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Abstract

We have developed an assay for the simultaneous determination of methotrexate (MTX) and its main
metabolites, 7-hydroxymethotrexate (7-OHMTX) and 2.4-diamino-N'"-methylpteroic acid (DAMPA) in plasma,
urine and saliva meeting the requirement of rapidity for routine use in high-dose MTX therapy and the requirement
of sensitivity for its potential use in therapeutic drug monitoring in low-dose MTX therapy. Sample preparation is
based on solid-phase extraction using C, Isolute cartridges. Chromatographic separation was achieved with a
reversed-phase column (C ). and quantitation by subsequent exposure to UV light of 254 nm, which converted
MTX and its two metabolites by photolytic oxidation to fluorescent products. The recoveries of MTX, 7-OHMTX
and DAMPA from plasma at 100 nmol/l were 85.8, 91.1 and 102.3%. respectively. The limits of detection for
MTX, 7-OHMTX and DAMPA in plasma and saliva were .1 nmol/l. In urine the limit of detection was 10 nmol/l
for all compounds. The limits of quantitation in plasma and saliva were 0.5 nmol/l for all compounds.

1. Introduction

Methotrexate (MTX, 2.4-diamino-N'’-methyl-
folic acid), a folic acid antagonist, acts as an
inhibitor of dihydrofolate reductase (DHFR)
leading to DNA damage and cell death [1.2].
The effectiveness of MTX in the treatment of
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various neoplastic and arthritic diseases is well
established [3-5].

High-dose MTX (>300 mg/m’) is always
followed by leucovorin (folinic acid) rescue lead-
ing to an increase in the cellular concentration of
reduced folates. Monitoring of plasma MTX is of
importance for guidance of the leucovorin
therapy in order to protect patients from severe
bone marrow toxicity and mucositis [6]. Further-
more, it has been suggested that the therapeutic
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effect of MTX is determined by a balance of
exposure to MTX and leucovorin rescue [7].

The pharmacokinetic data concerning plasma
metabolites of MTX. 7-hydroxymethotrexate (7-
OHMTX) and 2.4-diamino-N'"-methylpteroic
acid (DAMPA) have not yet been fully eluci-
dated. Although the role of these metabolites in
the therapeutic and toxic effects is still unclear,
there is some evidence that they may contribute
to clinical effects (7-OHMTX and DAMPA arc
1/100 and 1/200 times. respectively, as effective
as MTX as inhibitor of DHFR) [8-11]. The
excessive formation of these metabolites may
also influence the pharmacokinetics of MTX
and/or leucovorin due to competition for trans-
port systems across cell membranes [5].

Methods for MTX analysis have been re-
viewed elsewhere [12]. These methods include
high-performance liquid chromatography
(HPLC) with UV and fluorescence detection
[13-19], radio immunoassay (RIA) [20], cn-
zyme-inhibition assay, enzyme-multiplied im-
munoassay (EMIT) [21], and fluorescence po-
larization radioimmunoassay (FPIA) [22].

Automated assays based on immunological
techniques are most often used for therapeutic
drug monitoring (TDM) of high-dose MTX
therapy due to their rapidity. However. these
techniques have a risk of co-determination of
metabolites due to crossreactivity of the anti-
bodies. Cross-reactivity between 7-OHMTX and
MTX has been reported to be 1% in enzyme-
inhibition assays, 4% in EMIT and 1% in FPIA
and the cross-reactivities between DAMPA and
MTX for these techniques are 10, 100 and 42 .
respectively [21,23].

Monitoring of plasma MTX at low-dose
therapy (<25 mg/m’ per week) during treat-
ment of arthritis. psoriasis or maintenance
therapy of childhood leukemia has also been
suggested in order to improve the therapy [24].
Furthermore. concurrent treatment with non-
steroidal antiinflammatory drugs [25.26] and with
other drugs [27-29] may lead to delayed elimina-
tion of MTX and its metabolites and subsequent-
ly increase the risk of toxicity. The automated
techniques are usually not sensitive enough to

allow determination of plasma MTX during the
whole dosc interval.

