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Summary. Following the oral administration of either 
chlorambucil/prednisolone or prednimustine to patients, 
the plasma levels of free chlorambucil and phenylacetic 
acid mustard, the [3-oxidation product of chlorambucil, 
were measured using a new high-performance liquid 
chromatographic (HPLC) assay. This assay permitted the 
simultaneous detection of the analyzed compounds with a 
lower limit of detection of 30 ng/ml. The pharmacokinet- 
ics of chlorambucil and phenylacetic acid mustard were 
found to be entirely different when prednimustine was ad- 
ministered as opposed to its components chlorambucil and 
prednisolone together. After the ingestion of the conju- 
gate, the plasma concentration-time curves of chlorambu- 
cil and phenylacetic acid mustard showed a "delayed" 
pattern compared with those obtained after the adminis- 
tration of the components. The mean area under the con- 
centration-time curves (AUCs) of prednimustine-derived 
chlorambucil and phenylacetic acid mustard were 25% and 
40%, respectively, of the areas obtained after a stoichiom- 
etrically equivalent dose of chlorambucil. Free plasma 
prednimustine could not be detected at any time. This dif- 
ferent pharmacokinetic behavior might offer an explana- 
tion for the superior therapeutic effects of prednimustine 
demonstrated by clinical studies. 

Introduction 

For more than 30 years, chlorambucil (Fig. 1, A) has been 
widely used in the therapy of chronic lymphocytic leuke- 
mia and malignant lymphomas [8]. To improve its clinical 
antitumor efficacy, chlorambucil was often given together 
with prednisolone. Subsequently, the prednisolone ester of 
chlorambucil, prednimustine (Fig. 1, D), was introduced 
into therapy with the expectation that the steroid group in 
prednimustine would facilitate the uptake of the alkylating 
compound into tumor cells by way of cellular glucocorti- 
cold receptors [6, 9]. 

When tested clinically, prednimustine exhibited dis- 
tinct advantages over the equivalent dose of its constitu- 
ents [10]; a higher rate of cell kill was observed in vitro 
with this drug, and in vivo it proved to be less toxic [4, 15]. 
However, after its administration, no intact prednimustine 
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was found in plasma [1, 2, 14, 15], whereas its constituents 
chlorambucil and prednisolone could be detected [1, 14, 
16]. In addition, phenylacetic acid mustard (Fig. 1, B), the 
[3-oxidation product of chlorambucil, was found after the 
ingestion of prednimustine [14]. 

The pharmacokinetic parameters and availability of 
prednimustine-derived chlorambucil were different from 
those obtained after the administration of chlorambucil it- 
self [1, 14]. It was assumed that prednimustine underwent 
hydrolysis during absorption and in plasma [7]. In the pre- 
sent study, we compared the bioavailability of chlorambu- 
cil and its metabolite in patients treated with chlorambu- 
cil/prednisolone and those treated with prednimustine. Ad- 
ditionally, we investigated as to whether any measurable 
quantity of prednimustine could be found in plasma. For 
this purpose, a sensitive and specific assay for phenylacet- 
ic acid mustard, chlorambucil, and prednimustine was de- 
veloped and evaluated. 

Materials and methods 

Chemicals. Pure chlorambucil was generously contributed 
by Deutsche Wellcome GmbH (Burgwedel, FRG). A sam- 
ple of prednimustine was provided by AB Leo (Helsing- 
borg, Sweden). Dr. David Newell donated the phenylacet- 
ic acid mustard, which was synthesized at the Royal Can- 
cer Research Centre (Sutton, UK). The internal standard, 
N,N-bis-(2-chloroethyl)-para-amino-methoxy-aniline, was 
synthesized at the Pharmaceutical Institute of the Univer- 
sity of Bonn. 

Deionized water was used for all experiments. Acetate 
buffer (pH 3.8) was prepared from acetic acid (0.2 N) and 
a solution of sodium acetate (55 g/l). A total of 440 ml ac- 
etic acid and 60 ml sodium acetate solution was poured in- 
to a 1-1 flask and deionized water was added up to the 
marker. This buffer and HPLC-grade acetonitrile (Baker 
Chemicals, Deventer, Holland) were used for high-perfor- 
mance liquid chromatography (HPLC); they were filtered 
and degassed under vacuum suction prior to their use. For 
calibration curves, acetonitrile stock solutions of chloram- 
bucil, phenylacetic acid mustard, prednimustine, and in- 
ternal standard were added to pool plasma obtained from 
blood donors. 

