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Summary. RSU 1069 and RSU 1164 are electron affinic
agents that contain a nitro group together with a
weakly basic alkylating aziridine moiety, and they repre-
sent lead compounds in the development of dual-function,
bioreductive, hypoxic cell radiosensitizers. We studied the
pharmacokinetics of these drugs in mice carrying KHT
sarcoma, Lewis lung carcinoma, and B16 melanoma. Fol-
lowing an i.p. dose of 80 mg/kg, absorption was rapid and
the elimination t,,, was in the region of 30 min for both
agents. Maximal tumour levels were 91, 16 and 19 ug/ml
for RSU 1069 and 109, 26 and 28 ug/ml for RSU 1164 in
the B16, KHT and Lewis lung tumours, respectively. In
B16 melanoma these levels corresponded to tumour:plas-
ma ratios of 3.8 for RSU 1069 and 3.7 for RSU 1164. Cel-
lular uptake of RSU 1069, RSU 1164 and a related com-
pound, RB 7040, was measured in vitro as a function of
extracellular pH. Melanotic cells from both B16 melanoma
and HX118, a human tumour xenograft, showed substan-
tially greater accumulation of these weakly basic sensitiz-
ers than any other cell type examined. Ratios of intra-:ex-
tracellular concentration (Ci/Ce) for RSU 1069 were
around unity and independent of pH for Lewis lung cells
and HX34 amelanotic melanoma cells, whereas ratios of
up to 3 and 5 were obtained in B16 and HX118 cells, re-
spectively. The highest measured value of Ci/Ce was 15
for RSU 1164 in HX 118 cells at pH 8.4; this compares with
a ratio of 1.5 for HX34 cells at the same pH. These stud-
ies indicate that the high levels of uptake of the weakly
basic sensitizers into melanotic melanoma in vivo is a cell-
mediated phenomenon and may be due to a lower average
intracellular pH in the melanotic cells.

Introeduction

A number of clinical studies have suggested that radiobio-
logical hypoxia might limit the effectiveness of radiother-
apy in some types of human cancer, and the hypoxic cell
radiosensitizer misonidazole (MISO) has been shown to
improve the results of treatment at some sites, notably in
carcinoma of the pharynx [11, 12]. However, the dose-lim-
iting neurotoxicity of MISO is such that it precludes wide-
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spread clinical use. As a result, a number of different com-
pounds are under investigation in an attempt to develop
new, less toxic and/or more effective drugs for the sensiti-
sation of hypoxic tumour cells. Among these are RSU 1069
and its alkyl-substituted aziridinyl analogues, which are
more potent hypoxic cell radiosensitizers than MISO both
in vivo and in vitro [1-3, 19]. RSU 1069 is a mixed-func-
tion radio- and chemosensitising agent consisting of an
electron affinic 2-nitroimidazole together with an alkylat-
ing, weakly basic aziridine moiety in the N-1 side chain [1].
This agent is also a potent bioreductive agent, possessing
powerful cytotoxic properties in its own right when reduc-
tively metabolised in an hypoxic environment [17, 18].

Experimental pharmacokinetic studies of RSU 1069
and its analogues have demonstrated marked selective up-
take of the compounds into B16 melanoma cells, with tu-
mour concentrations up to 4 times higher than those found
in plasma or normal tissues [5]; the reason for this phe-
nomenon is not understood. High tumour drug levels have
been described for other basic 2-nitroimidazoles, such as
pimonidazole (Ro 03-8799), but for that compound nor-
mal tissue levels were also found to be high [14]. In an inde-
pendent pharmacokinetic study with RSU 1069, selective
uptake into the KHT tumour was not demonstrated [24].
We therefore investigated the question as to whether the
uptake of RSU 1069 and its analogue RSU 1164 into neo-
plastic tissues is tumour type-specific. We report the
pharmacokinetics of RSU 1069 and RSU 1164 in mice car-
rying either KHT sarcoma or Lewis lung carcinoma, and
the results are compared with our previously reported re-
sults for B16 melanoma [5].

The tissue distribution of drugs can depend on their
prototropic properties. This is particularly important when
the pK, of the drug is close to both the intracellular pH
and the pH of the surrounding milieux. It has been pro-
posed that for basic compounds this can result in the effec-
tive concentration of the ionized species in areas of low
pH, such as might occur in tumours [8]. Therefore, to de-
termine the basis for the previously reported difference in
the uptake of RSU 1069 into the KHT and B16 tumours,
we measured the pH dependence for the accumulation of
RSU 1069 into these tumour cells and a variety of other
cell types in vitro. Furthermore, cellular uptake of the
RSU 1069 analogues RSU 1164 and RB 7040 was studied,
since we had previously shown that these drugs but not
RSU 1069 showed a substantial pH-dependent uptake into
V79 cells in vitro [19, 20].



