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Objective The platinum-based antineoplastic drug
cisplatin is commonly used for chemotherapy in clinics.
This work aims to demonstrate a radio-platinum tracer is
useful for precisely quantifying small amounts of platinum
in pharmacokinetics studies.

Methods A cisplatin radiotracer (radio-cisplatin) was
synthesized, and a comprehensive evaluation of cisplatin
over 7 days after its intravenous injection into nude

mice bearing a subcutaneous lung tumor (H460) was
conducted.

Results A biphasic retention curve in the whole
body and blood was observed [Tm(a) =1.14h,

T, ,(B) = 5.33 days for the whole body, and

T, (@) =239 min, T, (B) =4.72 days for blood]. The

blood concentration decreased within 1 day after injection.
Most of the intact cisplatin was excreted via the kidneys

in the early time points, and a small part was distributed

in tissues including tumors. The plasma protein binding
rate of cisplatin increased rapidly after injection, and the
protein-bound cisplatin remained in the blood longer than
intact cisplatin. The peak uptake in H460 tumors was 4.7%
injected dose per gram at 15 min after injection, and the

Introduction

Platinum (Pt) is a promising metal element in pharma-
ceuticals for cancer therapy, and numerous Pt-based
antineoplastic drugs have been developed [1]. ¢zs-diam-
minedichloroplatinum (ﬂs—[PtHClz(NHS)Z]), commonly
called cisplatin, is a widely used chemotherapeutic
agent, and its value is supported by a large number of
basic and clinical studies [2]. The generic drug cisplatin
has been applied to almost all tumor types because it
acts by simply forming various direct DNA-Pt adducts
such as intra- and interstrand cross-links, leading to cell
death [3-6]. However, it cannot specifically target tumor
cells, causing adverse renal effects [7]. To decrease such
unwanted side effects, next-generation tumor-target-
ing Pt drugs have been attracting interest in the chem-
otherapeutics field in recent years [1]. A method that
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area under the curve (AUCO_7 days

) was approximately one-
half to one-third of the AUC _, days in the kidneys, liver, and

bone, where some toxicity is observed in humans.

Conclusion The radio-platinum tracer revealed the
highly quantitative biodistribution of cisplatin, providing
insights into the properties of cisplatin, including its
adverse effects. The tracer enables a precise evaluation
of pharmacokinetics for platinum-based drugs with high
sensitivity. Nuc/ Med Commun 43: 1121-1127 Copyright ©
2022 The Author(s). Published by Wolters Kluwer Health,
Inc.
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enables the precise and practical quantitation of Pt has
the potential to promote studies of the pharmacokinet-
ics of Pt drugs.

Numerous studies have evaluated the pharmacokinetics
of Pt drugs using HPLC, atomic absorption analysis, or
inductively coupled plasma-mass spectrometry [8-12].
Although these chemical analysis methods are common,
they require at least nanogram quantities of Pt for pre-
cise quantification. Fluorescent imaging offers high sen-
sitivity but is unsuitable for tracing Pt ideally because
labeling Pt drugs with a fluorescent dye likely changes
their behavior. Because of this experimental limitation in
precisely quantifying small amounts of Pt, previous stud-
ies have mainly focused on blood or urine retention in
the case of high injection doses for humans [9-12]; bio-
distribution data are rare, especially in the case of a low
injection dose, long-term tracing, or low-uptake tissue
retention. Efficient methods and detailed results of the
biodistribution of Pt will contribute to the further devel-
opment of Pt-based drugs.
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Pt radionuclides (radio-Pt) can directly trace the distribu-
tion of Pt-based drugs without changing their structures;
in this regard, a radiotracer of Pt can provide precise phar-
macokinetics data for Pt drugs. Radio-Pt with a suitable
half-life enables highly quantitative evaluations until
late time points irrespective of small injection doses or
low accumulation of Pt in organs. '”'Pt (7, = 2.80 days,
EC = 100%) is a good candidate radionuclide that has
a suitable half-life and emits ecasily detectable y/X-rays
[13], enabling the highly quantitative and practical analy-
sis of Pt drugs. Recently, we established a novel method
for producing high-quality "'Pt and radio-synthesized
cisplatin (described as radio-cisplatin), as a model [14,15].
T'he radio-cisplatin product was obtained with a high radi-
ochemical purity greater than 99%. Its lower detection
limit at the femtomole scale (100 Bq of YIpe = 0.06 fmol),
and it can work as a radiotracer for investigating phar-
macokinetics. Here, a comprehensive and quantitative
biodistribution assay with radio-cisplatin in mice bearing
subcutaneous lung cancer was conducted.

