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Abstract

Background Precursor B-cell acute lymphoblastic leukemia (B-ALL) is the most common cancers in children. Failure
of induction chemotherapy is a major factor leading to relapse and death in children with B-ALL. Given the impor-
tance of altered metabolites in the carcinogenesis of pediatric B-ALL, studying the metabolic profile of children

with B-ALL during induction chemotherapy and in different minimal residual disease (MRD) status may contribute
to the management of pediatric B-ALL.

Methods We collected paired peripheral blood plasma samples from children with B-ALL at pre- and post-induction
chemotherapy and analyzed the metabolomic profiling of these samples by ultra-high performance liquid chro-
matography-mass spectrometry (UHPLC-MS). Healthy children were included as controls. We selected metabolites
that were depleted in pediatric B-ALL and analyzed the concentrations in pediatric B-ALL samples. In vitro, we study
the effects of the selected metabolites on the viability of ALL cell lines and the sensitivity to conventional chemo-
therapeutic agents in ALL cell lines.

Results Forty-four metabolites were identified with different levels between groups. KEGG pathway enrichment
analyses revealed that dysregulated linoleic acid (LA) metabolism and arginine (Arg) biosynthesis were closely associ-
ated with pediatric B-ALL. We confirmed that LA and Arg were decreased in pediatric B-ALL samples. The treatment
of LA and Arg inhibited the viability of NALM-6 and RS4;11 cells in a dose-dependent manner, respectively. Moreover,
Arg increased the sensitivity of B-ALL cells to L-asparaginase and daunorubicin.

Conclusion Arginine increases the sensitivity of B-ALL cells to the conventional chemotherapeutic drugs L-asparagi-
nase and daunorubicin. This may represent a promising therapeutic approach.

Keywords Precursor B-cell acute lymphoblastic leukemia, Minimal residual disease, Metabolomic profiling, Linoleic
acid, Arginine
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Introduction

Acute lymphoblastic leukemia (ALL), one of the most
common malignancies, has been reported to account
for nearly one-third of all pediatric cancers [1]. Accord-
ing to immunophenotype classification, 85% of all cases
of pediatric ALL belong to the Precursor B-cell acute
lymphoblastic leukemia (B-ALL) [2]. Despite consider-
able advances in the treatment of pediatric B-ALL, a high
mortality rate has been witnessed among children with
relapsed or refractory cancer [3]. Therefore, novel thera-
peutic approaches and strategies are needed to further
improve the prognosis of B-ALL and reduce side effects.

Minimal residual disease (MRD) refers to the presence
of leukemia cells in the bone marrow and, less commonly,
in the peripheral blood following chemotherapy, immu-
notherapy, or radiotherapy [4]. Compared to morpho-
logical assessment alone, MRD can better estimate the
reduction in disease burden following treatment. There-
fore, MRD has emerged as a crucial biomarker for risk
stratification and individual risk-guided treatment deci-
sions in B-ALL [5].

Recently, the application of different metabolomic
approaches has been highly efficient in identifying novel
mechanisms of disease pathogenesis and progression.
Furthermore, significant metabolic alterations have
been identified in several solid tumors and hematologi-
cal malignancies, such as colorectal cancer [6], myeloma
[7], chronic myelogenous leukemia [8], and acute mye-
loid leukemia [9]. However, the MRD status of pediatric
B-ALL following induction chemotherapy hasn’t been
reported up to now. Studying the specific metabolic pro-
file can be highly effective in understanding the causes of
poor outcomes and providing insights into disease biol-
ogy and mechanisms underlying drug resistance [10].

