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Summary. Intracellular concentrations of prednimustine
(PM), chlorambucil (CLB), phenylacetic acid mustard
(PAAM) and prednisolone (P) were measured in different
experimental tumor cell lines that had been incubated with
either PM or CLB + P. For intracellular analytical determi-
nation, we modified a high-pressure liquid chromatograph-
ic method for the detection of these substances in plasma.
Intact PM could be detected in the intracellular compart-
ment of the incubated tumor cells. PM-incubated cells
from PM-injected rats exhibited a higher intracellular con-
centration-time integral (PAAM) and longer concentra-
tion-time profiles for drugs with alkylating capacity than
did cells exposed to the CLB + P mixture or to CLB.
PAAM was not detectable after incubation of cells with
PM, whereas in CLB-incubated cells the AUC of PAAM
exceeded that of the parent drug CLB. Our in vitro results
therefore favour the concept of a facilitated intracellular
uptake and an increased antiproliferative effect for PM
versus CLB and CLLB + P.

Introduction

Prednimustine is the C-21 prednisolone ester of chloram-
bucil. The underlying rationale for the design of this drug
was that its prednisolone moiety would preferentially bind
to glucocorticoid receptors and facilitate the intracellular
uptake of the alkylating part of the molecule [13]. In fact,
both animal experiments and clinical experience with pred-
nimustine as single-agent therapy in patients presenting
with breast cancer as well as in those exhibiting chronic
lymphocytic leukemia have demonstrated that predni-
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mustine exerts higher antiproliferative activity and pro-
duces less toxicity as compared with its single components
[4,5,7,11, 27].

However, prednimustine, the intact steroid ester after
oral administration, has thus far been undetectable by
chemical analysis in animal as well as in human pharma-
cology [4, 5, 15, 16, 18, 34]. From the results reported by
Ehrsson et al. [8] it has been confirmed that the rate of
elimination of chlorambucil following its administration in
a formulation of prednimustine is prolonged, with more
continuous chlorambucil concentration occurring in blood.
The increased anticancer activity of prednimustine versus
the single components has thus been attributed to predi-
mustine’s producing a slow-release form of chlorambucil
(16, 17].

Recent experiments on the competitive intracellular up-
take of radiolabeled cortisol have demonstrated that the
transmembrane transport of glucocorticoids to the intra-
cellular compartment represents a very rapid process.
Furthermore, they have provided evidence of a specific
glucocorticoid carrier located in the cell membrane of glu-
cocorticoid-sensitive rat hepatocytes [1, 2; for reviews see
37, 40]. It has also been hypothesised that the “non-de-
tectability” of the intact ester prednimustine (apart from
rapid presystemic hydrolysis) might therefore be attribu-
table to rapid inracellular transport, which would be con-
gruent with the rationale of a more side-specific antitumor
effect for prednimustine along with a modulated, more
selective anticancer effect on steroid hormone-dependent
tumors.

A direct chemical analysis of intracellular predni-
mustine has never been undertaken. We therefore perform-
ed studies on the kinetics of cellular uptake and the intra-
cellular concentration-time profile of prednimustine as
compared with chlorambucil and prednisolone to deter-
mine whether the rationale of a target-oriented cytostatic
approach could be realised using this alkylating steroid
conjugate. In the present study we used an in vitro model
involving the incubation of experimental tumor cell lines
with either prednimustine or chlorambucil plus predniso-
lone.
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Fig. 1a~d. Chromatograms of cellular extracts of MCF-7 mammary carcinoma cells. a Blank cellular extract. b Cellular extract spiked with 500 ng
each of prednimustine, chlorambucil, prednisolone and phenylacetic acid mustard. ¢ Following incubation with chlorambucil + prednisolone.
d Following incubation with prednimustine. Peak 1, Prednisolone; peak 2, phenylacetic acid mustard; peak 3, chlorambucil; peak 4, prednimustine