Apparatus. The HPLC equipment consisted of a Spectra- 
Physics 8700 pump (Darmstadt, FRG) fitted with a pro- 
grammable dynamic mixer and a Waters 3K injection 
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Fig. 1. Structural formulae of (A) chlorambucil (N,N-bis-(2-chloro 
ethyl)-amino-phenyl-butyric acid), (B) phenylacetic acid mus- 
tard (N.N-bis-(2-chloroethyl)-amino-phenyl-acetic acid), (C) the 
internal standard (N,N-bis-(2-chloroethyl)-para-methoxy-aniline), 
and (D) prednimustine (1113,17a,21 -trihydroxy-pregna- 1,4-diene- 
3,20-dione-21,4-N,N-bis-(2-chloroethyl)-amino-phenyl-butyrate) 

valve (Eschborn, FRG) with a 100-gl sample loop. The an- 
alytical column (25 cm x 4.6 mm inside diameter) was 
filled with Spherisorb 50DS-1 ;  it was protected by a car- 
tridge-system guard column containing the same material. 
Samples were injected with a 100-1xl glass syringe (Hamil- 
ton, Bonaduz, Switzerland). The absorption of the eluents 
was determined by a Pye Unicam LC 871 UV-VIS spec- 
troflow meter (Cambridge, UK) adjusted to a wavelength 
of 254 nm. Peaks eluted were monitored by UV absorption 
and quantified using a Chromatopak C3 integrator (Shi- 
madzu, Duisburg, FRG). 

Extraction procedure. Frozen plasma standards and sam- 
ples from patients were thawed at room temperature. A to- 
tal of 1 ml 0.067 M phosphate buffer (pH 7.0) (E. Merck, 
Darmstadt, FRG) and 1 ml 0.9% sodium chloride solution 
was added to l ml plasma. After being mixed with a me- 
chanical shaker, each sample was transferred onto an ex- 
traction column (E. Merck, Extrelut 3, no. 15732). After 
15 min the analytes were eluted from the column using 
10 ml ethyl acetate followed by 10 ml 85% n-hexane/15% 
isoamyl alcohol. The solvents were pooled in 20-ml glass 
vials with pointed tips and evaporated to dryness under ni- 
trogen at 45 ° C. The residues were redissolved in 250 ILl 
acetonitrile. The concentrates were stored in capped Tef- 
lon vials at - 20 ° C prior to analysis. 

Chromatographic assay. A mobile-phase acetonitrile/ace- 
tate buffer (35%/65% v/v)  was used at a flow rate of 
1.5 ml/min. In all runs 40 t.tl sample was injected and the 
gradient program started. After 4.1 rain, the portion of 
acetonitrile was increased to 60%; after that, it was in- 
creased linearly up to 80% at the 18th min. From the 18th 
to the 23rd rain, the system was returned to its initial con- 
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dition at a continuous rate. The column was rinsed with 
the initial eluent for 3 rain before the injection of the next 
sample. 

Clinical pharmacokinetics. Ten patients treated with the 
combination chlorambucil (Leukeran)/prednisolone (De- 
cortin H) and ten treated with prednimustine (Sterecyt) 
participated in the study. Both patient groups were compa- 
rable with respect to sex, age, and body weight. The pa- 
tients were given either 30-50 mg chlorambucil (approx. 
0.4 mg/kg body weight) and 50 mg prednisolone (approx. 
0.67 mg/kg) or 200 mg prednimustine (approx. 2.9 mg/kg) 
orally. They took the tablets with cocoa after an overnight 
fast. Blood samples were drawn at 0.25, 0.5, 1, 2, 3, 4, 5, 6, 
8, 10, 12, and 24 h after administration into heparinized 
tubes and centrifuged for 15 min. Plasma was isolated and 
frozen at - 2 0 ° C  until analysis. From the data obtained, 
the areas under the plasma concentration-time curve 
(AUCs) were calculated using the trapezoidal rule. All 
concentration-time plots could be fitted to a one-compart- 
ment model with an exponential elimination rate. The 
elimination half-life (t,/2), the oral plasma clearance (CL), 
the peak plasma concentration (Cmax), the time of peak 
concentration (tmax), and the residual area to infinity were 
calculated. For comparison, the dose-dependent pharmac- 
okinetic parameters were normalized to a reference dose 
of 30 mg chlorambucil. 

