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Hematologic malignancies encompass a diverse array of subtypes, contributing to substantial heterogeneity
that poses challenges in predicting clinical outcomes. Leveraging the capabilities of nuclear magnetic reso-
nance holds substantial promise in the detection of serum biomarkers and individual metabolic alterations in
patients. This study involved the analysis of the sera from patients with acute myeloid leukemia, chronic lym-
phocytic leukemia, and non-Hodgkin lymphoma to investigate the affected metabolites and their associated
pathways. The quantitative one-dimensional (1D) 1H nuclear magnetic resonance method was employed to
identify alterations. Metabolite annotations were validated using two-dimensional (2D) analyses. Discriminat-
ing chemometric models and receiver operating characteristic curves were created using the MetaboAnalyst
platform. The findings revealed significant alterations in the serum levels of amino acid catabolism products,
citrate cycle intermediates, and phospholipids. The acute myeloid leukemia group showed differences in
glucogenic amino acids related to the glycolysis pathway, whereas the chronic lymphocytic leukemia and
non-Hodgkin lymphoma groups displayed variances in fumarate and acetate levels linked to the citrate cycle
pathway. In the leukemia groups, higher levels of products from the protein degradation pathway were
observed. The biomarker panels for each malignancy group exhibited outstanding discrimination from con-
trols. Healthy individuals differed distinctly from patients, indicating commonly observed metabolic adapta-
tion patterns among frequent hematologic malignancies. The small cohort study using nuclear magnetic
resonance metabolomics in various hematologic malignancy subtypes revealed significant changes in
serum amino acid and protein degradation end-product levels, suggesting prolonged leukocyte lifespan and
increased energy demand. © 2025 International Society for Experimental Hematology. Published by Elsevier
Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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HIGHLIGHTS

* Metabolomics tools have allowed for global serum profiling of dif-
ferent hematologic malignancy subtypes.

e Serum levels of amino acid catabolism products, citrate cycle
intermediates, and phospholipids were altered in patients with
AML, CLL, and NHL.

e Patients with hematologic malignancy showed increased lifespan
and energy demand of leukocytes, indicating universal metabolic
adaptation patterns of tumor formation.

Hematologic malignancies (HMs) make up the fourth most com-
mon type of cancer, accounting for 9.4% of all cancerrelated
deaths [1]. Stemming from abnormal blood cell growth, these
conditions vary in age of onset and clinical presentations for
affected individuals. The most essential aspects of cancer

formation include genetic predisposition, molecular anomalies,
and epigenetic regulation of specific genes. However, the com-
plex organizational structure of white blood cells and their rapid
turnover make it difficult to track the origin of carcinogenic cells
and identify etiological causes.

Patients with HM with similar mutational backgrounds may
have different clinical presentations and cannot be grouped
into a common subclass [2]. In such cases with the high com-
plexity across disease subgroups, using the personalized medi-
cine approaches has an immense potential to reveal individual
driving forces leading to outcome. Metabolomics applications in
identifying precise therapeutic targets can address subgroup het-
erogeneity by exploring bioactive molecule interactions in both
healthy and diseased states. Rationally designed studies limiting
the confounding factors may yield valuable information about
individuals at the intersect of genomic and epigenetic exposure
[31.
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The biomarker research has kept its crucial place at the center of
metabolomics studies to advance early diagnosis and to define phe-
notypic signatures. Discovering biomarkers and unknown molecules
in diseases, nuclear magnetic resonance (NMR) and mass spectrome-
try (MS) provide high-throughput data for heuristic metabolomics.
MS enables ultrasensitive detection of metabolites in complex biolog-
ical samples, facilitating the identification of trace molecules in clinical
specimens. In parallel, NMR provides reproducible results with ease
of use and exceptional instrumental stability [4].

The NMR metabolomics study aimed to compare serum biochem-
istry in patients with non-Hodgkin lymphoma (NHL), chronic lym-
phocytic leukemia (CLL), and acute myeloid leukemia (AML) for a
personalized characterization of the phenotypic landscape. Using
robust NMR methodology, discriminant metabolites, along with their
associated metabolic pathways and biomarker models, were identi-
fied for each HM group. Integrating NMR methodology significantly
elevates laboratory practices in the growing field of metabolomics,
resulting in an efficient workflow that enhances research outcomes.

