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Pharmacokinetics and metabolism of the mixed-function
hypoxic cell sensitizer prototype RSU 1069 in mice

Michael I. Walton and Paul Workman

MRC Clinical Oncology and Radiotherapeutics Unit, Hills Rd, Cambridge CB2 2QH, UK

Summary. RSU 1069 is a leading compound in the class of
mixed-function hypoxic cell sensitizers. Possessing an al-
kylating aziridine function as well as a nitro group, it re-
presents an important prototype molecule for new sensitiz-
er development. Using a novel HPLC assay for RSU 1069
and its metabolites with a cyanopropyl column, we studied
the detailed pharmacokinetics and metabolism of this drug
in mice. An i.v. dose of 100 mg kg~ ' produced peak plas-
ma concentrations of about 100 pg ml~!. Absorption was
rapid after i.p. injection but peak plasma concentrations
were some three- to fourfold lower, giving an 1. p. bioavail-
ability of 55%. The elimination t;,, was route-dependent;
e.g. after 50 mg kg ! the t;,, was 37.2 and 22.4 min for the
i.v. and i.p. routes respectively (P <0.001). There was also
an indication of dose-dependent kinetics, with a 37% in-
crease in elimination t,,, when the i.p. dose was doubled
from 50 to 100 mg kg~ Oral bioavailability was low. The
volume of distribution was 0.65—1.31 ml g~ ' at 50 mg kg ™!,
but tissue penetration was limited. Brain/plasma ratios
ranged from 9.3% to 66.8%, while the mean steady-state tu-
mour/plasma ratio was 28.4%, a value considerably less
than the 80%—100% ratios occurring with the neutral 2-ni-
troimidazole misonidazole. About 18% and 8% of a dose
were excreted as the parent drug and the ring-opened hy-
drolysis product (RSU 1137) in the 8 h urine, indicating
the likelihood of extensive metabolism via aziridine-ring
removal and nitroreduction. RSU 1137 was also detected
in mouse plasma and tissues and, in contrast to the aziri-
dine ring-intact parent compound, gave tumour/plasma
ratios of 100%. These studies should provide a pharmaco-
kinetic basis for the evaluation and development of im-
proved mixed-function sensitizers.

Introduction

Mixed-function hypoxic cell sensitizers contain both a sen-
sitizing nitro group and an additional alkylating aziridine
function within the same molecule. Developed by Adams
et al. [1] and based on promising results obtained with the
dinitrophenylaziridine CB 1954 [12], these compounds are
of current interest because of their greater potency as
radio- and chemosensitizers compared with simple nitro-
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imidazoles such as misonidazole [1-(2-nitro-1-imidazo-
lyl)-3-(1-methoxy)-2-propanol; MISO] [2].

RSU 1069 is an analogue of MISO in which an aziri-
dine ring replaces the methoxy group in the side chain
(Fig. 1). It exhibits greater sensitizing potency in hypoxic
cells than would be predicted from its one-electron reduc-
tion potential, which is comparable with that of MISO
[1, 2]. RSU 1069 also exhibits much greater hypoxic cell
cytotoxicity than MISO [6, 18]. These properties are
thought to result from the ability of RSU 1069 to act as a
bifunctional alkylating agent under hypoxia [10, 11, 13].

In view of the important role of drug disposition in de-
termining the activity of hypoxic cell sensitizers in vivo
[20], we developed a sensitive and specific HPLC assay for
RSU 1069 and its aziridine ring-opened metabolites in bio-
logical materials. Using this method we carried out a de-
tailed evaluation of the pharmacokinetics and metabolism
of RSU 1069 in mice. This represents an extension of our
previous preliminary studies [22] and related investigations
[4, 7] using the HPLC method described in detail here. We
believe the results obtained from these studies will be use-
ful in the continued development of mixed-function hy-
poxic cell sensitizers based on RSU 1069 as the prototype.

Materials and methods

Mice and tumours. Adult inbred BALB/c and C3H/He
mice of both sexes were obtained from OLAC (Bicester,
UK) or our own breeding colony. The animals were al-
lowed food (PRD nuts; Labsure, Poole, Dorset, UK)
and water ad lib and were used in experiments at 20-38 g
body wt.

The KHT fibrosarcoma was grown i.m. in the hind
leg of C3H/He mice as previously described [14]. Mice
bearing tumours weighing in the range of 0.4-1.0 g were
used.