Amino acids are important sources of energy for
malignant cells, and alterations in amino acid metabo-
lism are associated with immunosuppressive properties
of the the tumour microenvironment [11]. It may be a
promising strategy for tumor therapy to adjust amino
acid metabolism and alter the nutrient content of the
tumor microenvironment. Studies have shown that Arg
can be used as a sensitiser for radiotherapy, with nearly
78% of patients with glioblastoma metastases gained
achieving or partial remission when given arginine
administration before radiotherapy [12]. Moreover, argi-
nine directly inhibited lymphoma cell growth in vitro
[13], as well as Enhances anti-tumour effects in breast
cancer mice by improving immune status [14]. Arg mal-
nutrition in leukaemia and lymphoma in vivo is often
associated with Arg synthase deficiency [15]. Targeting
abnormal arginine metabolism may help treat B-ALL in
children.
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In the present study, we assessed the association of
MRD status with different metabolites following induc-
tion chemotherapy in pediatric B-ALL. It turned out
that linoleic acid (LA) metabolism and arginine were
associated with pediatric B-ALL. In vitro, LA and Arg
inhibited the viability of NALM-6 and RS4;11 cells signif-
icantly. Furthermore, we found that treatment of arginine
increased the sensitivity of B-ALL cells to conventional
chemotherapeutic agents. Therefore, the application of
LA and Arg can be a promising therapeutic option for
pediatric B-ALL in the future.

Materials and methods

Study population

We enrolled 10 pediatric patients with B-ALL, of whom 5
patients (cohort A) were MRD (-) and 5 patients (cohort
B) were MRD (+) at post-induction. Here, we selected
leukemic blasts>5% as the cut-off value for MRD posi-
tivity and <0.01 for MRD negativity after induction. In
addition, 5 healthy children were included as controls.
The basic characteristics of the children with B-ALL and
the induction chemotherapy regimen are summarised
in Supplementary Tables 1 and 2. The study was con-
ducted according to the guidelines of the Declaration of
Helsinki, and approved by the Ethics Committee of Sun
Yat-sen University (KY-2022-020-01). All participants
under 16 years old provided written informed consents
from parents or legal guardians. Samples were collected
at the Affiliated Hospital of Sun Yat-sen University, and
all children with B-ALL were treated according to the
South China Collaborative Group for the Treatment of
Pediatric ALL 2016 protocol (SCCCG-2016-ALL), where
induction chemotherapy included prednisone trial,
VDLD induction and CAM intensification. In our study,
we mainly assessed MRD on day 26 after VDLD chemo-
therapy (post-induction).

Sample collection and preparation

Peripheral blood samples were collected from each subject
at two time points: (1) at diagnosis (pre-induction) on day
0 and (2) after VDLD chemotherapy (post-induction) on
day 26. In total, 3mL of peripheral venous whole blood was
collected to ethylenediaminetetraacetic acid (EDTA) anti-
coagulant tubes from each participants who had not con-
sumed any food or water. The samples were centrifuged at
2000 rpm for 10 min at 4 °C, and the collected supernatant
was stored at —80 °C. All plasma samples were thawed on
ice, following which 50 pL of each sample was transferred
to a 1.5 mL polypropylene tube. It was mixed with 150 puL
of methyl alcohol by vortexing for 10 min. Next, the mixture
was centrifuged at 14,000 rpm for 10 min. The supernatants
were transferred to another 1.5 mL polypropylene tube, dried
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with nitrogen, and subsequently dissolved in 80 pL of a 1:1
mixture of methanol and ultrapure water. The samples were
vortexed for 5 min and separated by centrifugation at 14,000
rpm for 10 min. The QC sample was prepared by mixing an
equal aliquot of the supernatant from all of samples. Finally,
supernatants were transferred to autosampler vials.

Metabolomics platform

Metabolomic profiling was performed on a Q Exactive
Plus Hybrid Quadrupole- Orbitrap Mass Spectrometer
with Thermo Vanquish UHPLC (Thermo, MA, USA) at
Bay Laboratory of Shenzhen. All plasma samples were
analyzed in both positive ion (ESI+) and negative ion
(ESI-) modes, with the mass range varying from 100
to 1000 m/z in the full scan mode. Separation was per-
formed on an ACQUITY UPLC BEH C18, 2 um column;
the mobile phase A was 0.1% formic acid in water, and
mobile phase B was acetonitrile. The column tempera-
ture was maintained at 25 °C, and elution was performed
at a flow rate of 400 uL/min. A total of 2 uL of the sample
was injected for negative ions and 2 pL for positive ions.

Data processing

The raw data files were imported into Compound Discov-
erer 3.2, and the intensity of each ion was normalized to
generate a data matrix consisting of the m/z value, reten-
tion time, and normalized peak area. The peak intensity
values of each plasma sample were classified according to
the above study group, followed by further analysis.

