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Objective. Current intraperitoneal (IP) regimens for the treatment of ovarian cancer rely on cisplatin
(DDP) whereas intravenous regimens rely on carboplatin (CBDCA). A major question in the field is whether
CBDCA can replace DDP for IP treatment. We compared the uptake of IP administered DDP and CBDCA into
human ovarian carcinoma nodules of various sizes growing on the peritoneal surface of nu/nu mice.

Methods. Human 2008 cells expressing GFP were inoculated IP in nu/nu mice. When small tumor nodules
became visible by external imaging, a maximum tolerated dose of DDP, or either an equimolar or equitoxic
dose of CBDCA, was injected IP. Platinum (Pt) concentration in tumor nodules was measured by inductively
coupled plasma mass spectrometry.
Results. A total of 749 tumors harvested from 33 mice were analyzed for Pt concentration. DDP produced
a 3.4-fold higher level of Pt in tumor nodules when compared to an equimolar dose of CBDCA (p=0.02).
However, when DDP and CBDCA were injected at doses that were equitoxic to the mice, tumor Pt levels were
equivalent (p=0.63). Although Pt concentrations of equal-sized nodules were highly variable, tumor Pt
content (ng Pt/mg tumor) decreased with increasing nodule size following IP DDP, an effect not seen with IP
administration of equitoxic doses of CBDCA (pb0.001).

Conclusions. These results suggest that IP CBDCA has comparable or better drug penetration when
compared to DDP given at equitoxic doses, and thus provide support for replacing DDP with CBDCA in the IP
treatment of patients with ovarian cancer.
© 2009 Elsevier Inc. All rights reserved.
Introduction

There is very strong evidence from experimental models and
clinical studies that the antitumor activity of the platinum (Pt)-
containing drugs is closely related to the amount of drug reaching the
tumor. Intraperitoneal chemotherapy for patients with small volume
ovarian carcinoma is based on the concept that, when DDP is
administered IP in adequate doses, drug will reach the tumor both
by diffusion in from the free tumor surface in the peritoneal cavity and
via capillary flow after the DDP enters the systemic circulation. The
anticipated net effect is an increase in the total amount of drug
reaching the tumor. This concept has been validated by the results of
multiple prospective randomized clinical trials that demonstrated the
therapeutic advantage of intraperitoneal (IP) chemotherapy for
patients with small volume residual ovarian cancer after primary
surgery [1–3]. Nevertheless, the incremental benefit of IP therapy
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with respect to progression-free and overall survival is small and
there are concerns related to poor patient tolerance and catheter-
related complications. When given IV, CBDCA has demonstrated
therapeutic equivalence to DDP and has a more manageable toxicity
profile. As a consequence, CBDCA has now largely replaced DDP for
the primary therapy of patients with ovarian cancer.

One approach to improving the tolerability of IP chemotherapy
would be to substitute CBDCA for DDP in intraperitoneally adminis-
tered regimens. CBDCA has been shown to be well tolerated when
administered IP in patients, and the total drug exposure for the
peritoneal cavity relative to plasma (AUC ratio) for CBDCA is similar to
that of DDP [4]. However, concerns have been raised as to whether the
two drugs have equal ability to penetrate from the peritoneal cavity
into small tumor nodules growing on the peritoneal surface. The
reasons for this are based primarily on the findings of two studies. The
first was a study by Los and colleagues who measured the Pt concen-
tration and depth of penetration of DDP and CBDCA into rat colon
carcinoma nodules following IP administration of the drugs [5]. They
determined that DDP was more effective than CBDCA at penetrating
into the tumor nodules. When the rats were injected IP with
equimolar doses of the two drugs, tumor nodules harvested from
rats receiving DDP contained ∼7-fold more Pt per mgwet weight than
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nodules from rats who received CBDCA. When equitoxic doses of the
drugswere injected, the Pt level was∼1.5-fold greater in nodules from
animals receiving DDP than from those receiving CBDCA. However,
the experimental model used was a rat colon cancer not a human
ovarian cancer model, and only a small number of tumor nodules
were examined. These results prompted a retrospective clinical study
that analyzed data from a series of 65 patients and found that the
response rate in patients who received 100 mg/m2 IP DDP was better
than in those receiving an IP regimen containing 200–300 mg/m2

CBDCA for macroscopic residual tumors N0.5 cm (71% vs. 32%), but
equivalent in patients with microscopic residual disease (46% vs. 38%)
[6]. However, in a retrospective analysis there is always the possibility
that patient characteristics dictated which treatment was given, and
so account for differences in outcome as well. To date, no prospective
human trials comparing IP CBDCA to DDP have been published.