Materials and methods

Chemicals

Pure chlorambucil was contributed by Deutsche Wellcome GmbH
(Burgwedel, FRG). A sample of prednimustine was provided by Pharma-
cia Leo Therapeutics AB (Helsingborg, Sweden). Dr. D. Newell donated
the phenylacetic acid mustard, which was synthesised at the Royal
Cancer Research Centre (Sutton, UK). Deionized water was used for all
experiments. Acetate buffer (pH 3.9) was prepared from acetic acid
(0.2 N) and a solution of sodium acetate (0.2 M; 440 ml acetic acid and
60 ml sodium acetate diluted with deionised water to a final volume of
11). This buffer and high-pressure liquid chromatography (HPLC)-grade
acetonitrile (Baker Chemicals, Deventer, The Netherlands) were used for
chromatography.

Apparatus

The HPLC equipment consisted of an SCL 6A Shimadzu system control-
ler equipped with two 6A LC pumps and an SPD 6A UV spectropho-
tometric detector (Shimadzu, Darmstadt, FRG) fitted with a Rheodyne
injection valve. The UV detector was adjusted to a wavelength of
254 nm. Peaks were quantified using a C-R3A Shimadzu integrator. The
analytical column (25 cm x4.6 mm inside diameter) was filled with
Spherisorb Cis S5 ODS-1. It was protected by a cartridge-system guard
column (3 cm x4 mm inside diameter) containing the same material. For
homogenisation of cells, an ultrasound homogenising disintegrator
(Sonifier W-250 model 132 134, Schwibisch-Gemiind, FRG) was used.

Fast atom bombardment (FAB) mass spectra of the original samples
of prednimustine, chlorambucil, 2-phenylacetic acid mustard and of the
HPLC-separated material were recorded on a VG Analytical double-fo-
cusing mass spectrometer of reversed geometry (Manchester, UK) oper-
ating at 7 kV accelerating voltage within the mass range of 15—
1000 amu in the downscan mode. Only positive ions were recorded. The
atom gun was operated at 9 kV using xenon as the bombarding gas.
Thioglycerin (1-mercapto-2,3-dihydroxypropan; EGA, Steinheim, FRG)
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Fig. 2a,b. Intracellular concentration-time plot of MCF-7-mammary
carcinoma cell-line incubated with a prednimustine and b chloram-
bucil + prednisolone. Data represent the mean values for 4 incubations

was used as a liquid matrix. Samples dissolved in 1:1 (v/v)
chloroform/methanol were applied by syringe to the target coated with
the matrix. About 10 ug material was used for reference spectra. The
amount of analyte in HPLC fractions was roughly estimated to be 1 ug.

In vitro studies

Four experimental tumor cell lines were cultivated using different media:
MCEF-7 mammary carcinoma, in MEM (H) (Gibco Ltd., FRG; catalogue
namber 0421581); MEWO melanoma, in MEM; CEM acute lympho-
blastic leukemia, iz RPMI 1640 (Boehringer Mannheim, Mannheim,
FRG; catalogue number 209945); and HT-29 colon carcinoma, in
RPMI 1640.

At 5 days before the experiment, the cell suspensions were dis-
tributed into 25-ml glass tubes. Prior to incubation, the cell suspensions
were adapted to a constant tumor cell count of 1 x 106 cells/ml. Cells of
each line were incubated at 37°C in 10-ml vials. Cell-free aliquots of
MEM to which prednimustine or a combination of chlorambucil and
prednisolone had been added were simultaneously incubated to serve as
controls. Samples were taken at 0, 3, 20, 30, 60, 90, 120, 180 and
240 min after the beginning of the incubation. The samples were centri-
fuged at 90 g for 10 min and cells and supernatant were kept separated at
-20°C.

