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Abstract: A paired-ion high-performance liquid chromatographic method is described
for the simultaneous determination of methotrexate (MTX) and its major metabolite, 7-
hydroxymethotrexate (7-OH-MTX), in plasma and urine. In addition, this technique
permits the separation of other known metabolites of MTX, such as DAMPA and MTX-
polyglutamates. After selective extraction on an anion-exchange resin column, both
compounds and the internal standard, aminopterin, were separated on a reversed-phase
octadecylsilane column with UV-detection at 313 nm. The detection limits for plasma
and urine samples were approximately 40 ng/ml (8.8 x 10™® M) for MTX and 100 ng/ml
(2.1 x 1077 M) for 7-OH-MTX. This method was applied in pharmacokinetic studies
following 24-h infusion of high-dose MTX in four patients during two successive
treatments. After the end of the infusion, the mean apparent half-life for the metabolite
was 19.1 h, while that for MTX was 8.8 h. A stepwise increase in the plasma
concentrations of both MTX and its metabolite was observed during the second MTX
infusion. This increase was reflected in the cumulative urinary excretion of both drug and
its metabolite.

Keywords: Methotrexate (MTX); 7-hydroxymethotrexate; high-dose pharmacokinetics;
gradient-elution HPLC; ion-pair reversed-phase HPLC.

Introduction

Methotrexate (MTX)1 is widely used in the treatment of several human tumours, either

* To whom correspondence should be addressed.

t Abbreviations used: MTX, methotrexate (2,4-diamino-N'°-methyl-pteroylglutamic acid); 7-OH-MTX, 7-
hydroxy-methotrexate; DAMPA, 2,4-diamino-N'%-methyl-pteroic acid; aminopterin, 2,3-diaminopteroyl-
glutamic acid; MTX-G1, 2,4-diamino-N'%-methyl-pteroylglutamylglutamic acid; MTX-G2, 2,4-diamino-N*°.
methyl-pteroylglutamyl glutamylglutamic acid.
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as a single agent or in combination with other antineoplastic drugs. Therapeutic doses of
MTX have been increased from 30 mg/m? to 100-200 mg/m? in the treatment of acute
leukemia. This was proposed by Djerassi et al. [1] on the assumption that high
concentrations of MTX in extracellular fluid should potentiate transport of the drug into
cells. More recently, doses as high as 500 mg/kg, in conjunction with folinic acid (to
reduce toxicity related to folate stress) have been used in the treatment of solid tumors
[2, 3].

A major factor limiting high-dose MTX administration is the nephrotoxicity, arising
from its insolubility in acid urine, which necessitates maintenance of an alkaline diuresis
[4]. Hepatotoxicity, myelosuppression and changes in the digestive mucosa have also
been reported [4].

In 1976, Jacobs et al. [5] reported that the level of the primary plasma metabolite, 7-
hydroxymethotrexate (7-OH-MTX), is significant after high-dose MTX therapy, and
represents 1~-11% of the administered dose [6, 7]. Recent studies report serum
concentrations of 7-OH-MTX exceeding MTX serum concentrations, following high-
dose therapy. This was attributable to the longer elimination half-life of the metabolite
[8-13], which is three to five-fold less water-soluble than MTX. Since urine concen-
trations of the metabolite may exceed the concentration of the parent compound, this
could contribute to the observed nephrotoxicity [5, 7, 13]. Thus, there is a clinical need
to monitor the levels of MTX and its principal metabolite in blood and urine during high-
dose therapy.

Radioimmunoassay and enzyme immunoassay [14-16] have been used for MTX, but
cross-reactivity with metabolites may limit their applicability. Several methods based on
high-performance liquid chromatography (HPLC) have been proposed [7-10, 12, 13,
17-30]. Some of these methods may show poor resolution of MTX and 7-OH-MTX or
may offer limited sensitivity. Moreover, several of these methods employ lengthy
extractions with analytical recoveries ranging from 70 to 90% [20]. The present work
reports a modification of the ion-exchange extraction proposed by Donehower et al. [20],
coupled with a gradient-elution ion-pair HPLC method for MTX and all of its known
metabolites. Although some methods allow good resolution of MTX, 7-OH-MTX and
DAMPA [10, 14, 28], until now no method permits perfect resolution of all these
derivatives and of the intracellular MTX-polyglutamyl derivatives with long chainlength,
such as MTX-G,. The application of the method to a study of MTX and 7-OH-MTX
pharmacokinetics is discussed.