Materials and methods

Compounds. RSU 1069 [NSC 347503, 1-(2-nitro-1-imidazo-
lyD)-3-(1-aziridinyl)-2-propanocl] and the cis-2,3-dimethyl-
and tetramethyl-aziridinyl derivatives RSU 1164 and RB
7040, respectively, were prepared by Drs. T. C. Jenkins
and I. Ahmed as previously described [1, 3, 10]. Their gen-
eral structure, substituents and pK, and partition coeffi-
cient (P) values are shown in Fig. | and Table 1.

Tumour sytems. Male C57/B1 mice were obtained from
the Medical Research Council (NIMR, Mill Hill, Lon-
don). Male C3H mice were bred at the MRC Radiobiology
Unit. Outbred male nu/nu mice were obtained from the
Institute of Cancer Research (Chelsea, London).

B16 melanoma and Lewis lung tumour were obtained
from uncloned cell lines routinely passaged in vivo in
C57/B1 mice at the Radiotherapy Research Unit, Institute
of Cancer Research (Sutton, Surrey). KHT sarcoma is sim-
ilarly maintained by routine passage in C3H/He mice at
the MRC Radiobiology Unit. Murine tumours were pas-
saged in 6-week-old animals by the bilateral inoculation of
tumour brei into the gastrocnemius muscle [15].

The two human xenografts HX34 and MX118 were
originally established at the Radiotherapy Research Unit,
Institute of Cancer Research (Sutton, Surrey) from biop-
sies taken from patients with metastatic melanoma (D.
Courtenay and J. Mills, personal communication). HX34
is an amelanotic tumour and HX118 is melanotic. Xeno-
grafts were passaged by the s.c. implantation of 2 mm® tu-
mour pieces in the dorsal region in 6-week-old nu/nu
mice.

In vivo pharmacokinetics. Experiments were carried out
when animals were 8—10 weeks of age, weighing 25-30 g
and having pooled tumour weights of 200-500 mg. The
compounds were injected i.p. in isotonic, aqueous sodium
hydrogen carbonate at a dose of 0.08 mg g in a volume of
0.010-0.012 cm® g’

Table 1. Substituents and properties of RSU 1069 and some of its
analogues

Drug R, R, R; R, pK. P2

RSU 1069 H H H H 6.04>  0.22b
RSU 1164 CH; H CH; H 6.824  1.67¢
RB 7040 CH; CH; CH; CH,; 8454 640¢

a Parototition coefficient values determined for unpronated bases
(i.e.pH >11)

b From Adams et al. [1]

¢ From Walling et al. [20]

4 From O’Neill et al. [10]
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Fig. 1. General structure of radiosensitizers used
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Animals were sacrificed at various times (2—120 min)
after drug administration. Blood plasma and tissne sam-
ples (tumour, brain, muscle) were collected and homoge-
nised as previously described elsewhere [4]. Samples were
extracted in 4 volumes of methanol containing internal
standard and centrifuged at 5,000 g for 5 min. Plasma su-
pernatants were immediately analysed; tissue supernatants
were freeze-dried and re-constituted in 0.2 cm® methanol
before analysis. Drugs were assayed by reversed-phase
high performance liquid chromatography (HPLC) as pre-
viously described [5].

Data is presented as a concentration X time plot for
each tissue in each tumour system; curves are hand-drawn.
Statistical analysis and calculations of apparent plasma
elimination half-life (T, ;) and apparent volume of distri-
bution (Vd) were carried out as previously described else-
where [23]. The maximal tissue-to-plasma ratios obtained
for tumour (T/P), brain (B/P), and muscle (M/P) were es-
timated from the curves at the time of maximal drug con-
centration in the tissue under study.

Drug uptake into cells in vitro. Single-cell suspensions were
prepared for drug uptake studies using enzymatic dis-
aggregation (37° C for 30 min) of finely chopped tumour
material according to the following methods: B16 melano-
ma, 0.2% trypsin (Difco-Bacto); Lewis lung carcinoma,
0.1 mg/ml deoxyribonuclease (DNAase) (Sigma) plus
0.04 mg/ml trypsin; HX34 and HX118, 0.02% collagenase
(Worthington) plus 0.02% DNAase plus 0.05% pronase
(Calbiochem-Behring). Cells were exposed to the sensitis-
ers at a concentration of 0.3 mM in phosphate-buffered sa-
line (PBS) at the required pH for 1h in suspension at
20° C. Samples were prepared and assayed by HPLC as
previously described [10].