The objective of this study was to compare the ability of DDP and
CBDCA to penetrate from the peritoneal cavity into tumor nodules
using a human ovarian carcinoma growing on the peritoneal surface
of nu/nu mice, a model whose biologic characteristics closely mimic
those of ovarian cancers in patients.

Materials and methods

Drugs

DDP (Platinol) and carboplatin (Paraplatin) were gifts from
Bristol-Myers Squibb (Princeton, NJ). The clinical formulation of
Platinol containing 3.33 mM DDP was kept in the dark at room
temperature. Paraplatin was reconstituted with sterile water to a
20 mM solution and stored at 4 °C.

Animal model

All animal studies were approved by the University of California
Institutional Animal Care and Use Committee and performed in
accordance with NIH guidelines. A subline of the 2008 human ovarian
cancer cell line, derived from a serous cystadenocarcinoma [7], was
engineered to express GFP and was inoculated IP into nu/nu mice.
Prior studies showed no effect of the expression of GFP on the cellular
pharmacology of DDP in this subline relative to the parental 2008 line
in vitro [8]. Cells were grown in RPMI-1640 media supplemented with
10% fetal bovine serum with 500 μg/mL G418 at 37 °C and 5% CO2. All
tissue culture chemicals and reagents were obtained from Fisher
Scientific (Tustin, CA). Female nu/numice (Charles River Laboratories,
Wilmington, MA) aged 6–8 weeks were inoculated IP with 5×106

2008/GFP cells in 750 μL of serum free media. When there was
evidence of IP tumor growth by optical imaging with the IVIS 200
(Caliper Life Sciences, Hopkinton, MA), typically 4 weeks post-
inoculation, animals were treated with a single IP injection of DDP at
the maximum tolerated dose (10 mg/kg) or either an equimolar dose
Table 1
Tumor characteristics and mean platinum uptake, by treatment group.

Drug Dose,
mg/kg

No. tumors
analyzed

Median no.
tumors per mouse
(range)

Median tumor
length in mm
(range)

Media
width
(range

DDP 10 129c 19.0 (2–23) 4 (2–11) 3 (2–1
CBDCA 12.4 384d 34.0 (1–60) 4 (2–22) 3 (1–1
CBDCA 85 236d 18.5 (6–45) 4 (1–20) 2 (1–9

Abbreviations: DDP, cisplatin; CBDCA, carboplatin; Pt, platinum.
a Means and standard errors were calculated from log-transformed data using a random in

the geometric mean.
b pN0.05.
c n=9 mice.
d n=12 mice.
of CBDCA (12.4 mg/kg) or an equitoxic dose of CBDCA (85 mg/kg).
Both drugs were diluted with sterile 0.9% NaCl to a final injection
volume of 500 μL to allow for adequateperitoneal distribution. Animals
were sacrificed 2 h after injection and all tumors were removed for
further analysis. Approximately 95% of the tumors analyzed (708 of
749) were 2–9 mm in their maximum measured dimension.

Measurement of tumor platinum concentration

Tumors were blotted free of excess moisture, weighed, measured,
and digested overnight in 70% nitric acid at 65 °C. The digestate was
diluted to a final concentration of 5% nitric acid with buffer containing
water, 1 ppb indium as an internal standard, and 0.1% Triton X-100. Pt
levels were then measured by inductively coupled mass plasma
spectrometry (Element 2, Perkin Elmer Life Sciences) or inductively
coupled optical emission spectrometry (model 3000DV, Perkin Elmer
Life Sciences) and expressed as ng Pt per mg of tumor wet weight or
tumor volume as calculated by (width2×length)/2.

