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Abstract—Carboplatin has recently been established as an effective agent in cancer chemotherapy.
The dose limiting toxicity of this platinum complex is myelosuppression and, in this study, we
have shown that through the use of diethyldithiocarbamate (DDTC), a protective thiol compound,
the toxicity in rodents can be ameliorated and lethality prevented. DDTC protected against
carboplatin-induced leucopoenia and anaemia when administered as a single bolus or as a multiple
schedule incorporating three injections. With the single bolus, the effectiveness of this protection
decreased as the lag time between carboplatin and DDTC administrations increased. Thrombocyto-
poenia was unaffected by DDTC. The growth profile of ADJ/PC6A tumour in mice was
dependent on the timing of DDTC administration when given in combination with the platinum
complex. The tumour growth delay, however, was unaffected by DDTC at any schedule. Multiple
injections of DDTC increased the Epoy for carboplatin from 5.0 to 7.5 mg/kg. The LD
value was increased from 115 to 216 mg/kg with the same DDTC schedule. Thus, DDTC
improved the therapeutic index of carboplatin by 25%. A clinical role for the use of DDTC as
a protective agent for carboplatin-induced toxicities is suggested.

INTRODUCTION
CispLATIN (cis-dichlorodiammineplatinum II) is a
well established agent in cancer chemotherapy [1].
Its clinical application, however, is restricted by the
onset of several toxicities of which renal damage is
the most severe [2]. Carboplatin (Paraplatin, JM8,
CBDCA) was developed by Harrap ¢t al. [3] as a
non-nephrotoxic alternative. Clinical trials have
indicated that the analogue is also highly active
against several human tumours [4]. The dose-limit-
ing toxicity has been ascribed to myelosuppression,
particularly thrombocytopoenia [5], which may be
responsible for the secondary anaemia in both man
and animals [5, 6]. In addition to analogue develop-
ment, attempts have been made to alleviate the side
effects of cisplatin with sulphur nucleophiles, such
as thiourea [7], thiosulphate [8], WR-2721 [9] and
diethyldithiocarbamate (DDTC) [10, 11]. Of these,
the chelating agent DDTC has shown particular
promise in that protection is afforded to the kidney
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without compromising the antitumour activity
[11, 12]. A further property of DDTC is that protec-
tion also extends to the bone marrow, with cisplatin-
induced leucopoenia being significantly reduced
[13-15]. Since the clinical limitation to the use of
carboplatin is myelosuppression, we have investi-
gated the use of DDTC as a protective agent against
carboplatin-induced bone marrow toxicity in mice
and rats. In addition, the effect of DDTC on antitu-
mour activity hs been explored to establish its full
potential in combination with carboplatin.

MATERIALS AND METHODS

Animals and chemicals

Studies were carried out in female BALB/c— mice
(18-23 g) and female Wistar rats (200-230g).
Body weights of animals were recorded where
appropriate, Carboplatin and cisplatin were gifts
from the Johnson Matthey Research Centre (Read-
ing, U.K.) and were dissolved in 5% dextrose or
0.9% saline, respectively. The sodium salt of DDTC
(Sigma) was dissolved in 0.9% saline.

Determination of blood cell counts
Mice received a single lethal dose (150 mg/kg;
10 ml/kg) of carboplatin i.v. (tail vein). DDTC was
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administered i.p. at either a multiple dose (300 mg/
kg; 10 ml/kg) schedule at 0, 2 and 4 hr, or as a
single injection (750 mg/kg; 10 ml/kg) at 0, 2, 4 or
24 hr. Control animals received dextrose i.v. and
either saline or DDTC i.p. at appropriate intervals.
Blood was sampled from the lateral tail vein into a
heparinized 25 pl micropipette (Corning, U.S.A.).
The pipettes were sealed at one end with plasticene
and centrifuged at 1300 g for 15 min for haemato-
crit determinations. Rats received i.v. (tail vein)
either carboplatin (60 mg/kg) or cisplatin (6.5 mg/
kg) at 10 ml/kg, followed by a single (750 mg/kg)
or multiple (300 mg/kg) injection of DDTC i.p.
Blood was sampled from the tail into microfuge
tubes containing 5 units of heparin, and placed on
ice. Blood cell counts were determined electronically

[16].

