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Summary.  This report describes the relationship between 
the pharmacokinetics, antitumour activity and toxicity of 
chlorambucil (CHL), phenylacetic acid mustard (PAAM) 
and [~,[~-difluorochlorambucil ([~-F2CHL) in mice. Phar- 
macokinetics were studied by HPLC, antitumour activity 
by a regrowth delay assay using the KHT murine sarcoma 
and toxicity by acute LDs0. For both antitumour activity 
and acute toxicity the order of potency was: 
PAAM>CHL>[~-F2CHL. CHL and PAAM exhibited 
identical therapeutic indices, whereas that for ~-F2CHL 
was somewhat improved. CHL is metabolized by mito- 
chondrial B-oxidation to the 3,4-dehydro derivative 
(DeHCHL) and PAAM, and the latter is further metabo- 
lized to its monodechloroethylated derivative DeC- 
PAAM, presumably by hepatic microsomal enzymes. Ad- 
ministered PAAM gave only one metabolite, DeC-PAAM. 
Unexpectedly, despite 13,[3-disubstitution, [~-F2CHL was 
also [3-oxidized to give DeHCHL and PAAM, but at reduced 
rates. Further, metabolic switching was demonstrated with 
the appearance in large amount of 2 new, unidentified me- 
tabolites, which may be dechlorethylation products. The 
pharmacokinetics of administered CHL, PAAM and [~- 
FzCHL differ in that the plasma clearance was fastest for 
CHL, slowest for PAAM and intermediate for [3-FzCHL. 
For the metabolites, CHL produced peak plasma concen- 
trations of DeHCHL and PAAM, respectively, 7-fold and 
2-fold greater than those produced by I3-F2CHL. However, 
despite these differences, exposures to total bifunctional 
nitrogen mustards were similar following administration 
of the 3 drugs and therefore cannot account for their dif- 
ferential activity. In contrast, there was a good correlation 
between potency and PAAM exposure, which is highest af- 
ter treatment with PAAM, intermediate after CHL and 
lowest after [3-FzCHL. In plasma, 3.2% of PAAM is present 
as nonprotein-bound free drug, compared to 1.3% for 
DeHCHL, 0.9% for CHL and 0.45% for [3-FzCHL. We pro- 
pose the amount of free bifunctional nitrogen mustard, it- 
self partly dependent on the extent of metabolism, to be of 
major importance for the in vivo potency of CHL ana- 
logues. 

Introduction 

Chlorambucil (4-[4-bis(2-chloroethyl)aminophenyl]butyric 
acid; CHL) has been used in a number of malignant di- 
seases such as chronic lymphocytic leukemia [24], Hodg- 
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Fig. 1, Structures and metabolism 
of CHL and its metabolites 

kin's [13] and non-Hodgkin's lymphoma [14], ovarian can- 
cer [10] and breast cancer [6]. It has also been used for in- 
flammatory disorders of immune origin, e.g. rheumatoid 
arthritis [1]. 

CHL is metabolised extensively and rapidly via [~-oxi- 
dation of its butyric acid side-chain both in rats [5, 8, 15, 
16, 19] and in man [17, 21]. In rats, 3,4 dehydrochlorambu- 
cil (DeHCHL) and phenylacetic mustard (PAAM), respec- 
tively the intermediate and final products of [~-oxidation, 
have been identified as major metabolic products, together 
with monodechloroethylated PAAM (DeC-PAAM) 
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(Fig. 1). In man, only PAAM has so far been identified. 
Despite its established usage over a long period and rela- 
tively well understood metabolic fate, the pharmacokinet- 
ics of  CHL and its active metabolites are not well docu- 
mented. Early studies with radiolabelled CHL provided 
data that are difficult to interpret since the parent CHL 
was not separated from its active and inactive metabolites 
or breakdown products. However, recent improvements of 
HPLC technology have made quantitation of individual 
species readily possible. Even so, detailed reports of the 
pharmacokinetics of CHL are still sparse, particularly in 
experimental animals. For example, there have only been 
two reported studies in rats [5, 22] and none in mice, the 
species in which antitumour testing is usually conducted. 
Further, no information is available on the pharmacokin- 
etics of DeHCHL in any species, although it is known to 
be one of the major metabolites in the rat [16]. In this pa- 
per we report the first description of the pharmacokinetics 
of  CHL and its metabolites, including DeHCHL,  in the 
m o u s e .  

