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Abstract
This study aims to assess the role of methotrexate-related gene polymorphisms in children with acute lymphoblastic leukemia (ALL) 
during high-dose methotrexate (HD-MTX) therapy and to explore their effects on serum metabolites before and after HD-MTX treat-
ment. The MTHFR 677C>T, MTHFR 1298A>C, ABCB1 3435C>T, and GSTP1 313A>G genotypes of 189 children with ALL who 
received chemotherapy with the CCCG-ALL-2020 regimen from January 2020 to April 2023 were analyzed, and toxic effects were 
reported according to the Common Terminology Criteria for Adverse Events (CTCAE, version 5.0). Fasting peripheral blood serum 
samples were collected from 27 children before and after HD-MTX treatment, and plasma metabolites were analyzed by liquid chro-
matography-tandem mass spectrometry (LC–MS). The results of univariate and multivariate analyses showed that MTHFR 677C>T 
and ABCB1 3435 C>T gene polymorphisms were associated with the delayed MTX clearance (P < 0.05) and lower platelet count 
after treatment in children with MTHFR 677 mutation compared with wild-type ones (P < 0.05), and pure mutations in ABCB1 3435 
were associated with higher serum creatinine levels (P < 0.05). No significant association was identified between MTHFR 677C>T, 
MTHFR 1298A>C, ABCB1 3435 C>T, and GSTP1 313A>G genes and hepatotoxicity or nephrotoxicity (P > 0.05). However, the 
serum metabolomic analysis indicated that the presence of the MTHFR 677C > T gene polymorphism could potentially contribute to 
delayed MTX clearance by influencing L-phenylalanine metabolism, leading to the occurrence of related toxic side effects.

Conclusion: MTHFR 677C>T and ABCB1 3435 C>T predicted the risk of delayed MTX clearance during HD-MTX 
treatment in children with ALL. Serum L-phenylalanine levels were significantly elevated after HD-MTX treatment in 
children with the MTHFR 677C>T mutation gene.

Trial registration: This study was registered at the Chinese Clinical Trial Registry (registration number: 
ChiCTR2000035264; registration: 2020/08/05; https://​www.​chictr.​org.​cn/).

What is Known:
• MTX-related genes play an important role in MTX pharmacokinetics and toxicity, but results from different studies are inconsistent and the 

mechanisms involved are not clear.
What is New:
• Characteristics, prognosis, polymorphisms of MTX-related genes, and metabolite changes were comprehensively evaluated in children 

treated with HD-MTX chemotherapy.
• Analysis revealed that both heterozygous and pure mutations in MTHFR 677C>T resulted in a significantly increased risk of delayed MTX 

clearance, and that L-phenylalanine has the potential to serve as a predictive marker for the metabolic effects of the MTHFR 677C>T 
polymorphism.
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GST	� Glutathione S-transferases
Hcy	� Homocysteine
HD-MTX 	� High-dose methotrexate
LC–MS 	� Liquid chromatography-tandem mass 

spectrometry
MTHFR	� Methylenetetrahydrofolate reductase
MRD	� Minimal residual disease
NEU	� Neutrophil count
P-gp	� P-glycoprotein

Introduction

Acute lymphoblastic leukemia (ALL) is one of the most common 
childhood malignancies, characterized by the abnormal prolifera-
tion of lymphoblasts. Over the years, advancements in combi-
nation chemotherapy regimens have significantly improved the 
prognosis for children with ALL. The survival rate has remark-
ably increased from less than 10% in the 1960s to more than 90% 
in the present era [1, 2]. There are three main phases of treatment 
for ALL: induction, consolidation, and maintenance [3]. Among 
them, high-dose methotrexate (HD-MTX) has proven to be an 
effective therapy for managing extramedullary infiltration and 
systemic consolidation in children with ALL. The utilization of 
HD-MTX has shown promising results in improving the long-
term survival rate of children with ALL [4].