Preanalytical preparations. Following in vitro incubation, cells were
withdrawn from the suspension and centrifuged for 5 min at 5000 rpm.
The supernatant and the pellet were separated. Cell pellets were washed
three times by resuspension of each pellet in 10 ml phosphate-buffered
saline (PBS) and centrifugation for 5 min at 5000 rpm. The supernatant
was discarded. The cell pellet was resuspended in 1 ml cuiture medium
(RPMI 1640) and lysed using an ultrasound homogeniser (Branson ultra-
sound disintegrator Sonifier W-250 model 132 134) for 3 x15sin 3 ml
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ethyl acetate (E. Merck, Darmstadt, FRG; catalogue number 9623), and
3 ml of a mixture of n-hexane (E-Merck, catalogue number 4357) and
isoamyl alcohol (E. Merck, catalogue number 979; 93 : 7 v/v) was added.
The sample was centrifuged at 10,000 g for 10 min; 4 ml of the superna-
tant was drawn off and evaporated under nitrogen. The residue was
redissolved in 250 il acetonitrile.

Chromatographic assay. For the quantitation of chlorambucil, phenyl-
acetic acid mustard, prednisolone and prednimustine in cell culture
media and in the intracellular compartment of cultured cells, we modified
our HPLC technique that was previously described in this journal [35]. A
mobile phase comprising acetonitrile/acetate buffer (35:65, v/v) was
used at a flow rate of 1.5 ml/min. First, 40 pl of the sample was injected
and the gradient program was started. After 4.1 min, the portion of
acetonitrile was increased to 60%; thereafter, it was increased linearly up
to 80% at the 18th min. From the 18th to the 23rd min, the system was
returned to its initial condition at a continuous rate.

The column was rinsed with the initial eluent for 3 min prior to the
injection of the next sample. Examples of chromatograms obtained for
extracts of MCF-7 cells following incubation with chlorambucil plus
prednisolone or prednimustine are shown in Fig. 1c,d. The retention
times were 5, 9, 10 and 15 min for prednisolone, phenylacetic acid
mustard, chlorambucil and prednimustine, respectively (Fig. 1a,b). The
calibration curves for intracellular concentrations were linear over the
range of 25-8,000 ng/ml. The correlation coefficient of the calibration
curves was 0.99 for all of these compounds.

Day-to-day precision ranged from 5% for chlorambucil to 14% for
prednimustine. The mean recovery rates from cell homogenates in cul-
ture medium were 93% for prednimustine and prednisolone, 85% for
chlorambucil and 64% for phenylacetic acid mustard. The lower limit of
detection was 25 ng/ml for all substances. The main HPLC fractions 4
and 5 were further analysed by fast atom bombardment-mass spec-
trometry (FAB-MS).

Results

MCF-7 mammary carcinoma, MEWOQO melanoma, CEM
acute lymphoblastic leukemia and HT-29 colon carcinoma
cells were incubated with prednimustine and/or the com-
ponents of this ester of chlorambucil and prednisolone. We
succeeded in chromatographic detection of intracellular
prednimustine as the intact steroid ester.

The concentration-time plot of intracellular drug in
MCF-7 cells (Fig. 2) demonstrates that there was a rapid
intracellular uptake of prednimustine (Fig. 2a) that paral-
leled the increase in intracellular chlorambucil + predniso-
lone. All three of these substances showed prolonged intra-
cellular concentration-time profiles. In cells that had been
incubated with prednimustine, we did not detect phenyl-
acetic acid mustard, the B-oxidation product of chloram-
bucil. However, the levels of phenylacetic acid mustard
exceeded those of the parent compound chlorambucil in
cells that had been incubated with chlorambucil + prednis-
olone (Fig. 2b).

The alkylating potential (i.e. the integrated amount of
all drugs exhibiting alkylating potency) in the predni-
mustine-incubated MCF-7 cells is represented by predni-
mustine + chlorambucil = 400 pg mi-! min. In cells that
had been incubated with chlorambucil + prednisolone, the
alkylating protential is represented by chlorambucil, but
the major portion corresponds to the metabolite phenyl-
acetic acid mustard (250 pg m-! min; see Table 1). Intra-
cellular prednimustine has also been detected in vivo in
CEM and HT-29 tumor cells [1, 2, 4]. Striking differences
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Table 1. Cellular concentrations of prednimustine, chlorambucil, phenylacetic acid mustard and prednisolone following in vitro incubation of various

tumor cell lines with prednimustine or chlorambucil plus prednisolone

Cellline Drug n

Substance Concentration (ng) normalised ot 1 x 107 cells at time

AUC
(g mi-! min)