A most interesting feature of the pharmacology of 
CHL is the possibility of improving its therapeutic index 
by controlling the supposedly adverse metabolism to 
PAAM, an approach known as 'metabolic switching' [5]. 
The idea was first conceived following the observation that 
PAAM has antitumour potency similar to the parental 
mustard, but has a therapeutic index two-fold lower be- 
cause of greater normal tissue toxicity [16]. It was suggest- 
ed that greater selectivity might be obtained if [3-oxidation 
of CHL is retarded or blocked. However, Farmer et al. [5] 
found that deuterium substitution at the l~-carbon position 
of the butyric acid side-chain of CHL resulted in only a 
small reduction of the rate of [~-oxidation, which had no 
effect on the therapeutic index. For this reason, [3,fl-diflu- 
orochlorambucil ([~-F2CHL, Fig. 2) was synthesized [3] in 
the hope that the very much stronger chemical bond be- 
tween the fluorine and the carbon atoms would block [3- 
oxidation more effectively. We now describe the compara- 
tive pharmacokinetics and metabolism of injected CHL, 
PAAM and [~-F2CHL in mice, together with data on their 
hydrolysis rates and plasma protein binding, all obtained 
using HPLC analysis. We also report on the antitumour 
activity and toxicity of these compounds, and provide 
some explanation of these based on differences in phar- 
macokinetic behaviour. Finally, this paper also forms the 
basis for the following article on the effects of  the chemo- 
sensitizer misonidazole and other chemical modifiers on 
the pharmacokinetics and activity of these agents [11]. 

~Materials and methods 
Mice and tumours. Inbred male C3H/He  mice were bred 
from our own colony or obtained from Olac (Bicester, 

UK) and were used at 25-35 g throughout these studies. 
The KHT fibrosarcoma was grown in the gastrocnemius 
muscle of the hind leg as described by Twentyman et al. 
[27]. Mice were treated when tumours were between 200 
and 400 mg. The time taken by individual turnouts to 
reach 4 times their initial treatment volume was deter- 
mined and growth delay was calculated as the geometric 
mean of individual values in a group. Each group con- 
tained 6 -8  mice. 

Acute toxicity tests. Groups of three mice were treated with 
various doses of the different mustards, and the dose of 
each required to cause 50% lethality at 7 days (LDs0/7) was 
determined by computerized probit analysis using the 
Generalized Linear Interactive Modelling Programme 
(GLIM) of the Royal Statistical Society of London. 

Drugs and drug administration. CHL was kindly provided 
by Dr D. E.V. Wilman of the Institute of Cancer Re- 
search, Sutton, UK and by the Wellcome Foundation, and 
was also purchased from Sigma. The following were also 
provided as generous gifts: PAAM (2-[4-bis(2-chloro- 
ethyl)aminophenyl]acetic acid) from Dr D. E. V. Wilman 
and DeC-PAAM (2-[4-(2-chloroethyl)aminophenyl]acetic 
acid) from Dr A. McLean of the Department of Pharmacy, 
University of Texas, Austin, USA. [~-F2CHL (4-[4-bis(2- 
chloroethyl)aminophenyl]-3,3-difluorobutyric acid) was 
synthesized in the Department of Chemistry, University of 
Birmingham, UK; details will be given elsewhere [3]. CHL, 
PAAM and [~-F2CHL were dissolved in acidified ethanol 
(4.8 ml cone HC1 and 95% v /v  ethyl alcohol in a volume of 
100 ml) and diluted I :9 with propylene glycol/K2HPO 4 
buffer (20 g K2HPO 4 plus 450 ml propylene glycol in a fi-, 
hal volume of 1 1), final pH 7.4. This was injected immedi- 
ately by the i.p. route in a volume of 0.01 ml /g  body 
weight. Control animals received the appropriate vehicle. 

Sample preparation. Blood was collected under diethyl 
ether anaesthesia by heart puncture into heparinized sy- 
ringes and was immediately cooled on ice. This was then 
centrifuged for 10 rain in a refrigerated Du Pont Sorvall 
RC-5B Superspeed Centrifuge at 4000 g at a temperature 
of  4 °C. Aliquots (200 p J) of  plasma from individual mice 
were deproteinized with 2 volumes of methanol (HPLC 
grade, Rathburns, Walkerburn, UK) and cooled on dry 
ice. The protein precipitate was then removed by centrifu- 
gation for 10 min at 4000 g at a temperature of - 2 0  °C. 
The clear supernatant was then removed and stored at 
- 2 0  °C prior to analysis within a week. 

High-performance liquid chromatography. This was carried 
out using modular equipment from Waters Assoc. (Mil- 
ford, Mass, USA). CHL and its analogues were separated 
by paired-ion HPLC on Waters Radial-PAK reversed- 
phase bonded octadecylsilane (C18, 8 mm I. D.) cartridge 
columns containing spherical particles of 5 txm or 10 lxm 
diameter, with and without C18 guard columns. Two elu- 
tion methods were used. In the standard isocratic elution 
method the mobile phase consisted of 65% methanol in 
phosphate buffer, pH 4, containing 5 m M  tetra-butylam- 
monium hydroxide [TBAH (Fisons, Loughborough, UK)]. 
The gradient elution method, used to identify the more hy- 
drophilic metabolites and hydrolysis products of CHL, 
was based on that described by Newell et al. [21]. The line- 



ar gradient was from 35%-80% methanol in buffer con- 20 
taining 5 m M T B A H ,  pH 7.4, over a period of  9 rain com- 
mencing at the time of  injection. In some experiments, ab- 
sorption of  the effluent was monitored at 254 nm;  in 
others both 254 nm and 280 nm UV-detection were used. ~ 15 
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Quantitation of  all compounds,  except D e H C H L  
((E)-4-[4-bis(2-chloroethyl)aminophenyl]3-butenoic acid), 