Statistical analysis

A Kruskal–Wallis test compared the number of tumors analyzed
per mouse among the three dose groups. SAS PROC MIXED was used
to model log-transformed Pt concentration as a linear function of
tumor size for each group, and to test for differences in slope between
treatment groups; a random intercept was used to account for
correlated data within each mouse. Random intercept models also
tested for mean differences in log transformed tumor volume, weight,
and Pt concentration between groups. Conditional Studentized
residuals were plotted to check model fit and to identify influential
outliers (data not shown). Outliers were retained in the final models
since they did not cause significant changes when excluded. Analyses
used SAS version 9.2 (The SAS Institute, Inc., Cary, NC) and the
statistical package R version 2.5.1, 2007 (The R Foundation for
Statistical Computing, Vienna, Austria). All tests were two-sided at the
5% significance level.

Results

Tumor uptake of DDP compared to two doses of CBDCA

This study analyzed 749 tumors from33mice. Tumor characteristics
are detailed in Table 1. No significant differencewas noted between the
three treatment groups with respect to the median number of tumors
per mouse, mean tumor volume, or mean wet weight.

Preliminary studies established that a single IP dose of 10 mg/kg
DDP or 85 mg/kg CBDCA reproducibly produced equal degrees of
toxicity to nu/nu mice as judged by an average weight loss of 10%
(data not shown). Mean log Pt tumor concentration was compared for
DDP, 12.4 mg/kg CBDCA, and 85 mg/kg CBDCA and these are
n tumor
in mm
)

Meana tumor
volume in mm3

(95% CI)b

Meana tumor wet
weight in mg
(95% CI)b

Meana tumor platinum
in ng Pt/mg tumor weight
(95% CI)b

0) 16.2 (11.5–22.8) 15.1 (12.3–18.6) 1.92 (0.85–4.32)
2) 14.0 (10.8–18.1) 16.6 (14.3–19.3) 0.57 (0.29–1.11)
) 10.3 (7.8–13.5) 16.2 (13.8–19.0) 2.47 (1.28–4.79)

tercept model; values reported here are exponentiatedmodel estimates and so estimate



Table 2
Estimated ratios of mean tumor platinum concentration.

Fold-increase in
mean tumor Pta

95% CI p-value

CBDCA 85 vs. CBDCA 12.4 mg/kg 4.24 (1.70–11.04) b0.01
DDP vs. CBDCA 85 mg/kg 0.78 (0.27–2.21) 0.63
DDP vs. CBDCA 12.4 mg/kg 3.37 (1.18–9.58) 0.02

a Mean differences and their standard errors were calculated from log-transformed
data using a random intercept model; values reported here are exponentiated model
estimates and so estimate the ratio of the geometric means estimated in this table.
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presented in Table 1; the concentration ratios are presented in Table 2.
As expected, average Pt tumor concentration in the DDP treated mice
was higher, by an estimated factor of 3.37 (95% CI, 1.18–9.58), than for
mice treated with an equimolar dose of 12.4 mg/kg CBDCA. Pt
concentration was also significantly higher in the tumor nodules of
mice treated with 85 mg/kg CBDCA than in those treated with
12.4 mg/kg CBDCA (estimated ratio, 4.24; 95% CI, 1.70–11.04). No
significant difference in Pt concentration was noted between mice
treated with DDP when compared with mice treated with the higher
dose CBDCA (estimated DDP/CBDCA ratio, 0.78; 95% CI, 0.27–2.21).

Platinum concentration as a function of tumor size

Fig. 1 shows tumor Pt concentration (ng Pt/mg wet weight) as a
function of tumor weight for animals treated with DDP (10 mg/kg),
equimolar (12.4 mg/kg) CBDCA, and equitoxic (85 mg/kg) doses of
CBDCA. Although average Pt concentration did not differ significantly
between the two treatment groups receiving equitoxic doses of DDP
and CBDCA, a significant difference was observed when comparing
the tumor Pt concentration as a function of tumor weight. As shown in
Fig. 1, for the mice treated with DDP, average Pt content decreased
significantly as tumor wet weight increased (estimated slope on the
log scale, −0.26; 95% CI, −0.38 to −0.13). In contrast, no statistically
significant relationship was detected between Pt concentration and
tumor wet weight in mice treated with CBDCA at the higher dose
(estimated slope on the log scale, 0.03; 95% CI, −0.04 to 0.09). At the
Fig. 1.Natural log of Pt concentration per tumor as a function of natural log tumor wet weigh
random intercept for eachmouse. DDP 10mg/kg group: solid line, open triangle; estimated s
to−0.13. CBDCA 85 mg/kg group: heavy dashed line, ‘+’; estimated slope, 0.03; 95% CI on s
−0.08; 95% CI on slope, −0.13 to −0.03. On the original scale, the estimated slope for DD
doubling of tumor weight, for CBDCA 85mg/kg, a non-significant increase in Pt concentration
statistically significant 5.3% decrease in Pt for each doubling of weight for CBDCA 12.4 mg/
lower CBDCA dose, a small but statistically significant decrease in Pt
concentration was observed as tumor wet weight increased (esti-
mated slope on the log scale, −0.08; 95% CI, −0.13 to −0.03);
however, this was significantly less than the decrease observed for
DDP (p=0.004, test for slope differences). The remaining pairs of
slopes (DDP vs. high dose CBDCA; high vs. low dose CBDCA) also
differed significantly (pb0.001 and p=0.02, respectively).