Metabolic pathway enrichment analysis

The peak intensity values of metabolites with highly dif-
ferent abundance in plasma samples were imported into
the MetaboAnalyst. MetaboAnalyst generates integrated
pathway enrichment and pathway topology analyses to
study the functions of untargeted metabolites. Metabo-
lite identifiers were converted to the synonyms listed in
the Human Metabolome Database (HMDB 5.0) [16]. The
pathway impact measures represented the sum of impor-
tant measures of significant metabolites generated by
topology analysis and normalized to important measures
of all metabolites in the associated pathway. In addition,
we used the KEGG database to map significant metabo-
lites to the pathways of interest [17, 18].

ELISA
Peripheral plasma was collected on day 26 of induction
chemotherapy from children with B-ALL, as well as from
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healthy children as controls (Supplementary Table 1).
Arginine concentrations were measured using the
Human Arginine (Arg) ELISA KIT (Reed Biotech, Wu
Han) according to the manufacturer’s instructions.

Cell lines

Human B-ALL cell line NALM-6 (ATCC, CRL-3273) and
ALL cell line RS4;11 (ATCC, CRL-1873) and human nor-
mal peripheral blood mononuclear cells (PBMC) were
obtained from the Scientific Research Centre, The Seventh
Affiliated Hospital, Sun Yat-sen University (Shenzhen,
China). The cells were cultured in RPMI1640 medium con-
taining 10% fetal bovine serum and 1% penicillin/ strepto-
mycin at 37 °C in a humidified atmosphere of 5% CO2.

Cytotoxicity assay

The cytotoxicity of LA, Arg and chemotherapeutics were
assessed by the CCK8 assay. In 96-well plates, cells were
treated with different concentrations of LA, Arg (0, 100,
200, 300, 400 and 500 pM) and Arg 300uM in combina-
tion with different chemotherapeutics for 24 h and then
10 uL. CCK8 (5 mg/mL) was added to each well. After
the cells were incubated in a 37 °C incubator for 4 h, the
absorbance value was detected at 450 nm by microplate
reader, and the IC50 value was calculated. All of the solu-
tions were adjusted to a pH of 7.4 and stored at 4 °C.

Statistical analysis

The metabolomics data were analyzed using the online
software MetaboAnalyst 5.0 [19]. The supervised
Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA) model was used to assess metabolic changes
between groups. To assess the risk of overfitting of the
OPLS-DA model, 1000 permutation tests were per-
formed. Pathway enrichment analyses were performed
using the Kyoto Encyclopedia of Genomes (KEGG) data-
base. Qualitative and quantitative differences between
subgroups were analysed using x> test or Fisher’s exact
test for categorical parameters, and Student’s t-test or
Mann-Whitney U test was used to compare the differ-
ence in two groups as appropriate. Differences in cell
viability were expressed as means+SDs of triplicate
experiments performed independently. P-value less than
0.05 was considered significant.

Results

Baseline characteristics and metabolite profiling

Plasma samples were collected from 10 pediatric
patients newly diagnosed with B-ALL and five healthy
volunteers of similar age from the same geographical
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area as controls. The baseline characteristics of patients
are shown in (Supplementary Table 1) All children with
B-ALL were treated with chemotherapy according to the
South China protocol, a schedule of administration and
dosing in the induction chemotherapy regimen is shown
in (Supplementary Table 2) Risk stratification revealed
that the MRD(+) group consisted of two high-risk, one
standard-risk, and two low-risk individuals, while the
MRD(-) group consisted of one standard-risk and four
low-risk individuals (Supplementary Table 3). A total of
2,988 features were identified in the plasma samples. We
used HMDB to annotate 274 metabolites in the plasma
and found that 31 metabolites significantly differed
between healthy volunteers and children with B-ALL
at diagnosis, whereas 13 metabolites markedly differed
between children with B-ALL with varied MRD statuses
after induction.