> ,  

was by peak height with reference to linear standard .~ 
curves prepared from authentic standards. D e H C H L  con- ~ 10 
centration was calculated by reference to the relative ex- 
tinction coefficients of  C H L  and the methyl ester of  o 
D e H C H L  ((E)-methyl-4[4-bis(chloroethyl)aminophenyl] 
3-butenoate), data on the latter being supplied by Dr D. n- 5 
Newell, Institute of  Cancer Research, Sutton. 

Plasma protein binding. Using the procedures described 
earlier, plasma was obtained from mice at various times 
after treatment with CHL, PAAM or [3-F2CHL , all at a 
dose of  15 mg/kg.  Plasma from groups of  four mice was 
pooled. Quadruple 200 gl aliquots of  the pooled plasma 
were then subjected to ultrafiltration at 2000 g across YMB 
or YMT membranes in an MSE Chilspin Centrifuge using 
the Amicon Micro-partition System at a temperature of  
5 °C. Aliquots (35 gl) of  the plasma water were analysed 
by injecting directly onto the column for comparison with 
total plasma drug concentrations (bound plus free) esti- 
mated as described above. Unless stated otherwise, plasma 
concentrations represent the total amount  present (i.e. 
bound plus free). 

Spontaneous hydrolysis. CHL, PAAM and [3-F2CHL were 
incubated at 37 °C at a concentration of  10 txg/ml in 0.1 M 
sodium phosphate buffer, pH 7.4. Triplicate 150 Ixl ali- 
quots were removed at various times and mixed with an 
equal volume of  ice-cold methanol. Aliquots of  the mix- 
ture were then stored at - 2 0  °C and analysed within 2 -~ 
days. 

Pharmacokinetic parameters. In regions where exponential 
decays were judged to operate, best-fit lines were obtained 
by least-squares linear regression analysis, yielding half- 
lives with 95% confidence limits. Area under  the concen- 
tration-time curve (AUC) from time 0 to the final time t 
was estimated by Simpson's rule, the remaining AUC from 
t to infinity ( t -~)  being given Ct/k ,  where k is the elimina- 
tion rate constant and Ct is the concentration at t. Values 
of  AUC0.~ are the sums of  AUC04 and AUCc_ ~. 

Statistical analysis. Degrees of  significance were analysed 
by Student's t-distribution. 

R e s u l t s  

Tumour response and normal tissue toxicity 

Figure 3 shows the response of  the K H T  sarcoma to CHL, 
PAAM and ~-F2CHL and Figure 4 shows the results of  the 
acute toxicity tests, all deaths occurring within 24 h. The 
results are summarized quantitatively in Table 1 in terms 
of  the EDls a (dose required to produced 15 days tumour  
growth delay), the LDs0 (dose required to cause 50% lethal- 
ity) and the therapeutic index (TI) calculated from their ra- 
tio. Comparing a range of  isoeffect doses, PAAM showed 
consistently 1.8-1.9 times greater anti tumour potency than 
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Fig.  3.  Dose-response relationship of the KHT tumour to CHL 
(0 ,  O), PAAM (A, A) and ]]-F2CHL (Ill, ll). Each datumpoint 
represents the geometric mean of 6-8 mice. Error bars show +_ SE. 
Different symbols represent independent experiments 
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Fig. 4. The acute lethality (LDs0/7) of CHL (O, O), PAAM (&, 
A) and [~-F2CHL (ll, rq). Each datum point represents a group of 
three mice. Closed and open symbols represent independent ex- 
periments 

T a b l e  1. Antitumour activity, toxicity and therapeutic indices of 
PAAM, CHL and ~-FzCHL in mice 

LDs0 a ED15 aays ~ LDs0/EDis day~ a 
(mg/kg) (mg/kg) (TI) 

PAAM 15.9 8.0 2.0 

CHL 30.0 14.6 2.1 

[3-F2CHL 60.2 20.0 3.0 

~' LDs0 and ED~5 d~y~ are the doses required to give 50% lethality 
and 15 days regrowth delay respectively, while TI is the thera- 
peutic index given by their ratio. Values were calculated using 
the combined data from two independent experiments (Figs. 3, 4) 
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CHL, but the LDso was likewise 1.9 times lower and the TI 
was therefore identical to that for the parent compound. 13- 
F2CHL exhibited 1.3-1.5 times less antitumour potency 
compared to CHL but was only half as toxic, and the TI 
was therefore increased by 50%. 

