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Summary. N-(5-[N-(3,4-Dihydro-2-methyl-4-oxoquina
zolin-6-ylmethyl)-N-methylamino]-2-thenoyl)-L-glutamic
acid (ICI D1694) is an analogue of the thymidylate syn-
thase inhibitor N!0-propargyl-5,8-dideazafolic  acid
(CB3717). CB3717 was found to be an active anticancer
agent in early clinical studies, but its use was limited by its
relative insolubility at physiological pH. ICI D1694 has
been shown to be a more active anticancer agent than
CB3717 in model systems, and it is devoid of the acute
renal toxicity associated with the administration of the
latter drug to mice. In the present study, the pharma-
cokinetics of ICI D1694 were studied in both mice and rats
using reverse-phase HPLC. In rats, ICI D1694 clearance
(CL) conformed to a two-compartment open model and
was rapid (CL = 10.7 ml min-! kg-1, #7/28 = 30 min). Ex-
cretion was mainly biliary (65% of the delivered dose in
4 h vs 12% in urine) in the rat following a 100-mg/kg i.v.
bolus. A high degree of protein binding was seen in rat
plasma (=90% over the range of 20—100 pum). In mice,
ICI D1694 CL =27 ml min-! kg-! and #7725 = 30 min fol-
lowing 100 mg/kg i.v., which was significantly faster than
CB3717 clearance (CL = 6 ml min-! kg-1, #;/25 = 93 min).
ICI D1694 was fully bioavailable following i.p. adminis-
tration (AUC = 3.73 mg ml-! min i.v. 4.03 mg ml-! min
1.p.), but its bioavailability following oral administration
appeared to be low (approximately 10% —20%). Tissue
distribution and excretion studies in mice suggested that
biliary excretion predominated, confirming the results ob-
tained in rats. Following an i.v. dose of 500 mg/kg
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ICI D1694 in mice, drug was detectable at 24 h, suggesting
the presence of a third phase of plasma clearance. The
initial HPLC assay could not detect this third phase follow-
ing a dose of 100 mg/kg; hence, a more sensitive assay was
developed that includes a solid-phase extraction step. The
latter assay was used to define the third phase of ICI D1694
clearance in mice, and preliminary studies demonstrated a
terminal half-life of 6.5+2.7 h.

Introduction

N-(5-[N-(3,4-Dihydro-2-methyl-4-oxoquinazolin-6-ylme-
thyl)-N-methylamino]-2-thenoyl)-L-glutamic  acid (ICI
D1694; Fig. 1, top) is an analogue of N10-propargyl-5,8-
dideazafolic acid (CB3717; Fig. 1, bottom). CB3717 is a
potent folate-based inhibitor of the enzyme thymidylate
synthase (TS, EC 2.1.1.45), with K; values of <5 nM being
reported for both murine (L1210) [9] and human (W1L2)
enzyme [7]. CB3717 was found to be an active anticancer
agent in early clinical trials, but its use was limited by renal
and hepatic toxicities that were thought to be mediated in
part by its poor solubility at physiological pH [2]. Removal
of the amino group at the 2-position of CB3717 (see Fig. 1,
bottom) has been shown to improve its solubility (>340
times at pH 7.4).

Desamino-CB3717 has also unexpectedly been found
to be a 10-fold more potent inhibitor of L1210 cell growth,
despite a 10-fold reduction in its affinity for TS [4, 10]. The
2-desamino-2-methy] analogue of CB3717 (ICI 198583)
was found to show similar affinity for TS when compared
with CB3717 but was more active against L1210 cells in
vitro than was either CB3717 (34-fold difference in anti-
tumour activity) or desamino-CB3717 (4-fold difference).
In contrast to CB3717, which causes renal and hepatic
toxicity in mice following a bolus dose of 100 mg/kg, both
desamino-CB3717 and ICT 198 583 were found to be non-
toxic to the liver and kidneys at a dose of 500 mg/kg [3}. A
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Fig. 1. The molecular structures of ICI D1694 (top) and CB3717 (bot-
tom)