METHODS

Patient Recruitment and Sample Collection

Experiments were conducted at the TUBITAK Marmara Research
Center with the approval of the Bezmialem Vakif University (BVU)
Ethics Committee (No: 2021/391). All participants were given
informed consent to the clinical study following the Declaration of
Helsinki protocol.

Each group had 30 individuals considering pilot trials and studies
involving same malignancy subgroups [5]. Fasting serum samples
were collected from individuals following a regular diet. To prevent
contamination, serum specimens were analyzed for hemolysis,
icterus, and lipemia (HIL) indices by spectrophotometric assessment,
and any samples exhibiting these incidents were excluded. Inclusion
criteria involved initial diagnosis of patients with HM on their active
disease phase with no previous chemotherapy treatment. The exclu-
sion criteria included the absence of drug or smoking use, secondary
tumors, malnutrition, or chronic inflammatory disease.

Sample Preparation

One milliliter of each serum sample was mixed with 1:2 (vol/vol)
ultrapure methanol and centrifuged for 1.5 hours at 10,000 g force to
remove protein precipitate [6]. The collected supernatant was left for
evaporation under vacuum concentrator until total dryness. A total of
600 L NMR buffer (60 mM sodium phosphate, pH="7.4) and 100
uL sodium trimethylsilylpropanesulfonate (1.75 mM, in D,O) were
added to the pellet. The resulting mixture was transferred to 5-mm
NMR tubes.

NMR EXPERIMENTS

One-dimensional (ID) and two-dimensional (2D) experiments were
recorded with 700 MHz Bruker AVIII instrument equipped with a
QCI cryoprobe. 1D NOESY pulse sequence with a 2-sec presatura-
tion was used for quantitative 'H NMR (GNMR) spectra acquisition
(128 scans, 64 data collections, 4 sec acquisition time, 3 seconds
relaxation delay, 0.2 sec mixing time, and 101 receiver gain).
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The peak assignment was carried out using the 2D experiment
data (heteronuclear single quantum coherence ['H->C HSQC] and
total correlated spectroscopy ['H-'H TOCSYD and the Human
Metabolome Database. 2D methods were performed on serum pools
obtained by extracting each sample from experimental groups [71.
The spectral widths were set as to 11.7 and 185 ppm for the 1H (F2)
and 13C (FD) dimensions in HSQC and to 11.7 and 12.0 ppm in
TOCSY, with 256 increments recorded for each spectrum. Sixty-four
scans with 1.5 sec relaxation delay in HSQC and 48 scans with 2 sec
in TOCSY experiments were applied. The mixing time was set to 80
msec in TOCSY.

The resulting spectra (Topspin ASCII) were transferred, and assign-
ments were confirmed by reference to the online database COL-
MARm using default peak picking/ fitting/ chemical shift difference
cutoff parameters. 2D-authenticated metabolites were quantitatively
analyzed with the Chenomx NMR Suite based on the integrality of
internal standard (DSS). Sixty metabolites from various chemical clas-
ses were extracted for statistical analysis (Supplementary Table E2).

Spectra Preprocessing

Fourier transformation, baseline correction, and peak alignment steps
were performed in TopSpin (v. 4.1.3) and Chenomx NMR Suite
(v.9.02). The line broadening was set to 0.3 Hz with the zero-filling
factor to 2 (132 K data points). Chemical shift frequencies of the ana-
lytes were calibrated using DSS set to 0.0 ppm. Quality control crite-
ria were met by visually inspecting the spectra of serum pool samples
and referencing the lactate signal at §= 1.33 ppm. Data were auto-
scaled, and normal distribution on metabolite intensities was achieved
after the log-transformation.

Statistical Analysis

Univariate statistics of clinical parameters and NMR metabolite con-
centration values were performed using SPSS (version 27.0). Multi-
variate statistical analysis was conducted using the MetaboAnalyst R
package on the NMR data. The Student t test was applied to define
the significance values. Principal component analysis (PCA) was per-
formed to determine distribution trends of samples between groups
and to exclude extreme values. Analytes with variable significance
score (VIP) above | were selected and enhanced models covering
these were created with the partial least squares regression discrimi-
nant analysis (PLS-DA). VIP-PLS-DA model performance validation
was demonstrated by cross-validated analysis of variance (CV-
ANOVA) fitting degree values (Supplementary Table E6). Biomarker
models were built in the receiver operating characteristic (ROC)
curves of the VIP-PLS-DA model. Pathway analysis was conducted
using the KEGG database (MetaboAnalyst) in each HM compared
with controls.