Determination of antitumour activity

Fragments (1 mm?) of ADJ/PC6A tumour were
implanted s.c. into the right flank of female BALB/
c— mice. Mice received cisplatin or carboplatin
i.v. with or without DDTC i.p. on day 22 post-
implantation, when tumour volumes had reached
34 cm® Volumes were calculated from caliper
measurements as described by Corbett ¢ al. [17].
Individual tumours were normalized to the tumour
volume (100%) at the start of treatment (referred
to hereafter as day 0). The tumour growth delay
was calculated according to Begg [18] for each
animal where tumour regrowth was evident. Briefly,
the growth delay was determined by comparing
treated mice with the appropriate controls on the
basis of the time taken for the tumours to reach a
volume of 250%. There was no significant differ-
ence in tumour growth rates in animals receiving
saline i.v. in conjunction with saline or DDTC i.p.

Determination of therapeutic index (TI)

TT1 is defined as the ratio of Lpsg to EDgg. BALB/
c— mice bearing ADJ/PC6A tumours received car-
boplatin i.v. at effective (2-8 mg/kg) and lethal
(115-232 mg/kg) dose ranges. Saline or DDTC was
administered i.p. at 0, 2 and 4 hr. Tumour growth
inhibition was calculated from the ratio of the
tumour volume of the treated group to that of the
controls on the day of sacrifice of control animals
(day 10 post-treatment). EDgq values were obtained
by probit analysis [19]. LD values were determined
from groups of 4 mice each, according to the pro-
cedures of Weil [20], all deaths having occurred by
day 14.

RESULTS

Effect of DDTC on haematological toxicity
In mice, carboplatin-induced anaemia and loss
in body weight. Anaemia was most severe at 2-3

weeks after drug administration with the nadir
occurring on day 17. The effects of DDTC on
anaemia and body weight loss are shown in Table 1.
There appeared to be a direct relationship between
depression in haematocrit and weight loss. The
degree of protection with DDTC varied according
to its schedule of administration. Protection was
maximal when DDTC was given as a single bolus
at 0 hr or as a multiple schedule incorporating 3 or
more injections. With a single dose of DDTC,
protection became less effective as the lag time
between carboplatin and DDTC administration
increased. Thus, administration of DDTC at 24 hr
as a single dose provided the least protection. How-
ever, when the multiple schedule was extended
to include a 24 hr administration, no additional
protection was conferred. Recovery from anaemia
and body weight loss was rapid, with normal levels
being re-established by days 24-26.

The effect of DDTC on haematological toxicity
has been studied in greater detail in the rat. At
the doses used, there were no survivors in the
carboplatin (60 mg/kg, i.v.) alone group, whereas
all animals survived in the cisplatin (6.5 mg/kg,
i.v.) alone group. DDTC, however, prevented
carboplatin-induced lethalities when given as a
bolus or in multiple injections. In addition, DDTC
reduced cisplatin-induced elevations in BUN levels
on day 3 (83 = 3 vs 63 = 11 mg/100 ml plasma).

Leucopoenia in rats was induced by both drugs
(Fig. 1A). DDTC inhibited drug-induced reduction
in white cells. With carboplatin, inhibition was
greater when DDTC was administered as multiple
injections. Nadir of leucopoenia occurred on day 9
with the peak of leucocytosis on day 15. Levels
returned to control values by 4 weeks. The temporal
aspects of thrombocytopoenia were similar for both
platinum drugs, the nadir occurring on days 7-9
(Fig. 1B). This toxicity was more severe with car-
boplatin (90% cell reduction) than with cisplatin
(70% cell reduction). Multiple doses of DDTC
provided total protection against cisplatin-induced
platelet depression. In contrast, DDTC at both
single and multiple schedules had minimal effect on
carboplatin-induced thrombocytopoenia. Thromo-
bocytosis occurred on day 18, and control values
were regained by day 28. The day of nadir of
carboplatin-induced anaemia coincided closely with
the day of death, and it is proposed that the severe
red cell reduction probably accounts for the lethali-
ties (Fig. 1C). A single dose of DDTC marginally
reduced the severity of anaemia, with maximum
depression in cell counts being 75% of controls.
Multiple doses of DDTC, however, provided greater
protection and cell counts were reduced to only
40% of normal values.
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Table 1. Protection afforded by DDTC in mice against carboplatin-induced anaemia

