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Abstract

A reversed-phase high-performance liquid chromatography (HPLC) method was developed to determine 6-mercaptopurine
(MP) and seven of its metabolites (6-thioguanine, 6-thioxanthine, 6-mercaptopurine riboside, 6-thioguanosine, 6-thio-
xanthine riboside, 6-methylmercaptopurine and 6-methylmercaptopurine riboside) simultaneously in human plasma. A
volume of 100 pl of plasma was used. Protein was removed from the sample by a simple and easy ultrafiltration step and
ultrafiltrate was directly injected onto the HPLC system. Analytes were detected and confirmed with a diode-array detector
before quantitation at 295 and 330 nm. The limit of detection for the analytes ranged from 20 to 50 nM. For the majority of
patients receiving a 1 g/m® MP intravenous infusion, MP and all metabolites except 6-thioguanine and 6-methylmercap-
topurine riboside were present. This method serves as useful tool to characterize pharmacokinetics and pharmacodynamics of
MP in oncology patients, and the small volume of plasma lends itself to pediatric studies. O 1999 Published by Elsevier
Science BV. All rights reserved.
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1. Introduction

6-Mercaptopurine (MP) constitutes an important
part of the backbone for the treatment of childhood
acute lymphablastic leukemia (ALL). It is an inactive
prodrug that is converted into cytotoxic and inactive
metabolites (Fig. 1). MP is metabolized intracellular-
ly into 6-thioinosine 5’-monophosphate (TIMP) by
hypoxanthine  phosphoribosyltransferase  (HPRT),
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and subsequently into 6-thioxanthosine 5’-mono-
phosphate (TXMP) and 6-thioguanosine nucleotides
(mono-, di- and triphosphates, TGNs) [1]. TGNs are
active metabolites of MP, which incorporate into
DNA and RNA, causing cytotoxicity. Thioguanine
(TG) base is an dternate substrate for HPRT; it is
metabolized directly to 6-thioguanosine 5'-mono-
phosphate (TGMP). Inactivation of MP and its
metabolites is catalyzed by two primary enzymes:
methylation by thiopurine S-methyltransferase
(TPMT) and oxidation by xanthine oxidase. In vitro
studies have shown that MP, TIMP and TGMP were
methylated by TPMT to 6-methylmercaptopurine
(MeMP), 6-methyl-thicinosine 5’-monophosphate
(MeTIMP) and 6-methyl-thioguanosine 5'-mono-
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Fig. 1. 6-Mercaptopurine metabolic pathways are indicated by solid arrows: dashed arrows indicate putative products of dephosphorylation
to nucleosides and further catabolism to nucleobases, process that have not yet been fully elucidated in plasma from patients. HPRT,
hypoxanthine phosphoribosyltransferase; TPMT, thiopurine methyltransferase; XO, xanthine oxidase; IMPD, inosine monophosphate
dehydrogenase; GMPS, guanosine monophosphate synthetase.

phosphate (MeTGMP) [1]. Xanthine oxidase, which via 6-mercapto-8-hydroxypurine and thioxanthine
is mainly active in liver, intestine and kidney [2], (TX) [3,4]. TX can also be formed from the metabo-
catabolizes MP to give inactive thiouric acid (TUA) lism of TG aternatively [5].
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Published analytical methods for MP in biological
fluids dated back to the 1950s [6] after its intro-
duction by Elion et a. [7]. The initial drug analysis
was performed in plasma in order to characterize the
pharmacokinetics of MP. Recent studies have been
focused on the determination of MP and its metabo-
lites in erythrocytes [8—10] or DNA [11,12]; phar-
macodynamic relationships have been established
between red blood cell (RBC) TGNs with efficacy
and toxicity of MP in childhood ALL [13,14]. The
relationship between plasma pharmacokinetics and
cellular levels of MP and its metabolites has not been
well defined.

Various methodologies have been incorporated
into  high-performance liquid chromatography
(HPLC) to detect MP in plasma [15-21], some of
which have involved more complicated extraction or
derivatization procedures. Attempts have also been
made in recent studies to determine thiopurine
nucleosides and bases in biological fluids. Most of
the methods determined relatively few thiopurines
[22—26], while Keuzenkamp-Jansen et a. analyzed
nine thiopurine nucleosides and bases in human
plasma and urine [5]. Other investigators concen-
trated on detection of specific MP metabolites such
as 6-methylcaptopurine riboside (rMeMP) [27].

