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SUMMARY 

The detection of 4-bis(2-hydroxyethylhunino-1phenylaianine (L-DOH) in blood samples 
taken from patients after treatment with melphalan [4-bis(2~hloroethyl)amino-l-phenyl- 
alanine, L-PAM] suggests that the quantification of this major hydrolysate of L-PAM can be 
of considerable importance in L-PAM chemotherapy_ A reversed-phase high-performance 
liquid chromatographic procedure has been developed for the quantitative analysis of both 
L-PAM and L-DOH in biological samples, with a detection sensitivity of 0.1 ppm. This 
method provides a distinct separation of L-PAM (retention tune 12 min) and L-DOH (reten- 
tion time 6.5 min), with no interference from the biological background (retention time 
1.4-3 min). 

INTRODUCTION 

Melphalan [4-his-(2chloroethyl)amin o-l-phenylalanine, L-PAM] is an anti- 

neoplastic alkylating agent used in the clinical treatment of multiple myeloma, 
ovarian carcinoma, and breast cancer [2-6]. Recent reports 17-121 indicate 
that the phenomenon of L-PAM degradation has been studied in whole blood, 
blood plasma and serum, in bile, in distilled water, and in buffer solutions at 
various pH values. Because of the rapid degradation of L-PAM, noted in most 
of these reports,-the development of a technique for the distinct separation and 
quantification of-its major hydrolysate, 4-b&(2-hydroxyethyl)amino-l-phenyl- 
&nine (L-DOH); assumes a corresponding importance. While the measurement 
of L-PAM itself in various media has been achieved by gas-liquid chromato- 
graphic (GLC) 1131 and high-performance liquid chromatographic (HPLC) 

*A preliminary report has been presented at the FASEB meeting, Dallas, TX, 1979 [I]. 
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methods [8, 10, 121 in the analysis of biological fluid samples, the quantifica- 
tion of L-DOH has been largely neglected, in part as a consequence of difficul- 
ties in analytical procedures_ The GLC procedure of Goras et al. [13] requires 
the timecons uming and laborious derivatization of L-PAM and its hydrolytic 
products, and in the I-IPLC analyses [8,10,12] the biological background (tn = 
l-4-3 tin) interferes with L-DOH determination (tR = 2 min)_ The role of 
L-DOH in the mechanism by which L-PAM exerts its antineoplastic effect is 
not known In order to verify such a role a quantitative HPLC analysis of both 
L-PAM and L-DOH in biological samples has been developed and is described 
in this report, 

MATERIALS AND lCiETHODS 

Reagents 
lvelphalan (L-PAM), pharmaceutical grade, was obtained from Burroughs 

Wellcome (Research Triangle Park, NC, U.S.A.) through the courtesy of Dr. 
WD _ Brinkman. Dihydroxylated melphalan derivative (L-DOH) was syn- 
thesized according to the procedure of Fumer et al_ [12]. Acetonitrile, HPLC 
grade, was obtained from Fisher Scientific (Fairlawn, NJ, U.S.A.) and was 
used as received_ High-purity glacial acetic acid (Fisher Scientific) was diluted 
to 0.0175 M with double&stilled water. Other chemicals were of the highest 
purity available and were obtained from various commercial sources_ 

instruments 
A Perk&Elmer Model 601 high-pressure liquid chromatograph (Perkin- 

Elmer, Norwalk, CT, U.S.A.), equipped with two pumps and a gradient pro- 
grammer, delivered the eluting solvents at a constant rate to a high-capacity 
reversed-phase column (10 pm HCODS/SIL X-Cl8 (Perk&Elmer), 25 X 0.26 
cm ID_) with a variable-wavelength ultraviolet detector (Perkin-Elmer Model 
LC 55) attached to its outlet, The detector was interfaced with a laboratory 
data processing computer (Hewlett-Packard 3352-C) for instantaneous on-line 
quantification of the chromatographic data. Output signals were also recorded 
by a strip chart recorder (Perkin-Elmer Model 023). 

Anudy tical procedures 
Sundard L-P" solu Con_ The solution of L-PAM (5 pg/ml) was prepared 

in 5% tichloroacetic acid to simulate the solution in which the drug was ex- 
tracted from biological samples. To minimize L-PAM hydrolysis, the solution 
was prepared immediately before use_ A lo+1 aliquot of the solution was in- 
jected on to the column maintained at 50°C and solvent programming was 
begun at once with a flow-rate of l-5 ml/min and chart speed of 0.5 cm/min_ 
Within 14 min the composition of the solvent, initially 12% acetonitrile and 
88% 0.0175 M acetic acid, was converted by a concave gradient programmer 
to 80% acetonitrile and 20% 0.0175 M acetic acid, Detector sensitivity was 
varied from 0.002 to 0.2 absorbance units fuI.l scale. L-PA&I and its hydrolysate 
L-DOH were detected at 263 nrn, This procedure allowed reproducible measure- 
ment of L-PAM levels as low as 0.1 ppm. 