Metabolic alterations in pediatric B-ALL at pre-induction
compared with healthy controls

Distinct clusters of metabolites were identified in
the peripheral plasma of children with B-ALL at pre-
induction (cohort A and cohort B) compared to control
individuals, as seen in the discovery cohort by OPLS-
DA (Fig. 1A, D) and PCA score plots (Supplementary
Fig. 1A). We set up a model that contained metabo-
lomic information by fitting OPLS-DA. We evaluated
its accuracy to classify new samples through 1000 ran-
dom permutation tests during cross-validation (Fig. 1B,
E). The model was reliable since the goodness of fit (R2)
and predictive ability (Q2) were both greater than 0.5
variable Importance in Projection (VIP) scores were
used to plot the changes in the levels of the identified
metabolites in B-ALL compared to healthy controls
(Fig. 1C, F). Furthermore, considering the statistically
significant differences and the importance of the vari-
ables in prediction, we plotted the fold change in levels
of identified metabolites in B-ALL compared to healthy
controls (Supplementary Fig. 1C). Taken together, chil-
dren with B-ALL experience significant changes in the
metabolome of their peripheral plasma. These changes
may be associated with the pathogenesis of B-ALL.

Metabolic changes in distinct MRD status at post-induction
in pediatric B-ALL

We also evaluated the metabolic changes of children
with B-ALL in different MRD states at post- induction
chemotherapy. Differential metabolites in the cohort A
and cohort B at post-induction were indicated through
OPLS-DA (Fig. 1G) and PCA score plots (Supplemen-
tary Fig. 1B), as previously mentioned. We also fitted
the OPLS-DA model and verified its reliability by cross-
validating the Q2 and R2 values (Fig. 1H). Additionally,
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we used VIP scores (Fig. 1I) and volcano plots (Supple-
mentary Fig. 1D) to illustrate the significance and impact
of differential metabolites between the two groups. The
results revealed that metabolic alterations in children
with B-ALL MRD (+) at post-induction chemotherapy
differed from those in MRD (-) patients.

Analysis of pathogenic metabolites in children with B-ALL
at pre-induction

To identify metabolic phenotypes that were associated
with the development of B-ALL, we compared metabolic
changes in plasma samples from B-ALL and healthy con-
trols by hierarchical cluster analysis (Fig. 2A). It turned
out that 12 metabolites were elevated and 13 metabolites
were significantly decreased in children with B-ALL com-
pared to healthy controls. We categorised the top twenty
metabolites (Supplementary Table 4) and found that the
major alterations of metabolites in pediatric B-ALL were
fatty acid metabolism and amino acid metabolism, which
was confirmed by KEGG analysis (Fig. 3A).

Metabolite variation in pediatric B-ALL with different
responses to induction therapy

To investigate metabolite changes in children with B-ALL
with different efficacy after induction chemotherapy, we
compared metabolic changes between the MRD (+) and
MRD (-) groups by hierarchical cluster analysis (Fig. 2B).
The results indicated that 10 metabolites appeared to be
elevated and 11 metabolites appeared to be decreased
in the MRD (-) group compared to the MRD (+) group.
The top metabolites were categorized in Supplementary
Table 5. To figure out the functional characteristics of
these metabolites, we performed pathway enrichment
analysis by KEGG and identified significantly enriched
pathways. Among the pathways that were altered, the
most changes were observed in the pathways associated
with arginine and ether lipids (Fig. 3B).

Metabolic characterization of linoleic acid and arginine

Our study revealed significant differences in linoleic acid
(LA) levels between pediatric B-ALL patients and healthy
controls, as for arginine (Arg) levels after induction chem-
otherapy for pediatric B-ALL with different MRD status.
The metabolic pathways of LA and Arg were significantly
enriched in KEGG analysis. Therefore, we further ana-
lyzed the mass spectral patterns and the relative abun-
dance of LA and Arg (Fig. 4A). The results demonstrated
that LA was decreased in pediatric B-ALL patients com-
pared to healthy children while Arg was reduced in the
MRD (+) group compared to the MRD (-) groups. More
importantly, the reduction of Arg in MRD (+) group
was confirmed by ELISA. Besides, a notable decrease in
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Fig. 1 Metabolic changes were observed in the peripheral plasma of pediatric B-ALL. A, D OPLS-DA score plots for comparison between healthy
controls and pediatric B-ALL in cohort A and cohort B at pre-induction, respectively. G OPLS-DA score plots for comparison between cohort

A and cohort B in B-ALL at post-induction. B, E, H The cross-validation results, tested with a permutation method repeated 1000 times. Both R2

and Q2 are greater than 0.5. C, F The VIP score plots for showing the impacts of differential metabolites in B-ALL compared to healthy controls. 1 The
VIP score plots for showing the impacts of altered metabolites on MRD status after B-ALL induction chemotherapy
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arginine levels was observed in children with B-ALL com-
pared to healthy controls (Supplementary Fig. 2).