In the current study, we report a simple, quick and
accurate method to determine plasma concentrations
of MP, TG, TX, 6-mercaptopurine riboside (rMP),
6-thioguanosine (rTG), 6-thioxanthine riboside
(rTX), MeMP and rMeMP simultaneously. Quantita-
tion of thiopurine nucleosides and bases was
achieved by using a gradient HPLC assay coupled
with diode-array detection. Precision, accuracy and
recovery were determined for al anaytes in the
study and application of the method for assay of
plasma samples was demonstrated.

2. Experimental
2.1. Chemicals

6-Mercaptopurine (MP), 6-thioguanine (TG), 6-
thioxanthine (TX), 6-mercaptopurine riboside (rMP),
6-thioguanosine (rTG), 6-methylmercaptopurine
(MeMP) and 6-methylmercaptopurine riboside
(rMeMP) were obtained from Sigma (St. Louis, MO,

USA); 6-thioxanthine riboside (rTX) was a generous
gift from the National Cancer Ingtitute (Bethesda,
MD, USA); TE buffer was from Promega (Madison,
WI, USA); Microcon 10 ultrafiltration concentrators
were from Amicon (Beverly, MA, USA); 0.2 pm
nylon-66 filters used for mobile phase preparation
was from Varian (Harbor City, CA, USA). All other
chemicals were from Fisher (Fair Lawn, NJ, USA)
and water used for al buffers was purified in a
Milli-Q UV plus system (Millipore, Bedford, MA,
USA).

2.2. Instruments

The liquid chromatograph consisted of an auto-
mated system with two Shimadzu (Columbia, MD,
USA) LC-10AS liquid chromatograph pumps, a
Shimadzu SCL-10A system controller, a Shimadzu
SIL-10A autoinjector, a Shimadzu sample cooler
kept at 4°C, and a Hewlett-Packard (Wilmington,
DE, USA) 1100 diode-array detector. The data were
acquired and analyzed using HP ‘‘Chemstations’”
software running on a Hewlett-Packard Vectra XA
computer.

2.3. Chromatographic conditions

Separation of MP and its metabolites was per-
formed on a Supelco (Bellefonte, PA, USA) re-
versed-phase analytical column (Supelcosil LC-18,
250X4.6 mm I.D., 5 pm particle size). A Supelco
LC-18 guard column was used. There were two
mobile phases. Mobile phase A consisted of 30 mM
ammonium phosphate monobasic (pH 2.99)—metha-
nol (98:2, v/v). Mobile phase B consisted of 30 mM
ammonium phosphate monobasic (pH 2.99)—metha-
nol (60:40, v/v). Flow-rate was maintained at 1
ml/min, with a pressure of less than 2500 p.s.i.
throughout the run (1 p.s.i.=6894.76 Pa). The sam-
ples were isocratically eluted with 10% mobile phase
B for the first 20 min, at which time a 15 min linear
gradient to 100% mobile phase B was initiated and
continued to the end of the run at 50 min. Thereafter
the mobile phase was returned to 10% mobile phase
B and 10 min were required for baseline stabiliza-
tion. Autoinjection was made every 60 min with an
injection volume of 50 pl. The autosampler was
rinsed with 40% (v/v) methanol solution.
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The diode-array detector was set for peak integra-
tion at 330 nm for the first 30 min, then changed to
295 nm until the end of the run, with UV scans from
200 to 400 nm for each marked peak.

2.4. Sock solutions, calibrators and control
samples

The stock solutions of rMP, rTG, rTX and rMeMP
were prepared using deionized water; MP, TG, TX
and MeMP were dissolved in 0.5 M NaOH, and the
pH of the solution was then adjusted to 4-5 with 0.5
M HCI. All stock solutions were stored at —70°C
and periodically checked by HPLC.

Calibrators and control samples were prepared by
spiking the stock solutions to pooled human plasma.
The ranges of the calibration curves were different
for the eight standards because of differences in
anticipated concentration from patient plasma sam-
ples following an intravenous (i.v.) dose of MP at 1
g/m”. The ranges were: MP, 1-64 uM; rMP, 0.2—-13
pM; TG and rTG, 0.1-3 pM; TX, rTX and MeMP,
0.2-6 pM; and rMeMP, 0.02-1.3 pM. Standard
curves were fitted by linear regression using the peak
area versus concentration curve.

