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Degradation of melphalan in vitro: rationale for the use
of continuous exposure in chemosensitivity assays*
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Summary. The hydrolysis of melphalan in cell culture me-
dium at 37° C has been studied. Degradation of melphalan
proceeded via monohydroxy-melphalan (MOH) to dihy-
droxymelphalan [M(OH),] with a half-life of 66 min for
melphalan and 58 min for MOH. The half-life for mel-
phalan was similar to the terminal half-life of the drug in
vivo. The effect of the two metabolites, MOH and
M(OH),, on the chemosensitivity of K562 leukaemia cells
during continuous exposure to melphalan was also ex-
amined. M(OH), had no potentiating effect on melphalan
cytotoxicity at concentrations up to 100 ug/mi. MOH also
had little effect on cell kill at concentrations higher than
those commonly achieved during in vitro chemosensitivity
assays. The LDs, for 1 h exposure to melphalan was twice
that for continuous exposure: this also suggests no inter-
ference by MOH and M(OH),. These data suggest that
continuous exposure of melphalan in in vitro chemosensi-
tivity assays is probably preferable to the arbitrary 1h
drug exposure time commonly employed.

Introduction

The optimum exposure for a drug when tested in an in
vitro chemosensitivity assay should be that which best
reflects the pharmacokinetic properties and the concentra-
tion of the drug in the in vivo situation. Varied drug expo-
sure times have therefore been used in experiments using
established cell lines according to the stability, schedule
dependency and other properties of the drug under inves-
tigation {13, 15, 16]. However, in work using human
primary tumour samples for the prediction of clinical
response, where a large number of drugs must be tested
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simulataneously, such varied exposure times are not
feasible [3]. Workers in this area have, therefore, tended to
use either 1 h or continuous drug exposure.

Melphalan is one of the drugs which is often incubated
with cells for 1 h, as it is unstable and schedule-indepen-
dent (i.e. not phase-specific) [4]. However, we recently
found that the half-life of the drug at 37° C in cell culture
medium [6] was very similar to its terminal half-life in vivo
in man [1, 2, 7, 9, 19]. It may be better, therefore, to incu-
bate melphalan continuously in in vitro chemosensitivity
assays, but this depends on whether the degradation prod-
ucts of the drug interfere with the cell kill caused by the
parent compound.

This work describes experiments to further investigate
the degradation of melphalan in medium and determine
whether the two known degradation products MOH' and
M(OH), [17] interfere with the cytotoxicity of melphalan in
the differential staining cytotoxicity (DiSC) assay [5] and a
colony-forming assay.

Materials and methods

K562 human leukaemia cells were maintained in liquid
culture with RPMI-FBS as described previously [S].

For the DiSC assay, asynchronous cells were sus-
pended in fresh RPMI-FBS at a concentration of 10*
cells/ml and incubated for 4 days with the drug conditions
indicated in “Results”. At the end of this time, the DiSC
assay was performed using procedures described previ-
ously [5].

For the colony-forming assay, cells were plated at 10°
cells/ml in an upper agar layer of 0.3% agar in RPMI-FBS
over a base layer of 0.5% agar in the same medium in a
35-mm plastic petri dish. Colonies containing 40 or more
cells were counted at 10—14 days. Cloning efficiency aver-
aged 24%.

Drug exposure was either continuous (for the colony-
forming assay, the drug was incorporated into the upper
agar layer at twice the required final concentration) or 1 h.
In this latter case, cells were incubated with the drug at
37° C and washed twice with fresh medium, thus reducing
the final drug concentration to a calculated 0.16% of the
initial value.