Materials and methods

General

Chemicals and reagents were purchased from FUJIFILM
Wako Pure Chemical (Osaka, Japan), Tokyo Chemical
Industry ('Tokyo, Japan), Kanto Chemical (‘Tokyo, Japan),
Otsuka Pharmaceutical Factory (Tokyo, Japan), Tanaka
Metal (Tokyo, Japan), Hayashi Pure Chemical Industry
(Osaka, Japan), or Merck (Darmstadt, Germany). Milli-Q
ultrapure water or diluted water was used for dilution in
all experiments.

High-purity germanium (HPGe) y-ray spectrometry was
performed to measure the radioactivity of [***'Pt]cispla-
tin in saline before all in-vitro experiments. The HPGe
detector (EGC 15-185-R; Eurisys Measures, Strasbourg,
France) was coupled with a 4096 multichannel ana-
lyzer (RZMCA; Laboratory Equipment, Ibaraki, Japan)
and calibrated using a mixed (1“cCd, *"Co, *Ce, °'Cr,
86r, 137Cs, **Mn, *Y, and ®°Co) standard source (Japan
Radioisotope Association, Tokyo, Japan). A gamma coun-
ter (Wizard2 2-Detector Gamma Counter; PerkinElmer,
Waltham, Massachusetts, USA) was used to measure
radioactivity in biological samples. The X-rays and gam-
ma-rays from both '"'Pt and Pt were counted together
under the energy window from 356 to 800 keV. Using an
aliquot of the injection solution as a control for measure-
ment, uptake was calculated from the radioactivity ratio
of samples to the control.

Synthesis of ['*® *'Pt]cisplatin

B9191pt was produced via the ™ Tr(p, xn)'™"'Pt reaction
in a 30 MeV proton beam for 2-3 h at a beam current of
10 pA at the NIRS-QST AVF-930 isochronous cyclotron,
as described previously [14,15]. We used mixed 189.191p
described as radio-Pt because Pt (7', = 10.87 h, EC)

is coproduced along with "'Pt (T1/z = 2.83 days, EC)

from a natural Ir target. [189’191Pt]cisplatin (referred to
as radio-cisplatin) was radio-synthesized from ['*!*'Pt]
Ptle’ and prepared in a saline solution [14]; the radi-
ochemical purity at the end of synthesis (EOS) was 99+%.
[]89’191Pt]cisplatin solution (500 kBg/ml, 1¥9p, 350 kBq/
ml, Yipe at EOS) was used in all experiments.

Cell culture

T'he human lung cancer cell line NCI-H460 was obtained
from ATCC (Manassas, Virginia, USA). The cells were
cultured at 37 °C in a humidified atmosphere contain-
ing 5% CO2 in RPMI-1640 (FUJIFILM Wako Pure
Chemical) containing 10% fetal bovine serum (Thermo
Fisher Scientific, Waltham, Massachusetts, USA).

Animal studies on the xenografted tumor model

The protocol for the animal experiments was approved
by the Animal Care and Use Committee of the National
Institutes for Quantum and Technology (13-1022, 26
May 2016), and all animal experiments were conducted
following the institutional guidelines regarding animal
care and handling. H460 cells were suspended in 1-ml
PBS (2 x 107 cells/ml), and 2 x 10° cells in 100 pl were
subcutaneously injected into the flank of male BALB/
c-nu/nu mice (6 weeks old; CLLEA Japan, Tokyo, Japan)
under isoflurane anesthesia. Tumor volumes reached
100-400 mm® 2-3 weeks after inoculation. For the bio-
distribution study, 100 pl of saline solution containing
radio-cisplatin (50 kBq/"™Pt + 35 kBg/"”'Pt) and 50 pg
of nonradioactive cisplatin (2 mg/kg BW) were intrave-
nously injected into mice when tumor volumes reached
100-400 mm?® (# = 4 for each time-point). The mice were
sacrificed by isoflurane inhalation at 2, 15, 60 min, 1, 3,
5, and 7 days after injection. Blood was obtained from
the heart, and then tumor, lung, liver, pancreas, stom-
ach, intestine, kidney, bone, and muscle were dissected.
Uptake in tissues is represented as a percentage of the
injected dose (%ID/g) (radioactivity) per gram of tissue
and that for the whole body as a %ID. These values were
corrected to those in the body weight of 20 g. Uptake in
the whole body was calculated from the total radioactiv-
ity of dissected tissues and residual bodies.