% Loss in body
Haematocrit weight on day 6 Day of
Treatment schedules on day 17 (n = 4) death
Controls 0.57 = 0.05 1.9+1.8 —
Carboplatin 25238 6-7
+ DDTC 0 hr 0.45 + 0.07 55+ 2.9 —
2 hr 0.09, 0.24 120+ 1.3 11
4 hr 0.08, 0.18 159 + 3.8 11
24 hr 0.08 193+ 238 10
0,2,4hr 0.40 + 0.01 2.8+ 4.0 —
0,2,4,24 hr 0.34 + 0.05 9.0 +4.2 —
2, 4,24 hr 0.23 = 0.09 9.0+ 45 —
2,4 hr 0.18 + 0.08 143 £5.0 14

Results are nadir values and reported as means * SE (n given in parentheses) or as individual
values. Controls received saline and DDTC at time 0. Animals received a lethal dose of carboplatin
(150 mg/kg, i.v.) with either a single (750 mg/kg, i.p.) or a multiple (300 mg/kg, i.p.) injection of
DDTC. Control values were similar for either single or multiple DDTC schedules.

Effect of DDTC on antitumour activity

The temporal aspects of the characteristic
response of the ADJ/PC6A tumour to cisplatin and
carboplatin are shown in Fig. 2. A dose of 9 mg/kg
carboplatin or 0.9 mg/kg cisplatin induced a rapid
response resulting in ‘cures’ by days 10-12. With
lower doses, it was possible to determine tumour
growth delay, which, for instance, was 13 days for
both 0.3 mg/kg cisplatin and 3 mg/kg carboplatin.
The effect of DDTC on the antitumour activity of
the platinum complexes, at either the single or
multiple schedule, was tested at doses approximat-
ing the EDgo. Results of this study are shown in Fig.
3. The temporal aspects of the antitumour response
were similar in cisplatin-treated mice with and
without the multiple DDTC treatment (Fig. 3a).
This DDTC schedule, in combination with car-
boplatin, produced a response-time profile which
was different from that with carboplatin alone (Fig.
3b). Also, with a single injection of DDTC together
with carboplatin the growth profile was dependent
on the timing of DDTC administration. The tumour
growth delay, however, appeared to be independent
of the DDTC schedule employed, and was similar
to the group treated only with carboplatin (Table
2).
The DDTC-induced dose modification for car-
boplatin was determined for both Epg, and LDy,
values, in order to ascertain the effect on the TI
(Table 3). The EDy, for carboplatin with and with-
out DDTC was 7.5 and 5.0 mg/kg, respectively,
giving a modification factor of 1.5. The respective
LDsg values were 216 and 115 mg/kg, a 1.9-fold

increase in the dose. Thus, DDTC improved the T1
from 23 to 29.

DISCUSSION

The use of a protective agent which is specific for
normal tissues without a compromising effect on
the tumour is of significant importance in cancer
chemotherapy. Many sulphur nucleophiles (e.g.
thiourea, thiosulphate, WR-2721, penicillamine
and DDTC) have been incorporated as protective
agents against cisplatin-induced toxicities [7-10].
However, of these existing alternatives, DDTC
appears to be the most promising. This chelating
agent not only affords protection in rodents against
cisplatin-induced renal, gastrointestinal and bone
marrow toxicities [12, 18, 19] but is devoid of any
substantial effect on the antitumour activity against
L1210 [21] and P388 [13] leukaemias, B16 mela-
noma, Lewis lung and colon 26 tumours [13] in
mice although some compromise is evident using a
mammary tumour [12]. Lack of effect of DDTC in
combination with carboplatin against the P388
leukaemia has also been demonstrated [13].

In the present study, the protective effects of
DDTC in cisplatin-induced leucopoenia have not
only been confirmed, but we have also demonstrated
that anaemia and thrombocytopoenia are ablated
with the DDTC schedule employed. In addition,
DDTC has demonstrated an ability to protect
against carboplatin-induced toxicity. Protection
was specific in that the severity of leucopoenia
and anaemia reduced, but thrombocytopoenia was
unaffected. The explanation for the differential effect
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Fig. 1. The effect of DDTC on carboplatin and cisplatin-induced white

and red cell and platelet depression in rats. Results are expressed as means

+ SE, n = 4. DDTC was adminisiered at 0 hr (DDTC 0) or at 0, 2

and 4 hr (DDTC 0, 2, 4) following carboplatin (60 mg/kg, i.v.) or

cisplatin (6.5 mg/kg, i.v.). Carboplatin induced 100% lethality on
day 11.

of DDTC on thrombocytopoenia caused by cisplatin
and carboplatin is unknown, although it may
involve differences in the recovery of precursor cells
in the bone marrow.