Drug supply and administration. RSU 1069 [1-(2-nitro-
1-imidazolyl)-3-(1-aziridinyl)-2-propanol; NSC 347503],
its ring-opened hydrolysis product RSU 1137 [1-(2-nitro-
1-imidazolyl-3-(1-ethanol)-2-propanol] and the aziridine
ring-removed amine metabolite RSU 1137 [1-(2-nitro-
l-imidazolyl)-3-(1-amino)-2-propanol] were supplied in
powder form by Drs. IJ Stratford and I Ahmed of the In-
stitute of Cancer Research (Sutton, Surrey, UK). The inter-
nal standard RGW 610 [1-(2-nitro-1-imidazolyl)-3-(1-phe-
nyl) propane] was supplied by Drs. P Wardman and
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Fig. 1. Chemical structures

R Wallace of the CRC Gray Laboratory (Northwood,
Middlesex, UK) and the University of Brunel (Uxbridge,
Middlesex, UK). The chemical structures are shown in
Fig. I. RSU 1069 was given at a dose of 50 or 100 mg kg~
in saline (0.9% NaCl) using a volume of either 0.01 or
0.04ml g i.p. or 0.0l ml g=! i.v. via the tail vein, or
0.005 ml g~ ! orally.

Sample preparation. Procedures for the collection and
preparation of plasma, tissue and urine samples were simi-
lar to those described previously [17, 19, 21]. Briefly, nitro-
imidazoles were extracted from aliquots (100 ul) of plasma,
urine and tissue homogenates (33% w/v) by the addition of
either 2 vol. methanol alone or 10 vol. methanol contain-
ing internal standard (RGW 610 at 2.5 or Smg 1), and
centrifuged at 2,000 g for 15 min at —15°C. Aliquots of
the supernatant were either taken to dryness under a vacu-
um and resuspended in running buffer (50 pl) or injected
directly into the HPLC apparatus for analysis. Samples
were handled at 4°C and stored at —20°C for up to
2 weeks prior to analysis.

High-performance liquid chromatography (HPLC). Concen-
trations of RSU 1069 and its metabolites were determined
by reverse-phase HPLC using equipment and columns
supplied by Waters Associates (Milford, Mass. USA). The
equipment used included a Model 410A automated sample
injector (WISP), two Model 6000 A chromatography
pumps, a Model 660 solvent programmer, a Model 420 da-
ta module, a Model 430 system controller, a Model 440
fixed-wavelength UV detector and either an RCM-100 or
Z-module. Separations were carried out on a Waters Re-
solve cyanpropyl (CN) Rad-Pak column (8 mm x 10 cm;
10 um beads) using either isocratic or gradient elution. The
isocratic mobile phase consistent of 10% methanol (Rath-
burn, Walkerburn, Scotland) in 10 m M ammonium dihy-
drogen orthophosphate (NH,H,PO,) adjusted to pH 3.0
with orthophosphoric acid (H;PO,). This was delivered at
a constant flow rate of 3—4 ml min~' as appropriate. Alter-
natively, a linear gradient was run over the first 5 min
from 10%-50% methanol in 10 mM NH,H,PO, (pH 3.0)
and held at the final concentration for a further 2 min be-
fore reequilibration under the initial conditions. Columns
were eluted at a constant flow rate of 3—4ml min~".
RSU 1069, 1137 and 1111 were identified by co-chroma-
tography with authentic material.

Pharmacokinetic parameters. The pharmacokinetic param-
eters were calculated as described eclsewhere in detail
[17, 21]. Briefly, elimination half-lives (t;,,) with 95% confi-
dence limits were estimated from post-peak concentration

data using least-squares linear-regression analysis from the
equation t;,» = In 2/k, where k is the elimination rate con-
stant given by In concentration vs time. Plasma AUCs
were calaculted using the expression AUC,_., = C,/k,
where C, is the extrapolated concentration at time 0. Alter-
natively, AUC,_; from time 0 to t was calculated by Simp-
son’s rule. The remaining AUC from t—-co was given by
Ci/t, where C, is the plasma concentration at time t, and
the AUC,_,, was then obtained by the sum of AUC,_, +
AUC,_...

Results
Chromatography

Figures 2 and 3 show examples of the chromatographic
separations obtained using the isocratic and gradient
HPLC methods respectively.