2.5. Sample preparation

A 100-p! volume of plasma sample was pipetted
into a 1.5-ml Eppendorf tube, and 25 pl of 1 M HCI
was added. The sample was vortexed and kept on ice
for 10 min. A 25-pl volume of TE buffer was added,
and the sample was vortexed again and kept on ice
for an additional 10 min. Protein was removed by
ultrafiltration using a Microcon 10 concentrator at
4°C, 1700 g for 1 h. A 50-pl aliquot of ultrefiltrate
was injected onto the HPLC system.

2.6. Precision, accuracy and recovery

Intra- and inter-day precision and accuracy of the
assay were determined by analyzing plasma repli-
cates a known low and high concentrations of
thiopurines. Intra-day analysis was performed with
10 spiked replicates on the same day whereas inter-
day evaluation was done on five different days.
Accuracy was calculated as the percent error of the
mean concentration from the spiked samples de-

viated from the target concentration (mean concen-
tration/target concentrationx100%) and precision
was determined by the relative standard deviation
(RSD). Precision and accuracy were also determined
for three unknown plasma samples spiked with low,
medium and high concentrations of thiopurines (each
containing al eight analytes), with the analyst
blinded to the sample preparation and concentrations.

Recoveries of analytes were determined by com-
paring the peak areas from spiked plasma samples
with those from samples prepared with water at the
same concentrations within the validated ranges.
Seven replicates at low and high concentrations were
analyzed.

2.7. Peak identification

Both retention time and UV spectra were used for
peak identification. A UV spectra library was built
for each of the standard compounds (MP, TG, TX,
rMP, rTG, rTX, MeMP and rMeMP) by using
control samples. The UV spectra of chromatographic
peaks in patient samples with retention times corre-
sponding to authentic standards were compared with
the UV spectra of standards in the library to confirm
peak identity.

2.8 Patients and sample collection

Blood was collected into heparinized tubes prior to
and at 3, 6 and 20 h from the start of a1 g/m” 6 h
i.v. MP infusion in children with ALL. After collec-
tion, the sample was centrifuged at 500 g for 2 min
at room temperature. Plasma was aspirated into a
screw cap via and stored at —70°C until assay.

3. Results
3.1. Sample injections

A typical chromatogram of pooled human plasma
spiked with the eight standards is presented in Fig. 2.
Quantitation of analytes (TX, TG and rTG) in
extracted samples was more reproducible when
injected using a sample cooler than injection at room
temperature. For example, for plasma spiked with
rTG ranging from 0.2 to 3.2 wM, the mean=standard
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Fig. 2. Chromatogram of pooled human plasma spiked with thiopurine standards. Chromatographic conditions were as described in
Experimental with numbers indicating retention time in minutes. The elution profileis as follows: TG, 6-thioguanine; MP, 6-mercaptopurine;
TX, 6-thioxanthine; rMP, 6-mercaptopurine riboside; rTG, 6-thioguanosine; rTX, 6-thioxanthine riboside; MeMP, 6-methylmercaptopurine;

rMeMP, 6-methylmercaptopurine riboside.

deviation (SD) difference in peak area among repli-
cates was 28.4+13.1% at room temperature com-
pared to 0.7+4.7% at 4°C. Because of that, an
autosampler cooler was used for all subsequent assay
procedures to decrease variability.

3.2 Calibration curves and detection limits
The standard curves demonstrated a linear rela-

tionship between peak areas and concentrations for
al eight analytes (Table 1). The detection limit was

Table 1

about 20 nM for MP, TX, rMP, ITX, MeMP and
rMeMP and 50 nM for TG and rTG.