range of ICI 198 583 analogues have been synthesised, and
following biochemical and antitumour testing, ICI D1694
has been shown to be an inhibitor of L1210-derived TS
(Ki =62 nM) and a highly active antitumour agent both in
vitro [concentration of ICI D1694 required to inhibit
L1210 cell growth by 50% (1Csp), 0.007 pum; CB3717
L1210 ICso, 3.4 uMm] [6] and in vivo. In vivo studies of
ICI D1694 demonstrated antitumour activity in mice bear-
ing the L1210:ICR cell line (>70% of the animals were
cured at 0.4 mg/kg daily x5 [5]) and the HX62 ovarian
human-tumour xenograft (15-day growth delay at 1 mg/kg
daily x 15 [17]). On the basis of these and other similar
antitumour data and the demonstrated lack of toxicity of
ICI D1694 to the liver and kidneys at 500 mg/kg [8], this
drug was chosen for full preclinical evaluation prior to its
entry into clinical trials.

ICT D1694 pharmacokinetics were studied in mice and
rats and the data were compared with those previously
obtained for CB3717 in similar investigations [12, 13].
Studies of ICI D1694 in mice were performed using a
single dose (100 mg/kg) following intraperitoneal (i.p.),
intravenous (i.v.) and oral administration. The pharmaco-
kinetic studies defined the plasma concentration-time
curves and the routes of excretion of ICI D1694. In addi-
tion, a comparison was made between the pharmacokinet-
ics of ICI D1694 and those of CB3717 following i.v. ad-
ministration. Studies in rats used a dose of 20 mg/kg with
and without bile duct cannulation to investigate the poten-
tial influence of enterohepatic cycling on the plasma clear-
ance of ICI D1694. The plasma clearance was also
assessed in rats at 100 mg/kg. In initial studies, plasma
levels of ICI D1694 were assessed using an HPLC assay
system that had previously been employed to assay
CB3717 [13]. However, pharmacokinetic results obtained
in the mouse suggested the existence of a third phase of
plasma clearance. Therefore, the existing assay was modi-
fied to include a solid-phase extraction step so as to in-
crease its sensitivity. This modification of the assay and the
results obtained following its use in the assessment of
ICI D1694 clearance are also described.

Materials and methods

Materials

ICI D1694 was supplied by ICI Pharmaceuticals in the free acid form as
a pale yellow powder; it was dissolved in 0.05 M NaHCO3 and the pH
was adjusted to 9-9.5 using NaOH. Solutions were prepared to enable
the administration of a constant injection volume (10 ml/kg in mice,
2 ml/kg in rats). Injection solutions were protected from light and kept
frozen until used, at which time they were thawed at room temperature.
For oral administration, ICT D1694 was dissolved in phosphate-buffered
saline (10 mm Na;HPO4, pH 7.5) and 10 ml/kg was given. CB3717 was
supplied by 1CI Pharmaceuticals as a clear solution of the disodium salt
in 0.05 M NaHCO:; at a concentration of 10 mg/ml. The molecular struc-
ture of ICT 212281, which was used as an internal standard in the more
sensitive assay, is similar to that of ICI D1694 (the thiophene ring is
replaced by thiazole and the N9-substituent is ethyl); this drug was also
supplied as a powder by ICI Pharmaceuticals. All other chemicals used
were of analytical grade (when available) and were obtained from stan-
dard suppliers.

Methods

Pharmacokinetic studies in mice. Experiments were performed using
C57/DBA2 F1 hybrid male mice aged between 6 and 10 weeks (National
Medical Research Institute, NMRI, London). Drugs were given i.v. via
the tail vein following whole-animal warming to <40°C. Oral adminis-
tration was carried out using a 2-in. x 18-G curved needle with a
bulbous tip. At selected time points, mice were killed by CO2 asphyxia-
tion and exsanguinated by open cardiac puncture. Blood was placed in
heparinised microfuge tubes and immediately centrifuged. Plasma was
separated and frozen for subsequent analysis. Samples were obtained at
3, 15, 30, 60, 90 and 120 min following parenteral administration and at
15, 30, 60, 90, 120, 240, 360, 480 and 1,440 min following oral dosing.
At each time point the liver and kidneys were removed; the gall bladder
was carefully excised, and the organs were thoroughly washed with
deionised water (particularly following i. p. dosing) and then frozen for
subsequent quantification of their ICI D1694 content.