In order to meet the requirements of a rapid
and specific assay we have developed an HPLC
procedure with a solid-phase extraction proce-
dure for the simultaneous determination of MTX
and its two main metabolites in plasma, saliva
and urine, using fluorescence detection as previ-
ously described [18,30.31].

2. Experimental
2.1. Chemicals and reagents

MTX, ( + )-amethopterin, was purchased from
Sigma (St. Louis, MO, USA) and 7-OHMTX
was generously donated by Dr. W.E. Evans, St.
Jude Children’s Research Hospital (Memphis,
TN, USA). 2.4-Diamino-N'"-methylpteroic acid
(DAMPA) was enzymatically prepared from
( + )-ametopterin by carboxypeptidase according
to a procedure described previously [32]. Purifi-
cation was performed by preparative HPLC. The
final concentration of DAMPA was determined
by UV spectroscopy using a molar extinction
coefficient of 15 500 at 254 nm [33]. C; Isolute, 3
ml, solid-phase extraction (No 290-0020-B) car-
tridges were obtained from International Sorbent
Technology (UK). Methanol was HPLC grade
(JT Baker, Netherlands). Sodium dihydrogen
phosphate monohydrate (NaH,PO,-H,0) was
from Merck (Darmstadt, Germany). Other
chemicals used in this study were of analytical
purity and obtained commercially.

2.2. Sample preparation
pie prep

A sample aliquot (1 ml for plasma, 10 ul for
urine, or 100 ul for saliva) was mixed with 2 ml
of 0.1 M phosphoric acid. The solutions were
loaded onto C, solid-phase extraction cartridges
previously activated with 3 ml of methanol and 3
ml of 0.1 M phosphoric acid with an approximate
flow-rate of 2.5 ml/min. The columns were
prevented from drying out before applying the
specimens. The cartridges were then washed
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with 2 ml of 5% methanol in water and dried by
aspiration of air. The cartridges were finally
eluted with 2 ml of 2% trifluoroacetic acid in
methanol. The eluates were collected in glass
tubes and evaporated to dryness under a stream
of nitrogen in a water bath (40°C). The residues
were finally dissolved in 100 ul of water and
10-u1 aliquots were injected. Standard samples
were prepared by spiking blank plasma with
known amounts of MTX, 7-OHMTX and
DAMPA and used for construction of calibration
curves.

2.3. Apparatus

The HPLC equipment consisted of a CM4000
pump (Milton Roy, LDC Division, USA), a
CMA-240 autosampler (Carnegie Medicine,
Stockholm, Sweden), a beam boost photochemi-
cal reactor (ICT HG, Frankfurt, Germany)
equipped with a 254-nm lamp and a 10 m X 0.3
mm [.D. reaction coil and used at an operating
temperature of 37°C, a Shimadzu 551 fluores-
cence detector (Shimadzu Corp.) with excitation
and emission wavelengths of 350 nm and 435 nm,
respectively. For the solid-phase extraction, a
VacMaster (International Sorbent Technology,
UK) was used.

2.4. Chromatographic system

The mobile phase consisted of (.01 M phos-
phate buffer (pH 6.5). with 6% of acetonitrile
and 0.2% of 30% hydrogen peroxide and was
delivered at a flow-rate of | ml/min at a pressure
of approximately 135 bar. The mobile phase was
filtered (0.22-pm filter, Millipore, Ireland). de-
gassed and allowed to stand overnight before
use. A C,; column (80 x4.6 mm 1.D.. 3 pum,
Perkin-Elmer, Norwalk. CT, USA) was used.

The chromatographic data was collected and
processed on a Macintosh Classic computer
(Apple, Chicago, IL. USA) equipped with
Chromac 3.1. software (Drew, London, UK).
MTX, 7-OHMTX and DAMPA concentrations
in patient samples were determined by com-
parison of their respective peak areas with those
of standards prepared in blood plasma from drug

free subjects. The capacity factor of each com-
pound was calculated as (r, —t,)/t,, where ¢, 1s
the retention time of the compound and ¢ is the
retention time of the first distortion of the
baseline.