Materials and Methods

Clinical data

The revelant clinical information for this study, which involved two men and two
women, is summarized in Table 1. The various malignant tumors required therapy with
high-dose MTX alone or in combination with other antineoplastic drugs.

Since there are large inter-subject variations in MTX clearance, the dose to be



HPLC AND PHARMACOKINETICS OF MTX AND 7-OH-MTX 63

oL,
Aauic 1

Summary of clinical data for patients examined

Weight Clinical Other drugs administered
Patient Age Sex (kg) diagnosis Before treatment During treatment
M. 62 F 81 Head and neck None None
carcinoma
G. 34 M 60 Colon adeno- None 5-Fluorouracil
carcinoma
V. 63 F 48 Colon adeno- None S-Fluorouracil
carcinoma
S. 62 M n Head and neck Vindesin, Vindesin
carcinoma bleomycin,
cis-platin

administered for i.v. perfusion was calculated according to a test-dose protocol
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Sample protocol
Blood samples were collected in heparinized tubes prior to the beginning of infusion
(blank sample) and at the following intervals during infusion: 0.08, 0.5, 1, 4, 6, 12, 20 and
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12, 18, 24, 30, 36 and 48 h.

Urine specimens were collected prior to the infusion and then at hourly intervals
during MTX infusion for the first 6 h, after which specimens were collected at 6-h
intervals until the infusion was completed. Then a specimen was collected hourly for 6 h,
followed by sampies at 6-h intervals for at least two days.

According to the clinical protocol, the second infusion was administered at least three
weeks after collection of the last sample following administration of the first infusion.

Reagents and standard solutions

Commercially available MTX was used as supplied by Lederlé (Oullins, France). The
metabolite 7-OH-MTX was isolated from rabbit urine as previously described by Jacobs
et al. [5]. The purity of the compound was confirmed by ultraviolet spectroscopy [5, 20]
and also by HPLC, by comparison with an authentic reference standard kindly supplied
by Dr B. Chabner (National Cancer Institute, Bethesda, Md. USA) who also supplied
standard DAMPA. MTX-G; and MTX-G, were a kind gift of Dr C. M. Baugh

(Department of Biochemistry, University of South Alabama, Mobile) and Dr J.

Montoomerv (Southern Recearch Ingtitute) The internal standard aminonterin and the
Mionigomery (scutiorn esearch institule ). 1n¢ midrnal stangare aminepienn ang tng

ion-pair reagent tetrabutylammonium nitrate (TBAN) were purchased from Fluka
(Buchs, Switzerland).

* This drug monitoring {31] rested on preliminary pharmacokinetic examination of each patient after i.v.
bolus of low doses (50 mg of MTX per square meter).

The 24-h infusion dose (g;) to be administered to obtain a desired plasma level (
formula:

go = P % Cl X 24 x molecular weight, where the plasma clearance (Cl) of MTX was calculated according to the

formula:
ormuia:

_ Dose
¢=zuc,

where AUC, ,, denotes area under the curve from ¢, to t,.
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A 50 mM phosphate buffer was prepared from NaH,PO,, 2H,O (7.8 g/l), adjusted
precisely to pH 7.4 with 0.1 M sodium hydroxide and diluted to 5 mM with distilled water
prior to use. Standard solutions of 1.00 mg/ml aminopterin, MTX and 7-OH-MTX were
prepared in 5 mM phosphate buffer, stored at 4°C and renewed every 15 days. The
dilutions required were prepared using the same solvent. Methanol was HPLC-grade as
supplied by Merck (Darmstadt, FRG). All other chemicals used were of analytical
reagent grade. A 50 mM stock solution of TBAN was prepared in distilled water.

Extraction procedure

The extraction method proposed by Donehower et al. [20] was modified as described
below. To 0.5-10 ml of heparinized plasma and to 0.1-1 ml of urine was added 1050 pl
of internal standard solution (1 mM); 10 pl for 8.8 X 107¥ M to 2 x 107® M; and 50 pl for
2x 107Mto 5 x 107> M).