Linoleic acid and arginine inhibited the viability of ALL cell
lines

Through evaluation the levels of metabolites in differ-
ent groups, we found that linoleic acid (LA) and arginine
(Arg) were significantly decreased in pediatric B-ALL
compared to healthy controls in the discovery cohort at
pre-induction and post-induction, respectively. To con-
firm the role of LA and Arg in ALL, the ALL cell lines
were treated with LA and Arg, respectively. Compared to
phosphate buffer saline (PBS), both LA and Arg remark-
ably inhibited cell viability in NALM-6 and RS4;11 cell
lines in a dose-dependent manner (Fig. 5A) without neg-
ative effects on normal PBMC. These results indicated
that LA and Arg exhibited anti-ALL activity with high
specificity.

Arginine increased the sensitivity of ALL cells

to conventional chemotherapeutic agents

As arginine levels were diverse in pediatric B-ALL
patients with different MRD states following induction
chemotherapy and arginine inhibited ALL cell viability
in vitro, we wondered whether arginine could be used
in combination with the most commonly used chemo-
therapeutics (VDLD) in B-ALL treatment. To this end,
ALL cell lines NALM-6 and RS4;11 were treated with
Arg in combination with chemotherapeutic agents for
24 h (i.e. dexamethasone, L-asparaginase, daunorubicin,
vincristine). These agents were normally applied to treat

pediatric ALL patients. The results showed that combi-
nation of Arg and L-asparaginase (L-ASP) and dauno-
rubici (DNR) respectively at fixed molar combination
ratios exert greater effects on inhibiting cell viability than
that of L-Asp or DNR alone (Fig. 6A). Therefore, Arg
could effectively increase the sensitivity of B-ALL cells to
L-ASP and DNR.

Discussion
B-ALL has been reported as the most common pediat-
ric cancer [20]. Although conventional chemotherapy
contributes to disease-free survival in more than 85%
of pediatric patients with ALL, survival after relapse
is very poor. MRD, which is often used to study hema-
tological cancer, serves as a primary indicator to assess
relapsed ALL in a post-induction setting [21]. In recent
years, researchers have recognized altered metabolism as
a cornerstone mechanism underlying oncogenesis and a
hallmark of cancer [22]. Furthermore, tumor metabolism
represents a readily druggable molecular space for iden-
tifying vulnerable metabolic targets in tumors [23]. For
instance, a metabolite with a causal effect on the disease
indicates the possibility of the involvement of an enzyme
in its biosynthetic pathway that could serve as a thera-
peutic target [24]. Therefore, metabolomic insights can
pave the way toward discovering novel therapeutic strat-
egies for B-ALL, especially for relapsed and refractory
B-ALL.

In this study, we performed an in-depth metabo-
lomic analysis of peripheral plasma from B-ALL chil-
dren at pre-induction chemotherapy to determine the
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differences in metabolites between B-ALL children and
healthy subjects, as well as the differences in metabolites
in B-ALL children with different MRD states at post-
induction chemotherapy [25]. In total, 2988 metabolites
were annotated in all collected samples, out of which
273 metabolites were best matched to the BioCyc [26],
HMDB, or KEGG databases. Significant changes in the
metabolomic composition of children with B-ALL were
observed during induction chemotherapy. These observa-
tions suggested that metabolic reprogramming occurred
in children with B-ALL to overcome inadequate nutrient
supply and to generate the energy required for cell prolif-
eration and survival. The metabolic reprogramming may

be a potential driver of hematological tumor pathogenic-
ity in children with B-ALL.