3.3 Precision, accuracy and recovery

The intra-day (n=10) and inter-day (n=5) preci-
sion and accuracy of the assay are summarized in
Table 2. RSD for intra- and inter-day analysis was
<9% for al of the compounds and the accuracy
ranged from 89.9 to 113% at known low and high
concentrations of all eight analytes. Accuracy results

Regression parameters for calibration curves of pooled human plasma spiked with thiopurine standards®

Slope (area/ uM) y-Intercept (area) Correlation coefficient
(mean=SD) (mean=SD) (mean=SD)
MP 32.2+0.97 —1.20+3.10 1.000+0.000768
TG 24.8+259 —1.19+0.75 0.999+0.000693
TX 28.9+1.39 0.40+1.16 0.999:+0.000819
rMP 37.5+1.58 —157*+1.12 0.999+0.000753
TG 26.0+1.19 —0.82+£0.31 0.999+0.000732
X 32.4+1.08 —1.47+1.09 0.999+0.000752
MeMP 23.3+1.20 —0.49+0.64 1.000+0.000612
rMeMP 29.3+151 0.40+0.13 0.999+0.000703

® Cdlibration curves were obtained from four consecutive runs performed over a more than half-year period.
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Table 2

Precision and accuracy of standards in pooled human plasma spiked with known concentrations of thiopurines

Standard Intra-day (n=10) Inter-day (n=5)
Concentration (uM) RSD Accuracy Concentration (M) RSD Accuracy
(mean+SD) (%) (%) (mean+SD) (%) (%)
MP 2.78+0.070 253 100.7 2.85+0.079 2.78 104.1
58.6+0.550 0.94 101.6 57.8+1.08 188 100.3
TG 0.156+0.003 218 113.0 0.145+0.013 8.74 105.3
2.92+0.024 0.81 101.2 2.91+0.061 2.09 101.0
X 0.263+0.010 3.75 95.6 0.278+0.015 5.46 101.2
5.90+0.063 1.07 102.5 6.09+0.465 7.63 105.8
rMP 0.531+0.015 2.76 96.2 0.566+0.015 272 102.6
11.6+0.096 0.83 100.8 11.5+0.175 151 100.0
TG 0.141+0.003 2.09 102.3 0.140+0.004 2.83 1015
2.87+0.026 0.89 99.7 2.85+0.071 2.50 99.1
rTX 0.266+0.006 215 96.6 0.276+0.017 6.21 100.1
5.65+0.050 0.89 98.0 5.38+0.483 8.97 934
MeMP 0.272+0.012 4.26 98.6 0.268+0.010 3.77 97.0
5.81+0.058 1.00 100.8 5.75+0.097 1.68 99.9
rMeMP 0.051+0.002 4.60 93.2 0.050+0.004 7.10 89.9
1.16+0.017 147 99.9 1.17+0.027 2.28 100.9

determined by analysis of unknown plasma samples
are shown in Table 3.

Recoveries from plasma were above 80% for all
compounds at low concentrations and were above
85% for all anaytes at high concentrations, with the
exception of TX, which had somewhat lower re-
covery (Table 4).

34. Application to patient samples

The assay was suitable for assay of patient plasma.
Chromatograms from a patient plasma sample before
and 3 h from the start of a6-hi.v. infusion of 1 g/m?
MP are shown in Fig. 3a. The UV spectrum confirm-
ing identification for one of the peaks is aso
included in Fig. 3b.

4. Discussion

The current study reports the simultaneous analy-
sis of MP and seven of its metabolites in a single

chromatographic run. Our assay is similar to that
reported by Keuzenkamp-Jansen et a. [5], athough
we also quantified rTX, which was present at signifi-
cant concentrations with i.v. dosing of MP. Keuzen-
kamp-Jansen et al. used a protein precipitation step
with perchloric acid in their sample preparation, and
the eluted compounds were quantified using three
different sets of wavelengths and chromatograms. We
used hydrochloric acid for acidification to minimize
possible oxidation of the thiopurines during prepara-
tion, and added an ultréfiltration step to remove
protein. We found that perchloric acid destroyed rTX
spiked to plasma samples. Our steps for protein
removal and sample preparation were relatively
quick and easy compared with other complicated
extraction procedures, [15,19,20,25,28] and resulted
in adequate recovery of all compounds, including
rTX. The use of diode-array detection in the current
method offered the advantage of confirming the
identity of putative metabolites, particularly those in
low abundance. Moreover, an intra-run wavelength
change in our assay facilitated the quantitation of
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Table 3
Precision and accuracy for three replicates of unknown plasma sample spiked with different concentrations of compounds, with the analyst
blinded to the sample preparation and concentrations