RESULTS

Because of sample loss during preparation, the analysis involved 29
patients with AML, 30 patients with CLL, and 27 patients with NHL
with 30 control individuals. The sociodemographic data are pre-
sented in Supplementary Table Ela.

The results of the correlation analysis between metabolites and
clinical data are presented in Supplementary Table E5. Patients with
AML with a complex karyotype showed strong positive correlation
with the European Leukemia Net risk score. In both the CLL and
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Figure 1 The all-groups PLS-DA plot demonstrates a clear sep-
aration between the HM groups and the controls. (1) AML; (2)
CLL; (3) NHL; (4) controls.

NHL groups, the International Prognostic Index (IP) risk score dem-
onstrated a strong positive correlation with clinical stage. In alignment
with existing literature, patients with NHL exhibiting elevated lactate
dehydrogenase (LDH) enzyme levels showed a significant positive
correlation with the IPI risk score.

The PLS-DA analysis in all groups indicates a clear distinction
between the HM groups and the control group (Figure 1, Supple-
mentary Table E6). The significant metabolites are shown in Supple-
mentary Table E3 according to the post hoc analysis (Tukey’s
honestly significant difference [HSDI).

Comparing the HM groups, the Student ¢ test results revealed no
significant differences in serum molecules between patients with
AML-NHL and CLL-NHL. 3-Hydroxyisovalerate stands out as the

3-Hydroxyisovalerate
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only differential molecule between the AML and CLL groups
(Figure 2).

Compared with the control group, the serum NMR analysis
revealed increased levels of methyl guanidine, glycine, and urea in the
AML and CLL groups. Betaine levels were elevated in patients with
CLL and NHL. There were additional increases in creatinine for CLL
and in creatine, glutamine, and succinate for patients with NHL. Pyro-
glutamate was commonly decreased in all HM groups, whereas fuma-
rate and acetate were lower in CLL and NHL groups. Acetoacetate
and phosphoethanolamine (PEA) were decreased in NHL, whereas
alanine, lactate, and 3-hydroxyisovaleric acid were decreased in
AML. The level of 3-hydroxy-3-methylglutarate was reduced in sera
of both patients with AML and patients with NHL (Table 1).

As expected, serum NMR analysis resulted in diagnostic biomarker
models that showed outstanding discrimination. The models included
the top 10 metabolites for AML, 3 for CLL, and 20 for NHL (Figures
3,4, and 5). To ensure the actual performance, these models must be
tested against an independent group of new samples.

DISCUSSION

Despite their complex subgroups and diverse clinical characteristics,
HMs exhibit similar metabolic changes related to hematopoiesis [8].
The adaptation processes commonly observed may reflect the gen-
eral dynamics of oncogenic blasts and white blood cells. In this con-
text, the current study findings pertain to the universal changes
observed in many tumors. These changes involve essential metabolic
functions that rely on specific analytes for cell division and survival,
increased energy demand in cancer cells, defense mechanisms against
reactive oxygen species (ROS), and the production of angiogenesis-
inducing substances [9]. The serum NMR study showed common
altered metabolic pathways in individuals with HMs compared with
controls, including glycolysis/gluconeogenesis; alanine, aspartate, and
glutamate metabolism; glycine, serine, and threonine metabolism;
pyruvate metabolism; arginine metabolism; glutathione (GSH)
metabolism; and purine metabolism [10l. It is intriguing to note that
for the CLL and NHL groups, the citrate cycle and tyrosine
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Figure 2 3-Hydroxyisovalerate as a distinct serum metabolite in differentiating between patients with AML and CLL (upper left); the