Results
Animal pharmacokinetics

Figures 2 and 3 show the plasma, tumour, brain and mus-
cle pharmacokinetics for RSU 1069 and RSU 1164 in mice
bearing KHT and Lewis lung tumours, compared with re-
sults from those carrying B16 melanoma.

From this data it is apparent that there are differences
in peak plasma concentrations, which is further indicated
by a comparison of the Vd values listed in Table 2. As the
compounds were injected i.p., this was probably simply a
reflection of the large differences in biodistribution found
between the different tumour systems, which are described
below. However, the shapes of the six plasma clearance
curves, were very similar; in particular, no systematic dif-
ferences were found between the two strains of mice
(t,,» values are also listed in Table 2).

In contrast to the similarity of the plasma clearance
curves, the tissue distributions of the compounds differed
markedly between the systems. The maximal tissue/plas-
ma ratios (T/P) obtained for tumour, brain and muscle
are listed in Table 3. The T/P high values found with both
compounds in B16 melanoma can be seen to reflect a
rapid and selective concentration of the drugs in tumour
tissue, with maximal tumour levels far exceeding the peak
plasma concentrations. This phenomenon was not seen in
either the KHT or Lewis lung tumours. In the latter sys-
tems RSU 1069 showed consistently low tumour levels;
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Fig. 2. Concentration of RSU 1069 as a function of time after i.p.
injection of 0.08 mg g'. Tumour, @ ; plasma, O; brain, O ; mus-
cle V. 4, Bl6 melanoma [5]; B, KHT sarcoma; C. Lewis lung
carcinoma. Points represent mean values from 2-6 animals = SE.
Where no error bars are shown, errors lie within the dimensions
of the plotted points. Three independent experiments were carried
out in each tumour system

Table 2. Summary of plasma pharmacokinetic parameters

Drug Mouse Tumour t,,? (min) Vd (dm?® kg-)
RSU 1069 C57/B1  BI16 33(30-35) 148
RSU 1069 C3H/He KHT 33(27-43) 146
RSU 1069 C57/B1 LL 29 (22-40) 095
RSU 1164 C57/B1  BIl6 32(29-35) 1.71
RSU 1164 C3H/He KHT 29(27-31) 1.38
RSU 1164 C57/B1  LL 32(24-46) 143

¢ Values in parentheses represent 95% confidence intervals

1 2 3 1 2 1 2
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Fig. 3. Concentration of RSU 1164 as a function of time after i.p.
injection of 0.08 mg g'. Tumour, @ plasma, O; brain O ; mus-
cle, V. 4, B16 melanoma [5]; B, KHT sarcoma; C, Lewis lung
carcinoma. Points represent mean values from 2—6 animals = SE.
Where no error bars are shown, errors lie within the dimensions
of the plotted points. Three independent experiments were carried
out in each tumour system

Table 3. Tissue/plasma concentration ratios for RSU-1069 and
RSU-1164 in murine tumour systems

Tissue/plasma Bl6 KHT LL
ratio

1069 1164 1069 1164 1069 1164
T/P 3.8 37 0.5 1.0 0.4 1.5
B/P 0.8 1.2 0.6 2.6 0.4 2.1
M/P - 1.3 1.1 1.9 1.0 1.4

T/P values just in escess of unity were found for RSU
1164, but this was caused by slightly delayed clearance of
the compound from tumour compared with plasma, not by
selective uptake.

The patterns of drug distribution in normal tissues dif-
fered between the two compounds but did not seem to be
much affected by the strain of mouse used. The hydro-
philic compound RSU 1069 consistently showed normal
T/P ratios close to or less than 1, whereas RSU 1164
showed some increased concentration in brain and muscle
compatible with its greater lipophilicity. Differences be-
tween peak brain and muscle concentrations of RSU 1164
in Bl6-bearing mice and those in animals carrying the
KHT and Lewis lung tumours are once again probably
due to the high degree of rapid preferential uptake of this
drug by the B16 tumour.

Influence of extra-cellular pH on cellular uptake in vitro

The pK, of weak bases has been shown to be an important
parameter in determinations of the cellular uptake of ni-
troimidazole radiosensitisers in vitro [6, 20]. To assess
whether the finding of selective uptake of RSU 1069 and
RSU 1164 into Bl6 melanoma is a cell-mediated phe-
nomen, we measured the accumulation of these drugs into
a variety of cell types in vitro. The cells used were mela-
notic melanoma cells from the B16 and HX118 tumours,
amelanotic melanoma cell from the HX34 tumour, and
Lewis lung carcinoma cells. The ratios of intra- to extracel-
lular concentration (Ci/Ce) are plotted as a function of
extracellular pH (pHe) in Fig. 4.
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Fig. 4. Effect of extra-cellular pH on the ratio of intra-cellular (Ci)
to extra-cellular (Ce) concentrations of RSU 1069 and its ana-
logues. Solid lines and solid figures, melanotic melanomas; @, B16
melanoma; B, HX118 melanoma. Dashed line and open symbols,
other tumours; O HX34 amelanotic melanoma; O, Lewis lung
carcinoma. Symbols indicate individual determinations. Error
bars are derived from three or more experiments