Compound Target concentration (M) Mean observed concentration (M) RSD (%) Accuracy (%)
MP 1.79 1.68 0.95 93.7
15.0 13.6 1.49 90.5
31.9 27.7 1.06 86.8
TG 0.15 0.18 2.02 1215
124 1.32 1.27 106.0
2.64 2.73 1.65 103.3
X 0.28 0.27 2.12 935
2.38 2.42 2.57 101.6
5.06 5.09 157 100.6
rMP 0.59 0.58 1.19 98.1
4.95 5.03 1.56 101.6
105 10.4 1.23 99.2
TG 0.16 0.15 1.82 96.7
135 1.33 150 98.5
2.86 2.78 2.61 97.3
rmx 0.30 0.28 2.57 92.6
2.80 2.58 1.29 92.1
5.95 5.47 3.23 91.9
MeMP 0.27 0.25 1.12 914
231 2.33 1.72 100.6
491 4.90 141 99.9
rMeMP 0.07 0.063 7.41 90.5
0.59 0.66 0.20 111.1
1.25 1.36 1.09 109.1
Table 4
Mean recoveries of thiopurines at low (n=7) and high (n=7) concentrations of anaytes
Compounds
MP TG X rMP ImG mx MeMP rMeMP
Low concentration
Concentration (uM) 2.75 0.14 0.28 0.27 0.14 0.28 0.27 0.03
Mean recovery (%) 95.9 103.7 82.9 96.5 100.4 86.4 927 105.2
RSD (%) 3.6 10.8 3.2 21 4.4 4.0 4.8 8.6
High concentration
Concentration (M) 575 2.88 5.78 5.70 2.86 5.76 571 0.60
Mean recovery (%) 924 95.5 74.7 91.0 94.4 98.6 93.6 88.7

RSD (%) 24 4.8 3.6 16 17 2.6 2.0 3.0
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Fig. 3. (& Chromatograms of patient plasma samples drawn immediately before and at 3 h after the start of a 6-h 6-mercaptopurine
intravenous infusion (1 g/m?). Analytes detected were: MP, 6-mercaptopurine; TX, 6-thioxanthine; rMP, 6-mercaptopurine riboside; ITG,
6-thioguanosine; rTX, 6-thioxanthine riboside; MeMP, 6-methylmercaptopurine. (b) UV spectrum confirming identification of peak
corresponding to retention time of rMP in the same patient plasma sample obtained 3 h after MP infusion.

methylated and non-methylated MP bases and nu-
cleosides in a single run, with the methylated com-
pounds (having lower UV maxima) exhibiting later
retention times (Fig. 2). Good separation of the eight
analytes was observed using the current chromato-
graphic conditions. Interfering peaks were excluded
by the use of diode-array detection and sharp
symmetric peaks were obtained for all standards
(Fig. 2) spiked in human plasma.

Linearity for all thiopurine calibration curves was

excellent over the anticipated concentration range
with correlation coefficients of >0.999 for all the
compounds (Table 1). Intra- and inter-day precision
and accuracy were within 10% variation at low and
high concentration of most analytes (Table 2) and
for unknown plasma spiked with different concen-
trations of MP and its metabolites (Table 3). The
recoveries for all compounds of the current assay
were greater than 88% except TX and rTX. These
high recoveries were comparable to methods re-
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ported previoudly, [5,19-21,25,26] with relatively
low variability. TX showed a recovery of only 75 to
80%, indicating that the current conditions may not
be optima for the determination of TX in plasma
However, TX is not thought to contribute to the
cytotoxic effects of MP.

The limit of detection for MP, TX, rMP, rTX,
MeMP and rMeMP in the present study was about
20 nM for each. This is equivalent to a range of
about 150 to 300 pg on-column for the above
compounds, with a detection limit of 150 pg for MP.
Although the sensitivity of our assay for MP was less
than that of Warren et al. (23 pg on-column) [21],
Kato et al. (80 pg on-column) [20], and Narang et al.
(75 pg on-column) [19], we used only 100 pl of
plasma. Our detection limits of MP and its metabo-
lites were comparable with those of other methods
developed for multiple analytes analysis [5,24—26],
but we used a lower plasma/blood sample volume.
This makes our method suitable for use in pediatric
pharmacokinetic studies in which blood volumes
may be limiting.

