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Cytotoxicity and metabolism of prednimustine, chlorambucil
and prednisolone in a Chinese hamster cell line
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Summary. Prednimustine and chlorambucil induce dose-
and time-dependent cell death in V79 Chinese hamster
cells in vitro. Prednimustine was found to be 3-4 times
more potent than either chlorambucil or an equimolar
mixture of its components chlorambucil and prednisolone
after 24 h treatment.

Prednimustine was hydrolyzed to predaisolone and
chlorambucil in the system, and the concentration of pred-
nimustine was reduced by one half within 15 h. Predniso-
lone was not further metabolized, but chlorambucil was
rapidly inactivated by dechlorination, the half-life being
2.5 h. No dechlorinated prednimustine was formed during
the experiments. The higher stability of prednimustine
than chiorambucil is probably due to protective binding to
different serum proteins from those that bind chlorambu-
cil.

Substitution of fetal calf serum by human serum albu-
min revealed that hydrolysis of prednimustine is catalyzed
by esterases present in the serum. In similar substitution
experiments cell survival studies indicated that prednimus-
tine itself was not cytotoxic. Rather, cytotoxicity was
found to correlate with hydrolysis to chlorambucil. Thus,
it appears that the prolonged availability of chlorambucil
is responsible for the increased potency of prednimustine
in this system.

Introduction

Chiorambucil, a bifunctional alkylating agent, is active
against several murine tumors [8]. This activity is thought
to be due primarily to its reaction with DNA [16], but its
binding to nuclear proteins [15] may also cause distur-
bances which lead to cell death. Prednimustine, a prednis-
olone-21 ester of chlorambucil, exhibits a similar profile to
that of chlorambucil in murine tumors [6, 8], but also de-
monstrates activity against chlorambucil-resistant tumours
[8]. Prednimustine is effective in the treatment of non-
Hodgkin’s lymphoma [3], and chronic lymphocytic leu-
kemia [2] as is the combination chlorambucil and pred-
nisolone [9]. However, in breast cancer a recent phase III
trial showed that prednimustine produced a superior re-
sponse rate to that obtained with the combination chlor-
ambucil and prednisolone [10]. Thus, although prednimus-
tine is known to be readily hydrolyzed to chlorambucil
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and prednisolone in the body [5, 13, 14}, it appears that its
efficacy in breast cancer cannot be mimicked by this com-
bination. We have tried to find the reason for the higher
efficacy of prednimustine by using cell survival experi-
ments in combination with metabolism studies.

Materials and methods

Chemicals. Chlorambucil [4-p-(bis-(2-chloroethyl)-ami-
no)phenylbutyrate] was purchased from ISM, Italy. Pred-
nisolone (11,17,21-trihydroxy pregna-1, 4-diene-3, 20-di-
one) was obtained from Roussel, Uclaf, France. Predni-
mustine, the 21-chlorambucil ester of prednisolone (Fig. 1)
[4-p-(bis-(2-chloroethyl)-amino)phenylacetate;; PAM]
and 4-p-(bis-(2-hydroxyethyl)-amino)phenylbutyrate (Leo
1333) were synthesized at AB Leo, Helsingborg, Sweden.
Other nonradioactive chemicals and reagents used were of
highest available purity and were used without further pu-
rification.

[*H]-Prednimustine  (specific  activity 80 pCi/mg
[“*Clprednimustine (specific activity 22 uCi/mg) and
[**Clchlorambucil (specific activity 27 pCi/mg) were pre-
pared at AB Leo, and [*Hlprednisolone (specific activity
147 mCi/mg) was bought from Amersham, England. The
postitions of the labels are shown in Fig. 1. [’H, '*C]predni-
mustine was prepared by mixing equal amounts of
[Hlprednimustine and ["*Clprednimustine. Prior to use the
radioactive compounds were purified by high-perfor-
mance liquid chromatography (HPLC). The purity was at
least 98%.