HPLC of  CHL, ~,~-difluorochlorarnbucil and their metabo- 
rites 

It was previously shown in the rat and in man that the bu- 
tyric acid side-chain of CHL is metabolized rapidly by ]3- 
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Fig. 5. Gradient HPLC chromatograms of methanol extracts of 
plasma obtained from mice 40 rain after receiving (A) vehicle, (B) 
CHL, (C) [3-F2CHL, (D) PAAM, all at 15 mg/kg. Peak I: DeC-PA- 
AM; peakII: PAAM; peaklII: DeHCHL; peakIV: CHL; 
peak V: ~F2CHL; peaks VI and VII: unidentified metabolites 

oxidation to form the major metabolites DeHCHL and 
PAAM, which could be detected in the plasma [5, 15, 16, 
19]. In addition, DeC-PAAM, probably (but not necessari- 
ly solely) formed by microsomal dechloroethylation of 
PAAM, has also been identified as the major metabolite in 
rat urine but has not been found in the plasma [16]. 

Typical chromatograms obtained in the present study 
are shown in Figure 5 (gradient method) and Fig. 6 (iso- 
cratic method). It is clear from the chromatograms of the 
plasma extract of mice treated with CHL that at least three 
metabolites were also present in the plasma (Figs. 5 B, 6A). 
Peaks I and II are, respectively, DeC-PAAM and PAAM, 
identified by co-chromatography with synthetic standards. 
Peak III  has the same UV-absorption characteristics 
(A254nm/A280nm) as DeHCHL (compare Fig. 6A, upper 
and lower panels). Furthermore, the chromatographic be- 
haviour of peak III is closely similar to that observed by 
Farmer et al. [5], which also had identical UV-absorption 
characteristics and which was unambiguously confirmed 
as DeHCHL by GC-MS. We have therefore assigned peak 
III  as DeHCHL. Peak IV is the parent CHL. 

Plasma extracts of mice treated with [~-F2CHL were al- 
so analysed using HPLC. At least five extra peaks were 
seen besides that of the parent drug (peak V; Figs. 5C, 
6B). Peaks I, II and III  have identical retention times to 
DeC-PAAM, PAAM and DeHCHL respectively. Note 
that these three metabolites were found at much lower con- 
centrations when compared with those for CHL treated 
mice. In fact, the presence of DeHCHL can only be detect- 
ed at 280 nm (Fig. 6B, upper panel). Additional evidence 
in support of the finding that [3-F2CHL is metabolized to 
these three species was afforded by mixing experiments of 
the type illustrated in Figure 6D. Plasma extracts from 
mice given [~-F2CHL were mixed with those from mice re- 
ceiving CHL. Peaks for metabolites I - I I I  remained as 
sharp as in unmixed samples, with no suggestion of peak 
splitting or broadening. In contrast, CHL and 13-F2CHL 
could be resolved from each other. It can also be seen 
from these chromatograms that [3-F2CHL was not metabo- 
lized to CHL. The identities of peaks VI and VII are un- 
known except that they are not the products of spontane- 
ous hydrolysis of 13-F2CHL. Finally, as expected, the chro- 
matogram of the plasma extract of mice treated with 
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Fig. 6A-D. Isocratic HPLC chromatograms of 
methanol extracts of plasma obtained from mice 
40 rain after receiving (A) CHL, (B) [3-F2CHL, (C) 
PAAM, all at 15 mg/kg. Chromatogram D is for a 
1 : 1 mixture of extracts A and C. Upper section: de- 
tection at 280 nm UV. Lower section: detection at 
254 nm UV. Peak H: PAAM; peak III: DeHCHL; 
peak IV: CHL; peak V: 13-F2CHL; peak VI: an un- 
identified metabolites of [3-F2CHL 
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Table 2. Pharmacokinetic parameters of PAAM, CHL and [3-F2CHL in mice (15 mg/kg i. p.). Values are calculated from data of a typical 
experiment (Fig. 7) 

Injected PAAM DeHCHL CHL ~-F2CHL Total 
drug mustards 

t1/2 AUC0_ = tw2 AUC0_ = t l / 2  AUC0_ = tl/2 AUC0_ ~ t l / 2  AUC0_ = 
(min) (mMmin) ( m i n )  (mmmin) ( m i n )  (mMmin) ( r a i n )  (mmmin) ( m i n )  (mMmin) 

PAAM 65.8 2 0 . 4  . . . . . .  65.8 20.4 

CHL 74.7 8.66 62.2 5.25 13.8 4.2 - - 63.1 18.0 

[~-F2CHL 59.8 4.2 109 0.35 - - 37.2 16.0 54.3 20.6 

PAAM shows the presence of only one metabolite, DeC- 
PAAM (peak I; Figs. 5 D, 6 ( ' /  