Standard curve of L-PAM and L-DOW in human blood_ Aliquots of L-PAM 
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or L-DOH solution (1 mg/ml) were added to human blood, obtained from the 
blood blank, to produce concentrations ranging from 0.1 to 1.0 pg/ml of blood. 
Each blood sample was centrifuged and the plasma collected. A l-ml aliquot 
of plasma was treated with 0.5 ml of 5% trichloroacetic acid solution, vortexed 
and centrifuged. The supematant was filtered through a Pillicon molecular 
filter (0.45 pm, Millipore). A lo-p1 aliquot of the clear filtrate from each con- 
centration was injected on to the column and standard curves obtained by 
plotting absorbance against concentration (pg/ml) as shown in Pig. 2 (see under 
Results). 

Clinical application of the analytical technique_ Blood samples from patients 
receiving L-PAM chemotherapy were obtained under the supervision of John 
Costanzi, Director of the Oncology Division, University of Texas Medical 
Branch at Galveston, In L-PAM chemotherapy [Southwest Oncology Group 
(SWOG) protocols], patients receive the drug orally for five days (5 mg/m’ per 
day), then rest for three weeks befare medication is administered again. Day 0 
is the last day of the resting perio 

1 
before a new cycle of medication; day 6 is 

24 h after the last dose of the dru _ The blood of patients at days 0 and 6 of a 
treatment cycle was analyzed. 

All blood samples were prepared for chromatographic analysis by the same 
procedures used to prepare samples for determination of the L-PAM standard 
curve as previously described. 

Time course of L-PAM and L-DOH in rats_ Male Sprague-Dawley rats (Charles 
River, Wilmington, MA, U.S.A.), ranging in weight from 190 to 200 g, were used, 
The animals were fed standard lab chow and tap water ad libitum, A fresh stock 
solution of L-PAM (4 mglml) was prepared in O-12 N HCl_ The dose of L-PAM 
(20 mg/kg) was admi&tered orally through an esophageal tube. Groups of 
three rats were killed by decapitation to collect blood samples at intervals of 
0, 0.5, 1, 1.5, 2, 4, 8, 12, 24, 48, and 72 h. The samples were prepared for 
analysis by the procedures previously described. 

RESULTS 

Pig. 1 illustrates the HPLC analysis of L-PAM (5 fig/ml) in 5% trichloro- 
acetic acid (A) and of L-PAM plus L-DOH “spiked” in human blood samples 
(B). The separation of L-PAM from L-DOH is distinct, allowing individual 
quantification. The peak corresponding to L-DOH (te = 6.5 min) is separated 
both from the L-PAM peak (tR = 12 min) and from background interference 
caused by the biological molecules (ta = 1.4-3 mm). 

The standard curves for L-PAM and L-DOH in human blood (Fig, 2) demon- 
strate the sensitivity and reproducibility of the new method_ Each point on 
the graph represents the mean of at least three separate analyses, and linearity 
is evident for both compounds from O-1 to 1.0 pg/ml (10 ~1 injection volume); 
line&i@ actually persisted to levels as high as 20 Dg/ml (not shown in the 
graphs)- None of the amino acidssuch as phenylalanine, tyrosine, or dihydroxy- 
phenylalan+e (DOPA) was found to interfere with the L-PAM or L-DOH assay. 
This technique allows quantification with a high degree of accuracy: in ten 
separate analyses of a standard concentration of L-PAM or L-DOH (1 rrg/ml), 
for instance, the range of difference in area under the L-PAM or L-DOH peak 
is only +- 10% of the mean. 
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Fig. l_ HPLC analysis, using W detection, of L-PAM and L-DOH “spiked” in human blood 
serum_ BIood samples were extracted with 5% trichloroacetic acid (TCA) and 10 ~1 of the 
extract were injected on to the chromatograph (see Materials and methods)_ (A) L-PAM; 
(B) L.-PAM plus I,-DOH. 

i 

Fig_ 2_ Standard &~rves for L-PAM (0) and L-DON (=) in human blood samples. Points are 
the mean of three determinations + SD. (loo-~1 aliquots were injected on to the HPLC 
column at 0.002 a.u.f.s.)_ 

Fig_ 3 represents three chromatograms of human blood- by HPLC anatysis 
The first chrotiatogram (Fig. 3A) is of no-at blood Suppl@zd by a blood bank- 
The Second and--.+&d (Fig, 3B and C) -are typi+ chrotitogr&& of blood 
saE~ples from patients; at *daJrs 0 and 6, r&pe&ivel~, tidaoing treatment un- 
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Fig. 3. Chromatograms of human blood samples. Typical chromatograms of: (A) normal, 
human- blood; (B) from a patient at day 0 of L-PAM treatment; and (C) irom a patient at 
day G-of tream_en& - . 