In recent decades, improvements in MTX treatment and 
dosing regimens have led to significant improvements in the 
survival rates of patients with ALL. Nonetheless, the mucosal 
toxicity, hematotoxicity, and hepatotoxicity produced by high-
dose MTX in children undergoing HD-MTX treatment may 
lead to serious complications and even interruption of treat-
ment [5, 6]. CCCG-ALL-2020 is a prospective, randomized, 
and multicenter study conducted by the Chinese Pediatric 
Oncology Group. In this chemotherapy regimen of HD-
MTX treatment, MTX-related toxicity and delayed clearance 
occurred in a large proportion of children despite dose adjust-
ment during treatment based on creatinine clearance (CCR) 
and MTX concentrations at 44 h (C44h) after the child’s first 
HD-MTX chemotherapy [5]. MTX-related toxicity in patients 
is influenced by various factors, including the dose and dura-
tion of treatment as well as genetic factors [7, 8]. A growing 
number of studies suggested that MTX-related genes play an 
important role in MTX pharmacokinetics and toxicities, while 
the results are unidentical across studies, which may be related 
to factors such as the ethnicity of the study population, sample 
size, and chemotherapy dose [9–11]. The available studies 
do not provide clear evidence of a link between delayed early 
clearance of MTX and toxicity. Nevertheless, genetic poly-
morphisms of MTX-related genes may be potential predictors 
of personalized HD-MTX therapy.

Metabolomics is a valuable approach for investigating 
biochemical processes associated with metabolites. Given 

that metabolites can be easily detected in accessible bioflu-
ids, metabolomics has been extensively utilized for cancer 
diagnosis and prediction of adverse effects caused by anti-
cancer drugs [12], such as lung cancer [13], breast cancer 
[14], and lymphoma [15]. In ALL, significant alterations 
in metabolite profiles have been found in pre- and post-
induction and consolidation therapy [16]. The effects of 
MTX-related genes, contributing to patient-related toxicity 
and delayed clearance, on serum metabolites were further 
investigated through combined metabolomics and gene poly-
morphism analysis.

In the present study, the effects of MTHFR 677C>T, 
MTHFR 1298A>C, ABCB1 3435 C>T, and GSTP1 313A>G 
gene polymorphisms on MTX-related toxicity and delayed 
MTX clearance during HD-MTX treatment were analyzed 
in 189 children with ALL. The potential metabolic pathways 
affected by genes influencing delayed MTX clearance and 
toxicity were explored by examining changes in associated 
plasma metabolites before and after HD-MTX treatment.

Methods

Patients

This study included 189 patients who were hospitalized at 
Qilu Hospital of Shandong University (Jinan, China) from 
January 2020 to April 2023. All patients included in the 
study were diagnosed with ALL and fulfilled the inclu-
sion criteria of the CCCG-ALL-2020 protocol, receiv-
ing treatment accordingly. All patients were tested for 
MTHFR 677C>T, MTHFR 1298A>C, ABCB1 3435C>T, 
and GSTP1 313A>G polymorphisms by PCR-microarray 
hybridization prior to initiating HD-MTX chemotherapy. 
Patients who died or discontinued treatment prior to HD-
MTX chemotherapy were excluded. From the eligible 
patients, a random selection of 27 individuals was made, and 
serum samples were collected before and after HD-MTX 
chemotherapy for metabolomic analysis. Informed consent 
was obtained from patients’ legal guardians, and the study 
was approved by the Ethics Committee of Shandong Uni-
versity Qilu Hospital (Approval No. ChiCTR2000035264). 
Detailed HD-MTX-specific data can be found in the sup-
plementary materials. Detailed HD-MTX-specific programs 
can be found in the supplementary materials.

Data collection and definition

Patients’ demographic data, immunophenotype, MTX-related 
genes, risk stratification, HD-MTX chemotherapy details, and 
follow-up data were extracted from electronic medical records. 
The chemotherapy details for HD-MTX included the admin-
istered dose of MTX, C20h, C44h, and C68h and relevant tests, 
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such as neutrophil count (NEU), glutamic-pyruvic transaminase 
(ALT), glutamic oxalacetic transaminase (AST), and creatinine 
(Cr) during HD-MTX. Delayed clearance of MTX was defined 
as MTX concentration at C44h > 1.0 µmol/L or at C68h ≥ 0.2 
µmol/L during any HD-MTX chemotherapy session. Other toxic 
effects were reported according to the Common Terminology 
Criteria for Adverse Events (CTCAE, version 5.0) [17].