Pharmaeokineties of CHL, fl-F2-CHL and PAAM 

The ability of the HPLC technique to quantitate the var- 
ious parent mustards individually as well as their metabo- 
lites allows detailed quantitative studies of the pharmaco- 
kinetics and metabolism of these agents. Figure 7 shows 
the comparative mouse pharmacokinetics of CHL, 13- 
F2CHL and PAAM, all given at a dose of 15 mg/kg (or 49, 
44 and 54 ~tmol/kg, respectively), and Table 2 summarizes 
their pharmacokinetic parameters, viz. plasma clearance 
half-life (t./2) and area under the concentration-time curve 
(AUC). All three drugs were absorbed rapidly after IP ad- 
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Fig. 7A-D. Plasma pharmacokinetics after injection of 7.5 mg/kg 
CHL ( • -  • ) ,  I]-F2CHL ([] - [] ) and PAAM ( •  - • ). (A) Injected 
parent compounds; (B) PAAM, injected or metabolite; (C) the 
metabolite DeHCHL and (D) total nitrogen mustards. Data are 
from a typical experiment. Each datum point represents the aver- 
age of three mice. Error bars show + SD 

ministration. It is worth noting that the plasma peak con- 
centrations of the injected parent compounds and that of 
total, known, bifunctional mustards are at least 3 -4  times 
higher than would be expected if distributed evenly in the 
body volume. This is reflected in the low apparent volume 
of distribution (Vd ext) found for these compounds, the va- 
lues being 0.253, 0.234 and 0.147 1/kg for PAAM, CHL 
and [~-F2CHL respectively. This observation is consistent 
with the results of a number of reports [7, 19, 22], which 
showed that the levels of CHL and PAAM were lower in a 
range of rat tissues than in plasma. These findings suggest 
that CHL, 13-F2CHL and PAAM are subject to retention in 
the plasma. 

In terms of the behaviour of the injected parent drugs 
(Fig. 7A), the most striking differences between CHL, 
PAAM and DeHCHL are in their elimination kinetics. It 
can be seen from Fig. 7 that drug elimination was usually 
exponential. However, with CHL there was a tendency, 
more marked in some experiments (e.g. Fig. 7, [29]) than 
others, for the clearance profiles to be biexponential. The 
relative clearance half-lives, calculated assuming monoex- 
ponential decay, were in the order: CHL (13.8 min) > 13- 
F2-CHL (37.2 min) > PAAM (65.8 min). The AUC values, 
more useful where the precise nature of the CHL elimina- 
tion kinetics are in doubt, were 4.2 mM min for CHL, 
16 mMmin  for 13-FzCHL and 20 mMmin  for PAAM. This 
suggests quantitative differences in the handling of these 
drugs by the body. That this is indeed the case can be seen 
when the pharmacokinetics of their metabolites are con- 
sidered. Figure 7 B shows the pharmacokinetics of PAAM, 
the end product of 13-oxidation. As expected, the highest 
concentration was found when PAAM was injected direct- 
ly, the peak concentration being approximately 200 ~tM. 
With CHL treatment, the peak concentration of PAAM 
was 4-5  times lower (approx. 42 ~tM). A further twofold 
decrease in PAAM peak concentration was seen with ~- 
F2CHL, the value being approximately 23 txM. The clear- 
ance half-lives of PAAM for the three cases were, how- 
ever, very similar (Table 2). Figure 7 C illustrates the phar- 
macokinetics of DeHCHL following treatment with CHL 
and 13-F2CHL. The peak DeHCHL concentration was 7 
times greater after CHL than 13-F2-CHL. Note that no 
DeHCHL was formed from PAAM. Finally, Figure 7D 
shows the pharmacokinetics of total nitrogen mustards 
(parent drug plus the above metabolites) for all three com- 
pounds. It can be seen that despite the disparities in the 
metabolism of CHL, PAAM and 13-FzCHL , giving rise to 
different concentrations of various metabolites, the total 
bifunctional nitrogen mustard concentrations were very si- 
milar for all three compounds. Quantitative studies of 
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Table 3. Plasma protein binding of CHL, DeHCHL, PAAM and 
13-F2CHL. Plasma samples were obtained from mice treated with 
15 mg/kg. Data are from a typical experiment 

Total drug Plasma free drug 
plasma conc. conc. 
(~tM) (~tM) 

% free drug 

[3-F2CHL 51.8 (1.11) a 0.2377 (0.0058) 0.46 (0.02) 

CHL 52.83 ~ (1.38) 0.5006 (0.0078) 0.95 (0.04) 
23.19 c (1.82) 0.2210 (0.0112) 0.95 (0.12) 

DeHCHL 29.65 b (0.85) 0.3605 (0.0079) 1.22 (0.06) 
27.16 b (0.95) 0.3451 (0.0290) 1.27 (0.15) 

PAAM 50.43 c(0.71) 1.593 (0.0430) 3.16 (0.13) 
14.77 b (0.71) 0.4510 (0.030) 3.05 (0.28) 
9.15 b (0.33) 0.2851 (0.0045) 3.12 (0.16) 

a 1 SD in parenthesis 
b Values are for metabolites 
c Values are for injected drugs 

plasma DeC-PAAM were carried out with CHL. The de- 
tailed results are given in the following paper [11]. Plasma 
concentration rose slowly to a peak of about 20 lxM 1-2 h 
after injection. 