Melphalan degradation in previous experiments had
been measured using an HPLC system already described
[8], but the mobile phase could not quantify the MOH and
M(OH), peaks. A new mobile phase was therefore devel-
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Fig. 1. HPLC traces showing (a) an extract from medium and (b)
an extract from medium containing 20 y1g/ml melphalan after in-
cubation for 180 min at 37° C. I, point of injection; M, melpha-
lan; MOH, monohydroxymelphalan; M(OH),, dihydroxymel-
phalan. The chromatograms run from right to left

oped for this work, consisting of 10 mM SDS and 11 mM
sulphuric acid in 67% methanol water (SDS:conc. sul-
phuric acid:methanol: water 6.49:2.5:1500:750, w/w/v/V).
This separated the melphalan, MOH and M(OH), peaks
from those due to the medium (Fig. 1).

Melphalan (Alkeran, Wellcome Laboratories, Becken-
ham, Kent) was dissolved in the solvent supplied, and then
diluted with NS to 1 mg/ml. This solution was then added
to RPMI-FBS to give a final solution containing 20 ug/ml
melphalan and was kept at 37°C. At intervals samples
were taken, the protein precipitated by the addition of 2
parts of methanol and microcentrifugation, and the re-
sulting supernatant analysed by HPLC.

MOH-mix 1 was made for the DiSC assays by heating
1 mg/ml melphalan in NS for 6 h at 49° C. MOH-mix 2
was subsequently made for the colony-forming assay ex-
periments by heating the same solution for 85 min at 59° C
to produce a mix that contained a higher melphalan con-
centration, so that allowance could be made for diffusion
of the drug into the feeder layer. M(OH), (1 mg/ml) was
made by heating a melphalan solution overnight [10].
M+M(OH), was then made by adding appropriate
amounts of melphalan and M(OH), together to give the
same concentrations of melphalan and M(OH), as were
found in the MOH-mix. Different concentrations of
MOH-mix and M+ M(OH), were made by diluting with
NS so that the proportions of melphalan, MOH and
M(OH), remained constant.

For curve fitting and calculating AUCs it was assumed
that melphalan degraded directly to MOH and then to
M(OH), [8]. Peak height versus time results of the HPLC
assay of melphalan to MOH and M(OH), were fitted
simultaneously by the non-linear regression computer
program NONLIN [14] using the apparent first-order rate
constants k; and k,. The equations used were:

[melphalan] = Ae—¥it+w0) (1)
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where the concentration of a species is denoted by [ ], t, is
the apparent time that the solution of melphalan had
decayed before the experiment started (this allows for the
observation we made that melphalan powder contains
approximately 7% MOH). 4 is the projected melphalan
concentration at time t = 0 —t, and R, and R, are the pro-
portional detector responses for equal quantities of MOH
and M(OH), respectively, taking the detector response of
melphalan as 1. In practice, peak heights of melphalan,
MOH and M(OH), at time t (e.g., all the data points in
Fig. 2) were fed into the computer which calculated A, t,,
k,, k,, R; and R,. Actual concentrations of MOH and
M(OH), were then calculated by multiplying the peak
heights by the detector response to melphalan and either
R, orR,.

AUCs from t = 0 to o were calculated, using the pa-
rameters calculated above averaged over four experiments,
using the following equations:

_e—kit
AUC melphalan = _l\kﬁg (or %ﬁi—l) fort=0tot) (4)
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A MOH = —
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where M, is the concentrations of melphalan att = 0. The
MOH AUC in MOH-mix was calculated as a proportion
due to the melphalan using Eq. 5, plus a proportion due to
the initial MOH present (MOH,) using Eq. 6:

MOH,

AUC MOH =
ky ©)

Results

Figure 1 shows the elution pattern of melphalan and its
hydrolysis products using the mobile phase that we devel-
oped to separate MOH and M(OH), from the peaks due to
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Fig. 2. Degradation of 20 pg/ml melphalan in RPMI 1640 medi-

um at 37° C. Computer-calculated lines of best fit are drawn. O,
Melphalan; A, MOH; O, M(OH),
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Table 1. Kinetics of melphalan and MOH hydrolysis in medium of 0.37 ug/ml, M(OH), had no effect on K562 cells even at