Serum sample collection and metabolite extraction 
and processing

Fasting peripheral blood serum samples were collected 
before HDMTX treatment (day 1) and after HDMTX treat-
ment (day 3). Samples were collected in EDTA tubes. The 
samples were thawed and vortexed for 30 s. For tissue 
homogenate preparation, the samples were gradually added 
to H2O and homogenized. Cells were added to water and 
sonicated for 10 min at 4 °C. In the case of metabolites, 
sample volumes of 200 µL were extracted using MeOH to 
ACN (1:1, v/v). The samples were then vortexed for 30 s and 
sonicated for 10 min. To precipitate proteins, the samples 
were incubated at − 20 °C for 1 h, followed by a 15-min cen-
trifugation at 20,000 g and 4 °C. The resulting supernatant 
was discarded, and the remaining solution was evaporated 
to dryness in a vacuum concentrator. The dry extracts were 
reconstituted in ACN to H2O (1:1, v/v) at a ratio of 40 µL 
per milligram of protein. The reconstituted extracts were 
vortexed for 30 s and sonicated for 10 min. After centrifuga-
tion for 15 min at 20,000 rpm and 4 °C to remove insoluble 
debris, the supernatants were transferred to HPLC vials and 
stored at − 80 °C until liquid chromatography-tandem mass 
spectrometry (LC–MS) analysis.

Data analysis

Unconditional logistic regression was employed to calculate 
odds ratios (OR) and 95% confidence intervals (95% CI) 
for the incidence of delayed clearance and hematotoxic-
ity following HD-MTX treatment. The Shapiro–Wilk test 
was employed to assess the normal distribution of metho-
trexate plasma concentration and other indicators related 
to hematology, liver function, and kidney function. For 
normally distributed data, one-way analysis of variance 
(ANOVA) was utilized to compare the differences between 
groups. For abnormally distributed data, the Kruskal–Wal-
lis test was employed. A relevant trend was considered for 
P-value < 0.1, while P-value < 0.05 was considered sta-
tistically significant. SPSS 26.0 software (IBM, Armonk, 
NY, USA) was utilized to carry out statistical analysis, and 
GraphPad Prism 9.0 software (GraphPad Software Inc., San 
Diego, CA, USA) was used for image rendering, unless oth-
erwise specified.

Results

Patients’ clinical characteristics

Table 1 summarizes patients’ characteristics. The study 
group consisted of 189 children with a median age of 6.7 
(interquartile range, 3.7–9.4) years old. The risk classifica-
tion of ALL was based on factors, such as age, leukocyte 
count, immunophenotype, central nervous system status, 
karyotype analysis, molecular status, and end induction 
minimal residual disease (MRD) level. Among patients, 89 
(44.4%) were classified as standard risk, while 100 (55.6%) 
were classified as intermediate or high-risk. Fasting plasma 
samples were collected from 27 newly diagnosed children 
at two time points: (1) on the day before HD-MTX treat-
ment and (2) after completion of HD-MTX treatment, 
specifically on day 3 of chemotherapy. The dose of MTX 
administered varied based on patients’ risk level, with the 
low-risk group receiving 3 g/m2 and the intermediate- or 
high-risk group receiving 5 g/m2 of MTX chemotherapy. 
The MTX-related genotypes of the children included in the 
study were analyzed, and all genotypes were found to be 
consistent with Hardy–Weinberg equilibrium.