Plasma protein binding 

Since CHL and similar compounds are acidic drugs, ion- 
ized at plasma pH, it is likely that they will bind to plasma 
albumin, possibly curtailing the amount of active free drug 
available to target tissue. We have therefore evaluated the 
relative plasma protein binding ability of the various mus- 
tards. The results of these investigations are shown in 
Table 3. All the nitrogen mustards studied are highly 
bound to plasma protein. This binding was reversible since 
all the drug was recovered from plasma by alcohol preci- 
pation. The extent of protein binding is in the order: 13- 
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Fig. 8. Plasma pharmacokinetics of free nitrogen mustards in mice 
following treatment with 7.5mg/kg CHL (O-O),  I~-F2CHL 
(13- 13) and PAAM (A-  A). Data are from a typical experiment. 
Each datum point is for three mice. Error bars show _ SD 

F2CHL > CHL > DeHCHL > PAAM. The differences 
in the percent plasma-free drug concentration between the 
four mustards are all significant (P< 0.01). Thus, at equal 
total plasma drug concentrations, the amount of free 
PAAM is 2.5 times that of free DeHCHL, 3 times that of 
free CHL and 6.0 times that of free [3-F2CHL. 

Pharmacokinetics of  free mustards in plasma 

Figure 8 shows the plasma pharmacokinetics of total free 
bifunctional nitrogen mustards following the administra- 
tion of CHL, PAAM and I~-F2CHL. It can be seen that the 
relative exposures to active free mustards are in the order 
PAAM > C H L  >[3-F2CHL, the AUCs being respectively 
658, 353 and 223 IxM min. 

Spontaneous hydrolysis 

CHL, PAAM and [3-F2CHL undergo spontaneous hydro- 
lysis in phosphate buffer to form at least four breakdown 
products of unknown identity. Decay kinetics were mono- 
exponential. The hydrolysis rates were similar for PAAM 
(t,~ 16.9 min) and CHL (t,/2 14.1 min) whereas [3-F2CHL hy- 
drolysis was slower (t,/2 36.5 min). None of the breakdown 
products were seen in the plasma. 

Discuss ion  

We have shown that in mice CHL is converted by [3-oxida- 
tion, presumably in the mitochondria, to form PAAM via 
the intermediate DeHCHL. The same metabolic pathway 
has been found in the rat [15, 16, 191 and PAAM has also 
been shown to be the major metabolite in man [17, 21]. 
Previous work in the rat has shown the dehydro metabolite 
to be predominantly in the 3,4-dehydro form, although 
evidence was found for another unidentified isomer, pre- 
sumed to be an initially formed 2,3-dehydro derivative 
[16]. As noted in the study by Farmer et al. [5], the unavail- 
ability of synthetic material for this and other isomers 
means that their presence cannot be excluded. Our ident- 
ification of a substantial quantity of DeC-PAAM in the 
plasma is consistent with the initial observation of 
McLean and co-workers [17] that DeC-PAAM is the major 
'post-[3-oxidation' metabolite. This conclusion is further 
supported by the finding that DeC-PAAM was the only 
metabolite detected following PAAM treatment. It is, of 
course, possible that some DeC-PAAM could also be 
formed by monodechlorethylation of CHL and/or  
DeHCHL, subsequently followed by [3-oxidation, and fur- 
ther evidence for this is given in the following paper [11]. It 
should also be noted that Mitoma et al. [19] found evi- 
dence of ten urinary metabolites and degradation products 
in the rat, most of which had undergone oxidation of the 
butyric acid side-chain to phenylacetic and benzoic acid 
derivatives, and many had undergone metabolism on the 
chloroethyl moieties. 

The pharmacokinetics of CHL have been reported in 
the rat [22] and in man [21], but not in mice, despite the 
fact that the latter species is normally used for drug testing 
and analogue development. Further, there are no data on 
the pharmacokinetics of DeHCHL in any species, al- 
though it has been shown to be a major metabolite in rat 
[15, 16]. We showed here that after the administration of 
CHL, DeHCHL is found in similar concentrations to 
PAAM and the parent compound in mouse plasma. Also, 
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as far as we are aware, the pharmacokinetic behaviour of 
administered PAAM has not been investigated previously 
in any species. An interesting observation, predicted from 
its behaviour as a metabolite, is that the clearance of in- 
jected PAAM was much slower than that of CHL, suggest- 
ing that the liver enzymatic dechlorethylation of PAAM is 
a much slower process than the [3-oxidation of CHL. Ra- 
ther unexpectedly, we found both DeHCHL and PAAM to 
be present in the plasma of mice administered [~-F2CHL, 
indicating the ability of this analogue to undergo [~-oxida- 
tion. The mechanism of this is unknown, but initial metab- 
olism to CHL was ruled out. It is clear therefore that [~,[~- 
disubstitution does not block [3-oxidation completely. 
Nevertheless [~-oxidation is slowed down with peak plas- 
ma concentrations of DeHCHL and PAAM reduced se- 
venfold and twofold, respectively, compared to those after 
CHL. The greater reduction in DeHCHL concentration 
suggests that the initial a,[~-dehydrogenase reaction is the 
most strongly affected. In addition, the appearance of 
new, unidentified metabolites in apparently large amounts 
does demonstrate the successful achievement of 'metabolic 
switching' [5], whereby alternative pathways become 
prominent when a primary route is inhibited. Evidence 
will be presented in the following paper that the new me- 
tabolites may be dechlorethylation products [11]. 