Additional studies were performed using ICI D1694 at 500 mg/kg
(i.v.) followed by limited sampling at 1, 4 and 24 h; blood and tissue
samples were collected and prepared as above. This ICI D1694 dose
(500 mg/kg) was directly compared with that of CB3717 (100 mg/kg)
using this sampling schedule. For the assessment of IC1 D1694 excre-
tion, mice were placed in individual metabolism cages (Metabowls;
Jencons, Hemel Hempstead, UK) and urine and faeces were collected in
preweighed pots. These were replaced after 24 h and collections were
continued until 48 h; thereafter, the cages were washed with 10 m/0.1 m
TRIS (pH 10) and the washings were collected. Samples and washings
were frozen until HPLC analysis was pertormed. Excretion studies were
carried out following the i.v., i.p. and oral administration of 100 mg/kg
ICI D1694; these data were compared with those obtained for CB3717
after 1. v. administration of 100 mg/kg.

In studies designed to identify a third phase of clearance, whereby
sample analysis was performed using the more sensitive assay, including
solid-phase extraction, 100 mg/kg ICI D1694 was injected i.p. at time
zero. Five mice were killed at hourly intervals for 8 h and then at 10, 12
and 24 h afier drug administration; the animals were killed by CO2
asphyxiation and exsanguinated by open cardiac puncture. Following
centrifugation (11,600 g for 3 min), plasma was pooled (0.25 ml/mouse)
and frozen prior to subsequent analysis by HPLC.

Pharmacokinetic studies in rats. Fernale Wistar rats were anaesthetised
with 60 mg/kg i. p. pentobarbitone, and the trachea, the left carotid and
left femoral veins were cannulated with polyethylene tubing. Patency of
the carotid and femoral cannulae was maintained using heparinised sa-
line (50 units/ml). The urethra was ligated to prevent voiding during the
study. In certain studies, the common bile duct was also cannulated with
polyethylene tubing and bile was collected. Rectal temperature was



maintained at 37°—-38° C using overhead lamps. When required, further
doses of pentobarbital (12.5 mg/kg) were injected via the femoral venous
cannula. ICI D1694 was given via the left femoral cannula, and 200-ul
blood samples were collected through the left carotid cannula at 5, 10, 15,
20, 25, 30, 45, 60, 90, 120, 180 and 240 min after the injection of
ICI D1694 and were centrifuged immediately, Plasma was frozen for
later analysis by HPLC. After 4 h the rat was killed with an overdose of
pentobarbital. Urine was aspirated from the bladder, the liver and kid-
neys were removed and wet-weighed and all samples were stored at
-20°C. Studies (n = 3 rats) were performed using ICI D1694 (20 mg/kg
i.v.) with or without bile duct cannulation to ensure that bile collection
did not affect the plasma clearance or the pattern of excretion. ICI D1694
was also studied at 100 mg/kg i. v. following bile duct cannulation.

Sample preparation prior to HPLC analysis. All samples were thawed at
room temperature. Then, 200 ul methanol was added to 100 pl plasma
and samples were centrifuged at 1,500 g at 4° C for 20 min. The superna-
tant was analysed by HPLC, and standard curves were constructed for
heparinised mouse and rat plasma (10—1,500 um). Further standards
were prepared in 0.05 M NaHCO3 to assess recovery of drug from
plasma. Tissue and faecal samples were weighed, soaked in 0.1 m TRIS
(pH 10. 9 ml/g tissue wet weight; rat liver, 3 mi/g) for 1 h and homo-
genised in a Teflon/glass homogeniser. Then 1 ml methanol was added to
0.5 ml homogenate and protein was precipitated; following centrifuga-
tion as described above, the supernatant was analysed using HPLC. Bile
samples were weighed to quantify the rate of bile excretion and then
diluted 1: 10 (v/v) with 0.1 M TRIS (pH 10). A further 1 : 10 dilution was
performed on the O to 60-min bile specimen following the administration
of 100 mg/kg ICI 1694. Next, 200 pl metharol was added to 100 pl
diluted bile and centrifuged prior to HPLC analysis as described above,
Urine samples were also weighed and dituted 1: 10 (v/v) with 0.1 M TRIS
(pH 10); as noted above 2 vol. methanol were added, the samples were
centrifuged and the supernatant was analysed by HPL.C. Washings from
the metabolism cage were also analysed using HPLC.