Figure 2a shows a chromatogram of a methanol extract
of plasma taken from a C3H/He mouse given saline i.p.,
in which there are no detectable peaks after the solvent
front. Figure 2b shows a methanol extract of pooled C3H/
He mouse plasma spiked with RSU 1111 (peak 1),
RSU 1137 (peak 2) and RSU 1069 (peak 3). All three com-
pounds were clearly resolved from each other. Figure 2¢
shows a typical chromatogram of a methanol extract of
plasma taken from a C3H/He mouse treated 30 min earli-
er with 50 mg kg ~! RSU 1069 i.p. There is a large peak cor-
responding to RSU 1069 (peak 3). A much smaller peak
corresponding to the aziridine ring-hydrolysis product
RSU 1137 (peak 2) is also detectable, as is an unidentified
minor metabolite. However, there was no evidence of the
aziridine ring-removed amine metabolite RSU 1111 in
plasma or any tissue examined.

Figure 3 shows chromatograms of methanol extracts of
1:10 diluted, pooled BALB/c mouse urine collected 8 h
after drug vehicle (@) or RSU 1069 (b) respectively. The
internal standard (peak 4) is clearly shown in Fig. 3a, to-
gether with a number of minor peaks. In Fig. 3b there are
obvious peaks corresponding to RSU 1069 (peak 3),
RSU 1137 (peak 2) and the internal standard, with a
smaller peak representing RSU 1111 (peak 1) and an un-
identified metabolite running close to the solvent front.
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Fig. 2. Isocratic HPLC chromatograms. a: blank C3H/He mouse
plasma; b: C3H/He mouse plasma spiked with 10pg ml™!
RSU 1069 (peak 3), RSU 1137 (peak 2) and RSU 1111 (peak I1);
¢: C3H/He mouse plasma taken 30 min after 50 mg kg~'
RSU 1069 i.p. and containing RSU 1069 (peak 3), RSU 1137
(peak 2) and an unknown polar metabolite (*). Chromatographic
conditions: column, Waters Resolve cyanopropyl (CN) Rad-Pak;
mobile-phase, 10% methanol in 10 mM NH,H,PO, buffer (pH 3);
flow rate, 3.5 ml min~'; column pressure, 600 psi; temperature,
ambient; detection, absorbance at 313 nm; injection volume,
30wl
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Fig. 3. Representative gradient HPLC
chromatograms of pooled 1:10 diluted
C3H/He mouse urine obtained 8 h after
a: drug vehicle (saline) i.p.; and b: 50 mg
kg=! RSU 1069 i.p., Peak I, RSU 1111;
peak 2, RSU 1137; peak 3, RSU 1069;
peak 4, internal standard (RGW 610 at
2.5 mg 1~! in methanol); * denotes an un-
identified polar metabolite. Chromato-
graphic conditions as in Fig. 2, except that
the mobile phase was a 10%-50% metha-
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In view of the shorter run time and more stable base-
line obtained with the isocratic HPLC technique, this was
used most frequently for drug analysis. To illustrate the
performance of this assay the following details are given
for the isocratic method. Calibration curves were linear
over the concentration range 0.5-200pg ml~' for
RSU 1069, 1137 and 1111 with zero intercepts. Coeffi-
cients of variation were 9.8%, 4.3% and 8.3%, respectively,
for a concentration of 10ug ml~’ in mouse plasma
(N = 6).Foraninjectionvolumeof30 ulthelowerlimitsof de-
tection for RSU 1069, 1137 and 1111 were 0.5, 0.3 and
0.3 ng ml~!, respectively. This was improved about three-
fold by drying down and resuspending samples in a small
volume of running buffer. The corresponding on-column
detection limit was 3-5 ng. The extraction efficiency for
all three compounds was >90%.

Stability

RSU 1069 stability was monitored for 7 days in saline so-
lution at 4°, 22° (room temperature) and 37° C. Hydrolysis

T

g8 0 12 nol gradient (insef) in 10 mM NH,H,PO,
buffer (pH 3) and the column pressure

was 1,000 psi

of RSU 1069 was extensive at 37°C, with 88% loss and
43% RSU 1137 formation after 7 days in a dark environ-
ment. At room temperature only 13% hydrolysis was seen
at 7 days, and there was no loss at 4° C in a dark environ-
ment. The drug was very stable over 24 h, with no loss at
room temperature and <6% loss at 37° C. Similar results
were obtained under artifical laboratory lighting.