Melphalan (20 pg/ml) was incubated at 37°C. Parameters concgntrations up to 100 pg/ml. Similarly in the colony-
(mean + SD) were calculated from the computer-fitted curves of 4 ~ L0rming assay, M(OH), at 50 ug/ml had no cytotoxic

experiments, of which Fig. 2 is representative effect (cell survival was 109.6% of the control value; not
illustrated).
Parameter Melphalan MOH The decay of melphalan in NS produced similar curves
- to those in Fig. 2 except that the half-life of MOH was cal-
ke (min=1) 0.0108.+0.0012 0.0120+0.0009 culated to be almost twice that of melphalan. This gave
half-life (min) 66.1+738 58.144.6 higher concentrations of MOH and so was a useful origin
AUC (min - pg/ml)® 1877 £225 1940+ 155 g ) T 0L : g
for solutions containing high concentrations of MOH for
« k, for melphalan, k, for MOH the cell survival experiments. (Pure MOH was not avail-
® Fromt = 0 to o calculated using Egs. 4 and 5 able due to the lack of isolation or synthesis facilities.)

Proportions of melphalan: MOH:M(OH), in the MOH-

mix 1 (used in the DiSC assay) were approximately
components in the media. In Fig. 2, the results of one of 1:20:70, and in the control M + M(OH), 1:0.5:70. Propor-
four studies of melphalan degradation in medium are pre- tions of melphalan: MOH:M(OH), in the MOH-mix 2
sented. The curves are those calculated by computer, and (used in the colony-forming assay experiments) were ap-
fitted Eqgs. 1-3 very well, with 72 values always =>0.989. proximately 1:6.2:7.5 and in the control M+ M(OH),
The calculated terminal half-lives and AUCs for melpha- 1:0.1:7.5.

lan and MOH were found to be similar (Table 1). After in- The cell-killing effects of MOH-mix (containing a high
cubation of melphalan overnight, M(OH), free of both concentration of MOH) and M+ M(OH), (low MOH)
melphalan and MOH was obtained. were then compared in both assays (Fig. 3b). Figure 3b

Figure 3a shows the effect on K562 cells in the DiSC also includes the results from Fig. 3a, and from this it can
assay of continuous incubation of pure M(OH), compared be seen that the addition of a 70-fold excess of M(OH), did
to that of melphalan. Whereas melphalan showed an LDy, not cause any change in the LDs, for melphalan in the
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Fig 3. a Effect of continuous incubation with melphalan (®) and M(OH), (O) on the survival of K562 cells in the DiSC assay. b Effect of
continuous incubation with M+ M(OH), (®, A), and MOH-mix (O, A) on the survival of K562 cells. O, @, DiSC assay, MOH-mix 1;
A, A, colony-forming assay, MOH-mix 2; ————— , recapitulation of relevant information from a. Melphalan: MOH:M(OH), ratios
were: O, 1:0.5:70; @,1:20:70; A, 1:0.1:7.5; A, 1:6.2:7.5. Addition of a 70-fold excess of M(OH), did not cause any change in the LDy,
for melphalan in the DiSC assay (@ ®vs ® ®). In the colony-forming assay, MOH at 6 x the melphalan concentration
gave a small increase in cell kill (A A Vs A A); in the DiSC assay, a greater increase in cell kill due to MOH was seen at
the higher concentrations tested, due to the use of MOH at 20 x the melphalan concentration (O Ovs @ @). Results are
means + SD of three experiments (SDs around 100% were too small to plot)
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Fig. 4. Comparison of 1 h (@) with continuous (x) exposure of
melphalan on the survival of K562 cells in the DiSC assay. Re-
sults are means + SD of three experiments

DiSC assay. In the colony forming assay, MOH at 6 x the
melphalan concentration gave a small increase in cell kill;
in the DiSC assay, a greater increase in cell kill due to
MOH was seen at the higher concentrations tested, due to
the use of MOH at 20 x the melphalan concentration.