Table 1   Demographic and clinical characteristics of patients

* IQR interquartile range

Patient characteristics Number (n = 189)

Age (years): median [IQR*] 6.7 [3.7–9.4]
Sex M/F: n (%) 110 (58.2%)/79 (41.8%)
MTHFR 677: n (%)
   CC 28 (14.8%)
   CT 80 (42.3%)
   TT 81 (42.9%)

MTHFR 1298: n (%)
   AA 149 (78.8%)
   AC 35 (18.5%)
   CC 5 (2.7%)

ABCB1 3435: n (%)
   GG 25 (13.2%)
   AG 99 (52.4%)
   AA 65 (34.4%)

GSTP1 313: n (%)
   AA 122 (64.5%)
   GA 57 (30.2%)
   GG 10 (5.3%)

Overall risk group n (%)
   Standard 89 (47.1%)
   Intermediate or High 100 (52.9%)
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Association of MTX‑related gene polymorphisms 
with delayed MTX clearance and C44h

As depicted in Fig. 1, the MTHFR 677CT/TT genotype 
exhibited a higher likelihood of delayed clearance compared 
with the wild-type (OR = 3.056/3.456, P = 0.019/0.009). In 
the ABCB1 3435C>T gene, homozygous mutations were 
more prone to exhibit delayed MTX clearance compared 
with the wild-type (OR = 2.82, P = 0.042), whereas no sig-
nificant difference was noted in genotypes with heterozy-
gous mutations. Similarly, in the C44h study, higher MTX 
concentrations were found in children with the MTHFR 
677CT/TT genotype (P = 0.007/0.017). However, no sig-
nificant differences were identified in MTHFR 1298A>C 

and GSTP1 313A>G genes regarding MTX clearance delay. 
Notably, children with pure mutations in the MTHFR1298 
gene displayed lower C44h levels, possibly due to the smaller 
sample size of this genotype in the present study (Fig. 2).

To exclude the effects of confounding factors, multi-
factorial analysis was performed using logistic regres-
sion models for the four gene polymorphisms (Fig. 3), 
with the MTHFR 677TT genotype having a higher risk 
of delayed MTX clearance compared with wild-type chil-
dren (OR = 2.841, P = 0.045) and the ABCB1 3435C>T 
pure mutation having a higher chance of delayed clearance 
compared with the heterozygous mutation (OR = 3.136, 
P = 0.036).

Fig. 1   Single factor analysis of MTX clearance delay

Fig. 2   MTX concentration at 44 
h for different gene polymor-
phisms
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Association of MTX‑related gene polymorphisms 
with side effects of HDMTX treatment

MTX-related toxicities, including myelosuppression, hepa-
totoxicity, and nephrotoxicity were evaluated during HD-
MTX treatment in 188 children with ALL, as illustrated 
in Fig. 4. Children with the MTHFR 677 mutation exhib-
ited lower platelet levels after treatment compared with 
the wild-type (CC vs CT+TT, P = 0.044), and those with 
a pure mutation in ABCB1 3435 showed higher serum 

creatinine levels (P = 0.016). However, no significant dif-
ferences were identified between genotypes in the analysis 
of transaminases and other indicators.

Notably, when renal damage was evaluated as dichoto-
mous variables, no significant effect of MTX-related gene 
polymorphisms was found, indicating that the elevated 
serum Cr levels caused by mutations in these genes are 
not sufficient to cause pathological changes in patients 
but still need to be brought to the attention of clinicians. 
Unlike the results of single-factor analysis, children with 
the MTHFR1298A>C heterozygous mutation were found 
to have a higher likelihood of developing myelosup-
pression (P = 0.049). However, this association was not 
observed in patients with the pure mutation, which could 
be attributed to the small number of children with the pure 
mutation included in the study (Fig. 5).

MTX‑related genes could affect serum metabolite 
changes before and after HD‑MTX treatment

A random selection of 27 children was made for the 
metabolomic analysis of peripheral blood serum before 
and after HD-MTX treatment (Table  2). The results 
revealed a significant increase in serum L-phenylalanine 
level in children with the MTHFR677 CT/TT mutation 
after treatment, whereas no similar alteration was found 
in other genotypes (Fig. 6).