PLS-DA model of the comparison (upper right). (1) AML; (2) CLL.
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Table 1 Significant serum NMR metabolites in each HM/C comparisons (p < 0.05).
t statistics p value —log10(p) FDR
AML
Pyroglutamate —-5.6974 0.000000546 6.2626 0.0000268
3-Hydroxyisovalerate —5.4709 0.00000124 5.9066 0.0000304
Alanine —4.6229 0.0000247 4.6081 0.000403
Methyl guanidine 4.4097 0.0000509 4.293 0.000624
3-Hydroxy-3- —4.0098 0.000191 3.7181 0.001876
methylglutarate
Isobutyrate 3.4213 0.001208 2.9181 0.009862
Glycine 2.9799 0.004345 2.362 0.029836
Lactate —2.9388 0.004871 2.3124 0.029836
Urea 2.8205 0.006733 21718 0.036655
CLL
Fumarate —8.9568 0.00000000000212 11.674 0.000000000108
Pyroglutamate —4.4355 0.0000434 4.362 0.000945
Betaine 4.2895 0.0000715 4.146 0.000945
Methyl guanidine 4.2788 0.0000741 4.1302 0.000945
Urea 4.1639 0.000109 3.9624 0.001112
Glycine 3.2232 0.002116 2.6746 0.017983
Creatinine 2.8628 0.005898 2.2293 0.042913
Acetate —2.8144 0.006732 21719 0.042913
NHL
Acetate —6.8869 0.00000000686 8.1638 0.000000398
Fumarate —5.1324 0.00000416 5.381 0.000121
Acetoacetate —4.7169 0.0000178 4.7488 0.000345
Pyroglutamate —3.9941 0.000201 3.6959 0.002921
Phosphoethanolamine —3.7974 0.000378 3.4224 0.003655
Glutamine 3.3583 0.001458 2.8362 0.012082
Succinate 2.9898 0.004227 2.374 0.02724
Creatine 2.9003 0.005416 2.2663 0.031411
3-Hydroxy-3- —2.766 0.007795 2.1082 0.037771
methylglutarate
Betaine 2.765 0.007815 2.1071 0.037771

metabolism stand out as two of the top five affected serum biochem-
istry pathways, unlike the AML group. Previous studies have sup-
ported this finding by mentioning aberrations in the citrate cycle for
various lymphoblastic malignancies [5,11,12]. Tyrosine metabolism
was also highly implicated in the two groups. This may indicate the
consumption of amino acids for energy production in the citrate cycle
and the specific metabolic needs of lymphoblastic cells [10]. In AML
serum chemistry, the most affected pathways were GSH and seleno-
compound metabolism, emphasizing the unique metabolic depen-
dencies of myeloblasts. In general, various amino acids that play a role
in essential survival processes and intermediates in energy production
pathways were affected in all HMs [10]. The antioxidant defense sys-
tem (GSH and selenocompound metabolism) was the primary

differential pathway for AML, whereas the citrate cycle was for CLL
and NHL groups.

Shared and Differential Metabolic Changes Across HM
Subtypes

The comparisons between HM groups did not show clear distinctions
in the PLS-DA models regarding serum metabolites. Among the few
differential metabolites between the HM groups, the levels of 3-
hydroxyisovalerate and 3-hydroxymethylglutarate were found to be
higher in CLL compared with AML. 3-Hydroxyisovalerate is a
byproduct of the leucine degradation pathway and its production
depends on a biotin-dependent carboxylase [13]. Inactivated enzyme
leads to accumulated 3-hydroxyisovalerate that eventually acts as a
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Figure 3 PCA (upper left) and PLS-DA (upper right) score plots between AML and control groups. (1) AML; (4) controls. The variance
explanatory components are shown as principal component 1 (PC1) and principal component 2 (PC2). Metabolites with a VIP score
>1 in the PLS-DA model (below left). Biomarker model created with 10 metabolites with the highest area under the curve (AUC)

value.

metabotoxin in the mitochondria. Biotin metabolism dysfunction and
lymphogenesis processes specific to CLL [14] may explain how stim-
ulating survival in the presence of biotin deficiency led to higher
serum acid levels in CLL. Furthermore, the increased breakdown of
branched-chain amino acids and leucine utilization in AML [15]
could result in reduced levels of serum 3-hydroxyisovalerate during
the catabolic process to form acetoacetate and acetyl coenzyme A,
which are then incorporated into the citrate cycle [16]. In line with
the premise, sera from patients with CLL showed a strong inverse
correlation between valine levels and the IPI risk score. This may sug-
gest that highly proliferating lymphoblasts increase branched-chain

amino acid utilization, such as valine, as the same relationship was
shown in a study investigating the serum of patients with acute lym-
phocytic leukemia (ALL) [171.