With a half-life of 66 min in RPMI-FBS, the melpha-
lan AUC for continuous incubation would be approximate-
ly double that of a 1 h incubation of the drug (calculated
from Eq. 4). Thus it would be expected that the LD, of
continuously exposured melphalan should be approxi-
mately half that of a 1h exposure. A final experiment
was therefore performed with the DiSC assay to test
this and the results are presented in Fig. 4, from which an
LDy, of 1.02 pg/ml was calculated for 1 h exposure and
0.50 pg/ml for continuous incubation.

Discussion

Melphalan, as a schedule-independent drug [4] has been
incubated in cytotoxicity assays for I h by some authors
and continuously by others [3, 5, 12, 18]. A wide variation
in drug concentrations have been used ranging from 0.01
[3] to 12 ug/ml [18].

In this work we have been able to confirm our earlier
results [6] that the half-life of melphalan in medium is simi-
lar to the terminal half-life of the drug in vivo, with values
of 66.1 +£7.8 min in medium compared with average values
of 64—83 min in vivo after i.v. administration {1, 7, 9, 19].
This suggests that allowing melphalan to remain in contact
with cells during a chemosensitivity assay may reflect the
situation in vivo better than a short-term exposure.

The results of the degradation product studies (Fig. 3)
show that a concentration of <50 pg/ml M(OH), had no
effect on K562 cells. The cytotoxicity of melphalan
(M +M(OH),) was not greatly increased by a concentra-
tion of up to 10 ug/ml MOH in the DiSC assay (0.5 ug/ml
melphalan point, Fig. 3b, melphalan: MOH ratio 1:20) or
6 ug/ml in the colony-forming assay (1.0 ug/ml point,
melphalan:MOH ratio 1:6.2). MOH at this level of 6.0 ug/

ml would produce an AUC for MOH of 530 min - ug/ml
(calculated using Eq. 4) which could only be produced in a
chemosensitivity assay by adding melphalan at an initial
concentration of 5.4 ug/ml continuously (calculated using
Eq. 5), or 11.4 ug/ml for 1 h. These values would exceed
the peak plasma concentration in vivo after i.v. adminis-
tration of melphalan [3], and also be greater than all but
the highest melphalan concentration used in vitro. We
therefore conclude that the hydrolysis products of mel-
phalan will have a negligible effect on in vitro chemosensi-
tivity assays. These findings confirm the preliminary
observations of Goodman et al. [11] who suggested that,
compared to melphalan, 20 times the concentration of
MOH was required to kill the same proportion of cells and
that M(OH), was inactive.

The results presented in Fig. 4 confirm the suggestion
calculated from Fig. 2 that the LDs, of a 1 h incubation
ought to be approximately twice that of a continuous incu-
bation. If MOH or M(OH), had been significantly toxic,
then we could have expected the difference in LDy, to be
larger, as these degradation products would have been pre-
sent for a long time with continuous drug exposure.

One aim for those working with in vitro chemosensitiv-
ity assays should be to produce a system that as far as pos-
sible mimics the action of the drugs in vivo. This study
shows that for melphalan a continuous drug incubation
should be optimal in this respect. For some drugs it could
be argued that continuous incubation would reveal cyto-
static rather than cytotoxic activity. In the case of melpha-
lan, exposure is only short (a few hours) due to degrada-
tion, even with “continuous exposure” and so this is un-
likely to be of concern. We further suggest that additional
in vitro pharmacokinetic work should be undertaken to
determine whether continuous exposure reflects the in vivo
situation better for other non-schedule dependent drugs.

Acknowledgements. We thank Mr. Bob Yardley of the University
Computer Unit, University of Bath, for help with the pharmaco-
kinetic analyses, Caroline Henderson, Jean Foden and Susan
Forskitt for their help in preparation of the manuscript, Robin
Mendelsohn for his technical assistance and him “in whom are
hid all the treasures of widsom and knowledge”.