Fig. 3   Multi-factor analysis of MTX clearance delay

Fig. 4   Changes in platelet count and creatinine level after HD-MTX 
treatment
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Discussion

The survival rate of children with ALL has reached a high 
level; however, the long-term combination chemotherapy 
is accompanied by significant toxic side effects that can 
remarkably impact the quality of life. Therefore, there is 
a need to predict chemotherapy-related toxic effects prior 
to treatment and make timely adjustments to the chemo-
therapy dosage [18]. HD-MTX plays a crucial role in the 
treatment and prevention of extramedullary leukemia, 
while it may also lead to significant toxic reactions that 
should not be overlooked. The occurrence and severity of 
MTX-related toxicity may be influenced by various fac-
tors, including the dosage and duration of treatment and 
genetic factors [19]. Among them, genetic factors may be 
involved in the activities of MTX-associated enzymes, 
which may affect the metabolism and intracellular trans-
port of the drug, thereby inducing the associated toxicity 
[20]. In the present study, the potential impact of MTX-
related gene polymorphisms on MTX-related toxicity and 
clearance delay during HD-MTX treatment was analyzed 
in 189 Chinese children with ALL. Additionally, the serum 
metabolomics impact underlying the toxic reactions, and 
clearance delay associated with MTX-related gene poly-
morphisms was explored through metabolomics analysis.

Methylenetetrahydrofolate reductase (MTHFR) is a 
folate-dependent enzyme that plays an important role 
in the conversion of homocysteine (Hcy) to methio-
nine [21]. To date, several polymorphic sites have been 
reported in the MTHFR gene, with the most extensively 
studied SNP sites being primarily 677C>T (rs1801133) 
and 1298A>C (rs1801131). The substitution of C>T at 

Fig. 5   Multifactorial analysis of blood toxicity

Table 2   Demographic and clinical characteristics of 27 patients 
undergoing metabolomic analysis

* IQR interquartile range

Patient characteristics Number (n = 27)

Age (years): median [IQR*] 6.8 [3.5–11]
Gender
   Male/female: n (%) 12 (44.4%)/15 (55.6%)

BMI (kg/m2): median [IQR] 17.2 [15.3–19]
MTX metabolic gene (MTHFR 677) n (%)
   CC 12 (44.4%)
   CT 10 (37.0%)
   TT 5 (18.6%)

Overall risk group n (%)
   Standard 12 (44.4%)
   Intermediate 15 (55.6%)

Fig. 6   Changes in serum L-phenylalanine levels before and after HD-
MTX in different MTHFR677C > T genotypes
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MTHFR rs1801133 could result in an alanine to valine 
change, enhancing the enzyme’s thermogenicity and dis-
rupting flavin adenine dinucleotide (FAD) binding, thereby 
reducing catalytic activity [22], and this missense muta-
tion could result in approximately 70% and 35% reduc-
tion in normal MTHFR enzymatic activity in TT and CT 
genotype carriers, respectively [23]. In addition, the A>C 
substitution at MTHFR rs1801131 could lead to the substi-
tution of glutamate with alanine in the regulatory binding 
domain of the enzyme. This alteration could reduce the 
binding affinity of the enzyme for S-adenosylmethionine 
(SAM) and subsequently result in the decreased enzymatic 
activity [24]. The findings of the present study revealed 
an association between the MTHFR 677C>T mutation 
and an elevated risk of delayed MTX clearance following 
HD-MTX treatment. These results are consistent with the 
findings reported by Imanishi et al. [25] and Mahmoud 
et al. [26]. There were also significant differences in C44h 
concentrations, so increasing the dose of calcium folinate 
rescue in children with MTHFR 677C >T mutation may 
help reduce the adverse reactions of HD-MTX. However, 
no such change was found in the case of the 1298A>C 
mutation. Notably, when evaluating C44h as a continuous 
variable, it was revealed that children with the 1298A>C 
mutation gene had lower 44-h MTX blood concentrations. 
This observation could be attributed to the smaller num-
ber of children included in the study with the 1298A>C 
mutation. Conducting larger clinical studies can provide 
further insights into this relationship. Ilan S. Weisberg 
et al. showed that the 1298A>C mutation could affect 
the enzyme to a lesser extent than 677C>T [27], which 
could also be one of the possible reasons for the insig-
nificant effect of 1298A>C on the delayed clearance of 
MTX. No significant correlation between MTHFR gene 
polymorphisms and MTX toxic response in patients was 
found in the most of studies [11], which is similar to the 
findings of the present study and may be due to the fact 
that MTX-related toxicity depends on a combination of 
factors, including folate status, dosing regimen, and dietary 
and environmental factors. This problem may be eliminated 
by establishing a complex multi-factor prediction model.