2.5. Assay validation

The intra- and inter-assay variability of the
MTX, 7-OHMTX and DAMPA determination
were examined in spiked plasma and urine
samples pooled from 5 drug-free volunteers.
Linearity of detector response was determined at
different concentrations in plasma (0.2-500
nmol/1) for each compound. The recovery of
each compound was assessed at the level of 100
nmol/l by comparing the peak areas in extracts
with those obtained from direct injections of
non-extracted standards (dissolved in water) of
the same concentration.

2.6. Sample collection

As a test of the feasibility of the method for
assaying MTX and the metabolites in clinical
samples. blood and urine were collected from
two patients trcated with oral low-dose MTX,
one suffering from acute lymphoblastic leukemia
(ALL) treated with 5 mg/m” oral MTX and the
other suffering from rheumatoid arthritis treated
with 10 mg/m” oral MTX. Plasma was obtained
by centrifugation at 4°C. Saliva was collected
from one patient suffering from ALL treated
with high-dose MTX (5-8 g/m’ according to the
NOPHO-ALL protocol from 1992). The samples
were stored at —20°C until analysis.

2.7. Assay specificity

Since MTX is frequently coadministered with
other anticancer drugs, antibiotics and non-ster-
oidal antiinflammatory drugs, we examined pos-
sible chromatographic interferences with MTX,
7-OHMTX and DAMPA. The following sub-
stances were injected without sample prepara-
tion onto the column: allopurinol, leucovorin,
2-fluoro-9-B-p-arabinofuranosyladenine  (F-ara-
A), 6-mercaptopurine (6-MP), azathioprine, 1-
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B-p-arabinofuranosylcytosine (ara-C), ciproflox-
acin, amoxicillin, trimethoprim, sulfamethox-
azol, chloroquine, acetylsalicylic acid, paraceta-
mol, naproxen and ibuprofen.

3. Results

Fig. 1 shows a representative chromatogram of
an aqueous standard of MTX, 7-OHMTX and
DAMPA. Good separation of MTX and its two
metabolites was achieved in less than 25 min.
The capacity factors (k') of MTX, 7-OHMTX
and DAMPA were 8.4, 9.9, and 17.5, respective-
ly. It should be pointed out that a slight modi-
fication of the percentage of acetonitrile in the
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Fig. 1. Chromatogram of a mixture of MTX, 7-OHMTX and
DAMPA in an aqueous solution. Five pmole of each sub-
stance were injected onto the HPLC system.

mobile phase may be necessary after changing
the chromatographic column in order to achieve
optimal separation between the substances.

In order to optimize the photochemical re-
actions of MTX, 7-OHMTX and DAMPA on
UV-irradiation, various post-column capillary
coils were tested. The maximum response was
found with an irradiation time of 60 s (10 m X 0.3
mm [.D., flow 1 ml) (Fig. 2). A decrease in the
response was observed on prolonged irradiation,
especially for 7-OHMTX.

A linear relationship between plasma concen-
tration and peak area was obtained for all three
substances within the concentration range of
interest (0.2-500 nmol/1). The correlation co-
efficients were r>>0.996 for low concentrations
(range 0.2-62.5 nmol/1) and r*>0.997 for the
high concentrations (range 62.5-500 nmol/I)
(data from individual curves not shown). Similar
results were observed with urine and saliva. 7-
OHMTX and DAMPA could not be detected in
plasma, saliva or urine spiked with MTX only.

At a signal-to-noise ratio >3:1, the limits of
detection of MTX, 7-OHMTX and DAMPA in
plasma and saliva were 0.1 nmol/l. In urine the
limit of detection was 10 nmol/l1 for all com-
pounds. The limit of quantitation at a signal-to-
noise ratio >10:1 was 0.5 nmol/l (CV. <15%)
for all compounds.

Drug recovery was determined by comparing
spiked plasma samples with an aqueous solution
of MTX, 7-OHMTX and DAMPA. Mean re-

e

15 |

10 b

Peak height

o L 1 1 1 L 2 L )

0 20 40 60 80 100 120 140
Irradiation time, seconds

Fig. 2. Influence on fluorescence response of MTX (@),
7-OHMTX (C) and DAMPA ( + ) of the time of irradiation
with UV light of 254 nm.
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coveries of MTX, 7-OHMTX and DAMPA from
plasma at 100 nmol/l were 85.8 = 1.8, 91.1 4.2
and 102.3 +7.2%, respectively. The intra- and
inter-assay coefficients of variation for MTX,
7-OHMTX and DAMPA in plasma are shown in
Table 1.