Red blood cell partitioning and plasma protein binding
of cisplatin

The red blood cell partitioning and the plasma protein
binding of ''Pt were evaluated for the blood of mice. At
2 min, 60 min, and 1 day after the intravenous injection
of cisplatin, blood was obtained from the heart and mixed
with heparin (Mochida Pharmaceutical Factory, Tokyo,
Japan). The whole blood was centrifuged and divided into
blood cells and plasma. The red blood cell partitioning
rate of '”'Pt was calculated on the basis of the activity of
blood and plasma, defined as (Ab]ood - A Iasma) x (1 = Het)
X IOO/AhI(md) x 100, where Ahkmd is the radﬁoactivity of 20 pl
whole blood, Aplama is the radioactivity of a 20-pl plasma



fraction, and Hct is the hematocrit value (0.43). The
plasma was ultrafiltered with Amicon Ultra (10 K, 0.5 ml
Centrifugal Filters for DNA and Protein Purification and
Concentration, Merck). The protein binding rate of Yipe
was calculated based on the activity of each separated
fraction, defined as (A o A )/A x 100, where A N 1s
the radioactivity of a 50 pl concentrated fraction and A,
is the radioactivity of a 50 pl filtered fraction.

Results

Using a radiotracer of cisplatin and exploiting its advan-
tages, the quantitative pharmacokinetics of cisplatin for
7 days after the intravenous injection in subcutaneous
tumor-bearing mice was evaluated. A previous study
showed that radio-cisplatin uptake was dose-depend-
ent and proportional to the administered concentration
of cisplatin [15]. To provide data under dose conditions
of chemotherapy in clinical settings, a mixed solution of
radio-cisplatin and nonradioactive carriers (2 mg/kg BW)
was injected. A lung cancer cell line, H460, was used
in this study because cisplatin is commonly used as a
chemotherapy agent for lung cancer [16,17].

First, the retention of cisplatin in the whole body and
blood was investigated, as shown in Fig. 1, where data are
shown as %1D for the whole body (Fig. 1, upper panel)
and %ID per gram for blood (Fig. 1, lower panel). These
results show a rapid clearance of cisplatin from the whole
body and blood, consistent with the biphasic exponential
curve including the alpha and beta phases (alpha, white;
beta, black in Fig. 1). Cisplatin in the whole body was
excreted quickly to ~24% of the injected dose within 19 h
after injection, corresponding to the alpha phase of the
retention curve (Fig. 1, upper panel, white). Thereafter,
cisplatin was eliminated slowly during the beta phase,
and ~10% of the injected dose remained in the body
7 days after injection (Fig. 1, upper panel, black). The
blood concentration also decreased mainly within 19 h
after injection, which corresponds to the alpha phase of
the retention curve (Fig. 1, lower panel, white). Although
the blood concentration was ~1%ID/g in the beta phase
of the retention curve, the radiotracer enabled a quantita-
tive evaluation (Fig. 1, lower panel, black).

Second, the biodistribution of cisplatin is shown in Fig. 2,
where the data are represented as %1D/g of tissues. From
the data in Fig. 2, the uptake ratio of each tissue to blood
was summarized in Table 1 to evaluate the effect of blood
on the accumulation in tissues. The uptake of cisplatin
was high in the lungs and kidneys in the early time points
after injection (Fig. 2). The accumulation in the lungs was
related to blood clearance (Table 1). Renal accumulation
of cisplatin was observed in the early time points, and its
excretion was observed thereafter (Fig. 2). Hepatic accu-
mulation was also observed, and the cisplatin uptake in
the liver was relatively higher than that in the kidneys
in the late time points (Fig. 2). There is a slight increase
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in the accumulation of cisplatin in the bone 5 days after
injection (Fig. 2).