Plasma pharmacokinetics

Figures 4a and 4b show the pharmacokinetics of
RSU 1069 in the plasma of male BALB/c mice receiving
50mg kg=! RSU 1069 i.v. or i.p., respectively. Plasma
clearance was clearly biphasic after i.v. drug injection. The
very rapid distribution phase was essentially complete
within 5 min, followed by a slower elimination phase with
a half-life (t;, with 95% confidence limits) of 37.2
(31.9-44.7) min. The volume of distribution (Vd.,) was
1.05ml g%

RSU 1069 was absorbed rapidly after i.p. injection,
giving a peak plasma concentration of 30—40 ug ml~' at
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Fig. 4. Pharmacokinetics of RSU 1069 in BALB/c mice. A: After 50 mg kg~' i.v: each symbol represents a single mouse and different
symbols represent independent experiments. B: After 50 mg kg~' i.p.; symbols as in 4. Dotted line represents i.v. data from panel A (same
experiment). C: After 100 mg kg™' i.p. with open symbols representing RSU 1069 and closed symbols, RSU 1137 plasma concentrations;
results are mean +2SE from a single experiment with five mice per point
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the earliest sampling time (5 min post-injection). Peak con-
centrations were three- to fourfold lower than for the i.v.
route, and the plasma clearance was considerably faster
after i.p. dosing, with an elimination t;, of 22.4
(20.6—24.6) min (P <0.001). The corresponding Vd, was
1.13 ml g~!, which was similar to that occurring after i.v.
injection. The plasma AUC,_. values were 42.4 and
23.7 ug mi~! h for the i.v. and i.p. routes respectively, re-
sulting in an i.p. bioavailability of 55%.

Figure 4c shows the plasma pharmacokinetics of
RSU 1069 and its aziridine ring-opened hydrolysis prod-
uct RSU 1137 in BALB/c mice after the higher dose of
100 mg kg~! RSU 1069 i.p. Peak RSU 1069 concentrations
occurred at the earliest recorded time of 15 min and were
between 30 and 50 ug ml~!, The apparent Vd., was

Table 1. Summary of the plasma pharmacokinetics of RSU 1069
and its major metabolite RSU 1137 in C3H/He mice given
50 mg kg—! RSU 1069 i. p.

Parameter RSU 1069 RSU 1137

Expt A B C A B C
Peak plasma
concentration 354 18.0 233 507 118 145
(ug mi-1)
tis 245 206 265 327 406 520
(min)
Vde 0649 154 1.03 NA NA NA
(mlg="
AUC,_.. 313 163 308 7.19 149 276
(ugml-'h)
Py 1.59  3.07 1.62 NA NA NA
(mlg='h-")

Each value was determined in a separate experiment with 3-6
mice per time point and 3-8 time points per experiment
NA, Not applicable

2.0ml g™, a value almost twice that occurring after 50 mg
kg~!i.p. The elimination t;,, was also significantly longer
at 30.7 min (28.3-33.6; P <0.001) than for the low-dose
i.p. route. The AUC,_,, was 36.9 ug ml~! h. Figure 4c also
shows that peak plasma RSU 1137 metabolite concentra-
tions of about 4 pg ml~! were seen 30 min after the high
dose of RSU 1069. The apparent elimination t;, was 48
min (41.9-56.2) and the corresponding AUC, . was
39pugml~!'h

RSU 1069 was also given to C3H/He mice at a dose of
50mg kg~!. The pharmacokinetic parameters for three
separate experiments are shown in Table 1. Figure Sa
shows the data for one experiment (A) where the
RSU 1069 absorption was rather slow, resulting in a peak
concentration of 30—40 ug ml~! at 20 min. Peak concen-
trations of the metabolite RSU 1137 were also reached at
20 min and were about 5 ug ml~'. In the other two experi-
ments peak plasma concentrations occurred at the earliest
measured time points (5 and 30 min) but were lower than
for experiment 4. An example is shown in Fig. 5b. Drug
elimination was monoexponential and similar in all three
experiments and the mean elimination t;,, was 23.9+3.5
min (mean=+2SE; N=3). The mean Vd., was 1.07 +£0.52
ml g=! (mean+2SE; N=3) and the mean AUC,_., was
26.1 pg ml~' h (range, 16.3-31.3). These values were simi-
lar to those obtained in BALB/c mice at the same dose.
The mean apparent elimination t;, for RSU 1137 in these
experiments was 41.8 £11.2 min (mean +2SE; N=3).