Solid-phase extraction technigue. Solid-phase extractions from plasma
were performed using commercially packed 3-ml polythene tubes (Bond
Elut; Analytichem International, Harbor City, Calif., USA) containing
200 mg C18 packing. First, 1.1 m] 0.1 m CH3COONa (pH 4) and
0.055 ml 100 pm internal standard solution was added to 1.1 ml plasma.
Next, 2 ml of this mixture was applied to pre-conditioned (3 ml
methanol, 3 ml H0 and 3 ml CH3COONa, pH 4) Bond Elut cartridges.
The cartridges were washed twice with 3 ml H20 (pH 4, CH3COOH) and
then ICI D1694 was eluted with 3 ml 90: 10 (v/v) methanol: HO. The
eluent was dried under nitrogen at 50°C and reconstituted in 200 i
HPLC mobile phase (see below).

HPLC system. All HPL.C analyses were performed on a Waters Associ-
ates (Northwich, UK) chromatograph. Separation was carried out on a
Spherisorb 5-um C6 (Phase Séparation Ltd, Deeside, UK) column
(15x0.46 cm, Waters Associates) equipped with a CO: Pell ODS pre-
column (6.5 x 0.21 cm; Whatman Ltd, Maidstone, UK). Samples were
eluted isocratically at a flow rate of 1.5 ml/min. The HPLC mobile phase
comprised 40: 60 (v/v) methanol: acetic acid (0.175 m); 30-ul samples
(150 pl following solid-phase extraction) were applied to the column and
data were collected for 20 min. Standard concentrations of ICI D1694
were prepared in 0.1 M TRIS (pH 10, 100 mg/ml) and in mouse or rat
plasma (100 pmM) for use as external standards. ICI D1694 and
ICI 212281 were detected by UV absorption at both 313 and 280 nm.

Pharmacokinetic analyses of plasma concentration vs time data. The
pharmacokinetic data obtained were analysed using a non-linear regres-
sion technique based on the method of Jenrich and Sampson [7a] and a
weighting function of 1/(y+9)% An open two-compartment linear model
was fit to the data. This model is described by the biexponential equation
C=Ae ™ + Be P, where A and B represent concentration constants and
o and B represent rate constants for the two phases. The area under the
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Fig. 2. Sample chromatograms from the HPLC assay for ICI D1694
(top) and CB3717 (bottom)

plasma concentration vs time curve (AUC), volume of distribution of the
central compartment (V1), volume of distribution at steady state (Vss),
total body clearance (CL) and half-lives (¢//2« and £1/28) were calculated
using standard equations [19]. For the determination of plasma clearance
following i.p. administration, data points from the elimination phase of
the plasma concentration vs time curve were fit to a single-compartment
model described by the equation C = Ae-¢t,

Protein-binding studies in rar plasma. For protein-binding studies, stan-
dard solutions of 20—1,500 um ICI D1694 were prepared in Wistar rat
plasma and incubated at 37° C for 30 min. Next, 0.5 ml was placed in the
upper portion of an ultrafiltration tube (Centrifree Micropartition Sys-
tem; Amicon, Danvers, Mass., USA), which was centrifuged in a fixed-
angle rotor (45%) at 3,000 g for 15 min. The concentration of drug in the
ultrafiltrate, i.e. the free drug, was analysed by HPLC (see above).
Similar standard concentrations were prepared in 0.1 M TRIS (pH 7.4)
and added to the ultrafiltration tubes following incubation as described
above. The drug concentration in the lower portion following centrifuga-
tion was compared with the standard concentration to assess non-specific
binding to the filter. Results obtained using plasma standards were com-
pared with those found for the filtered TRIS standards to correct for
non-specific binding. The protein binding of ICI D1694 was studied to a
concentration of 1,500 um drug to encompass plasma concentrations
found in rat pharmacokinetics studies at a dose of 100 mg/kg.
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Results
Validation of the HPLC assay

Standard curves were constructed for ICI D1694 and
CB3717 in both mouse and rat plasma and 0.05 M
NaHCO3 over the concentration range of 10—1,500 pm.
Linear relationships between peak area and concentration
were demonstrated (CB3717, r = 0.999; ICI D169%4, r = 1),
and drug recovery from plasma was complete (CB3717,
99.5% +4.3%; ICI D1694, 105.3% +8.2%). The limit of
detection for both compounds was 10 um. Figure 2 shows
sample HPLC chromatograms obtained for ICI D1694
(top) and CB3717 (bottom) in mouse plasma. The standard
curve obtained using the Bond Elut assay for ICI D1694
demonstrated that the ratio of the peak areas for ICI D1694
and the internal standard was linear (r = 0.999) over the
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Fig. 4. The amount of ICI D1694 present in liver (mean, [J; SD, x) and
kidney (mean, A; SD, +) tissue following an i.v. bolus dose of
100 mg/kg ICI D1694 in the mouse

concentration range of 0.2—50 um. The limit of detection
of the assay system was 0.2 uM.