0  3min 30 min 60 min 90 min 120 min 180 min 240 min
MCF-7 PM 4 PM 0 721100 1065181 1346+415 1328+468 674+£94 219493  144+63 15145
4 ng/ml
CLB 0 907+166 1128+206 1042+198 1270+300 1437+366 929+318 583+153 249+63
P Q 839+194 1026+227 10591349 1058357 1368+467 1105+£405 810+313 258483
CLB 4 CLB a 550 =80 594 86 470+68 33052 240+43  214+43 14634 77+12
2 ug/ml
PAAM O 650+95 710106 8761124 864=*117 772+99 636+86 592+78 173+24
P
2 pg/ml P 0  1000+191 1288+201 18384278 2276+269 1712+237 1538216 1296183 383+24
MEWO PM 2 PM 0 2518 2642 4742 2684 2134 1812 911 568
4 pugfml
CLB 0 452 351 503 435 278 122 31 66
P 0 293 214 696 641 518 436 402 112
HT-29 PM 1 PM 0 2 10 26 100 84 26 14 10
4 ng/ml
CLB 0 42 24 26 86 64 18 10 9
P 0 58 34 22 56 60 42 28 10
CEM PM 1 PM 0 196 373 829 740 686 240 0 120
4 ug/ml
CLB 0 220 427 306 284 226 154 0 57
P 0 141 181 100 87 84 0 0 17

PM, Prednimustine; CLB, chlorambucil; PAAM, phenylacetic acid mustard; P, prednisolone

Table 2. Supernatant concentrations of prednimustine, chlorambucil, phenylacetic acid mustard and prednisolone following in vitro incubation of
various tumor cell lines with prednimustine or chlorambucil plus prednisolone

Cellline Drug n  Substance Concentration (ng/ml) at time AUC
(g mi-! min)
0 3min 30 min 60 min 90 min 120 min 180 min 240 min
MCF-7 PM 4 PM 0 3067+288 22654278 2016+296 1867+324 702+605 2994462 138+434 281+99
4 ug/ml
CLB 0 147+ 32 559+ 88 783%+132 1073170 1327+213 1362+201 1246181 26339
P 0 2514+ 55 9284128 1461183 2026259 26071318 3085+356 2857 £372 523+65
CLB 4 CLB 0 955307  840+289 713263  678+207 659+180 427+122 352%103 146£46
2 pg/ml
PAAM 0 - - - - - - - -
p
2 pg/ml P 0 1079+£266 11814236 1202+230 1276206 1319£241 1271+£212 11584191 285%53
MEW(O PM 2 PM 0 32406 2518 2096 1928 1531 959 161 372
4 pg/ml
CLB 0 - 264 388 390 376 398 292 80
P 0 236 780 1328 1441 1230 1052 1740 280
HT-29 PM 1 PM 0 1949 1438 1320 1074 969 827 743 258
4 ug/ml
CLB Q 8 75 224 242 286 180 154 45
P 0 143 185 332 349 479 500 689 100
CEM PM 1 PM 0 2847 1704 885 275 239 128 109 148
4 pg/ml
CLB 0 - 214 224 366 356 228 219 60
P 0 - 246 341 470 576 646 811 120

PM, Prednimustine; CLB, chlorambucil; PAAM, phenylacetic acid mustard; P, prednisolone
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Fig. 3a-c. Positive-ion FAB-MS of original samples of a prednimustine, b 2-phenylacetic acid mustard and ¢ chlorambucil. Thioglycerin was used as

a liquid matrix

in the intracellular concentrations of prednimustine and
chlorambucil were found between the different tumor cells
tested (Table 1); they were much higher in MEWO cells
than in MCF-7, CEM or HT-29 tumor cells.