The sample was applied to a 50 X 5 mm i.d. column of AG;-X, anion exchange resin
(BioRAD laboratories, Richmond, Ca., USA), previously prepared by washing with 10
ml of double-distilled water followed by S ml of methanol. The column was then eluted
with 8 ml of 1 M acetic acid in methanol and 4 ml of 2 M acetic acid in methanol and the
eluates combined before evaporating to dryness under a stream of nitrogen at 45°C. The
residues were stored at 4°C pending analysis, then each sample was dissolved in 100-200
wl of phosphate buffer (5 mM, pH 7.4) and a 10-20 pl aliquot injected on to the HPLC
column.

Chromatographic system

A Waters HPLC system (Waters Associates Inc., Milford, USA) was employed. This
comprised a model M 45 and a model 6000 A pump, controlled by a model 660 solvent
programmer with a model U6K injector, a model 440 absorbance detector and a Cyg-p-
Bondapack reversed-phase column (300 X 2.9 mm i.d., 10 pm) at ambient temperature.
Detection was carried out at 313 nm with a sensitivity of 0.04 a.u.f.s. A Hewlett—Packard
model 3390 A data system was used for digital integration of peak areas. The mobile
phases consisted of S mM sodium phosphate buffer (pH 7.4)-2.5 mM TBAN (Solvent A)
and methanol-2.5 mM TBAN (Solvent B).

The solvent programmer was set to deliver 20% of B isocratically for 10 min, followed
by a linear gradient to 30% of B during a period of 25 min at a constant flow rate of 2
mi/min.

Calibration data

Standard calibration curves for MTX and 7-OH-MTX over the range 2 X 1077-4 x
10> M were prepared using drug-free serum and 1 mM aminopterin as internal
standard. The ratio of analyte to internal standard peak area, calculated as a function of
analyte concentration, was linear over the therapeutic concentration range tested, the
regression data being: y = 0.593 x + 0.019 for MTX (n = 8) and y = 0.236 x + 0.026 for
7-OH-MTX (n = 8). The correlation coefficients were respectively 0.994 and 0.999. On
the basis of those results, the routine calibration curves were performed on three points.
All determinations were carried out at a sensitivity of 0.04 a.u.f.s.

Results and Discussion

Chromatography
The retention times of aminopterin, DAMPA, MTX and 7-OH-MTX were 10.6, 15.7,
20.2 and 23.2 min respectively (Fig. 2c). The intracellular polygammaglutamyl
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metabolites of MTX were also resolved at 25.3 min (MTX-G,) and 29.7 min (MTX-G,)
respectively. Aminopterin was chosen as the internal standard since it is structurally
similar to MTX (Fig. 1), their extraction properties being comparable, and their
maximum UV-absorption wavelengths being approximately the same (285 nm for
aminopterin and 302 nm for MTX and 7-OH-MTX). Aminopterin is not used as a drug,
nor is it a metabolite of MTX in man. The internal standard and all the compounds
examined were well resolved from each other and from endogenous peaks (Figs 2a-2c).

RICTNR

- ‘ Methotrexate | Ry=H | Rz=CH,| Ry = Giu"
Structure of methotrexate, aminopterin (internal T-OH.MTX Ry=OH | Ry=CHy| Ry= Glu
standard) and metabolites of methotrexate. D.AMPA. Riz= H | Rp=CH;| Ry= OH
Aminopterin Ri= H Rz=H R; = Glu
"Gl = ~NH-.CH..CH; —CH, ~COCH
COOH
a H\/*\_/\M
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Figure 2 ¢
Chromatograms of: (a) blank plasma of a patient
before administration of methotraxate; (b) plasma of
the same patient after a single high-dose metho- b
trexate infusion; (c) plasma blank spiked with amino-
pterin (1), DAMPA (2), methotrexate (3) and 7-
hydroxymethotrexate (4). For details of chroma- 3,
tography see text. 1
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Specificity

Although many HPLC methods have been reported for MTX and its metabolites,
some do not include an internal standard [7, 16-18], while others are characterized by
poor resolution [7, 12, 16, 18, 19]. Although Lawson ez al. [10], Buice et al. [14] and Farid
et al. [28] have reported HPLC methods showing good resolution of the parent
compound and its plasma metabolites, Farid et al. [28] and Watson et al. [12] reported
low resolution of the different polyglutamyl derivatives. The ion-pair method proposed
in the present work allows complete resolution of all known metabolites of MTX
examined. Moreover, the anticancer drugs S5-fluorouracil, adriamycin, vinblastine,
vincristine, cyclophosphamide, bleomycin and carmustine (BCNU) were injected to
determine whether they would interfere with MTX or its metabolites. At the detection
wavelength employed (313 nm), only carmustine and vinblastine interfered. However,
these drugs were not included in the treatment protocol of patients examined in the
present study. MTX analogues, such as folinic acid, do not interfere in the assay.
Potential interference by concurrently administered antibiotics, analgesics, sedatives or
other drugs co-prescribed with MTX should, however, be borne in mind [28].