Acrylamide, N,N’-diallytartardiamide N,N,N’,N-tetra-
methylethylenediamine, ammonium persulfate, periodic
acid, and riboflavin were obtained from BIO-RAD,
Richmond, Calif, USA.

All tissue culture media were purchased from Gibco
Biocult, Scotland.

Cell cultivation and clonogenic assay. The Chinese hamster
V79-4 cell line derives from the lung of a male Chinese
hamster and orginates from Dr. E. H. Y. Chu, Oak Ridge
National Laboratory, Tenn, USA. The cell line was main-
tained as a monolayer in Dulbecco’s medium, supplement-
ed with 15% fetal calf serum and the antibiotics penicillin
and streptomycin. Under these conditions the cells grew
logarithmically.

Cells from the day after subculture, which was carried
out with 0.085 M sodium citrate solution, were used for all
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Fig. 1. Structural formula and position of radiolabel for predni-
mustine. **C; @°H

experiments. The celis were serially diluted to produce not
more than 250 colonies per petri dish. The petri dishes
were randomly divided into groups of five for treatment. A
control group was present in every experiment. The cells
were incubated at 37 °C in a 5% CO,:95% air atmosphere
for 24 h before treatment to eliminate the lag phase.

All substances were dissolved in ethanol and diluted
with medium so that the final ethanol concentration did
not exceed 0.2%. Approximate equimolar concentrations
of chlorambucil and prednisolone were used in the combi-
nation studies.

Treatment was carried out and the cells rinsed with
fresh medium to remove all traces of test substance. Plat-
ing efficiency was determined after 7 days by counting the
number of methylene blue-stained colonies in an Artex
counter, Model 880. The control colonies in each experi-
ment served as reference for diameter settings and survival
is given as a percentage of the control value.

Metabolism studies. Treatment with radiolabelled com-
pounds was carried out as above, using 30 pg/ml predni-
mustine or a 15+ 15 ug/ml chlorambucil/prednisolone
mixture. In these experiments drugs were dissolved in
DMSO, to give a final concentration of 0.2%.

['*C]Chlorambucil and [*H]prednisolone were diluted
with unlabelled substance to yield the same specific activi-
ty as [°H, "“C]prednimustine.

Extraction. Medium samples were diluted with the mobile
phase and injected directly into the chromatograph. The
cells were suspended with Na citrate, spun down, washed
with Hank’s balanced salt solution, and resuspended in
1 ml before extraction with 3 x 2 volumes of hexane con-
taining 7% isoamyl alcohol. If necessary, emulsion was
broken by freezing. The organic phases were pooled, dried
under a gentle stream of nitrogen, and dissolved in the
mobile phase before chromatography.

High-performance liquid chromatography. The liquid chro-
matograph consisted of a Model 6000 A pump, a guard co-
lumn, a U6K injector and a Model 440 UV-detector,
254 nm (Waters Assoc., Milford, USA). The column was a
C,s bonded-phase column, 3.9 x300mm (u-Bondapak,
Waters Assoc.). The chromatograms were recorded on a
W+ W TARKAN recorder 600, and the outlet of the de-
tector was connected to a LKB 7000 Ultrorac fraction col-
lector.

The mobile phase was methanol: 0.1 M acetic acid
(80:20 by volume). The flow rate was 400 ul/min, and the
volume of each fraction was 120 pl.

Authentic prednimustine, chlorambucil, prednisolone,
PAM, and Leo 1333 were added to the samples before in-
Jection (5~10 pg dissolved in the mobile phase). The local-
ization of each of the standard compounds was identified
by their UV peaks.

Polyacrylamide gel electrophoresis. The double-gel discon-
tinuous electrophoresis system of Davis [3] was used with
the following modifications: (a) To solubilize the gels for
liquid scintillation counting, the crosslinking agent
N, N-diallyltartardiamide [1] was used; and (b) to increase
the resolution the separation gels were subjected to a 3-h
pre-electrophoresis prior to the addition of sample gels

[11].