Since anaemia has been reported as the dose-
limiting toxicity of carboplatin in rats [6], amelior-
ation of the anaemia may account for rodents surviv-
ing a lethal dose of carboplatin. This anaemia has
previously been postulated to be due to haemorrhag-
ing as a result of thrombocytopoenia [22]. Interest-

ingly, in the present study, DDTC reduced the
severity of anaemia in the absence of any significant
effect on thrombocytopoenia. The slight improve-
ment in platelet numbers with the DDTC-carbopla-
tin combination, however, may be sufficient to
afford some protection against anaemia.

A chemical interaction between cisplatin and
DDTC has been demonstrated in vitro [23]. This
reaction is assumed to occur between carboplatin
and the thiol. The chemical interaction, however,
does not completely neutralize the antitumour
effects of both platinum complexes when adminis-
tered simultaneously with DDTC. Indeed, for opti-
mal protection, it was necessary to administer
DDTC and carboplatin simultaneously. In con-
trast, the optimal lag time between DDTC and
cisplatin administration has been reported as
1-2 hr to minimize the rise in BUN levels {11] and
2-5 hr for protection of leucopoenia [15]. We have
demonstrated that similar protection is afforded
against the haematological toxicity when DDTC is
given as multiple injections at 0, 2 and 4 hr after
cisplatin administration, although renal protection
at this schedule may not be optimal. The greater
inhibition of the development of carboplatin-
induced anaemia in the rat with the multiple DDTC
schedule as compared with a single bolus of DDTC
may relate to more favourable pharmacokinetics, in
that exposure of the target sites to the thiol would
be prolonged.

With multiple DDTC administration, both the
LDsg and EDgg of carboplatin were increased. The
90% increase in the Lbsg value for this combination
compares favourably with the value of 120%
reported for cisplatin and DDTC in mice, although
in this case DDTC was administered as a single
bolus [15]. The modification in the Ebg, value
for the cisplatin-DDTC combination has not been
previously reported. The data of Borch et al. [12]
with a mammary tumour suggests that DDTC
compromised the antitumour activity of cisplatin,
this compromise being similar to that observed in
the present study with the ADJ/PC6A tumour using
carboplatin. This would suggest that the improve-
ment in DDTC in the TI value would be similar for
the two platinum complexes. However, if tumour
growth delay is considered then DDTC has negli-
gible effects on the antitumour activities of carbopla-
tin, resulting in a two-fold improvement in the T1.

In conclusion, DDTC improves the therapeutic
index of carboplatin and, therefore, this combi-
nation could be exploited clinically in cancer chemo-
therapy.
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Fig. 2. Growth of ADJ/PCBA tumour in mice receiving carboplatin or cisplatin. Results are expressed as means * SE, n = 5.

Doses in mg/kg, given i.v., are indicated on the curves. Conirols were sacrificed on day 10 post treatment. At high doses, tumours

were not palpable after day 10 and there was no reappearance of the tumour within the 60 day period. These were classified as
‘cures’.

3
CARBOPLATIN CISPLATIN

: 2 - l
/
/| ——e conTROLS J/
i {—a CARBOPLATIN B
--a  «0TC @
A +00TC (@

—a  +00TC (024)
—0 CISPLATIN
—~m  +D0TC (024)

LOG. TUMOUR VOLUME (X OF T.)
Ny

"

1 . 1 +
0 10 20 30 0 10 20 30

TIME (DAYS) TIME (DAYS)

Fig. 3. Growth of ADJ/PC6A tumour in mice receiving carboplatin or cisplatin with and without DDTC. Results are expressed

as means = SE or as individual values. ‘Cures’ have been excluded from data points. See Table 2 for number of “cures’ in each

group. DDTC was administered at 0 hr (DDTC 0), 2 hr (DDTC 2) or 0, 2 and 4 hr (DDTC 0, 2, 4) afier carboplatin
(4 mg/kg, i.0.) or cisplatin (0.6 mg/kg, i.v.).
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