RSU 1069 does not accumulate intracellularly in HX34
melanoma or Lewis lung carcinoma cells (i.e. values of
Ci/Ce remain around unity) within the pH range of
5.4-8.4; this is consistent with our previous work with V79
cells [20]. However, the uptake of RSU 1069 into both of
the melanotic melanoma cell types, B16 and HX118, is
clearly pH-dependent. Ci/Ce values of 1 at pH 5.4 and 3 at
pH 8.4 were obtained for the uptake of RSU 1069 by Bl6
melanoma, whereas the corresponding data for HX118
melanoma were 3 at pH 5.4 an 4.2 at pH 8.4. Similarly,
both B16 and HX118 melanoma cells show greater accu-
mulation of RSU 1164 than either Lewis lung or HX34
amelanotic melanoma cells, which have similar levels of
accumulation (Ci/Ce ~ 1) at each of the pHe values. The
greatest pH dependence for RSU 1164 is seen with HX118
cells, giving Ci/Ce values of about 15 at pHe 8.4. With RB
7040, Ci/Ce values increase with increasing pHe values for
all four cell types. Again, Lewis Lung and HX34 melano-
ma show very similar levels of intracellular accumulation,
and these are less than those of B16 melanoma and HX118
at pH values above 5.4.

Discussion

The main findings from the present work are:

1. The weak bases RSU 1069 and RSU 1164 are selectively
concentrated in the B16 melanoma but not in the KHT or
Lewis lung tumours or in the other murine tissues ex-
amined.

2. In vitro studies indicate that this selectivity is pH-depen-
dent and may be a property of melanotic melanoma cells.

Our previous studies using V79 cells in vitro [20] have
demonstrated that although the intracellular accumulation
of RSU 1069 is independent of pHe, uptake of the methyl-
substituted aziridinyl analogues increases with increasing
pHe values. This is to be expected, given the pK, values for
these weak bases [21]. The data presented in this report for
the uptake of RSU 1069, RSU 1164 and RB 7040 into Le-
wis lung and HX34 cells are entirely consistent with those
of previous studies with V79 cells, since the Ci/Ce ratio in-
creases with increasing pHe for RSU 1164 and RB 7040
but not for RSU 1069.

In contrast, the melanotic melanoma cells have differ-
ent uptake patterns. B16 melanoma cells concentrate RSU
1069 intracellularly with increasing pHe. In addition,
Ci/Ce values for pHe 6.4-8.4 are significantly higher for
RSU 1164 and RB 7040 in B16 melanoma than for the
amelanotic HX34 melanoma and Lewis lung carcinoma
cells. The other melanotic melanoma, HX 118, shows the
highest levels of intracellular accumulation of both RSU
1069 and RSU 1164 at pHe 5.4 and 8.4, respectively, the
accumulation again increasing at elevated pHe. This sug-
gests that the intracellular pH of melanotic melanomas is
lower than that of either the amelanotic melanoma or
Lewis lung carcinoma cells and/or that an additional
mechanism eXists within melanotic melanomas for con-
centrating these weakly basic compounds.

Other studies have shown that weak bases can concen-
trate in B16 melanoma and other melanin-containing cells,
presumably by binding to melanin [9, 16]. However, in the
present studies binding of the nitroimidazoles to melanin
or other cellular material would not be observed, since the
HPLC assay only measures free intracellular compound.

Uptake into both murine and human tumours has been
shown to be increased relative to plasma for the weakly ba-
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sic radiosensitiser pimonidazole (Ro-03-8799) [7, 8, 13].
Increased accumulation is also seen in some normal tis-
sues [14]. Pimonidazole is structurally similar to and has a
pK, value close to that of RB 7040; both of these agents
show Ci/Ce values substantially in excess of 1 for V79
cells held at pHe 7.4 [5, 20]. In addition, RB 7040 shows
even greater accumulation in melanotic melanoma cells,
and this is consistent with the clinical observation that pi-
monidazole is taken up by melanomas to a far greater ex-
tent than by other tissues or tumours [7].

In conclusion, the high levels of uptake of the weakly
basic radiosensitisers into melanotic melanoma in vivo are
wholly explicable on the basis of a cell-mediated phenom-
enon, which may be due to a lower average intracellular
pH for the melanotic cells. If so, this may be exploitable in
chemotherapy by the design of appropriate, weakly basic
cytotoxic drugs for the treatment of melanotic melanomas.
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