Pharmacokinetics of ICI D1694 in mice

The plasma levels of ICI D1694 following a bolus injec-
tion of 100 mg/kg are shown in Fig. 3, which compares i. v,
and i.p. administration. A two-compartment open linear
model was fit to data from the i.v. study and, after the
initial absorption phase, a one-compartment model was fit
to i.p. data. As can be seen in Table 1, after the initial
distribution (i.v.) and absorption (i.p.) phases, the model
fits and pharmacokinetic parameters were similar. Follow-
ing i.v. administration, the terminal half-life was
30+ 3 min and the clearance was 26.8 ml min—! kg-1.

Table 1. Pharmacokinetic parameters for ICI D1694 given at 100 mg/kg by different routes of administration to mice

Route Ciax 5-min plasm® [1/2]3 Vi Vs CL AUC
(um) (min) (ml/kg) (ml/kg) (ml min-! kg-1) (g ml-! min)
iv. 342 +692 30+3b 322 753 26.8 3.73
ip. 145 =11 22+2 - 781 248 4.03
p.o. 2.4¢ - - - - -

2 Data represent the mean + SD (# = 3). Cmax, Maximal plasma con-
centration

b Data represent the mean + asymptotic error
¢ Detected only at 60 min in 2/3 mice

Table 2. Excretion of ICI D1694 after i. p., i. v., or p. 0. administration of 100 mg/kg in mice

Route Urine Faeces Total Urine Faeces Total
0-24h 0-24h 0-24h 24-48 h 24-48 h 0-48h
iv. 13+4 39+ 4 5243 2 =*1 143 54+22
ip. 12+8 33+11 46+8 3 4 1x2 50+7
p.o. 1+2 61+11 62+9 0.3 +0.5 3+4 668

Data represent the percentage of the delivered dose expressed as the mean + SD (n =4)

4 All cage washings accounted for <1% of the total dose
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Fig. 5. The plasma clearance of ICI D1694 following an i. p. bolus dose
of 100 mg/kg in the mouse. Later time points were measured using the
modified assay incorporating solid-phase extraction

ICI D1694 levels detected in the liver and kidney (as a
percentage of the delivered dose) over the same period are
shown in Fig. 4. The high levels (peak, 57% at 5 min) seen
in the liver following i. v. administration suggest that this is
likely to be the major route of excretion. The proportions of
the delivered dose of ICI D1694 found in urine and faeces
at up to 48 h after i.p., i.v. and oral administration are
shown in Table 2. These data were similar following i.v.
and i.p. administration (i.v. 52% *+3%; i.p., 46% + 8% in
the first 24 h), and the majority of the ICI D1694 dose was
eliminated in the faeces (i.v., 39% +4% in the faeces vs
13% + 4% in the urine), providing further evidence that the
liver is the major route of excretion.
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Fig, 6. The plasma clearance of ICI D1694 in the rat following an 1.v.
bolus dose of 20 mg/kg in studies carried out with (~—O—) and without
{——+~-) bile collection (n = 3)

Following oral administration, ICI D1694 was de-
tectable in the plasma at only one time point (60 min) and
in only 2/3 animals; plasma concentrations in these two
mice could only be estimated as being 2 and 4 pum.
ICI D1694 was detectable in the liver at 30— 120 min fol-
lowing oral administration but accounted for <1% of the
delivered dose. Only 1% —3% of the ICI D1694 dose was
found in the urine following oral administration, confirm-
ing that only a small percentage (possibly 10%—20%) of
the delivered dose had been absorbed.

In all studies involving parenteral administration, the
overall recovery of ICI D1694 from the urine and faeces
was incomplete (i.v., 54% £ 2%, 1.p., 50% £7%), and it

Table 3. Comparison in mice of plasma levels and organ content of ICI D1694 and CB3717 following doses of 500 and 100 mg/kg, respectively

Time Plasma level (um) Liver content? Kidney content?

