced by
mannitol pretreatment. Furthermore, other nephrotoxicants such as genta-
micin and glycerol also resulted in hyperglucagonemia.

In conclusion, cis-DDP treatment results in hyperglycemia, an
effect mediated by impaired utilization of glucose associated with a
blunted insulin release. The exact mechanisms mediating the deficient
insulin release cannot be evaluated from these studies and merit further

investigation. !
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