Figure 5c¢ shows the plasma pharmacokinetics of
RSU 1069 and RSU 1137 in C3H/He mice after an oral
dose of 50 mg kg~'. Absorption was rapid but peak con-
centrations were somewhat lower than for the i.p. route.
Drug elimination appeared to be biexponential, with a ter-
minal t,,, of 49.8 min (36.2-81.6). The AUC,._., after oral
dosing was 33% of that occurring after i.p. injection at
8.37 ug ml~' h. Peak plasma concentrations of the hydro-
lysis product RSU 1137 were comparable to those pro-
duced after i.p. injection and remained relatively constant
at between 0.4-0.6 ug ml~! from 1-3 h after oral dosing.
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Fig. 5. Pharmacokinetics of RSU 1069 and its major metabolite, RSU 1137, in C3H/He mice. Panels A and B illustra'te two of three
repeat experiments at 50 mg kg~! i.p.; absorption was slower in the experiment depicted in 4 than in the other two experiments. Panel C
shows the results of an experiment in which the same dose was given orally. In all cases open symbols represent RSU 1069, and closed
symbols, the metabolite RSU 1137. Results are mean + 2SE, with 4-6 mice per point



Table 2. Tissue/plasma ratios for RSU 1069 and its major metabo-
lite RSU 1137 in KHT tumour and brain tissue from C3H/He
mice given 50 mg kg—! RSU 1069 i. p.
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Table 3. The urinary excretion of RSU 1069 and its aziridine
ring-opened metabolites in C3H/He mice after a dose of 50 mg kg-!
RSU 1069 i. p.

Time Tumour/plasma (%) Brain/plasma (%)
(min)
RSU 1069 RSU 1137  RSU 1069 RSU 1137
5 10.0+ 3.8 57.3£23.5 BLD BLD
(N =6) (N=26)
10 17.1+ 48 672+19.3 BLD BLD
(N =35) (N =106)
15 373+19.6 122 £44.7 9.25+ 1.3 BLD
(N=4) (N=4) (N=23)
20 30.8+ 6.2 112 £105 128 £ 14 306=% 49
(N =6) (N=26) (N=06) (N=6)
30 3122 79 157 +278 148 £ 25 542%14.8
(N =10 N=9 (N=10) (N=6)
45 279+ 46 101 +16.8 227 + 2.8 47.0% 69
(N = 6) (N=26) (N=06) (N =6)
60 2534% 50 110 £22.1 197 £ 40 789% 96
(N=9) (N=9) (N =10 (N=26)
90 219+ 857 173 +£647 315 £ 6.1 161 %339
(N=6) (N=06) (N =6) (N =106)
120 5824405 184 x£29.6 66.8 +£36.0 201 £26.8
(N=15) (N=26) (N=175) (N=06)

Ratios are mean + 2 SE of N mice using pooled data from two
independent experiments
BLD, Below limit of detection

Tumour and brain penetration

Table 2 summarises the penetration of RSU 1069 and its
ring-opened hydrolysis metabolite RSU 1137 into KHT tu-
mours and normal mouse brain tissue after 50 mg kg™
RSU 1069 i.p.

The penetration of RSU 1069 into KHT tumours was
relatively modest, with tumour/plasma ratios considerably
less than 50%. Steady-state conditions were reached after
15 min, resulting in a mean tumour/plasma ratio of
28.4%+3.4% (mean = 2SE; N=41) over a 15-90 min peri-
od. Peak tumour concentrations occurred between 15 and
30 min and were 6.7 and 13.6 ug™!, as determined in two
separate experiments. RSU 1069 penetration into brain tis-
sue was slower than for KHT tumours. Brain/plasma ra-
tios did not reach steady state during the 2-h measured pe-
riod but increased progressively to a value of 66.8% at 2 h.

Tumour concentrations of the metabolite RSU 1137
equilibrated with plasma after 15 min and remained stable
for the remainder of the time course. In contrast to
RSU 1069, steady-state tumour/plasma values for
RSU 1137 were 130% +15.4% (mean+2SE; N=40), indi-
cating good tissue penetration. Absolute peak tumour con-
centrations were 1.4 and 9.1 ug~! in two experiments.
Brain/plasma ratios for RSU 1137 increased steadily over
the time course, reaching 201% after 2 h.