CB3717 ICI D1694 CB3717 ICID1694 CB3717 ICID1694
1h 155412b 145425 46 +2 5.7+1 8.2+£35 0.7+0.2
4h 71412 cd 1 11.4+3.1 0.2+0.1 13.1+4.4 Trace in 1/4 mice

24 h ¢=11n 4/4 mice © Trace in 2/4 mice 33+05 Trace in 2/4 mice 51x21 Not detected
¢=4and 2 um° <0.2%
2 Data represent the percentage of the total delivered dose ¢ Approximation at the }imit of detection. ¢, Concentration
b Data represent the mean + SD (n = 4)
Table 4. Pharmacokinetic parameters for ICI D1694 in the rat
Parameter Dose
20 mg/kg,bile duct intact 20 mg/kg,bile collection 100 mg/kg bile collection
11/20; (mim) 54 £ 15 + 0.9 73 £ 05
#1/2B (min) 31 +14 29 + 6 45 + 3
V1 (ml/kg) 152 £30 114 +£28 191 =34
Vass (ml/kg) 295 +90 240 57 398 62
C (ml min-! kgl 119 + 06 106 = 1.5 114 + 0.8
Plasma AUC (mg ml/min) 1.69£ 0.09 1.91+ 0.29 8.83+ 0.38

Rats were anaesthetised using pentobarbitone and compounds were injected via i. v. bolus. Data represent the mean = SD (1 = 3)
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was impossible to account for the remainder of the
ICI D1694 dose used in these experiments. Samples were
assayed for a range of potential ICI D1694 metabolites
using characterised degradation products of the drug; these
degradation products investigated included desglutamate-
ICI D1694 and descarboxy-desglutamate-ICI D1694 (re-
sults not shown), but these compounds were not detected in
the HPLC effluent.

Comparative pharmacokinetics of ICI D1694 and
CB3717 in mice

Following the i.v. administration of 500 mg/kg ICI D1694
and 100 mg/kg CB3717, the plasma levels and the liver
and kidney content at 1, 4 and 24 h were assayed and are
listed in Table 3. These data show that the clearance of
ICI D1694 was more rapid, with similar plasma levels
being seen at 1 h (CB3717, 155+12 um; ICI D16%4,
145 £ 25 um) despite the 5-fold difference in the delivered
dose; at 4 h the difference was even more apparent
(CB3717, 71 £ 12 pum; ICI D1694, 4 £ 1 um). Retention in
the tissues was also clearly found for CB3717 but not for
ICI D1694. Over 10% of the CB3717 dose persisted in the
liver and kidneys at 4 h after dosing, at which time <1% of
the delivered dose of ICI D1694 was detected. Despite its
rapid early clearance, ICI D1694 could be detected in the
plasma at 24 h in 2/4 mice. In excretion studies the more
rapid clearance of ICI D1694 was confirmed. IC1 D1694
was predominantly excreted during the first 24 h (0—24 h:
urine, 30% + 10%; faeces, 21% = 7% vs 2428 h: urine,
3% + 1%:; faeces, 2% £ 1% of the delivered dose). In all,
32% of the dose was accounted for in the urine. In contrast,
30% £ 11% of the CB3717 dose was accounted for during
the first 24 h and a further 18% +7% was excreted at
24-48 h, highlighting the slow clearance of this com-
pound.

Studies to identify a third phase of ICI D1694 clearance
in the mouse

Data from all experiments using 100 mg/kg ICI D1694
(i.p.) in mice, including those obtained using the more
sensitive solid-phase assay, are shown in Fig. 5. A third
phase of plasma clearance was clearly demonstrated at
time points of >180 min. The results generated by non-lin-
ear least-squares fitting of the biexponential equation were
used to calculate the pharmacokinetic parameters. The
volume of the first compartment (V1) was 493 ml/kg and
the volume of distribution at steady state (Vdss) was
2,000 mlkg. The half-life for the second phase of
ICI D1694 clearance was 17 =1 min, and that for the ter-
minal phase was 390 £ 162 min. The total body clearance
was calculated to be 16.3 ml min-! kg-1.