Extraction procedure and recovery

Most of the extraction methods previously described include protein precipitation
and/or extraction and yield poor recoveries for MTX and 7-OH-MTX respectively: 46%,
26% [12, 19]; 78%, 70% [17); and 75%, 75% [24]. However, Lawson et al. [10] used
simple protein precipitation and reported recoveries of 82% for MTX and 98% for 7-
OH-MTX. Moreover, Farid et al. [28] used a modified method of Donehower and
obtained 94.5 and 72.4% respectively. In the present modification of the Donehower
method [20], MTX and 7-OH-MTX are eluted from the anion-exchange resin column,
using the more volatile eluent methanol-acetic acid (instead of water—acetic acid),
thereby reducing the time required for evaporation. The mean absolute recoveries for
MTX and 7-OH-MTX added to plasma at different concentrations, are summarized in
Table 2.

Table 2
Absolute recovery (%) of methotrexate and 7-hydroxymethotrexate from plasma

RSD (%)

Compound Molar concentration Recovery (%) +S.D. (n=2)
MTX 2x10°M 71.5 +1.15 1.48
MTX 2X107*M 84.1 +5.65 6.72
MTX 5x107'M 88 *+12 13.8
7-OH-MTX 3x107°M 97.3 +0.55 0.57
7-OH-MTX 4x107°M 77.3 +7.05 9.13
7-OH-MTX 1X107°M 94.9 +14 1.48

Sensitivity and reproducibility

The sensitivity, defined as twice the signal-to-noise ratio, was ca 40 ng/ml in plasma for
MTX (8.8 x 1078 M) and ca 100 ng/ml for 7-OH-MTX (2.1 x 10~7 M). The relative
standard deviations for repeated analyses of plasma sample (n = 6) at different
concentrations are detailed in Table 3.
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Table 3
Reproducibility of methotrexate and 7-hydroxymetho-
trexate determination from plasma

RSD (%)

Compound Molar concentration (n=26)
MTX 2x107°M 8.66
MTX 2x107M 4.67
MTX 5%107’M 17.2
7-OH-MTX 3x1075M 6.95
7-OH-MTX 4x107°M 8.99
7-OH-MTX 1x107°M 13.6

Plasma data

The doses for administration in the 24 h infusion were calculated [31] to attain steady-
state MTX plasma levels between 2.5 X 1075-1 x 107*M (Table 4); the corresponding
high-dose regimen ranged from 1.52 to 4.69 mg/kg.h. Plasma levels of MTX and 7-OH-
MTX at the end of each 24-h infusion are shown in Table 4; a typical plasma profile is
illustrated in Fig. 3. In all patients the MTX plasma levels at the end of the first infusion
were reasonably in agreement with the predicted values. Moreover, for the three
patients M., V. and S. who received the same dose successively, a stepwise rise in the
plasma level of MTX at the end of the second infusion was observed, compared with
MTX levels after the first infusion. During the 24-h infusion period, 7-OH-MTX levels
remained lower than MTX levels, but after the end of the infusion, 7-OH-MTX was
excreted more slowly than MTX (Fig. 3), consistent with the longer apparent elimination
half-life value of the metabolite (Table 5) [8—13]. In three of the four cases (Table 4), the
7-OH-MTX concentrations reached higher values during the second infusion. It should,
however, be noted that the estimated elimination half-life values for 7-OH-MTX have
not been corrected for concurrent MTX metabolism (Table 5).

Mean half-life values for the terminal phase of MTX have been reported to be in the
range of 8-15 h in patients with normal total body clearance [13, 18, 32—-35]. The present
results indicate a mean terminal phase half-life of 8.78 h, comparable with data reported
by Stoller et al. [35] and Isacoff ez al. [34]. The apparent half-life value of MTX fell within
the range 2.8-16.1 h.