The results of the interference studies showed
that only sulfamethoxazol interfered with MTX
peak, but satisfactory separation could be
achieved by a slight change in the mobile phase.

Chromatograms of plasma samples obtained
from a patient receiving an oral MTX dose (5
mg/m?), before and at 3, 24, and 168 h after
dose intake, are shown in Fig. 3A-D. To further
demonstrate the clinical applicability of the
method, plasma and urine samples from a pa-
tient with ALL were analyzed according to the
described procedure. The plasma pharmacokin-
etic profiles of MTX and 7-OHMTX after a
single oral dose of 5 mg/m” are shown in Fig 4.
MTX and 7-OHMTX could readily be detected
during 1 week after oral MTX intake (Fig. 4).

Table 1

167

The maximum plasma concentration (C,,,) of
MTX was 926.5 nmol/l at 0.75 h after dosing,
while the C_,, of 7-OHMTX was obtained 7 h
after administration and at a concentration of
216.9 nmol/l (observed values). The area under
the plasma concentration-time curves (AUC),
calculated from time zero to infinity were 3276.9
nM h and 4709.8 nM h for MTX and 7-OHMTX,
respectively. The distribution and elimination
half-lives of MTX were 1.5 and 128.2 h, respec-
tively. The elimination half-life for 7-OHMTX
was 66.5 h. In this patient, the concentration of
DAMPA was 1.8 nmol/l at 1 h and less than 0.2
nmol/l at 168 h, respectively, after an oral MTX
dose.

Typical chromatograms of plasma, urine and
saliva from patients with rheumatoid arthritis
and ALL are shown in Fig. SA-C. No interfer-
ences from impurities in plasma, urine and saliva
were detected in the chromatogram.

The concentration—time profiles for MTX and
7-OHMTX in saliva from a patient with ALL

Intra- and inter-assay variability and precision of MTX, 7-OHMTX and DAMPA in blank human plasma

Compound Concentration (nmol/l) CV. (%) n
Spiked Analyzed S.D.
Intra-assay
MTX 10.0 10.7 0.5 4.4 6
100.0 95.6 6.5 6.9 S
1500.0 1445.1 112.8 7.8 7
7-OHMTX 10.0 9.7 0.4 4.5 4
100.0 105.9 13.3 12.5 5
1500.0 1450.5 57.2 3.9 7
DAMPA 10.0 10.1 0.7 7.2 6
100.0 97.1 8.8 9.1 ]
1500.0 1495.3 111.7 6.8 7
Inter-assay
MTX 10.0 9.4 1.0 10.3 6
100.0 94.1 6.4 6.8 9
1500.0 1508.8 21.2 1.4 6
7-OHMTX 10.0 9.3 8.9 9.6 6
100.0 99.2 8.1 8.2 9
1500.0 1523.7 21.3 1.4 6
DAMPA 10.0 9.3 1.2 12.6 6
100.0 100.7 8.1 8.0 9
1500.0 1537.5 110.9 7.2 6
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Fig. 3. Chromatograms from paticnt plasma samples. (A) Before drug administration, (B) 3 h (236.6 nmol/l of MTX and 175.0
nmol/l of 7-OHMTX). (C) 24 h (6.3 nmol/l of MTX and 58.1 nmol/l of 7-OHMTX). and (D) 168 h (2.6 nmol/l of MTX, 1.9
nmol/l of 7-OHMTX and less than 0.2 nmol/l of DAMPA) after a single oral (5 mg/mz) administration of MTX.

treated with high-dose MTX (5 g/m”) are shown
in Fig. 6. In this patient, the 7-OHMTX/MTX
ratio is higher than 7 at both 18 and 42 h after
the end of infusion (Figs. 5C and 6).