Third, the area under the curve (AUC 07 d ) was calcu-
lated on the basis of the biodistribution data’ (Flg 1 lower
panel and Fig. 2); the ratios of the tumor to each tissue
are shown in Table 2. The accumulation in H460 tumors
was not high; the peak was 4.7%ID/g 15 min after the
injection (Fig. 2). Compared with the AUCO_7 dave in the
pancreas, stomach, intestine, and muscle, that in H460
tumors was approximately the same or greater ('Table 2).
The AUC . in the kidneys and liver were almost
three times higher and that in the bone was almost two
times higher than that in H460 tumors ('Table 2).

As separate experiments, radio-cisplatin uptake in blood,
the red blood cell partitioning rate of radio-cisplatin in
blood cells, and the plasma protein binding rate of cisplatin
were also evaluated at 2 min, 1 h, and 19 h after the injec-
tion ("Table 3). The uptake in blood was ~35%1D/g at 2 min
after injection and quickly decreased thereafter ('Table 3),
consistent with the results in Fig. 2. The red blood cell par-
titioning rate of cisplatin increased gradually over the exper-
imental period after injection and reached ~50% ('Table 3).
The plasma protein binding rate of cisplatin increased to
~80% within 1 h after injection (Table 3). From the end
of the alpha phase to the beginning of the beta phase, the
plasma protein binding rates remained high (Table 3).

Discussion

This study evaluated the quantitative pharmacokinetics
of cisplatin in mice bearing lung cancer for 7 days after
intravenous injection with radio-cisplatin. The radio-Pt
tracer showed the clearance of cisplatin from the whole
body and blood, and the results were in good agreement
with the pharmacological and pharmacokinetic proper-
ties of cisplatin. In addition, we investigated the com-
prehensive biodistribution of cisplatin to tissues with
different degrees of drug accumulation over 7 days. Our
results are consistent with the known clinical side effects
of cisplatin and could provide reference data for the
development of the next generation of Pt-based antican-
cer drugs. Because '"'Pt emits y-rays and X-rays, which
enable noninvasive imaging in humans, radio-Pt-based
agents would provide comprehensive pharmacokinetics
data not only in animals but also in humans.

"The rapid clearance of cisplatin from the body and blood
of mice intravenously injected with radio-cisplatin was
observed. The blood concentration decreased immediately
afterinjection and most of the injected cisplatin was excreted
from the body by 1 day after injection. A biphasic retention
curve in the whole body and blood was observed, and the
biological half-life was calculated to be 7' | /Z(ot) =1.14 h and
T/ () = 5.33 days for the whole body and T1 Z(Ot) =239 min
and T ([3) 4.72 days for blood (Fig. 1). This elimination
of half/ life in the blood is acceptably consistent with the
results of previous studies [12,18,19].
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Percentage of the injected dose for the whole body (upper panel, %ID) and percentage of the injected dose per gram of blood (lower panel,
%ID/g). Mice were intravenously injected with radio-cisplatin (50 kBq/'®°Pt + 35 kBq/'®'Pt) and with nonradioactive cisplatin (2 mg/kg body
weight) in 100 pl of saline. Data are presented as the mean = SD (n = 4). The alpha phase is indicated in white, and the beta phase is in black.

Our biodistribution experiments with radio-cisplatin over
7 days provided comprehensive pharmacokinetics data
showing high accumulation in the kidneys, liver, and bone.
"T'he renal uptake increased in the early time points rapidly
after injection, and radio-cisplatin was excreted gradually in
the late time points (Fig. 2). According to the literature, cis-
platin is rapidly excreted via the kidneys although a part of

it remains intact [12,19]. Most of the intact cisplatin would
be excreted via the kidneys rapidly after injection before
working in the body. Some intact cisplatin was uptaken into
renal cells, inducing renal disorder as the main side effect of
cisplatin [7]. This uptake into renal cells and their disorder
could be caused by a rapid distribution of intact cisplatin
in the early time points; this interpretation is supported
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Biodistribution of radio-cisplatin in mice bearing H460 tumors. Data are represented as the percentage of the injected dose per gram (%ID/g) of
tissues (mean = SD, n = 4). The data for blood are the same as in the lower panel of Fig. 1.