Urinary excretion

The 0 to 8 h urinary recoveries of RSU 1069 and its me-
tabolites from C3H/He mice are shown in Table 3. Some
18% of the dose was eliminated as the unchanged parent
drug, with a further 8% recovered as the aziridine ring-
opened hydrolysis product (RSU 1137), a value consistent

Compound % dose excreted in 0 to 8 h urine
Experiment*
A B

RSU 1069 16.1 19.5

RSU 1137 9.4 6.4

RSU 1111 <0.1 0.8

* Pooled urine from four mice per experiment

with the readily detectable concentrations of this metabo-
lite in mouse plasma and tissues. Only small amounts of
the aziridine ring-removed amine product (RSU 1111)
were detected. The total urinary recovery of RSU 1069 and
its metabolites was 26%.

Discussion

The HPLC method described here is specific for RSU 1069
and its metabolites and is sensitive enough to allow accu-
rate quantitation in biological materials, making this a use-
ful technique for the detailed study of RSU 1069 pharma-
cokinetics and metabolism in mice. As well as being used
for this purpose in the present study and in an earlier re-
port from this laboratory [22], this method has also been
used by others in pharmacokinetic studies in mice [4] and
in a small clinical study of RSU 1069 pharmacokinetics in
man [7].

RSU 1069 was shown to be degraded in saline solution
in a temperature-dependent fashion, with 88% degradation
after 7 days at 37° C compared with no loss at 4° C under
similar conditions. RSU 1069 was stable for at least 24 h at
room temperature, thus allowing standard drug prepara-
tion and administration techniques to be used. The major
product was identified as the ring-opened hydrolysis prod-
uct RSU 1137. Ring opening might be expected to be more
rapid in vivo due to the presence of high concentrations of
reactive nucleophiles.

Afteri.v. injection in BALB/c mice, RSU 1069 was eli-
minated biphasically; however, the distribution phase was
extremely short and the kinetics could reasonably be de-
scribed using a one-compartment model [5]. An i.v. dose
of 50 mg kg~' produced peak plasma concentrations of
around 100 pg ml~!. With i.p. injection, peak drug con-
centrations were rapidly achieved (usually within 5-15
min) but were three- to fourfold lower than with the i.v.
route. RSU 1069 i.p. bioavailability was 55%, indicating the
likelihood of some first-pass metabolism.

Oral administration of 50 mg kg~' RSU 1069 to C3H
mice resulted in peak plasma concentrations of only about
10 ug ml~L The oral bioavailability was estimated at 20%
(assuming similar i.v. drug availability in C3H and
BALB/c mice), possibly as a result of extensive acid hy-
drolysis in the stomach.

In BALB/c mice, RSU 1069 plasma elimination was
clearly dependent on the route of administration, with the
i.p. route producing twofold lower t;,, values than iv.
injection. Both strains of mice showed similar elimination
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ti s after the same i.p. dose. In addition, there was a sug-
gestion of dose-dependent elimination in BALB/c mice,
with a 37% increase in t;,» when the dose was doubled
from 50 to 100 mg kg ! i.p. (P <0.001).

As with other nitroimidazoles of intermediate lipophil-
icity [21], RSU 1069 elimination was dependent on both
renal clearance and metabolism. Urinary recovery of the
unchanged drug was 16%—20%, with an additional 6%-9%
recovered as the aziridine ring-opened metabolite
RSU 1137 and < 1% as the aziridine ring-removed amine
metabolite RSU 1111, leaving some 74% of the dose unac-
counted for. An unidentified polar metabolite was present
on HPLC and further metabolism to non-UV-detectable
imidazole ring-opened fragments is likely, as occurs with
several other nitroimidazoles [9]. In addition, the alkyla-
tion of nucleophilic targets such as DNA through both the
aziridine moiety and the reductive bioactivation of the ni-
tro group may also account for some of this unrecovered
material [8, 11].

The major plasma metabolite of RSU 1069 was shown
to be the aziridine ring-opened hydrolysis product
RSU 1137. This metabolite reached peak concentrations of
between 1 and 5ug ml~! 15-30 min after 50 mg kg™!
RSU 1069 i.p. injection. The apparent elimination rate for
RSU 1137 was some twofold slower than for the parent
drug and did not appear to be dose-dependent. RSU 1111
was not detected in plasma, but an unidentified polar me-
tabolite was seen on HPLC.