The findings of this study indicate that the presence of
peripheral blast cells exerts an influence on the metabolic
activity of the organism. Firstly, a comparative analysis
was conducted between the pre-induction B-ALL group
and healthy controls, which revealed more pronounced
alterations in fatty acid metabolism in children with ALL
than in healthy controls. Furthermore, notable alterations
in arginine metabolism were identified in patients with
disparate MRD statuses following induction chemother-
apy. Through comparison of samples of healthy controls
and pediatric B-ALL patients at pre-induction, 31 metab-
olites were selected which showed significant enrichment
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for several processes, including LA metabolism, D-glu-
tamine and D-glutamate metabolism, and nitrogen
metabolism. Besides, 13 metabolites were identified with
different levels in pediatric B-ALL samples with different
MRD status post-induction. These metabolites exhib-
ited distinct enrichment for processes including arginine
metabolism, ether- lipid metabolism and glutathione

metabolism. Dysregulation of fatty acid and amino acid
metabolism, particularly glutamine, serine, and glycine,
has been reported to support the growth of cancer cells
[27]. Aberrant regulation of amino acids and extracellu-
lar matrix (ECM) has been known to promote pro-tumor
activity [28]. The functions of these newly identified dif-
ferential metabolites need to be further investigated.
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Of interest, two depleted metabolites LA and Arg were
observed during induction chemotherapy. The reduction
of LA and Arg in the peripheral blood of pediatric B-ALL
patients indicated that they played as a potential pro-
tective role in B-ALL progression. LA is an n-6 polyun-
saturated fatty acid [29], which is enzymatically oxidized
to different derivatives involved in cell signaling [30]. It
inhibited colorectal cancer cell growth by inducing apop-
tosis [31]. Supplementation of LA has been a potential
adjuvant treatment for breast cancer [32, 33]. Long-term
treatment of cancer cells with LA induced a dormancy-
like phenotype [34]. However, LA has not been used as
a treatment option for leukemia. In this regard, our work
provides a new link between altered LA metabolism and
B-ALL pathogenesis. Amino acids play crucial roles in
cancer progression beyond their function as building
blocks for protein synthesis [35]. Arg is a semi-essential
amino acid that that is involved in immune regulation.
Arg-derived NO activated cytotoxic T cells [36] and
macrophages [37], thus promoting the immune response
against tumor cells. Geiger Roger et al. reported that
arginine revealed anti-tumor activity by enhancing the
proliferation, differentiation and survival of T cells [38].
Engineered bacteria can produce lots of arginine when
implanted into tumor and exhibit synergistic effects
with PD-L1 blockers on augmenting the infiltration of
cytotoxic T cells and decreasing the infiltration of Treg
cells in the tumor [39]. In addition, Arg was reported to
inhibit the growth of gastric cancer cells [40] and mice
melanoma cells [41]. The administration of arginine
enhanced the therapeutic effects of radiation in patients
with brain metastases [42].

Arginine depletion has been shown to be effective in
the treatment of tumours [43-45]. Such as, arginine
depletion using BCT-100 a pegylated (PEG) recom-
binant human arginase reduced disease burden and
enhanced the survival in ALL murine xenografts [46].
However, our study suggests that high levels of Arg
may increase the response of B-ALL cells to induction
chemotherapy. This is similar to some studies suggest-
ing that arginine may enhancing anti-tumour activity.
[38, 40, 41, 47]. Given the limitations of the current
study, further research is required to investigate the
implications for the underlying molecular mechanisms
of arginine in pediatric B-ALL.

However, this study has a few limitations. Firstly, the
fusion genes in the sample were diverse and it was not pos-
sible to observe the effect of a particular fusion gene on
metabolism in isolation. Secondly, the study did not include
patients whose end-of-induction MRD levels ranged from
0.01 to 5%. In addition, we used a small sample size and
although several significant findings were identified, a
larger sample size may have revealed additional differences.
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Therefore, we may miss some potentially relevant metabo-
lites. Larger-scale functional studies in vivo and in vitro are
needed to determine the relationship between metabolic
alterations and children with B-ALL.

Conclusions

Overall, the present study identified novel metabolic
alterations in children with B-ALL by performing metab-
olomic analysis of peripheral blood before and after
induction chemotherapy. Our findings indicate that Arg
is deficient in B-ALL and that increasing arginine may
potentially enhance the response of B-ALL cells to induc-
tion chemotherapy. Therefore, targeting Arg in chemo-
therapy may help treat children with B-ALL.
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