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Abstract High-dose methotrexate therapy (HD-MTX)
has been well established for the treatment of childhood
acute lymphoblastic leukemia (ALL). The aims of this
study were to investigate whether clinical and pharmaco-
genetic factors influence plasma MTX concentration and
renal dysfunction in patients treated with HD-MTX. In a
total of 127 courses of HD-MTX in 51 patients with
childhood ALL, influence of clinical and pharmacogenetic
factors on plasma MTX concentration and HD-MTX-
related renal dysfunction was evaluated. Clinical factors
included age, gender, duration of HD-MTX continuous-
infusion and duration of pre-hydration before HD-MTX.
Pharmacogenetic factors included 5 gene polymorphisms
within the MTX pathway genes, namely, SLCI19Al,
MTHFR, ABCC2 and ABCGQG2. Short duration of pre-
hydration before HD-MTX is the most important risk factor
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for prolonged high MTX concentration (p < 0.001, OR
6.40, 95 % CI 239-17.16) and renal dysfunction
(p = 0.013, OR 3.15, 95 % CI 1.27-7.80). The T allele at
MTHFR C677T was the risk factor for prolonged high
MTX concentration (p = 0.009, OR 5.54, 95 % CI
1.54-19.85), but not for renal dysfunction. We found the
influence of MTHFR C677T polymorphism on prolonged
high MTX concentration. We reconfirmed the importance
of adequate pre-hydration before HD-MTX to prevent
prolonged high MTX concentration and MTX-related renal
dysfunction.
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Introduction

Methotrexate (MTX) is an antifolate agent which is an
important drug for childhood acute lymphoblastic leukemia
(ALL), non-Hodgkin lymphoma and osteosarcoma [1-3].
High-dose methotrexate therapy (HD-MTX) reduced
hematological relapse in childhood ALL [4]. However,
HD-MTX causes various toxicities, such as hematological,
gastrointestinal, hepatic and renal toxicities [5—8].
Elevated plasma MTX concentration due to unexpected
impairment of MTX excretion is known to be predictive for
MTX-related renal toxicity [9]. Since more than 90 % of
MTX is excreted by urine [10], to prevent HD-MTX-
related toxicities, various approaches to supportive care
have been established [6]. Examples include hydration to
maintain urine output, alkalinization of urine and with-
holding of several medications, such as probenecid, sulfi-
soxazole and non-steroidal anti-inflammatory agents
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(NSAIDs) which are nephrotoxic or may interfere with
MTX excretion [6]. Monitoring of plasma MTX concen-
tration and leucovorin rescue is also important for pre-
venting MTX-related toxicities [11].

Furthermore, there are inter-individual differences in
MTX-related toxicities even under the same supportive
care. Pharmacogenetics would lead to personalized therapy
with MTX and another anti-cancer drugs [5, 12-16].
Methylentetrahydrofolate reductase (MTHFR) catalyzes
the reduction of 5,10-methylenetetrahydrofolate to
5-methylentetrahydrofolate [17]. MTX enters the cell
through Solute carrier family 19 (folate transporter),
member 1 (SLC19A1) also known as reduced folate carrier
1 (RFC1)-mediated active transport and is pumped out of
the cell through ATP-binding Cassette (ABC) transporters
such as ABCC2 (MRP2) and ABCG2 (BCRP) [17].

The aims of this study were to investigate whether
supportive care and polymorphisms in the MTX pathway
genes influence the plasma MTX concentration, and renal
dysfunction in ALL patients treated with HD-MTX. Short
duration of alkalinizing hydration and of HD-MTX con-
tinuous-infusion may be risk factors for renal dysfunction
due to higher urinary and plasma MTX concentration [6,
18]. But, there was no report on the efficacy of overnight
pre-hydration for preventing MTX-related toxicities. We
found the importance of overnight pre-hydration for pre-
venting prolonged high MTX concentration and MTX-
related renal dysfunction.