Results 

We developed an HPLC assay for the quantitation of 
chlorambucil, phenylacetic acid mustard, and prednimus- 
tine in plasma and used it for monitoring the compounds 
during therapy. Figure 2 (A) shows a chromatogram of a 
plasma spiked with the compounds and Fig. 2 (B), the 
chromatogram of a blank plasma (retention times, 9.1, 
12.2, 13.5, and 18.4min for phenylacetic acid mustard, 
chlorambucil, internal standard, and prednimustine, re- 
spectively). Examples for patient's chromatograms are 
shown in Fig. 2 (C) (4 h after the ingestion of 200 mg pred- 
nimustine) and Fig. 2 (D) (2 h after the ingestion of 30 mg 
chlorambucil). The calibration curves were linear over the 
whole therapeutic range of 30-1500ng/ml .  The coeffi- 
cients of correlation of the calibration curves were 0.995 for 
chlorambucil, prednimustine, and the internal standard 
and 0.992 for phenylacetic acid mustard. 

The precision was evaluated by measuring ten extracts 
from a blank plasma to which chlorambucil, phenylacetic 
acid mustard, prednimustine, and the internal standard 
had been added (500 ng/ml each). The coefficients of vari- 
ation for this series were below 3% for all compounds. 
Day-to-day precision for the substances was evaluated 
by analyzing a standard sample (500 ng/ml) on 5 days 
(Table 1). The day-to-day coefficients proved to be satis- 
factory (range, from 5% for chlorambucil to 14% for pred- 
nimustine). 

For recovery evaluation, three blank plasma samples 
were processed as above. Stock solutions of the com- 
pounds were added to the extracts prior to chromatogra- 
phy; the mean values of the three samples were used as the 
100% recovery value. Ten blank plasma samples were 
spiked with the substances and processed as described 
above. The mean recovery rates were 95% for chlorambu- 
cil, 80% for phenylacetic acid mustard, 69% for predni- 
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Fig. 2. HPLC chromatograms of pre-column extracts of (A) a 
plasma sample spiked with the reference compounds chlorambu- 
cil, phenylacetic acid mustard, the internal standard, and predni- 
mustine (100 ng/ml each); (B) plasma of a patient before treat- 
ment; (C) plasma of a patient, obtained 4 h after the ingestion of 
200 mg prednimustine; and (D) plasma of a patient, obtained 2 h 
after the ingestion of 30 mg chlorambucil. Peak 1, phenylacetic 
acid mustard; peak 2, chlorambucil; peak 3, internal standard; 
peak 4, prednimustine 

mustine, and  85% for the internal  s tandard.  These percent-  
ages remained constant  over the whole range of  analysis. 
The lower limit of  detection for chlorambuci l  and  predni-  
mustine was 30 ng /ml .  

Tables 2 and 3 summarize the pharmacokine t ic  vari- 
ables, which revealed striking differences between the pa- 
t ient groups treated with ch lo rambuc i l /p redn i so lone  and 
those given prednimustine.  With chlorambucil ,  high peak  
p lasma concentrat ions ( C m a x )  averaging 510 n g / m l  were 
obta ined at 0.8 h after the ingestion of  the drug (see Table 
2 and Fig. 3). A rapid  el iminat ion phase followed, during 

Table 1. Day-to-day precision of all compounds (500 ng/ml each), 
calculated using their peak height 

Date CLB PRD PAAM IS 

11/26 14.5 9.3 11.9 8.4 
11/28 14.2 9.0 11.2 10.1 
12/01 14.0 8.4 11.2 7.8 
12/03 14.4 8.8 11.8 6.8 
12/05 13.1 8.0 10.3 7.8 

x = 14.0 8.7 11.2 8.2 
SD = +0.65 _ 1.21 +0.76 +0.5 
SV = 4.0% 14.2% 6.7% 5.7% 

CLB, chlorambucil; PRD, prednimustine; PAAM, phenylacetic 
acid mustard; IS, internal standard; x, mean peak height (cm); 
SD, standard deviation; CV, coefficient of variation (%) 