References

1. Alberts DS, Chang SY, Chen H-SG, Moon TE, Evans TL,
Furner RL, Himmelstein K, Gross JF (1979a) Kinetics of in-
travenous melphalan. Clin Pharmacol Ther 26: 73

2. Alberts DS, Chang SY, Chen H-SG, Evans TL, Moon TE
(1979b) Oral melphalan kinetics. Clin Pharmacol Ther 26:
737

3. Alberts DS, Salmon SE, Chen H-SG, Moon TE, Young L,
Surwit EA (1981) Pharmacologic studies of anticancer drugs
with the human tumor stem cell assay. Cancer Chemother
Pharmacol 6: 253

4. Bargolie B, Drewinko B (1977) Lethal and kinetic response of
cultured human lymphoid cells to melphalan. Cancer Treat
Rep 61: 425

5. Bird MC, Bosanquet AG, Gilby ED (1985) In vitro determi-
nation of tumour chemosensitivity in haematological malig-
nancies. Hematol Oncol 3: 1

6. Bosanquet AG (1985) Stability of melphalan solutions during
preparation and storage. J Pharm Sci 74: 348

7. Bosanquet AG, Gilby ED (1982a) Pharmacokinetics of oral
and intravenous melphalan during routine treatment of multi-
ple myeloma. Eur J Cancer Clin Oncol 18: 355



10.

11.

12.

14.

. Bosanquet AG, Gilby ED (1982b) Measurement of plasma

melphalan at therapeutic concentrations using isocratic high-
performance liquid chromatography. J Chromatogr 232: 345

. Bosanquet AG, Gilby ED (1984) Comparison of the fed and

fasting states on the absorption of melphalan in multiple my-
eloma. Cancer Chemother Pharmacol 12: 183

Furner RJ, Mellett LB, Brown RK, Duncan G (1976) A meth-
od for the measurement of L-phenylalanine mustard in the
mouse and dog by high-pressure liquid chromatography.
Drug Metab Dispos 4: 577

Goodman GE, Chang SY, Alberts DS (1980) The antitumor
activity of melphalan and its hydrolysis products. Proc Am
Assoc Cancer Res 21: 301

Hill BT, Whelan RDH, Rupniak HT, Dennis LY, Rosholt
MA (1981) A comparative assessment of the in vitro effects of
drugs on cells by means of colony assays or flow microfluor-
imetry. Cancer Chemother Pharmacol 7: 21

. Lihou MG, Smith PJ (1983) Quantitation of chemosensitivity

in acute myelocytic leukaemia. Br J Cancer 48: 559

Metzler CM (1969) NONLIN: A computer program for
parameter estimation in nonlinear situations. Upjohn Co.,
Kalamazoo (Technical report 7292/69/7292/005)

15

17.

18.

19.

215

. Perez DJ, Tattersall MHN (1983) Assessment of antimetabo-
lite cytotoxicity: a comparison of clonogenic assays and tri-
tiated deoxyuridine incorporation. Eur J Cancer Clin Oncol
19: 371

. Rupniak HT, Whelan RDH, Hill BT (1983) Concentration

and time-dependent inter-relationships for antitumour drug

cytotoxicities against tumour cells in vitro. Int J Cancer 32: 7

Vistica DT (1983) Cellular pharmacokinetics of the phenylala-

nine mustards. Pharmacol Ther 22: 379

Weisenthal LM, Marsden JA, Dill PL, Macaluso CK (1983) A

novel dye exclusion method for testing in vitro chemosensitiv-

ity of human tumors. Cancer Res 43: 749

Woodhouse KW, Hamilton P, Lennard A, Rawlins MD

(1983) The pharmacokinetics of melphalan in patients with

multiple myeloma: an intravenous/oral study using a conven-

tional dose regimen. Eur J Clin Pharmacol 24: 283

Received May 18, 1987/Accepted November 18, 1987