Materials and methods
Study population

We retrospectively investigated a total of 51 patients (26
males and 25 females) who were treated at the Yokohama
City University Hospital and Yokohama Saiseikai Nanbu
Hospital between February 1999 and October 2009. Forty-
eight patients had B cell precursor ALL and 3 had T cell
ALL. Patients were eligible if they were treated with the
Tokyo Children’s Cancer Study Group protocol of L99-15
and L07-16 for standard and intermediate risk groups of
ALL patients [19]. These protocols contained three courses
of HD-MTX at 3 g/m?/day (at 1-2 weeks intervals). HD-
MTX were administered by 12 or 24 h continuous infusion
with intrathecal chemotherapy (MTX and hydrocortisone)
according to the protocol [19]. A total of 127 courses of
HD-MTX in 51 patients were performed (Table 1). Four-
teen patients could not complete all three courses of HD-
MTX because of renal or hepatic toxicities. Leucovorin
rescue (15 mg/mz) was started 36 h after HD-MTX and
continued for at least 6 doses every 6 h until routinely
measured plasma MTX levels were 0.1 pmol/L or lower.

Table 1 Characteristics of patients treated with HD-MTX treatment
(127 courses in 51 patients)

Gender

Male (%) 26 (51.0)

Female (%) 25 (49.0)
Age, mean (range) 5.9 (1-15)
Diagnosis

BCP-ALL 48

T-ALL 3
Duration of HD-MTX continuous infusion

12 h 39 courses

24 h 88 courses
Duration of pre-hydration

Short (shorter than 4 h) 35 courses

Long (longer than 12 h) 92 courses

BCP-ALL B cell precursor acute lymphoblastic leukemia, 7-ALL T
cell acute lymphoblastic leukemia

Alkalinizing hydration (2500-3000 ml/m*/day) began
before HD-MTX and continued until plasma MTX levels
were 0.1 pmol/L or lower.

Duration of HD-MTX continuous infusion

Before October 2005, the first course of HD-MTX was
performed by 12 h continuous infusion in order to expect
the prolonged high MTX concentration and MTX-related
toxicities according to the protocol. If there was no pro-
longed high plasma MTX concentration at 12 h continuous
infusion, the following HD-MTX was performed by 24 h
continuous infusion. After November 2005, the first course
of HD-MTX was infused by 24 h continuously. Clinical
factors included age, gender, duration of MTX continuous
infusion (12 h or 24 h) and duration of pre-hydration
before HD-MTX.

Pre-hydration

The duration of pre-hydration was divided into following two
groups, namely short pre-hydration-shorter than 4 h; i.e. from
the morning, and long pre-hydration longer than 12 h; i.e.
from the night before (Table 1). Before September 2004, HD-
MTX was administered after short pre-hydration according to
the protocol that recommended 3-h hydration before HD-
MTX. If the prolonged high MTX concentration or renal
toxicity were observed after the first course of HD-MTX, long
pre-hydrations were selected for the subsequent HD-MTX.
After October 2004, HD-MTX was administered along with
long pre-hydration. It was confirmed from patient’s medical
records that alkalinization of urine was well controlled and no
medications, such as sulfisoxazole and NSAIDs, were co-
administrated during all courses of HD-MTX. All patients
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have not had any liver dysfunction, infection or third space
fluid sequestration before HD-MTX administration. Accord-
ing to the previous reports, prolonged high MTX concentra-
tion was defined as MTX concentration higher than 1.0 pmol/
mL 48 h after the infusion [5, 20]. MTX-related renal toxicity
was defined as an increase in the serum creatinine level after
HD-MTX to more than 1.5 times the pretreatment baseline.

This study was performed in accordance with the Dec-
laration of Helsinki and approved by the Ethics Committee
of the Yokohama City University School of Medicine and
Saiseikai Yokohamasi Nanbu Hospital. Written informed
consent for the retrospective pharmacogenetic study was
obtained from each patient or his/her guardians.