Determination of radioactivity. HPLC and PAGE fractions
were counted in 5 ml Aquassure in a Packard Tri-Carb Li-
quid Spectrometer model 2650, for at least 10 min or
8% 10° counts. Corrections for quenching were made by
the external standard channels ratio method.

Results
Toxicity studies

Cell death induced by chlorambucil and prednimustine is
both dose- and time-dependent. The survival curves for
chlorambucil and prednimustine after a 24-h treatment are
given in Fig. 2. This shows that both substances cause
dose-dependent cell death, and that prednimustine is at
least 3 times as effective as chlorambucil throughout the
dose range after a 24-h treatment. In these experiments
95% kill was achieved for prednimustine: higher concen-
trations could not be used due to solubility problems. The
24-h treatment period was required to obtain full expres-
sion of cell toxicity for prednimustine, whereas the maxi-
mum cell kill for chlorambucil was reached after 6 h
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Fig.2. The effect of 24-h treatments with chlorambucil
(— — M — —) and prednimustine — @ —) on the survival of Chi-
nese hamster V79 cells. Data are means of two separate experi-
ments
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Fig. 3. The effect of different lengths of treatment with predni-
mustine 30 pg/ml (46.4 umol) (— @ —), chlorambucil 15 pg/
ml (49.3 umol) (O) and 30 pg/ml (98.6 umol ( ... ¥...), and a com-
bination of chlorambucil and prednisolone 15+ 15 pg/ml
(49.3+54 umol) (— - — W —-—) on Chinese hamster V79 cells.
Data are means of two separate experiments

(Fig. 3). Figure 3 also shows that a one-to-one combination
of chlorambucil plus prednisolone (154 15 pg/ml) only
produced 18% cell death even after a 24-h incubation,
whereas the corresponding concentration of prednimus-
tine (30 pg/ml) caused 100% cell death. The combination
was not superior to chlorambucil alone at any concentra-
tion, as is demonstrated in Fig. 3 for 15 pg/ml chlorambu-
cil. Various other combination treatment schedules were
tried, but no enhancement was found whether predniso-
lone was given before or after chlorambucil treatment. In-
creasing the concentration of prednisolone to a level
which induced cell death still only produced an additive
effect on combination with chlorambucil (Fig. 4).
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Fig. 4. The effect of 1 h 30 pg/ml chlorambucil in combination

with a 24-h treatment with prednisolone (— @ —) at various con-
centrations and prednisolone alone (— — A — —) on V79 cells.
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Fig. 5. Metabolism of prednimustine. Elution profile of radioac-
tivity after high-performance liquid chromatography of a medium

sample after 12 h incubation of [’'H, “Clprednimustine (30 pg/ml)
with V79-4 — — — *H; ,He

Metabolism studies

To obtain further information on the biotransformation of
prednimustine, [’H, "*Clprednimustine was incubated with
V79 cells. The metabolite pattern in the medium is exem-
plified by a HPLCchromatogram obtained after a 24-h in-
cubation period with prednimustine (Fig. 5). Besides pred-
nimustine, prednisolone, chlorambucil, and dechlorinated
chlorambucil were also present in the incubate, the latter
via a chemical and not an enzymatic process. Although au-
thentic dechlorinated prednimustine is not available, this
compound would be much more hydrophilic and would
therefore separate from prednimustine. Since no double-
labelled compound other than prednimustine was found, it
can be concluded that no dechlorinated prednimustine
was formed in this system. »

The kinetics of the metabolism of prednimustine,
30 pg/ml (Fig. 6a), reveal that the reaction is linear with
time, which suggests zero-order kinetics. This is in agree-
ment with an enzyme-catalyzed reaction with Michaelis-
Menten kinetics under saturated conditions. The time
needed to reduce the prednimustine concentration to one
half was 15 h. As a comparison, the metabolite pattern af-
ter incubation with a combination of ['*C]chlorambucil
and [Hlprednisolone, 15+15pg/ml, was studied
(Fig. 6b). Prednisolone was quite stable under the condi-
tions used, but chlorambucil was rapidly dechlorinated.
The time course of chlorambucil degradation followed
first-order kinetics; the half-life of the reaction was 2.5 h.