Ora administration is the most commonly used
dosing regimen for MP in maintenance therapy of
childnood ALL. The usua MP concentration 5 h
after an oral dose of 20—-75 mg/m* MP in children
with ALL on maintenance chemotherapy was higher
than 66 nM and the maximum concentrations re-
ported were from 0.066 to 4.3 pM [29-32]. Al-
though our method was calibrated to detect the
higher MP concentrations during an i.v. infusion
(1-64 M), the sensitivity was 20 nM, indicating
that simply by recalibrating over a lower concen-
tration range, the method would be suitable for use
after oral dosing of MP in childhood ALL. Intraven-
ous MP has been used in severa recent treatment
protocols [33—35], and thus studies evaluating drug
interactions and pharmacodynamics of i.v. MP be-
come more important. An assay that is suitable for
measuring relatively high plasma concentration of
MP and its metabolites after i.v. infusion will then be
very useful.

Application of our assay was demonstrated by the
analysis of plasma sample from a patient receiving 1
g/m” i.v. MP infusion; MP and five of its metabo-
lites were detectable 3 h post infusion (Fig. 3a).
There were two unidentified peaks (at 7.5 and 13.5
min, respectively) that did not correspond to the

6-methylmercapto-8-hydroxypurine  (6MeM8OHP)
metabolite described by Keuzenkamp-Jansen et al.
[5], nor did their UV spectra match those of
thiopurines. It is noted that TX, TG, rMPB, rTX and
rTG may be the breakdown products of TIMP,
TXMP and TGNs of which TGNs are the active
metabolites. MeMP is an inactive metabolite, where-
as rMeMP has antitumor activity and can be acti-
vated to MeTIMPB, which inhibits de novo purine
synthesis [36]. It should also be acknowledged that
the mechanisms by which some thiopurine nu-
cleosides and bases make their ways from cells to
plasma are incompletely characterized. Presumably
nucleotides would have to undergo dephosphoryla-
tion to nucleosides prior to release from cells, some
of which can be converted to the respective bases.
Moreover, TX can be present as a product of
xanthine oxidase acting directly on MP. TG and rMP
have been found in plasma from children with ALL
during consolidation and continuation therapy [25]
whereas TX and rMP have been detected in urine
obtained from patient receiving an i.v. infusion of
MP [37]. The present method will be useful in
determining M P metabolite concentrations in plasma,
and will be used in conjunction with the assays for
intracellular thiopurine concentrations to further de-
fine the metabolism and pharmacodynamics of MP in
ALL.

Acknowledgements

The work is supported in part by the following
NIH grants, R37 CA36401, RO1 CA78224, Cancer
Center support grant CA21765, by a Center of
Excellence grant from the State of Tennessee, and by
American Lebanese Syrian Associated Charities.

References

[1] EY. Krynetski, N.F. Krynetskaia, Y. Yanishevski, W.E.
Evans, Mol. Pharmacol. 47 (1995) 1141.

[2] D.A. Parks, D.N. Granger, Acta Physiol. Scand. (Suppl.) 548
(1986) 89.

[3] CW. Keuzenkamp-Jansen, JM. van Baal, R.A. De Abrey,
J.G. de Jong, R. Zuiderent, JM. Trijbels, Clin. Chem. 42
(1996) 380.

[4] F. Bergmann, H. Ungar, J. Am. Chem. Soc. 82 (1960) 3957.