Genotyping

Genomic DNA was isolated from peripheral blood or bone
marrow when the patients were in remission from their cur-
rent diseases, using the QIAamp DNA Mini kit (Qiagen K.K.,
Tokyo, Japan). The following 5 single nucleotide polymor-
phisms (SNPs) within the MTX pathway genes encoding
SLC19A1, ABCG2, MTHFR and ABCC2 were selected
according to previous reports on the association between gene
polymorphisms and MTX-related toxicities [20-23]. Geno-
typing for SLCI9A1 A80G (rs1051266), ABCG2 C421A
(rs2231142), MTHFR C677T (rs1801133), MTHFR A1298C
(rs1801131) and ABCC2 C-24T (rs717620) were performed
using the TagMan technique (Applied Biosystems, Foster,
CA, USA). TagMan SNP Genotyping Assays was used for
MTHFR A1298C, MTHFR C677T and ABCC2 C-24T.
Custom TagMan SNP Genotyping Assays was used for
SLC19A1 A80G and ABCG2 C421A [24] (see supplemen-
tary table 1). These SNPs were analyzed in real-time PCR by
the AB7500 Real Time PCR system (Applied Biosystems,
Foster, CA, USA), under the conditions recommended by the
manufacturer. Allele discrimination was performed using
SDS software version 1.4 (Applied Biosystems).

Statistical analysis

A mixed-effects model for repeated measures was used to

assess clinical and genetic factors associated with MTX

concentration and MTX-related renal dysfunction [18, 25].
All statistical analyses were carried out using the SAS

system version 9 (SAS Institute Inc., Cary, NC, USA).

Results

MTX concentrations

MTX concentrations 48 h after starting HD-MTX were
higher than 1.0 pmol/L in 22 (17.3 %) out of 127 courses.
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Table 2 Association between clinical factors and prolonged high
MTX concentration

pvalue OR 95 % CI
Gender 0.194 0.55 0.22-1.36
Age 0.045 1.12 1.00-1.26
Duration of HD-MTX continuous 0.614 0.72 0.20-2.57
infusion
Duration of pre-hydration <0.001 6.40 2.39-17.16

With regard to clinical factors, short duration of pre-hydration
before HD-MTX was the most important risk factor for
prolonged high MTX concentration (p < 0.001, OR 6.40,
95 % CI 2.39-17.16). Thirteen (37.1 %) out of 35 courses
with short pre-hydration had prolonged high MTX concen-
tration, whereas 9 (9.2 %) out of 92 courses with long pre-
hydration had prolonged high MTX concentration. Higher
age was also associated with elevated MTX levels (Table 2).

As for genetic factors, the genotype frequencies for the 5
SNPs of the patients were in Hardy—Weinberg equilibrium
(p > 0.05) (see supplementary table 2). MTHFR C677T
was associated with MTX concentration (Table 3). The T
allele at MTHFR C677T was the risk factor for prolonged
high MTX concentration even after adjusting for clinical
factors (p = 0.009, OR 5.54, 95 % CI 1.54-19.85). Allele
frequency of MTHFR C677T was not significantly differ-
ent between two types of prehydration before HD-MTX
(p = 0.20, Student ¢ test, supplementary table 3).

MTX-related renal toxicity

Twenty-eight (22.0 %) in a total of 127 courses of HD-
MTX had renal toxicity. With regard to clinical factors,
short duration of pre-hydration and higher age were asso-
ciated with MTX-related renal toxicity (Table 4). Fourteen
(40.0 %) in a total of 35 courses with short pre-hydration
had renal dysfunction, whereas only 14 (15.2 %) in a total
of 92 courses with long pre-hydration had renal dysfunc-
tion (p = 0.013, OR 3.15, 95 % CI 1.27-7.80).