ABCB1 is a gene that encodes P-glycoprotein (P-gp) [28]. 
P-gp is an ATP-dependent membrane glycoprotein that trans-
ports intracellular xenobiotics to the extracellular compart-
ment and acts as a pump for drug transport [29]. This gene 
plays an important role in the bioavailability of toxic sub-
stances and metabolites and prevents their intracellular accu-
mulation. The ABCB1 3435C>T polymorphism (rs1045642) 
decreases the enzymatic activity of P-gp and reduces the 
number of carriers, leading to intracellular accumulation 
of drugs with associated toxic effects [30]. ABCB1 corre-
sponds to a wide range of drug substrate actions that affects 
the toxic response of several antineoplastic drugs, such as 

carboplatin [31], cisplatin [32], MTX [33], fluorouracil [34], 
and adriamycin [35]. In the present study, children with 
ALL who were treated with HD-MTX were analyzed, and 
it was revealed that homozygous mutations in the ABCB1 
3435C>T gene were more likely to have delayed MTX clear-
ance compared with wild-type ones and had higher serum 
Cr levels compared with heterozygous mutations. Previous 
research reported that ABCB1 3435C>T could increase the 
risk of MTX-related toxicity [36]; however, the present study 
showed no significant increase in toxicity in patients with 
both pure and heterozygous mutant genotypes, which is in 
accordance with Melikoglu and Balkan’s findings [37]. This 
may be related to the ethnicity of the study population, MTX 
dosing regimen, etc. On the other hand, numerous studies 
confirmed that the P-gp was associated with other polymor-
phisms in the ABCB1 gene, such as ABCB1 1236C>T, 2677 
G>T/A, and 1199G>A [38], so that simultaneous detection 
of multiple ABCB1 SNPs for multifactorial analysis will be 
necessary in the future studies.

Glutathione S-transferases (GST) are a group of multi-
functional drug-metabolizing enzymes, of which GST Pi1 
(GSTP1) is widely present in human tissues and is involved 
in cell repair and drug metabolism. This enzyme can bind to 
lipophilic cytotoxic drugs to enhance their water solubility 
and promote drug excretion [39]. The association between 
the GSTP1 genetic polymorphism (rs1695, 313A>G) and 
the toxic response to various chemotherapeutic agents has 
been extensively studied [40]. For instance, Woorim Kim 
et al. evaluated the relationship between the GSTP1 gene 
polymorphism and the toxicity of platinum-based chemo-
therapeutic agents and showed that the GSTP1 313A>G 
gene mutation was associated with a significant increase in 
gastrointestinal response and hematologic toxicity compared 
with wild-type mutations [41]. Similarly, Gong et al. found 
similar findings in their study of toxic reactions to cyclo-
phosphamide chemotherapy, and their study also showed 
that patients with the GSTP1 313A>G gene mutation had an 
increased risk of infection when treated with cyclophospha-
mide [42], while MTX-related toxicity was less studied. The 
significance of GSTP1 313A>G polymorphism in HD-MTX 
treatment was investigated for the first time in the present 
study. However, no relevant effects of GSTP1 313A>G on 
MTX clearance delay and associated toxicity were found. 
This could potentially be attributed to the extensive hydra-
tion and alkalinization administered during HD-MTX, coun-
teracting the adverse effects of GSTP1 genes. To further 
understand the exact role of GSTP1 in HD-MTX treatment, 
additional in vivo and in vitro experiments are warranted.