468 Y. Su et al. / J. Chromatogr. B 732 (1999) 459—-468

[5] CW. Keuzenkamp-Jansen, R.A. De Abreu, J.P. Bokkerink,
JM. Trijbels, J. Chromatogr. B 672 (1995) 53.
[6] L. Hamilton, G.B. Elion, Ann. NY Acad. Sci. 60 (1954) 304.
[7] G.B. Elion, G.H. Hitchings, H. Vanderwerff, J. Biol. Chem.
192 (1951) 505.
[8] L. Lennard, H.J. Singleton, J. Chromatogr. 583 (1992) 83.
[9] H. Mawatari, Y. Kato, S. Nishimura, N. Sakura, K. Ueda, J.
Chromatogr. B 716 (1998) 392.
[10] T. Dervieux, R. Boulieu, Clin. Chem. 44 (1998) 551.
[11] D.J. Warren, A. Andersen, L. Slordal, L. Slrdal, Cancer Res.
55 (1995) 1670.
[12] D.J. Warren, L. Slordal, L. Slrdal, Ana. Biochem. 215
(1993) 278.
[13] L. Lennard, J.C. Welch, J.S. Lilleyman, Br. J. Clin. Phar-
macol. 44 (1997) 455.
[14] J.S. Lilleyman, L. Lennard, Lancet 343 (1994) 1188.
[15] T.L. Ding, L.Z. Benet, J. Chromatogr. 163 (1979) 281.
[16] K.T. Lin, F.Varin, G.E. Rivard, JM. Leclerc, J. Chromatogr.
536 (1991) 349.
[17] L. Lennard, J. Chromatogr. 345 (1985) 441.
[18] C.E. Whalen, H. Tamary, M. Greenberg, A. Zipursky, S.J.
Soldin, Ther. Drug Monit. 7 (1985) 315.
[19] PK. Narang, R.L.Yeager, D.C. Chatterji, J. Chromatogr. 230
(1982) 373.
[20] Y. Kato, T. Matsushita, T. Yokoyama, K. Mohri, Ther. Drug
Monit. 13 (1991) 220.
[21] D.J. Warren, L. Slordal, L. Slrdal, Ther. Drug Monit. 15
(1993) 25.
[22] I. Bruunshuus, K. Schmiegelow, Scand. J. Clin. Lab. Invest.
49 (1989) 779.
[23] R.A. De Abreu, JM. van Baal, T.J. Schouten, E.D. Schret-
len, C.H. De Bruyn, J. Chromatogr. 227 (1982) 526.

[24] R. Boulieu, A. Lenair, C. Bory, J. Chromatogr. 615 (1993)
352.

[25] JL. Rudy, J.C. Argyle, N. Winick, P.Van Dreal, Ann. Clin.
Biochem. 25 (1988) 504.

[26] JM. van Baa, M.B. van Leeuwen, T.J. Schouten, R.A. De
Abreu, J. Chromatogr. 336 (1984) 422.

[27] PW. Tinsley, PJ. O'Dwyer, F.P. LaCreta, J. Chromatogr. 564
(1991) 303.

[28] Z. Sahnoun, F. Serre-Debeauvais, J. Lang, G. Faucon, M.
Gavend, Biomed. Chromatogr. 4 (1990) 144.

[29] L. Lennard, D. Keen, J.S. Lilleyman, Clin. Pharmacol. Ther.
40 (1986) 287.

[30] L. Endresen, S.O. Lig, |. Storm-Mathisen, H.E. Rugstad, O.
Stokke, Ther. Drug Monit. 12 (1990) 227.

[31] Y. Kato, T. Matsushita, K. Chiba, N. Hijiya, T. Yokoyama, T.
Ishizaki, J. Pediatr. 119 (1991) 311.

[32] H. Sulh, G. Koren, C. Whalen, S. Soldin, A. Zipursky, M.
Greenberg, Clin. Pharmacol. Ther. 40 (1986) 604.

[33] D.H. Mahoney Jr., J. Shuster, R. Nitschke, S.J. Lauer, N.
Winick, C.P. Steuber, B. Camitta, J. Clin. Oncol. 16 (1998)
246.

[34] B. Camitta, B. Leventhal, S. Lauer, J.J. Shuster, S. Adair, J.
Casper, C. Civin, M. Graham, D. Mahoney, L. Munoz, G.
Kiefer, B. Kamen, J. Clin. Oncol. 7 (1989) 1539.

[35] B. Camitta, D. Mahoney, B. Leventhal, SJ. Lauer, JJ.
Shuster, S. Adair, C. Civin, L. Munoz, P. Steuber, D.
Strother, B.A. Kamen, J. Clin. Oncol. 12 (1994) 1383.

[36] L.L.Bennett Jr., RW. Brockman, H.P. Schnebli, S. Chumley,
G.J. Dixon, F.M. Schabel Jr., E.A. Dulmadge, H.E. Skipper,
J.A. Montgomery, H.J. Thomas, Nature 205 (1965) 1276.

[37] S. Zimm, JJ. Grygiel, JM. Strong, T.J. Monks, D.G.
Poplack, Biochem. Pharmacol. 33 (1984) 4089.