As for association between renal dysfunction and pro-
longed high MTX concentration, 20 (90.9 %) in a total of
22 courses with prolonged high MTX concentration had
increased serum creatinine levels, whereas 10 (9.5 %) in a
total of 105 courses with normal MTX concentration had
increased creatinine levels.

There was no association between genetic factors and
MTX-related renal toxicity (Table 5).

Discussion

High-dose methotrexate therapy (HD-MTX) has improved
treatment outcome for childhood ALL [4]. However,
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Table 3 Association between genetic factors and prolonged high MTX concentration

Allele model® Dominant model® Recessive model®

p value OR 95 % CI p value OR 95 % CI p value OR 95 % CI
SLCI9A1 G80A 0.456 1.57 0.48-5.18 0.664 1.31 0.39-4.42 0.736 1.17 0.48-2.87
ABCG2 C421A 0.357 1.68 0.56-5.08 0.671 0.72 0.15-3.35 0.936 0.96 0.38-2.42
MTHFR C677T 0.026 0.33 0.12-0.88 0.046 0.35 0.12-0.98 0.070 0.36 0.12-1.09
MTHFR A1298C 0.285 2.38 0.49-11.61 n.d. n.d. n.d. 0.093 2.54 0.86-7.54
ABCC2 C-24T 0.066 241 0.94-6.15 n.d. n.d. n.d. 0.338 1.71 0.57-5.10

M are the A allele at SLC19A1 G80A, C ABCG2 C421A, C MTHFR C677T, A MTHFR A1298C, C ABCC2 C-24T

M major alleles, m minor allele

? Allele model: M versus m. Dominant model: (MM or Mm) versus mm. Recessive model: MM versus (Mm or mm)

Table 4 Association between clinical factors and MTX-related renal
toxicity

p value OR 95 % CI
Gender 0.632 0.79 0.31-2.06
Age 0.026 1.14  1.02-1.27
Duration of HD-MTX continuous 0.304 0.48 0.12-1.96
infusion
Duration of pre-hydration 0.013 3.15 1.27-7.80

concerns with HD-MTX exist including many toxicities
which are sometimes lethal [5, 6], but some toxicities may
be avoidable by proper supportive care. Therefore, sup-
portive care is important in patients treated with HD-MTX,
even in the era of pharmacogenetics.

First, we investigated the influence of supportive care on
prolonged high MTX concentration in HD-MTX-treated
patients. We found that short duration of pre-hydration
before HD-MTX was the most important risk factor for
prolonged high MTX concentration. Although it was rec-
ommended that hydration should begin 12 h before HD-
MTX and continue for 24—48 h [6], there was no report on
the efficacy of long pre-hydration (from the night before) in
preventing prolonged high MTX concentration and MTX-
related renal dysfunction. Here, we have shown the

Table 5 Association between genetic variables and renal toxicity

efficacy of long pre-hydration from the night before.
Although pre-hydration from the night before may lead to
loss of sleep caused by frequent urination, adequate pre-
hydration before HD-MTX should be performed to prevent
renal toxicity. The influence of long pre-hydration on
preventing prolonged high MTX concentration and MTX-
related renal dysfunction may be associated with urine
output before HD-MTX, although we did not address an
association between urine output before HD-MTX and
prolonged high MTX concentration/MTX-related renal
dysfunction. With increasing age, a decrease in the MTX
clearance and higher MTX levels with ALL patients have
been reported [26, 27]. We also found that higher age was
associated with elevated MTX levels and MTX-related
renal dysfunction.