Table 4
Dosage of methotrexate, predicted plasma levels, and plasma levels observed at the end of infusion

Dose administered Plasma levels predicted ~ Plasma levels observed at
for the first infusion the end of infusion

Infusion Totaldose Rateofinfusion MTX MTX | 7-OH-MTX

Patient No. (® (mg/kg/h) (1075M) 10M) (1073M)

M. 1 2.96 1.52 2.5 292 1.47
2 2.96 1.52 5.67 2.74
G 1 5.94 4.12 5 4.39 1.66
2 6.27 4.35 7.15 3.29
V. 1 2.48 2.15 5 4.76 0.86
2 2.48 2.15 5.20 0.78
S. 1 8.00 4.69 10 11.5 1.69
2 8.00 4.69 19.0 2.51
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Figure 3
Typical plasma profile of methotrexate (O—CO) and its 7-hydroxy-metabolite (@—@) in patient M during two

T civra feen b oo b "
successive treatments (A and B).

Urine data

The urinary excretion of MTX and 7-OH-MTX was studied in the four patients during
the two successive courses of treatment (Table 6)

uuring administration of the infusion \U—L‘f h ), ‘Lii‘ii‘liii"y' excretion of MTX was
20.7-58.5% of the administered dose; from 24 to 48 h, a relatively small proportion of
the given dose was excreted. The cumulative urinary excretion varied between 25.3 and
66.4% for the first infusion and 57.2 and 83.7% for the second. These results are broadly
comparable with data reported elsewhere [6, 24, 31, 32].

Unnary excretion of 7-OH-MTX ranged from 0.48 to 1.4% of the MTX administered
dose in the first 24 h (Table 6), the total urinary excretion varying between 1.33 and
8.21%. These results confirm previously reported data [11, 13, 16, 20]. The total

percentage of metabolite excreted durlng the second treatment was greater than that
during the first (Table 6).

Interpretation of results

An attemnt has been made to examine whether a sionificant difference exists between
netner renc ts bety
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the plasma and urine data of two successive courses of MTX. The analysis of variance
procedure was used to break down the overall observed measurement error in three
components (Table 7): (i) errors due to the between-course variability; (ii) errors due to
the inter-individual variability; and (iii) random errors.

Thig ady alla tha af ha ahil hisrh th
1118 ProCeaure anows the estimation of between-course vauauuu.y, which is the only

I ULy
factor of interest in a statistical study of time dependency. Application of the Westlake
test using the confidence interval approach further confirmed that the differences in the
MTX and 7-OH-MTX characteristics observed in the second infusion treatment were
significant [37].

Conclusions

Uy iy by PUSINIDRE P PUSUI P

lllC pICQCllL anL/ IIlClﬂUU €naoic llC simuitaneous ucwuumauﬁ lVilA anda iis
major metabolite 7-OH-MTX in plasma and urine. This method has been applied to a
study of MTX and 7-OH-MTX plasma profiles. In a first approach, the study of some
parameters such as AUC, ¢, and quantities excreted, demonstrated a time-dependency
of the kinetics of these compounds Thus, in order to study more precisely the time-

LR AIVE et an el Lt Ad e oL

GCPCHQCHCC of MTX i KlIlClle a model which lIlngrdle biochemical data was elabor ated.
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This pharmacokinetic model takes into account both plasma and urine kinetics of the
unchanged compound and its hydroxylated metabolite. The intracellular metabolic
pathway including the polyglutamation of MTX and 7-OH-MTX (as shown by the
authors [38]) has also been taken into account. On the other hand, in previous in vitro
studies, it has been shown by the present authors that ‘inactive’ 7-OH-MTX might
influence the transport and the active MTX-polyglutamate formation.

The present results permit the assumption to be made (taking into account the high 7-
OH-MTX plasma levels found after the end of infusion, i.e. up to 10-times higher than
MTX levels) that 7-OH-MTX might modulate the MTX biochemical response, and
consequently the antifolate activity, in vivo. Thus, considering the inter- and intra-
subject variations in the kinetics of MTX and 7-OH-MTX, it would be interesting to try
to examine a larger set of clinical and analytical data, to establish a correlation between
efficacy, therapeutic failure and toxicity, with respect to MTX and 7-OH-MTX
pharmacokinetics.
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