Extractions of cells treated with [*H, "“C]prednimustine
showed that the intracellular metabolite pattern did not
differ from that of the medium. The medium contains 10%
fetal calf serum (FCS), and thus it is reasonable to assume
that esterases present in serum are responsible for the hy-
drolysis of prednimustine, by analogy with previous stud-
ies using enzymes from plasma and serum [19]. To test this
hypothesis we performed a series of experiments with me-
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Table 1. Metabolism and survival of V79 Chinese hamster cells
after treatment with [*H, “C]+ prednimustine, 30 pg/ml in the
presence of 10% (v/v) fetal calf serum or 1% (w/v) human serum
albumin

Remaining prednimustine (%)

Length of 0 2 4 6 8 12 24
treatment (h)

37.5
76.5

83.8 81.2 717
95.5 90.7 89.6

Survival (%)
90.2 702 431 46
551 5.6

94.8 90.8
98.3 97.2

10% FCS
1%HSA

90.7
97.7 106 103

10% FCS 100 102
1% HSA 100 112

Plating efficiency: 10% FCS, 39%; 1% HSA, 30%. Results shown
are means of two experiments

dium in the absence of hamster cells. The metabolite pat-
tern and kinetics of the reactions were very much the same
as in the presence of cells. Thus, our experiments strongly
suggest that medium is responsible for the hydrolysis of
prednimustine to chlorambucil.

To investigate whether hydrolysis of prednimustine to
its components was connected with differences in cell
death, experiments in which the 10% (v/v) FCS was substi-
tuted by 1% (w/v) human serum albumin (HSA) were car-
ried out. The selection of 1% HSA was made because this
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Fig. 6. A Metabolism of [°H, “Clprednimustine, 30 ug/ml, in the
V79 cell medium system. B Metabolism of chlorambucil and pred-
nisolone, 15+ 15 pug/ml, in the V79 cell medium system. Percen-
tage of radioactivity in the medium is presented. Data are means
of two independent experiments

amount of albumin held prednimustine in solution and
gave a distinctly lower rate of hydrolysis than 10% FCS.
The amount of albumin present on 10% FCS addition is
approximately 2%. As seen in Table 1, hydrolysis of pred-
nimustine takes place at a much slower rate in the presence
of HSA than in the presence of FCS. The survival data
show a similar pattern, cell death beginning to be evident
between 6 and 8 h during treatment with FCS, whereas
none occurs until 12 h during treatments with HSA. This
indicates that prednimustine is inactive as an intact
molecule, and that it is the release of chlorambucil which
induces cell death.

The lack of cytotoxic activity of prednimustine itself
might be due to protective binding in the incubation medi-
um. Therefore, the binding pattern of prednimustine and
the combination of chlorambucil and prednisolone was in-
vestigated by means of polyacrylamide electrophoresis. In
both instances binding to the albumin band occurred.
However, different patterns of binding to other proteins in
the medium were found (Fig. 5). Prednimustine was found
to bind prominently to proteins migrating slowly, which
are found in the top slices of the gel column. Marked bind-
ing to the corticosteroid-binding globulin (CBG) migrating
just behind albumin was also found. This kind of binding
pattern was never seen in any medium containing the mix-
ture of chlorambucil and prednisolone. The lack of bind-
ing of prednisolone to CBG is most probably due to a slow
equilibration between prednisolone and CBG. This as-
sumption is supported by the appearance of prednisolone
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Fig. 7. A, B. Polyacrylamide electrophoresis of incubation medi-
um after treatment with A “C, *H-prednimustine: “C activity,
— @ —; 3H-activity, — A —; B a mixture of “C-chlorambucil
(— ® —)and3H-prednisolone (— A —)



at the position of CBG in samples taken at later times (re-
sults not shown). In the case of the mixture, radioactivity
from chlorambucil is present between the albumin band
and the marker dye.