Second, we found that the T allele at MTHFR C677T
was associated with prolonged high MTX concentration.
This result was consistent with a previous report that the T
allele at MTHFR C677T was associated with high MTX
concentration 48 h after HD-MTX in Japanese childhood
ALL patients [20]. MTHFR impacts the pharmacokinetics
and pharmacodynamics of HD-MTX, yet MTHFR is not
thought to be responsible for the metabolism or transport of
MTX [22, 28]. Further studies are required to determine
exactly how MTHFR function affects pharmacokinetics

Allele model®

Dominant model®

Recessive model®

p value OR 95 % CI p value OR 95 % CI p value OR 95 % CI
SLCI9A1 G80A 0.958 1.0 0.5-2.1 0.956 1.0 02423 0.975 1.0 0.4-2.7
ABCG2 C421A 0.292 0.7 0.3-14 0.319 0.5 0.2-1.8 0.433 0.7 0.2-1.8
MTHFR C677T 0.165 0.6 0.3-1.2 0.378 0.6 0.2-1.9 0.196 0.5 0.2-14
MTHFR A1298C 0.154 2.1 0.8-5.7 n.d. n.d. n.d. 0.154 2.1 0.8-5.7
ABCC2 C-24T 0.965 1.0 0.5-1.9 0.484 1.6 0.4-5.7 0.750 0.8 0.3-24

M are the A allele at SLC19A1 G80A, C ABCG2 C421A, C MTHFR C677T, A MTHFR A1298C, C ABCC2 C-24T

M major alleles, m minor allele

? Allele model: M versus m. Dominant model: (MM or Mm) versus mm. Recessive model: MM versus (Mm or mm)
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and pharmacodynamics of MTX. However, MTHFR
C677T polymorphism was not a significant factor in
patients who received long duration of pre-hydration
(p = 0.44). Therefore, supportive care (especially long
pre-hydration) may be more important than genetic back-
ground in HD-MTX therapy.

Third, we investigated the influence of clinical and
genetic factors on MTX-related renal dysfunction. Pro-
longed high MTX concentration 48 h after HD-MTX was
significantly associated with renal dysfunction in the
present study. However, it is difficult to say whether pro-
longed high MTX concentration is the cause or outcome of
renal dysfunction. Although MTHFR C677T was associ-
ated with MTX concentration 48 h after HD-MTX, there
was no association between genetic factors and renal dys-
function. This is striking given that other factors influence
the susceptibility of patients with high MTX concentration
to renal toxicity. In terms of HD-MTX courses with normal
MTX concentration, 9.5 % of courses had increased serum
creatinine level. Again, the MTX concentration does not
appear to be the sole determinant of susceptibility to renal
toxicity. Therefore, SNPs or mutations at the MTX path-
way genes that were not studied here may influence MTX-
related renal toxicity.

One of the limitations of this study (besides the small
study population) is the selection bias. At the first course of
HD-MTX, the 12-h continuous infusion of HD-MTX was
performed only before October 2005. Because the pro-
longed high MTX concentration and MTX-related renal
toxicity in 24-h continuous infusion could not be expected
using the precedence of 12-h continuous infusion, 24-h
continuous infusion was performed from the first course of
HD-MTX, after November 2005. Short pre-hydration was
also performed only before September 2004. Therefore,
there may be a selection bias. We compared the charac-
teristics of patients between two hydration arms in sup-
plementary table 3. Twelve-hour continuous infusion was
associated with short pre-hydration (p < 0.01) because
short pre-hydration and 12 h continuous infusion were
concurrently selected mainly before 2004. By the contin-
uous infusion time-stratified analysis, short pre-hydration
was the risk factor for the prolonged high MTX concen-
tration in both subgroups (12 h; OR = 2.9, p = 0.13, 24 h;
OR = 6.1, p < 0.01) (supplementary table 4). Therefore,
long pre-hydration is probably one of the important sup-
portive care for preventing the prolonged high MTX con-
centration and renal toxicity, although the prospective
research to validate the pre-hydration’s effect for prevent-
ing the prolonged high MTX concentration and MTX-
related renal toxicity is needed.

In summary, we found the influence of MTHFR C677T
on prolonged high MTX concentration. We found the
importance of supportive care, especially adequate pre-
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hydration from the night before to prevent prolonged high
MTX concentration and MTX-related renal toxicity.
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