Our demonstration that the acute toxicity of PAAM is 
about twice that of CHL in mice is consistent with previ- 
ous findings in both mice and rats [16, 7]. Regarding anti- 
tumour activity, however, the agreement is less universal. 
The present results with the solid KHT sarcoma in mice 
and those of Godeneche et al. [7] with the ascites Moloney 
sarcoma, also in mice, both show that PAAM is again two- 
fold more active than CHL. In contrast, McLean et al [16] 
observed that PAAM has similar potency to CHL against 
the Walker 256 transplanted rat tumour. In addition, 
Goodman et al. [9] have found similar cytotoxic activity 
for CHL, PAAM and DeHCHL against human tumour 
cells in vitro. These discrepancies may be due to the differ- 
ences in the tumour system~ and/or  host species used. 
Whatever the reasons, it is clear that the therapeutic index 
of PAAM may be similar to or twofold lower than that for 
CHL. 

It is important to consider the pharmacokinetic factors 
which might be particularly important for CHL toxicity 
and antitumour activity, and which might also contribute 
to the differences observed between the various analogues. 
It is probable that the major component responsible for 
the effects of chlorambucil is PAAM. Because of its long 
half-life, this represents about 50% of the total bifunctional 
nitrogen mustard AUC in the plasma, and it exhibits in 
vitro antitumour activity very similar to that of CHL [7]. 
Likewise, DeHCHL has the same in vitro activity to the 
parent drug [9] and also exhibits identical toxicity and an- 
titumour activity in the rat [17]. Hence DeHCHL will also 
contribute to the pharmacological properties of adminis- 
tered CHL, since it represents about 30% of the plasma 
AUC. Owing to its rapid metabolism, the parent drug is re- 
sponsible for only the remaining 20% of the plasma AUC. 
Finally, although present in quite large amounts in the 
plasma, it is probable that DeC-PAAM has comparatively 
little effect. It shows diminished activity compared to the 
bifunctional nitrogen mustards in vitro [9] and exhibits 
considerably reduced toxicity and no antitumour activity 
in the rat [16]. 

Turning now to a comparison of administered PAAM, 
[~-F2CHL and CHL, total plasma bifunctional nitrogen 
mustard concentrations were virtually identical for the 
three drugs, and this could not account for the differences 
in potency described earlier. On the other hand, there does 
appear to be a correlation between potency and exposure 
to PAAM. Thus PAAM levels were highest following ad- 
ministration of PAAM itself and lowest after ~-F2CHL, 
with intermediate levels after CHL. It is not clear, how- 
ever, why PAAM should be more potent than the other cir- 
culating bifunctional nitrogen mustards. Hydrolysis rate 
studies showed CHL and PAAM to be similarly reactive 
(although both were more reactive than ~-F2CHL) and, as 
mentioned earlier, both compounds exhibit similar cyto- 
toxicity in vitro [9]. 

A possible explanation was revealed by the reversible 
protein binding results. These showed that total free plas- 
ma mustard concentrations were highest after PAAM, low- 
est after [3-F2CHL and intermediate after CHL. Compared 
to CHL, exposure was 1.9 times greater for administered 
PAAM and 1.6 times less for [~-F2-CHL. These differences 
were due to the fact that the extent of plasma protein bind- 
ing is in the order: PAAM < DeHCHL < CHL < [3- 
F2CHL. Extensive reversible binding to plasma protein 
has been noted previously for CHL [12]. Binding of these 
acidic drugs most probably involves association with ca- 
tionic groups on albumin, although binding to immuno- 
globulin G has also been described [2]. The physiocochem- 
ical properties most likely to affect this type of binding are 
the pK a of the carboxyl group and the overall lipophilicity 
of the drug. The pKa value for CHL is 4.46 [4] and those 
for the other derivatives will be fairly similar: thus all will 
be fully ionized at physiological pH. Previous studies have 
shown that the binding of short-chain fatty acid anions to 
albumin increases with increasing chain length from ace- 
tate to caprylate [26]. Thus, the shorter alkyl chain length 
probably accounts for the reduced binding of PAAM com- 
pared to the other longer-chain-length mustards. Go- 
denche and co-workers [7] have previously suggested that 
for a small series of nitrogen mustards, including CHL 
and PAAM, the toxicity was greatest for the most hydro- 
philic. It is quite possible that lipophilicity was, in fact, 
providing an indirect measure of protein binding capacity. 