In ten Sprague-Dawley rats (6 weeks old), we observed
tumors measuring 1 cm3 at 6 weeks after the inoculation of
a suspension of HH-9-clone 14 cells. Four rats were given
injections of either 2 mg chlorambucil or 1 mg predni-
mustine into the caudal vein. The difference in the dose of
the two formulations (with only one-fourth of the chloram-
bucil equivalent occuring in the prednimustine-injected an-
imals) was due to the lower solubility of prednimustine in
polyethylene glycol, whereby a lower volume of the solute
had to be used because it was poorly tolerated by the rats.

In the FAB-mass spectra recorded from original
samples of prednimustine, chlorambucil and 2-phenyl-
acetic acid mustard, the molecular MH* ions were found at
m/z = 646/648, 304/306 and 276/278, respectively
(Fig. 3). The presence of two chlorine atoms (natural iso-
topes 35 and 37) in the molecule is responsible for the
distribution of the ions in the molecular ion area. The
fragment ions at m/z = 610 (Fig. 3a), m/z = 240 (Fig. 3b)

and m/z = 268 (Fig. 3c) arise from the loss of one chlorine
atom from the parent molecule. The ion at m/z = 286/288
in the spectrum found for an original sample of predni-
mustine is the result of fragmentation of the chlorambucil
residue in the gas phase (Fig. 3a).

The identity of the substance present in the main HPLC
fraction 4 was revealed by FAB-MS to be prednimustine,
with the molecular MH* ions occurring at m/z = 646/648;
the MNat+ ions, at m/z = 668/670; and the chlorine atom
elimination ion, at m/z = 610 (Fig. 4 a). In the FAB-MS of
the unknown metabolic product (HPLC fraction 5), molec-
ular ions were found at m/z = 642/644 (MH+) and
m/z = 664/666 (MNa+), 4 amu lower than those of predni-
mustine (Fig. 4b). The ion distribution in the molecular ion
area as well as the presence of the characteristic fragment
ion arising from the chlorine loss at m/z = 606 (Fig. 4b)
indicate that apparently no metabolic cleavage of the ester
bond between the prednisolone moiety and the chloram-
bucil moiety in the prednimustine molecule took place, as
this would have resulted in molecules of lower molecular
weight. Moreover, the presence of this metabolically
emerging molecule exhibiting 4 amu less than predni-
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mustine would lead to the conclusion that an oxidation
reaction in the steroid moiety probably took place without
changing the main molecular skeleton.

Discussion

Experimental antitumor data obtained in vitro have estab-
lished that prednimustine differs in both its activity and its
toxicity from its components chlorambucil and predniso-
lone [9, 10, 15— 17]. Interestingly, we observed that pred-
nimustine was not only highly effective against normal
sensitive Yoshida ascites sarcoma tumor but was also ef-
fective against a line exhibiting a 50-fold acquired resis-
tance to chlorambucil [16]. In human breast-cancer trials,
prednimustine has produced a superior response rate and
less toxicity as compared with the combination of chloram-
bucil and prednisolone [6, 38]. Gandara et al. [11] have
confirmed the effectiveness of prednimustine in non-
Hodgkin’s lymphoma (NHL) that is refractory to standard
treatment. In addition, prednimustine has proved to be less
toxic to hematopoietic stem cells than chlorambucil or
various other cytotoxic drugs [9]. This indicates that pred-
nimustine may represent more than a simple substitute for
its two components prednisolone and chlorambucil.

To test the hypothesis of a specific/selective transmem-
brane transport of prednimustine, we initiated a study of
the intracellular uptake of the drug. We performed
measurements of the intracellular concentration of predni-
mustine (PM), chlorambucil (CLB), phenylacetic acid

mustard (PAAM) and prednisolone (P) using the experi-
mental in vitro tumour cell lines MCF-7, CEM, MEWO
and HT-29 colon carcinoma, which were incubated with
either PM or the mixture of CLB + P. To study the cellular
uptake and the intracellular kinetics of these substances,
we modified the preanalytical preparation and HPLC assay
previously described for the determination of CLB, PAAM
and PM in plasma [24] (see Fig. 1 for chromatograms).
The identity of the main components was established by
mass spectrometry.