Discussion

Consistent with a previous study using a murine colon cancer
model, the results of this study demonstrate that the mean Pt
accumulation in human ovarian cancer nodules was 3.4-fold higher in
mice receiving DDP than those receiving CBDCA when mice were
injected with equimolar doses of the two drugs [5]. However, the
mean Pt concentration increased as the CBDCA dose was escalated,
and when DDP and CBDCA were given at doses that were equitoxic to
the mice, the mean tumor nodule concentration of Pt did not differ
significantly, although it was higher for CBDCA. Therefore, it is
reasonable to conclude that equal Pt levels can be achieved with IP
CBDCA if equitoxic doses are given, at least for tumor nodules in the 2–
9 mm range.

CBDCA is less potent than DDP with respect to its toxicity to both
normal tissues and ovarian carcinoma cells. When given to patients
intravenously every 3 weeks, DDP is generally tolerated at a dose of
75–100 mg/kg whereas CBDCA can be given at doses of ∼400 mg/m2

which correspond to an area under the plasma concentration times
time curve (AUC) of 6 mg×min/mL [9]. Thus, when compared with
the commonly used doses of DDP, the dose of CBDCA needed to
achieve therapeutic equivalence is up to ∼5.3 times higher in humans.
Similarly, in this animalmodel, the observation that equitoxic doses of
IP CBDCA produced equivalent levels of tumor Pt when compared to
mice receiving IP DDP reflects a trend that is consistent with clinical
data from patients with regard to differences in dose ratios required
for therapeutic equivalency.

One of the most important observations made in this study was
that Pt levels decreased significantly with increasing tumor size after
t, by treatment group. Regression lines were estimated from amixed model containing a
lope,−0.26 units ln(Pt concentraion) per unit ln(tumorweight); 95% CI on slope,−0.38
lope,−0.04 to 0.09. CBDCA 12.4 mg/kg group: dotted line, open circle; estimated slope,
P corresponds to a statistically significant 16.5% decrease in Pt concentration for each
as tumor weight increases (by 5.7% for each doubling of tumor weight), and a small but

kg.



Fig. 2. Graphical representation of data from Table 2 in Los et al. [5]. Error bars: SEM.
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IP DDP administration, whereas Pt levels remained nearly constant
with increasing tumor size following injection of either dose of
CBDCA. This finding is consistent with the observations of Los and
colleagues [5] who measured Pt levels at various distances from the
periphery of tumor nodules in animals treated with both DDP and
CBDCA. A graph of data presented in tabular form in their report
(Fig. 2) shows that the concentration of Pt decreasedmore rapidly as a
function of distance from the surface of the nodule for DDP than for
CBDCA, even under circumstances where CBDCA yielded a lower
concentration of Pt near the nodule surface. Thus, while total tumor
accumulation was the same when the two compounds were given at
equitoxic doses, the data from both the current and prior study
suggest that CBDCA may in fact be more effective than DDP in
penetrating tumor nodules from their surface and that this advantage
may be particularly important for the larger tumor nodules. However,
it is important to note that it is not just the amount of drug in the
tumor nodule that is the final determinant of cell kill, but rather the
amount reaching the DNA or other critical targets in the tumor. This is
related to both the penetration of drug and the residence of the drug
in the nodule, neither of which was measured in our study.