Table 2. Pharmacokinetic data of chlorambucil (CLB) and its me- 
tabolite phenylacetic acid mustard (PAAM) after the ingestion of 
chlorambucil. Mean values + SD are given. The dose-dependent 
data were normalized to a chlorambucil dose of 30 mg 

tmax Cmax tl/2 CL/kg AUC 
h ng/ml h l /h per kg n g / m l ,  h 

CLB 0.8 508 1.2 0.43 1210 
+0.3 +205 -t-0.5 +0.18 +447 

PAAM 1.8 369 2.0 1434 
+0.4 +139 +1.1 +697 

Table 3. Pharmacokinetic data of chlorambucil (CLB) and its me- 
tabolite phenylacetic acid mustard (PAAM) after the ingestion of 
prednimustine. Mean values +_ SD are given. The data are normal- 
ized to an equivalent chlorambucil dose of 30 mg (= 67 mg pred- 
nimustine) 

tmax Cmax tl/2 CL/kg AUC 
h ng/m! h l/h per kg n g / m l ,  h 

CLB 2.7 68 2.4 2.08 304 
+ 1.1 +47 + 1.3 _ 1.17 + 167 

PAAM 4.0 78 3.4 580 
_+1.1 +42 +1.7 +319 

which the metaboli te  phenylacet ic  acid mustard  was 
formed with a mean peak concentrat ion of  369 ng/ml .  The 
maximal  concentrat ion of  phenylacet ic  acid mustard was 
found  at 2 h after the adminis t ra t ion of  ch lo rambuc i l /  
prednisolone.  With prednimust ine ,  the peak  p lasma  con- 
centrat ions of  chlorambuci l  and phenylacet ic  acid mustard 
were only 13% and 21%, respectively, of  the values obtain-  
ed after an equivalent dose of  its components  (see Table 3 
and Fig. 4). Chlorambuci l  and phenylacet ic  acid mustard 
reached their maximum 2 h later when prednimust ine  was 
given instead of  the constituents. 

The AUCs  of  chlorambuci l  and phenylacet ic  acid mus- 
tard  were 1210 and 1434mg/ml*min ,  respectively, after 
the adminis t ra t ion of  the ch lo rambuc i l /p redn i so lone  com- 
bination.  The corresponding values were 304 and 580 n g /  
ml*min,  respectively, when prednimust ine  was given. The 
mean AUC ratio between patients t reated with prednimus-  
tine and those treated with ch lo rambuc i l /p redn i so lone  
was 0.25 for chlorambuci l  and 0.40 for phenylacet ic  acid 
mustard,  clearly indicat ing the low amount  of  chlorambu-  
cil in p lasma following the use of  prednimust ine.  

We also found differences between prednimust ine  and 
the combinat ion  therapy with regard to the el iminat ion 
phase of  chlorambuci l  and phenylacet ic  acid mustard.  Fig- 
ures 3 and 4 show the p lasma concentra t ion- t ime curves of  
both compounds  for the two treatment  groups. After  the 
adminis t ra t ion of  ch lorambuci l /p redn iso lone ,  the mean 
half-lives were 1.2 h for chlorambuci l  and 2 h for phenyl-  
acetic acid mustard (Table 2). After  prednimust ine,  these 
values rose to 2.4 h and 3.7 h (Table 3), suggesting a slower 
el iminat ion of  prednimust ine-der ived chlorambucil .  

Due to the lower availabi l i ty of  chlorambuci l  after 
prednimust ine ,  the oral p lasma clearance CL of  the conju- 
gate-derived chlorambuci l  was calculated to be 5 times 
higher than the value obtained after the adminis t ra t ion of  
chlorambuci l  itself. As shown in Tables 2 and 3, there was 
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Fig. 3. Plasma concentration-time curves of (A) chlorambucil and 
(B) phenylacetic acid mustard in five patients after the adminis- 
tration of chlorambucil (symbols in both A and B represent the 
same patients) 

considerable interindividual variability in the AUCs with- 
in each group. The coefficient of variation for the AUC of 
chlorambucil was approximately 50% in both treatment 
groups, without distinct differences. Free prednimustine 
could not be determined in plasma at any time. 