Pharmacokinetics of ICI D1694 in the rat

The plasma levels of ICI D1694 in rats treated at a dose of
20 mg/kg in the presence and absence of a bile cannula are
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Fig. 7. The reversible protein binding of ICI D1694 at increasing concen-
trations in the plasma of female Wistar rats

shown in Fig. 6, and the pharmacokinetic parameters
derived from this comparison are shown in Table 4 togeth-
er with those obtained in studies using 100 mg/kg
ICI D1694. No significant difference was found between
any of the parameters listed following the administration of
ICI D1694 (20 mg/kg) to rats with or without bile
cannulae. Moreover, the 4-h urinary excretion was similar
in both sets of animals, corresponding to 14% + 1% (intact
bile duct) and 9% + 5% (bile collection) of the delivered
dose.

Comparison of the parameters derived from studies us-
ing doses of 20 and 100 mg/kg revealed that the volume of
distribution of ICI D1694 both in the central compartment
and at steady state were significantly (0.01 < P <0.05)
greater at the higher dose. Biliary excretion following a
dose of 100 mg/kg was significantly reduced, amounting to
58%+3% in 1 h and 67% £2% in 4 h as compared with
70% +3% and 78% + 4%, respectively, at 20 mg/kg. As a
result, total excretion during the first 4 h was also lower at
the higher dose, corresponding to 79% =+ 1% at 100 mg/kg
as compared with 87%+4% at 20 mg/kg. Following
the administration of 20 mg/kg ICI D1694, the biliary
flow rate was unaltered by drug administration, amount-
ing to 658 ulmin'kg-! during the Ist h vs
76+ 10 Wl min-! kg-! h-1 prior to drug administration.
However, after a dose of 100 mg/kg, there was a clear
increase in the biliary flow rate to 113 + 14 ul min-! kg-1
(pretreatment value, 70+ 16 ul min-! kg-1) over the same
period.

Protein-binding studies

In these studies, the results obtained using plasma stan-
dards were compared with those found for the filtered
TRIS standards to correct for non-specific binding. How-
ever, the concentration in filtered standards was
99% =+ 3.7% of the original value, indicating the absence of
non-specific binding. The protein binding of ICI D169%4
appeared to be concentration-dependent in a linear manner
over the range of 25-1,500 pM in rat plasma (Fig. 7). A
linear regression (r) value of —0.998 was obtained. At



concentrations of up to 100 uMm, 90% of the drug was
protein-bound, whereas at the highest concentration tested
(1,500 um), only 61% of the drug remained bound.

Discussion

The present studies defined the pharmacokinetics of
ICI D1694 following i.v. administration in rats and mice
and 1.p. and oral administration in mice; they also directly
compared the pharmacokinetics of ICI D1694 and CB3717
in mice. In preclinical studies in mice, the 1.p. route is
generally used when repeated administration is required. In
man, the i.v. route is most commonly used; therefore, it is
important that bicavailability following 1. p. administration
be assessed. The AUC was similar after i.p. and i.v. ad-
ministration (Table 1), demonstrating 100% bioavailability
following an i.p. injection. The total body clearance of
ICI D1694 was rapid (26.8 ml min-! kg-1) and the 3-phase
half-life was short (30 min) following i.v. administration.
Maximal plasma levels (Cmax) were seen at 5 min after i.p.
administration, suggesting rapid absorption from the peri-
toneal cavity. This was clearly more rapid than the CB3717
absorption found in a previous study, in which Cnax was
noted at 120 min after i. p. administration [13].

Bioavailability following oral administration was low.
ICI D1694 was detectable only at a single time point
(60 min) in 2/3 mice. In excretion studies, 1%—3% of the
delivered ICI D1694 dose was detected in the urine, sug-
gesting a bioavailability of approximately 10%-20%
(Table 3). ICI D1694 has been shown to be an active
antitumour agent following oral administration in both the
L5187Y (murine lymphoma) and HX62 (human ovarian
xenograft) models (T. C. Stephens, personal communica-
tion). Therefore, plasma levels clearly associated with ac-
tivity could not be detected by the HPLC system used
initially.