Multiple factors influence the penetration of drug into tumor
nodules, including drug size, the rate of uptake into tumor cells,
binding in the extracellularmatrix, andwash-out of drug by the tumor
vasculature [10]. While there is a small difference in the molecular
weight of DDP (300.1 Da) and CBDCA (371.25 Da), this is unlikely to
significantly affect their tissue diffusion rate [11]. Also, while CBDCA is
slightly less lipid soluble than DDP, neither compound crosses lipid
membranes readily. The statistically significant difference in Pt
concentration as a function of tumor size observed with DDP but not
with CBDCA may be explained by the relatively lower rate of the
uptake of CBDCA into cells [5] and its reduced proclivity to react with
nucleophilic targets. Given that CBDCA is ∼10–20 times less reactive
than DDP, proportionally more drug is likely to remain available to
penetrate deeper into the center of the nodule. In contrast, the more
reactive DDP would be expected to become sequestered at a much
more rapid rate, thereby decreasing the amount of drug available to
penetrate through each successive deeper layer of the tumor.

Another factor that could account for a difference in the Pt gradient
from the surface to the interior of the tumor nodule between DDP and
CBDCA is the difference in duration of exposure. Both CBDCA and DDP
have favorable pharmacokinetic parameters for IP delivery, with the
peritoneal/plasma AUC ratios in the range of 10–18 and 12–15,
respectively [4,12–14]. However, the peritoneal residence time of
CBDCA is significantly longer than that of DDP as the peritoneal
clearance of CBDCA is ∼2.9 times lower than that of DDP [4,12]. Thus,
the period of time during which there is a favorable peritoneal:tumor
concentration gradient would be expected to be longer for CBDCA
than for DDP.
It is important to note that there was heterogeneity in tumor Pt
uptake both within tumors of the same size from the same animal and
between animals. In particular, each of the three treatment groups
contained oneor two animals (5 of 33 total) inwhich the tumor nodules
absorbed very little Pt. Our statistical models incorporated this
between-animal variability by including an appropriate random effect;
whereas p-values or confidence intervals which did not incorporate a
similar random effect would have questionable validity, in particular
tending to find statistically significant effects even if nonewere present.
As a sensitivity analysis, we also estimated the slope of Pt concentration
as a function of tumor wet weight for each mouse separately using
ordinary regression, and compared slopes between groups. This less
statistically efficient analysis gave similar estimates of the differences
betweengroups, althoughp-valueswere nowsignificant only at the10%
level, confirming the robustness of our estimates. The origin of this
between-animal heterogeneity is unknown but is likely related to
positional differences in the location of the tumor nodules within the
peritoneal cavity and differences in the degree of tumor vascularization.
When the outlier mice were excluded in a sensitivity analysis, the
qualitative results did not change although the magnitude of the
differences in slopes was attenuated.

Given that the majority of the tumors evaluated were 2–9 mm in
maximum dimension, our findings are most directly relevant to
patients with small volume residual disease. It remains to be
determined whether similar effects will be seen in larger tumors. It
is also important to point out that the ratio of the doses that produced
equal toxicity in the mice used in this study (8.5) is different from the
ratio of the usual doses used in ovarian cancer patients (5.3). This is
due to the fact that identification of equal toxicity in mice is assessed
using body weight loss whereas it is based on neurotoxicity and
myelosuppression in patients. Therefore, although equitoxic doses of
DDP and CBDCA produced equal concentrations of Pt in the tumor
nodules in this mouse model, the same may not be true when the
commonly used doses of DDP and CBDCA are administered to patients.

In summary, multiple randomized trials have demonstrated
superior outcomes with IP DDP-based chemotherapy in optimally
debulked ovarian cancer patients. Prospective randomized trials
are now under development in the Gynecologic Oncology Group to
investigate the feasibility and safety of IP CBDCA rather than DDP as a
component of primary therapy in these patients. Given the established
therapeutic equivalence and improved toxicity profile of CBDCAwhen
injected by the IV route, IP CBDCA has the potential to decrease the
toxicity of IP therapy and make it more widely accepted. This study
provides important new evidence that comparable concentrations of
Pt are produced in ovarian cancer nodules at doses which parallel the
dose differences used clinically for CBDCA and DDP. While caution
should always be exercised when extrapolating data obtained in
animalmodels to patients, these results nevertheless provide a further
rationale for adopting CBDCA in place of DDP in IP ovarian cancer
therapy but still leave open the question of whether DDP and CBDCA
deliver equivalent amounts of Pt to the tumor DNA.
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