4. Discussion
MTX has been used as an antineoplastic agent

since the 1940s and in recent years it has re-
ceived increased attention in the treatment of
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Fig. 4. Semilogarithmic plot of MTX (@) and 7-OHMTX
(C) plasma concentrations versus time fotllowing a single oral
dose of MTX (5 mg/m’) administered to a patient with ALL.

rheumatoid arthritis and psoriasis. High-dose
MTX chemotherapy requires plasma drug moni-
toring as guidance for the leucovorin rescue.
However, severe mucositis has been described in
spite of normal plasma MTX decay and it has
been postulated that this might be due to differ-
ences in metabolite concentrations [34].

For treatment of rheumatoid arthritis, low-
dose MTX therapy (5-25 mg/m” per week) can
be used. Most assays can, however, only detect
plasma MTX during the first 24 h after low-dose
therapy. Plasma concentrations of MTX, 7-
OHMTX and DAMPA are lower than 10 nmol/l
in less than 24 h in most patients after adminis-
tration of a single oral low-dose [35-37]. In
order to study the potential value of TDM in
low-dose therapy, an assay with high sensitivity
is nceded. Our method allows the simultaneous
monitoring of MTX and its two main metabolites
(7-OHMTX and DAMPA) during the whole
dose interval (one week) in oral low-dose
therapy. Although the metabolites as such exert
little cytotoxic effect they are not without inter-
est since the possibility exists that they affect the
intracellular effects of MTX through interaction
with membrane transport and/or polyglutama-
tion.
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Fig. 5. Chromatograms from patients. (A) Plasma (264.6 nmol/l of MTX and 146.2 nmol/] of 7-OHMTX and 72.9 nmol/l of
DAMPA), (B) urine (2111.2 amol/l of MTX and 99.0 nmol/l of 7-OHMTX). (C) saliva (130.7 nmo!/l of MTX and 1037.7
nmol/1 of 7-OHMTX). The plasma and urine were collected 4 and 24 h after an oral low-dose intake, respectively. The mixed
saliva was obtained 32 h post infusion from children with ALL treated with high-dose MTX (5 g/m”, 24-h continuous infusion).

Oral toxicity is a major problem in the treat-
ment of patients with high-dose MTX. During
the past decade, there has been growing interest
in the salivary excretion of the drugs and the
correlation between free drug and salivary con-
centration with the aim to simplify sample collec-
tion. MTX in saliva has been shown to correlate
well with its plasma concentrations in one study
[38]., but this could not be confirmed by others
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Fig. 6. The pharmacokinctic profile of MTX (@) and 7-
OHMTX (O) in saliva of children with ALL treated with
high-dose MTX (5 g/m®. 24-h continuous infusion).

[39.,40]. High salivary concentrations of 7-
OHMTX may explain the low correlation be-
tween free plasma and salivary concentration of
MTX (F. Albertioni et al., manuscript in prepa-
ration). However, concentrations of 7-OHMTX
in saliva and their relation to oral toxicity have
not yet been reported. Our assay allows the
simultaneous determination of MTX and 7-
OHMTX in saliva.

We adopted the post-column derivatization,
giving highly fluorescence products (2,4-
diaminopteridine-6-carboxyaldehyde and of the
corresponding carboxylic acid) as described by
Salamoun and co-workers [18,30] with some
modification in combination with a solid-phase
extraction procedure using C; Isolute cartridges
as described in the Experimental section.

The present method has several advantages
when compared with our previous method using
anion-exchange Certify II cartridges [31]. First,
recovery of DAMPA when extracted with C,
Isolute is much higher (102%) than on Certify II
( <5%), which allows us to measure MTX, 7-
OHMTX and DAMPA simultaneously in plas-
ma, urine and saliva. Second, the extraction
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procedure is less time-consuming with only two
steps which can easily be automated. Finally, the
use of C; Isolute is cost effective compared to
Certify II (more than 4 times) and the C, Isolute
cartridges can be reused for at least three times
without loss of performance. This method is
currently being used in our laboratory for phar-
macokinetic studies of MTX and its metabolites
in ALL of childhood and in patients with
rheumatoid arthritis.
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