Data from excretion studies in mice (Table 2) and the
significantly higher ICI D1694 concentrations found in the
liver as compared with the kidneys (Fig. 4) suggested that
ICI D1694 is predominantly excreted in the bile. This was
confirmed by studies in rats, in which 78% of the delivered
dose of ICI D1694 (20 mg/kg) was excreted in the bile
within 4 h. The low recovery of ICI D1694 (Table 2) seen
in excretion studies in mice remains unexplained. It is
possible that recovery of ICI D1694 from mouse faeces
may be incomplete. Another explanation might be that
1CI D1694 is metabolised within the gut lumen, as has
been observed for both methotrexate (MTX) and CB3717
[13, 18]. However, comparison of the chromatograms ob-
tained for synthetic desglutamate-ICI D1694 and descar-
boxy-desglutamate-ICI D1694 did not detect these poten-
tial metabolites in faecal samples (results not shown).
These are likely metabolites of ICI D1694, by analogy
with the formation of desglutamate-CB3717 from CB3717
in the mouse gut [13]. A third possible explanation would
be that ICI D1694 is trapped in an enterohepatic cycle.
Methotrexate has been shown to undergo enterohepatic
circulation [16], and nuclear magnetic resonance studies
using 19 F suggest that enterohepatic cycling occurs in rats
following the administration of quinazoline antifolates
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[14]. However, enterohepatic cycling of ICI D1694 in rats
was not apparent in the present study. In investigations in
which the bile duct was either cannulated or left intact,
ICI D1694 clearance was identical (Fig. 7). Finally, it is
possible that the poor recovery of ICI D1694 in murine
excretion studies is a result of rapid drug uptake into cells
and subsequent metabolism to polyglutamate forms that
are retained within the cell. Further explanation of this
poor recovery will require the synthesis of radiolabelled
ICI D1694.

The clearance of ICI D1694 was clearly more rapid than
that of CB3717. Confirming the results of previous studies
[12], CB3717 was detectable in both the liver and the
kidney at 24 h after administration. Excretion studies also
demonstrated the slow clearance of CB3717, whereby only
30% of the delivered dose was accounted for by 24 h and a
further 18% was detected between 24 and 48 h (Table 4).

In rats, ICI D1694 pharmacokinetics following a dose
of 20 mg/kg differed from those obtained using
100 mg/kg. The volume of distribution was higher at the
latter dose (Table 6); the increase in distribution was prob-
ably a result of concentration-dependent protein binding,
At peak plasma levels following the administration of
100 mg/kg (approx. 1,000 pum), the free ICI D1694 fraction
was 25% as compared with a free fraction of 10% at the
peak level following a dose of 20 mg/kg (approx. 200 ).
The increased proportion of free drug could facilitate dis-
tribution and cellular uptake, leading to the larger apparent
volumes of distribution. Excretion of drugs in the bile
increases the biliary flow rate [11, 15], and this was ob-
served in the rat following the administration of IC1 D1694
at 100 mg/kg but not at 20 mg/kg. In contrast, CB3717
(40 mg/kg) has been shown to reduce the biliary flow rate
dramatically [12], an effect that is probably due to the
precipitation of CB3717 in bile canaliculi, which may in
turn be the cause of CB3717 hepatotoxicity. A comparison
of ICI D1694 clearance in mice and rats as a function of
body surface area produced similar results. Clearance in
the rat was 64 +9 ml min-1 m-2 at 120 mg/m?2 ICI D1694
and 68 =5 ml min—! m-2, at 600 mg/m?2, and that in mice
was 80 ml min-! m-2 at 300 mg/m2. Estimated ¢ and B
half-lives in mice and rats were also similar. It would be
interesting to compare these data with results obtained in
patients, when they become available.

The demonstration of a third phase of ICI D1694 clear-
ance in mice was not unexpected, in the light of prelimi-
nary studies in which ICI D1694 was detected in plasma at
24 h after the administration of 500 mg/kg i.v. A third
phase of clearance has been described for MTX [1], which
may be attributable to enterohepatic cycling [16]. The
question as to whether ICI D1694 undergoes enterohepatic
cycling was addressed above.

In summary, ICI D1694 plasma clearance in mice was
shown to conform to an open three compartment linear
model, with the terminal half-life being approx. 6.5 h.
ICI D1694 was found to be 100% bioavailable following
1.p. administration in mice, but oral bioavailability was low
(ca. 10%). ICI D1694 was primarily excreted in the bile
(rats), with subsequent faccal elimination being observed
(mice). In addition to its rapid plasma clearance,
ICI D1694 was not retained in the liver or kidney as was
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CB3717. As has previously been reported [8], the lack of
hepatic and renal retention is likely to be related to the
reduction in organ toxicity associated with ICI D1694 in
comparison with CB3717.
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