The volume of distribution ranged from 0.65 to 2.0 ml
g L depending on the dose, a value consistent with the ex-
pectation of good tissue penetration. However, tumour
and brain penetration was generally limited. Tumour/
plasma ratios after equilibration were between 20%-40%
in the transplanted KHT fibrosarcoma. Brain/plasma ra-
tios were even lower, at between 10%-30% under similar
conditions. Other studies with the Lewis lung tumour in
C57 mice have shown similarly low tumour/plasma ratios,
with brain/plasma ratios always < 100% [16]. In contrast,
the B16 melanoma in C57 mice exhibited very high tu-
mour/plasma ratios in the range of 370%—-400%, although
there was no evidence of drug accumulation in normal
brain or other tissues [4]. Recent in vitro studies have
shown that as the extracellular pH is increased from 5.4 to
8.4 Bl6 melanoma cells progressively accumulate
RSU 1069 intracellularly, giving cell/medium ratios from
99% to 304% over this pH range [16]. In contrast, no such
accumulation was evident in KHT and Lewis lung tumour
cells. The partial exclusion of RSU 1069 from certain tis-
sues and its accumulation in the B16 melanoma may relate
to the weakly basic nature of the aziridine ring of
RSU 1069 (pKa = 6.04) [15] and differences in intracellu-
lar pH regulation.

Other mechanisms may also contribute to the relatively
low tissue/plasma ratios. Extensive plasma protein bind-
ing would reduce drug availability for tissue uptake. How-
ever, the closely related analogue MISO is only 5%-10%
protein bound and shows tumour/plasma ratios of around
100% [19, 21]. The slightly lower lipophilicity of RSU 1069
compared with MISO (octanol-water partition coeffi-
cients, 0.22 and 0.43 respectively at pH 7.4) [15] might con-
tribute to its poor brain penetration but is unlikely to be
involved in the low tumour concentrations.

Interestingly, the major metabolite RSU 1137 gave
steady-state tumour/plasma ratios of 100%, suggesting ei-

ther that RSU 1069 is readily hydrolysed in this tissue or,
perhaps more likely, that the removal of the protonatable
aziridine ring allows the complete equilibration of this
neutral metabolite with plasma.

By comparison, the mixed-function sensitizer CB 1954
(2,4 dinitro-5-aziridinylbenzamide) gave peak plasma con-
centrations similar to those occurring with RSU 1069 after
i.p. injection in mice [22, 23]. The elimination half-life was
four times longer for CB 1954 and the i.p. bioavailability
some 50% greater than for RSU 1069. Tumour penetration
was also more efficient, with tumour/plasma ratios be-
tween 50%—-90% in EMT6 mammary tumours. CB 1954
was extensively metabolised in mice, with only 16%-25%
of the parent drug recovered in the 24 h urine [23], a value
similar to the 16%—-20% recovery for RSU 1069 in 0 to 8 h
mouse urine in this study.

Despite the fact that the pharmacokinetic behaviour of
RSU 1069 allows scope for some improvement, active
chemosensitizing and radiosensitizing concentrations are
readily achieved with an i.p. dose of 80 mg kg~! in mice
[1, 2]. On the basis of our results and those of Deacon et al.
[4], this dose would be expected to produce plasma con-
centrations of between 20—50 pug ml~' 30 min after i.p. in-
jection. Concentrations of 20—-40 pg ml~!' RSU 1069 pro-
duced comparable radiation enhancement ratios of
around 1.8 in Chinese hamster V79 cells in vitro [1, 2}. In
contrast, plasma concentrations of RSU 1069 in man are
limited to 1.5~3.5 pg ml~! 30 min after drug infusion as a
result of severe dose-limiting gastrointestinal toxicity [7].
Unfortunately, this concentration is unlikely to give appre-
ciable hypoxic cell sensitization. However, the attractive
molecular pharmacology of RSU 1069 has led to the con-
tinued pursuit of more potent and/or less toxic analogues
[3]. We believe that the detailed pharmacokinetic data pre-
sented here for RSU 1069 should prove useful in the de-
sign and evaluation of improved analogues of this interest-
ing mixed-function sensitizer.
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