Discussion

In Chinese hamster V79 cells prednimustine is 3—4 times
as active as chlorambucil or an equimolar mixture of
chlorambucil and prednisolone after 24 h treatment. Fur-
thermore prednimustine-induced cell death is very time-
dependent, being progressive during 24 h before the maxi-
mum effect is reached, whereas the maximum effect for
chlorambucil is obtained after 6 h.

The dose-response data for chlorambucil agrees with
that found by other authors for hamster cells [7, 16]; thus,
the increased potency of prednimustine makes this a useful
model for studying differences in action between the mix-
ture and prednimustine. Preliminary data indicate similar
differences for human breast cancer cells.

Prednimustine is hydrolyzed to prednisolone and
chlorambucil by esterases present in the FCS supplement,
but in this system prednisolone does not appear to play a
contributory role in the enhanced action of prednimustine
(see Figs. 3 and 4). Thus, we are left with the possibilities
that prednimustine is active as an intact molecule or that
an increased availability of chlorambucil after prednimus-
tine is responsible for the higher efficacy. The latter hypo-
thesis is more likely however, as previous experiments with
Walker carcinoma and L1210 cells in vitro have shown
that prednimustine cytotoxicity increases when a higher
rate of hydrolysis is induced by addition of hog esterases
[19]. However, to further substantiate this, FCS was substi-
tuted by HSA, which has a much lower level of esterase ac-
tivity. These studies showed that the kinetics of cell death
followed the hydrolysis of prednimustine to chlorambucil
and thus indicate that prednimustine per se does not cause
cell death. Rather, a prolonged availability of ¢chlorambu-
cil may be responsible for the difference in effect.

The metabolism data demonstrate that with the combi-
nation, although the cells are exposed to high levels of
chlorambucil and prednisolone during the first 4h of
treatment, the concentrations of chlorambucil are very low
at later time points. In fact, after 8 h the concentration was
lower than that obtained upon treatment with prednimus-
tine. Therefore, we suggest that the decrease in survival of
cells treated with prednimustine is due to a continuous ex-
posure to chlorambucil. Thus, cells which are in various
phases of the cell cycle on passage into the S phase are ex-
posed to a sufficient level of chlorambucil to cause cell
death. This hypothesis is partially substantiated by results
obtained by Newell et al. [12] in a Yoshida sarcoma resis-
tant to chlorambucil. They demonstrated that the antitu-
mor effect of a single SC injection of 40 mg/kg predni-
mustine could be mimicked by 20 doses of 1 mg/kg chlor-
ambucil + prednisolone given at 2-h intervals.

The plasma protein binding of prednimustine is very
high (unpublished results), and the present study shows
that the binding of prednimustine to the protein fraction
of the medium is more extensive than that of chlorambu-
cil, and also qualitatively different. This sequestration of
prednimustine probably makes the chloroethyl group of
the molecule less vulnerable to dechlorination and thereby
more stable than that of chlorambucil. Although sequestra-
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tion is known to occur for other alkylating agents, such as
nitrogen mustard and nitrosoureas [17, 18], this appears to
be more pronounced for prednimustine. It is also reason-
able to belive that the protein binding governs the rate of
hydrolysis and thereby the cytotoxicity of prednimustine.

Pharmacokinetic studies in patients have indicated that
the elimination of chlorambucil after administration of
prednimustine is prolonged compared with that of chior-
ambucil per se [5], and it has been speculated that this
finding indicates that the rate of elimination of chloram-
bucil is governed by the rate of formation, i.e., a flip-flop
mechanism [14]. This, together with the results of this
study, indicates that the increased clinical efficacy of pred-
nimustine over that of its components is due to a pro-
longed availability of chlorambucil.
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