Discussion 

The validation of the assay showed a sufficient day-to-day 
precision of 4%, 7%, and 14% for the detection of chloram- 
buell, phenylacetic acid mustard, and prednimustine, re- 
spectively. The calibration curves were linear from the 
lower limit of detection (30 ng/ml) to the maximal concen- 
tration (1500 ng/ml), covering the concentration range for 
pharmacokinetic analyses. The mean recovery rates of the 
sample preparation were 95% for chlorambucil, 80% for 
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Fig. 4. Plasma concentration-time curves of (A) chlorambucil and 
(B) phenylacetic acid mustard in five patients after the adminis- 
tration of prednimustine (symbols in both A and B represent the 
same patients) 

phenylacetic acid mustard, 69% for prednimustine, and 
85% for the internal standard. 

The chromatographic peaks of chlorambucil, phenyl- 
acetic acid mustard, and the internal standard were suffi- 
ciently separated. Endogenous interferences corresponded 
to < 30 ng/ml and determined the lower limit of detection. 
This method was superior to the previously published 
HPLC-procedure [13], as (a) chlorambucil and phenylacet- 
ic acid mustard could be detected simultaneously, (b) the 
baseline drift of the gradient was lower, and (c) the extrac- 
tion efficiency for phenylacetic acid mustard was higher. 

Intact plasma prednimustine could not be detected at 
any time after the ingestion of the drug. Undetectable 
quantities lower than 30 ng/ml in the blood compartment 
would have accounted for <0.1% of the whole drug dose 
(30 ng/ml * 5000 ml = 150,000 ng, <0.1% of the 200-mg 
dose given). This result confirms those of previous studies 
[1, 2, 14, 15], where free plasma prednimustine could not 
be detected with different analytical techniques after oral 
administration. 

The variable and low systemic availability of chloram- 
bucil and prednisolone implies [1, 11, 16] that prednimus- 
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tine may be par t ia l ly  hydrolyzed to its components  during 
absorpt ion  a n d / o r  in plasma. However,  if  intact predni-  
mustine reached the p lasma compar tment ,  the drug would 
not  be el iminated from the p lasma solely by hydrolysis  be- 
cause this process is considerably slow in human p lasma 
[5, 7]. To compare  prednimust ine  and chlorambuci l  kinet- 
ics, we evaluated the concentra t ion- t ime curves of  chlor- 
ambuci l  and its metaboli te  phenylacet ic  acid mustard.  

The availabi l i ty of  chlorambuci l  and phenylacet ic  acid 
mustard  varied by about  50% after chlorambuci l  as well as 
prednimust ine  adminis t ra t ion,  in agreement  with the re- 
sults of  Ehrsson et al. [1]. Newell  et al. [15] found a day-to-  
day  variat ion of  approximate ly  15% for the A U C  of  chlor- 
ambucil  in each of  two patients t reated with this drug. In 
our study, the availabi l i ty of  chlorambuci l  was 4 times 
lower after prednimust ine  adminis t ra t ion than after the in- 
gestion of  chlorambuci l  itself. However,  p lasma chloram- 
bucil exhibited a lowered and delayed maximum and a 
decreased el iminat ion rate when prednimust ine  was given 
instead of  chlorambucil .  The latter difference offers an 
explanat ion for the therapeut ic  superiori ty of  prednimus-  
tine over its components  chlorambuci l  and prednisolone.  

Har t ley-Asp et al. [5] have proposed  that  the persis- 
tence of  prednimust ine-der ived chlorambuci l  could be 
caused by a slow release of  chlorambuci l  from protein- 
bound  prednimustine.  This has not  yet been confirmed. 
The transesterif icat ion of  chlorambuci l  from prednimus-  
tine to a chlorambuci l-cholesterol  ester discovered in ani- 
mals [3] could be another  mechanism that would explain 
the delayed metabol ism of  chlorambuci l  derived from 
prednimust ine.  Another  cause might be a facil i tated trans- 
por t  of  the conjugate into cells by specific cell membrane  
carriers. Musch et al. [12] succeeded in detecting intact 
prednimust ine  in human lymphocytes  isolated from the 
b lood  of  patients with chronic lymphocyt ic  leukemia who 
were undergoing prednimust ine  therapy.  This would indi- 
cate that after absorpt ion,  a por t ion of  the intact predni-  
mustine is rapidly taken up by the cells that are the target 
of  the chemotherapeut ic  agent. Further  studies confirming 
this mechanism should be conducted.  Investigations of  the 
cellular uptake  of  prednimust ine  and chlorambuci l  are 
currently under  way. 
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