Table 1 Uptake ratios of each tissue to blood

Tissue/

blood 2min  15min  60min 1day 3days b5days 7days
Lung 0.68 0.81 0.94 1.21 1.34 1.26 1.34
Liver 0.27 1.05 1.74 2.30 3.18 3.20 3.48

Pancreas  0.16 0.31 0.47 0.75 0.94 0.98 0.87
Stomach 0.18 0.45 0.61 0.79 0.77 0.77 0.76
Intestine 0.21 0.92 1.65 0.83 0.44 0.39 0.38
Kidney 0.74 2.79 3.95 3.07 2.98 2.72 2.35
Muscle 0.17 0.25 0.31 0.50 0.70 0.72 0.82
Bone 0.20 0.89 1.38 1.51 2.13 2.74 3.20
Tumor 0.06 0.48 0.73 0.93 1.02 1.07 0.83

The ratios were calculated on the basis of the biodistribution data in Fig. 2.

by our radio-cisplatin results. Uptake in the liver was rel-
atively higher than in the kidneys in the late time points
from 3 days after injection. This result might be related to
the plasma protein binding of cisplatin. The plasma protein
binding rate increased immediately after intravenous injec-
tion ("Table 3), which is consistent with our understanding
of the behavior of cisplatin [9-12,18,19]. Cisplatin easily
reacts with sulfur-containing cysteine or methionine of pro-
teins such as serum albumin [20-22], leading to an irreversi-
ble increase of protein-bound cisplatin. The protein-bound
cisplatin is known to not be excreted predominately by
the kidneys, to be retained longer in the blood, and to be
accumulated in the liver [23,24]. This tendency might be
responsible for the moderate retention in the liver in the
late time points (Fig. 2), suggesting that the protein-bound
cisplatin would be reaccumulated partly in the liver while
remaining and circulating in the blood (Fig. 2). Numerous
previous studies on cisplatin treatments have shown that

Table 2 Area under the curve (AUC__, dﬂys) ratios of tumor to each
tissue

AUC

Tumor/tissue daye r:tic7>
Blood 0.91
Lung 0.76
Liver 0.35
Pancreas 117
Stomach 1.24
Intestine 1.18
Kidney 0.30
Muscle 1.59
Bone 0.46

The ratios were calculated on the basis of the biodistribution data in Fig. 2.
AUC, area under the curve.

high-dose administration of cisplatin causes hepatoxicity
[25-27], and the oxidative stress derived from the metal
toxicity of Pt has been suggested to be the main cause
[28-30]. Some authors have also reported a high accumu-
lation of cisplatin in the liver [31-34]. The radio-Pt tracer
could provide insights enabling the elucidation of the rela-
tionship between hepatoxicity and cisplatin. Only the bone
uptake of cisplatin increased slightly on day 5. Cisplatin
remaining in blood or excreted from tissues appeared to
be taken into bones. This effect is speculated to corre-
spond to cisplatin side effects such as myelosuppression.
Collectively, our comprehensive and quantitative biodistri-
bution results provide insights into the cause of the adverse
effects of cisplatin.

As a limitation of this study, the clearance rate was the
result of a single and rapid administration of cisplatin in
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Table 3 Uptake in whole blood (%ID/g), red blood cell partition-
ing rate (%), and plasma protein binding rate (%) (n = 2)

Plasma pro-
Whole blood Red blood cell par-  tein binding

Time uptake (%ID/g) titioning rate (%) rate (%)
2 min 33.7,35.5 1.5,8.8 35.5, 28.6
1h 45,5.0 27.3, 23.2 82.8, 79.5
19h 1.9,2.2 51.8,55.7 91.6, 92.2

%ID, percentage of the injected dose.

mice (2 mg/kg body weight). According to previous stud-
ies [35-41], the administration protocol affects the clear-
ance and the therapeutic efficacy of cisplatin. Numerous
protocols are used in clinical settings, and maintaining a
constant blood drug concentration at the optimal admin-
istration rate is important [35-41]. The radiotracer can
enable such systematic investigations of the effect of the
administration rate of cisplatin. Although our results are
consistently discussed in relation to the clinical proper-
ties of cisplatin, further preclinical studies should be con-
ducted for target regimens. In addition, our results are
based on directly quantifying radio-Pt, which is a basic
factor of the cytotoxic action of cisplatin. The biodistri-
bution included both intact and protein-bound cisplatin,
and metabolite analyses were not conducted.

Conclusion

This study clearly showed that a radio-Pt tracer is
useful for acquiring comprehensive and quantitative
biodistribution data because it can be detected quan-
titatively with high sensitivity. This work supports
the current understanding of the pharmacological and
pharmacokinetic properties of cisplatin and provides
reference data for the further development of Pt-based
drugs.
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