der -the SWOG-L-PAM regimen. Id&nticaI- preparation techniques were used for 
bIo&l &ripIs in z&analyses‘ so that the chromatograms could be compared 
e&ctIy~Tti the- da+ O~chrotiatogkm @Fig.-3C) no-&PAM peak appears, but the 
p&s&n& ‘of bDOH--(fR- = 6-5 2niii)‘is -clearly detected_ b,the day 6 chromato- 
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gram (Fig, 3C) the L-PAM peak is again absent, but the peak corresponding 
to L-DOD is considerably larger than in the day 0 chromatogram. These findings 
are consistent with the results of previous investigations which demonstrated 
that L-PAM disappears within a few hours following oral administration [14]. 
The present investigation, however, indicates that L-DOH remains in the blood 
for considerably longer periods of time than L-PAM; in fact, the L-DOH peak 
is detectable in blood samples collected more than three weeks after the last 
L-PAM ingestion_ 

Further identification of the L-DOH peak was achieved through chemical 
ionization (CI) mass spectrometry_ HPLC fractions corresponding to the L- 
DOH peak were collected, evaporated to dryness, dissolved in acetonitrile, and 
analyzed by direct-probe ammonia CI process, using a Finnigan 3200 quadru- 
ple gas chromatograph-mass spectrometer. The M + H ion peak (taken as the 
base peak) and the peaks of other ions characteristic in CI spectra of L-DOH 
were identical to those of an L-DOH authentic sample. 

The detection of L-DOH in patients’ blood long after L-PAM administra- 
tion triggered the study of comparative levels of L-PAM and L-DOH in rats 
following a single oral dose. Fig, 4 i&&rates the results of analyses of animal 
blood samples over a period of 72 h following L-PAM administration_ The 
concentration of L-PAM reaches its peak in about 2 h, decreases sharply within 
4 h, then drops below 1 pg/ml. The concentration of L-DOH, however, ranges 
from 2 to 5 pg/ml and does not vary significantly over a 72-h period. 

0. 0 4 8 12 16 2t~ 24 48 R 

Fig. 4. LeveIs of L-PAM (0) and L-DOH (I) in blood samples over a period of 72 h. Each 
point represents the mean of three animals. 

DISCUSSION 

The determination of drug metabolites is essential for the understanding of 
the mechanism of action of the parent molecule. Previous studies on L-PAM, 
however, have neglected the determination of melphalan metabolites and their 
roles in the mechanism of action of L-PAM_ The quantification of L-PAM 
metabolites has been impeded by difficulties in the analytical procedure. Chang 
et al. [S] reported that quantitative analysis of L-PAM hydrolytic products in 
biological samples is impossible by their HPLC method because of interference 
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from the biological matrix background. The HPLC methods of Furner et al. 
[ 121 and Flora et al. [lo] present similar problems of interference. 

There are several significant advantages of the HPLC method reported here; 
it accomplishes, by comparatively simple means, the distinct separation and 
quantification of L-PAM and L-DOH in biological samples with no background 
interference, and with a high degree of sensitivity accuracy, and reproducibility. 
The sensitivity of detection is consistently as low as 0.1 ppm, and the linearity 
of the standard curve in human blood serum persists at concentrations as high 
as 20 yg&ll. 

This method allo- the detection and quantification of L-DOH in patients 
receiving L-PAM chemotherapy. The observation that L-PAM was not detected 
in blood of patients 24 h after the last dose is in agreement with previous 
pharmacokinetic studies 1141. These studies suggested that, in humans follow- 
ing an oral administration, L-PAM quickly disappeared with a half-life of 67 
min. Although the fate of L-DOH was not reported in their studies, Tattersall 
et al. 1141 indicated that there is a prolonged terminal phase in the disappear- 
ance of label from the plasma of patients receiving an oral dose of L-[‘4C] PAM. 
The delayed detection of L-DOH observed in our studies agrees with this obser- 
vation and suggests that L-DOH is the major component of the label. Albert et 
al. [15] reported that no L-DOH was detected 24 h following an oral adminis- 
tration of L-[ 14C] PAM. In their studies, however, they utilized HPLC methods 
described by Chang et al. [S] and Fumer et al. 1123 , where the quantitation 
of L-DOH seems to be impossible due to the interference from biological 
materials. 

Our animal studies also indicated a delayed elimination of L-DOH where 
2-3 yg/ml was detected 72 h following the administration of a single oral 
dose. Vistica et al. 1161 reported that L-PAM is transported across the cellular 
membrane by an amino-acid carrier transport system. Therefore delayed 
elimination of L-DOH in humans and rats may be due to its reabsorption in 
the kidney tubules by the same mechanism responsible for the active transport 
of amino acids. Although the role of L-DOH in L-PAM chemotherapy is not 
yet known, the rapid degradation of L-PAM compared with the persistence 
of L-DOH suggests that its role, which needs to be clarified, may be an im- 
portant one. 
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