In MCF-7, MEWO, CEM and HT-29 cells that had
been incubated with either PM or the mixture of CLB + P,
the intact steroid ester PM was detectable. In the PM-incu-
bated cells, PM was partially hydrolysed to CLB and P.
The intracellular area under the curve (AUC) for CLB
resulting from the hydrolysis of PM exceeded the intra-
cellular concentration-time integral (AUC) for PM in
MCF-7 mammary carcinoma cells and in HT-29 colon
carcinoma cells. However, the corresponding integral for
PM exceeded that for CLB in CEM lymphoma cells (see
Table 1). The CLB metabolite PAAM was not detected in
the PM-incubated cells. However, in CLB-incubated cells,
this metabolite resulting from [-oxidation of the butyryl
side chain of CLB was formed to a high degree. Although
PAAM contains the two 2-chloroethyl moieties and there-
fore exhibits alkylating potential similar to that of CLB, the
intracellular concentration-time integral for alkylating
molecules (alkylating capacity) was higher in PM-incubat-
ed cells (X PM + CLB) than in the CLB + P-incubated
MCEF-7 cells (X CLB + PAAM). Although it has been
shown that PAAM exerts similar inhibitory effects on the
turnover of colony-forming units [13], this metabolite has
been ascribed a more general toxic effect {24, 28].

In our previously published pharmacokinetic study
[35], patients who had been given the mixture of CLB + P
presented appreciably higher plasma concentrations of
PAAM than did those who had been treated with PM. In
the present in vitro experiments, we confirmed this constel-
lation, with relevant intracellular levels of PAAM occur-
ring in tumor cells that had been incubated with CLB + P
but nearly negligible concentrations being observed in PM-
incubated tumor cells. The lower toxicity and the higher
therapeutic index that has been attributed to PM [4, 5, 15]
may therefore result from a reduced B-oxidation of the
CLB to PAAM when CLB is given in the form of its
P ester.

Identification of PM as the intact steroid ester within the
incubated tumour cells and the long-lasting intracellular
concentration-time profile of PM are consistent with the
postulate of facilitated intracellular uptake of PM and with
the production of a slow-release formulation of CLB by
PM, as suggested previously [17]. Our in vitro results
demonstrate a prolonged, more continuous exposure of
cells to CLB following their incubation with PM as com-
pared with the combination of CLB + P. This result is
consistent with the hypothesis that the increased anticancer
activity of PM demonstrated in a variety of experimental
[9, 15] and human tumors [5, 271, which is different from
that of CLB and the unlinked components CLB + P, is
attributable to a more continuous exposure to and avail-
ability of CLB.



However, no intact PM has thus far been detected in
serum from animals or patients [8, 21, 24]. It has therefore
been postulated that rapid hydrolytic pre- or postabsorptive
decomposition of the ester by esterases may occur. How-
ever, we could not detect any PAAM, which would arise
from P-oxidation, but a previously unknown substance
exhibiting molecular ions lower than those of PM
{(MH+* = 642/644) were found. It could be formed after an
oxidation step in the steroid moiety of the PM molecule.
Apart from a pharmacokinetic advantage of PM as a slow-
release form of CLB the rationale of a more “side”-specific’
anticancer effect for PM based on a selective/facilitated
intratumoral transport such as that demonstrated for tumor
cells in vitro has not been elucidated in vivo.

Thus, in summary, our results confirm the rationale for
the design of the drug. One of the main topics of our further
investigation will therefore be the intracellular analysis of
PM and CLB in the cellular compartment of target cells
during therapy with PM (e.g. lymphocytes from patients
with chronic lymphocytic leukemia and mammary carci-
noma). Fast atom bombardment and related desorption
techniques in mass spectrometry can be successfully ap-
plied to clinical problems such as the identification of
metabolic products or of steroid conjugates [39].
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