The changes in serum metabolites before and after 
HD-MTX treatment were studied in 27 ALL patients, and 
a combined analysis was conducted with MTX-related 
genes. The analysis revealed that patients with the MTHFR 
677CT/TT genotype exhibited significantly higher serum 
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L-phenylalanine levels after HD-MTX treatment, as well 
the increased risk of delayed MTX clearance and liver 
damage. However, no significant correlation was noted in 
relation to other genes. Amino acids play a crucial role in 
tumor growth, prognosis, and therapeutic response. They 
act as regulators of gene expression and are essential com-
ponents in protein synthesis [43, 44]. In drug synthesis, the 
introduction of amino acids into natural products is one 
of the structural modification strategies to increase water 
solubility, enhance pharmacological activity, and reduce 
toxicity [45]. Schulpis et al. showed that in patients with 
the MTHFR 677C>T mutation and elevated blood levels of 
Hcy, there was an increase in the activity of cell membrane 
Na+-K+-ATPase. Furthermore, incubation with L-pheny-
lalanine demonstrated a protective effect on the enzyme, 
preventing its activation [46], thereby reducing the occur-
rence of associated mucosal damage. Similarly, a study con-
ducted by Heikal et al. indicated that L-phenylalanine intake 
improved vascular endothelial function in a mouse model of 
hypertension [47]. Elevated serum levels of L-phenylalanine 
were found in patients with the MTHFR 677CT/TT geno-
type after treatment. There was a tendency for delayed clear-
ance of MTX and the increased risk of liver damage in these 
patients. This observation may be attributed to the effect of 
L-phenylalanine on cell membrane permeability, leading to 
the enhanced translocation of intracellular MTX to the extra-
cellular compartment and resulting in higher concentrations 
of MTX in the serum. However, further validation through 
more robust in vivo and ex vivo experiments is necessary to 
confirm this finding. In order to mitigate the delayed clear-
ance of MTX and associated toxic effects, it may be benefi-
cial for patients to reduce their intake of L-phenylalanine-
rich foods during HD-MTX treatment.

There are certain limitations to this study that need to 
be acknowledged. Firstly, a higher incidence of toxic reac-
tions may not have been observed in patients with delayed 
MTX clearance because toxic responses were only assessed 
within 48 h of HD-MTX treatment. Future clinical stud-
ies with larger samples are needed to analyze and further 
assess the effect of delayed clearance on MTX long-term 
toxic responses. Secondly, for patients with relevant high-
risk mutations, further intervention trials will be conducted 
to explore the feasibility of reducing delayed MTX clearance 
by increasing the folinic acid rescue dose early. In addition, 
the serum metabolomics of only 27 patients were randomly 
analyzed, which is a relatively small sample size, and the 
causal relationship between L-phenylalanine and delayed 
MTX clearance is unclear. Further animal experiments and 
large-sample clinical trials are needed to clarify the pos-
sibility of L-phenylalanine as an intervention target during 
HD-MTX therapy. Notwithstanding the aforementioned 
limitations, the study demonstrated a number of strengths. 
For the first time, the relationship between serum metabolite 

changes and delayed MTX clearance, as well as related gene 
polymorphisms, was analyzed before and after HD-MTX 
treatment in ALL patients. This provides a new idea to 
further investigate how to mitigate the toxic side effects in 
patients receiving HD-MTX chemotherapy.

Conclusions

In conclusion, the present study confirmed that both het-
erozygous and homozygous mutations in MTHFR 677C>T 
could lead to a significantly increased risk of delay in MTX 
clearance, and the results showed that L-phenylalanine has 
the potential to serve as a predictive marker for the metabolic 
effects of the MTHFR 677C>T polymorphism. Homozygous 
mutations of ABCB1 3435C>T also significantly increased 
the risk of delayed MTX clearance, while heterozygous muta-
tions did not exhibit such effect, and the current evidence 
does not support the involvement of the GSTP1 313A>G 
gene in the reference value for HD-MTX treatment.
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