A possible hypothesis then is as follows. Other factors 
being equal, the toxicity of CHL analogues increases as the 
amount of free drug in the plasma rises and a greater 
amount of drug becomes available for uptake into tissues. 
Of course, extensive protein binding per se will not neces- 
sarily impair drug distribution: this will only occur if the 
binding affinity is high [18]. Two types of evidence can be 
cited in support of this possibility. Firstly, the acidic drugs 
p-chlorophenoxy-acetic acid and p-chlorophenoxyisobu- 
tyric acid increase the cytotoxicity of CHL in vitro by dis- 
placing it from its serum protein binding sites [25]. This 
clearly shows that protein binding of CHL does restrict 
cell uptake. It is also interesting to note that the acidic 
drug indomethacin can in some circumstances increase the 
antitumour activity of CHL in vivo [23]. The second line of 
evidence comes from tissue uptake work. Tissue levels 
were not determined here, but the low apparent volumes 
of distribution are consistent with restricted uptake due to 
protein binding. In support of this, Newell and colleagues 
[22] have shown that, following the administration of 3H- 
CHL in the rat, tumour and normal tissue levels were con- 
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s iderably  lower than those in p lasma  throughout  the t ime 
course. Similar  results were ob ta ined  using 14C-CHL [7, 
19]. 

The pharmacolog ica l  activity of  C H L  and its ana- 
logues and metabol i tes  is l ikely to be dependen t  upon  a 
number  of  variables.  Taken overall ,  however,  we feel that  
the amount  of  free bi funct ional  ni trogen mustards  avail- 
able in the p lasma,  itself par t ly  dependent  on the extent of  
metabol i sm to PAAM,  is l ikely to be a very impor tan t  
parameter .  It cer tainly ranks the derivatives correct ly in 
terms of  potency.  The question of  how to explain  differ- 
ences in therapeut ic  index is more  difficult. Thus we ap- 
pea r  to be able to explain  why adminis te red  P A A M  is 
twice as potent  as C H L  in terms of  both  toxici ty and anti- 
tumour  activity, and  also why ~F2CHL is less potent  than 
CHL,  but  not  why the therapeut ic  index is greater  for [3- 
F2CHL. Unfor tunate ly ,  normal  tissue damage  is usually 
assessed by acute LDs0. Since the animals  die within 24 h, 
lethali ty may not  be due to classical a lkylat ion,  but  to 
some other effect such as neurotoxici ty,  for example.  This 
effect, rather than the myelosuppress ion  common to relat- 
ed mustards,  is the one which limits high dose C H L  ther- 
apy  in man (Calvert,  personal  communica t ion  [20, 28]. An 
addi t ional  compl ica t ion  is that  we do not  know the ident-  
ity or  pharmacologica l  proper t ies  of  the new metabol i tes  
formed after metabol ic  switching with [~-F2CHL. In the 
above  argument  we have made  the assumpt ion that they 
are compara t ive ly  inactive, and  this may  not  be correct. 
We would predict ,  however,  on both drug. potency and 
metabol ic  grounds,  that metabol ism would be switched to 
the dechlorethyla t ion pathway.  We plan to characterize 
these metabol i tes  by mass spectrometry  in due course. 

To assess the possible clinical  s ignificance of  the 50% 
improvement  in therapeut ic  index for [3-F2CHL over that 
of  CHL,  we can compare  the therapeut ic  indices we have 
obta ined  with other  commonly  used alkylat ing agents in 
the K H T  sarcoma (unpubl ished data). It is noteworthy that  
the value of  3.0 for [~-F2CHL is also consistently better 
than those for C C N U  (2.1) cyc lophosphamide  (2.5) and  
melphalan  ( <  1.0). 

The present  results clearly show that  the therapeut ic  in- 
dex can be increased when the metabol ic  p roduc t ion  of  
P A A M  is sufficiently reduced,  which may  warrant  further 
effort  to b lock this process completely.  In addi t ion  to met- 
abol ic  switching by structural  modif ica t ion,  one might also 
consider  the use of  metabol ic  inhibitors,  an approach  con- 
s idered in the fol lowing paper  [11]. The demons t ra t ion  that 
[~,[3-difluro substi tut ion does not  complete ly  b lock  [~-oxida- 
t ion may provide  useful informat ion  as to the precise me- 
chanism of  this metabol ic  process. Final ly ,  the possible  in- 
f luence of  prote in  b ind ing  on toxici ty and therapeut ic  in- 
dex of  C H L  introduces another  impor tan t  considera t ion  in 
the design of  ant icancer  agents of  this type. 
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