CLL was the sole HM group that did not exhibit a decrease in
serum 3-hydroxymethylglutarate levels compared with the control
group. This metabolite is involved in the leucine degradation pathway
as a byproduct of the deficient or ineffective intramitochondrial 3-
hydroxy-3-methylglutaryl-CoA lyase enzyme, which catalyzes the
final step of leucine degradation [18]. Unlike 3-hydroxyisovalerate, 3-
hydroxymethylglutarate is an off-product of the pathway and has
been linked to mitochondrial toxicity and early diabetic diseases [19].
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Figure 4 PCA (upper left) and PLS-DA (upper right) score plots between CLL and control groups. (2) CLL; (4) controls. The variance
explanatory components are shown as principal component 1 (PC1) and principal component 2 (PC2). Metabolites with a VIP score
>1 in the PLS-DA model (below left). Biomarker model created with 3 metabolites with the highest area under the curve (AUC) value.

Together with 3-hydroxyisovalerate, the amino acid metabolism inter-
mediates that were not found altered in CLL indicate a significant
metabolic deviation from the AML and control groups. Functional
studies are necessary to investigate the potential causes of this differ-
ence given the lack of information about these two intermediates in
the metabolomics literature related to HM pathogenesis.

The rapid turnover of serum proteins observed in the AML and
CLL leukemia subgroups highlights a significant discovery, indicated
by increased protein degradation metabolites such as urea and methyl
guanidine. Sera from patients with NHL not showing this pattern
could result from NHL being more of a solid and localized form of
lymphoid tumors. The natural course of the disease progression does
not exhibit the typical leukemia phenotype of aberrant leukocytes in
circulation [201. Given the extended lifespan of leukocytes in AML

and CLL, patient sera are likely to show the accumulation of protein
turnover end-products, as observed in the study.

Although the HM groups were not distinguishable in the all-groups
PLS model, healthy individuals were clearly separable from HM sub-
types. The division of healthy individuals” serum profile could be eval-
uated as an expected result because HMs exhibit the common
metabolic characteristics of oncogenesis [8].

Glucose Metabolism

The current study showed higher serum glucose levels and correla-
tions between glucose and glucogenic amino acids in the AML group.
The elevated serum glucose may have been caused by the fact that
elderly individuals newly diagnosed with AML are known to be
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Figure 5 PCA (upper left) and PLS-DA (upper right) score plots between NHL and control groups. (3) NHL; (4) controls. The variance
explanatory components are shown as principal component 1 (PC1) and principal component 2 (PC2). Metabolites with a VIP score
>1 in the PLS-DA model (below left). Biomarker model created with 5 metabolites with the highest area under the curve (AUC) value.

predisposed to glucose metabolism disorders [21]. The positive corre-
lation of glucose with valine [22], and the negative correlation with
pyroglutamate, may indicate changes in gluconeogenic amino acids in
the sera of patients with AML, as previously reported [23,24].

Compared with the controls, sera of patients with AML showed
lower levels of lactate and higher levels of 2-hydroxyisovalerate. Mul-
tiple serum NMR studies have confirmed lower lactate levels in AML
sera [10,22,24]. Despite the increase in serum 2-hydroxyisovalerate, a
marker for lactic acidosis follow-up [5], the low levels of lactate in
AML sera indicate high consumption of lactate by glycolysis-depen-
dent AML blasts [23]. Furthermore, the concurrent reduction in
serum lactate along with glucogenic amino acids like alanine and
pyroglutamate suggests that these molecules are used to meet the
heightened carbon skeleton requirement for gluconeogenesis in
patients with AML [10]. In addition, sera from patients with CLL
showed a marked inverse correlation between clinical stage and lac-
tate levels, suggesting substantial lactate consumption by high-turn-
over lymphoblasts.

In all types of HMs (Supplementary Table E4), the glycolysis/gluco-
neogenesis pathway underwent significant changes, aligning with the
widely observed Warburg effect in universal tumorigenesis processes.
Owverall, comparative analysis reveals that patients with AML exhibit a
higher prevalence of glucose metabolism abnormalities than CLL and
NHL groups. This underscores the importance of targeting glucose
metabolism for a deeper understanding of pathogenesis and the develop-
ment of effective therapeutic interventions across various HM subtypes.

Amino Acid Metabolism

Beyond the classical Warburg effect, activation of the citrate cycle is
frequently observed as a cellular adaptation process in cancer cells
[25]. Amino acid catabolism products play a crucial role in fueling the
cycle, serving as essential carbon sources. Their contributions to
energy production, macromolecule biosynthesis, and redox balance
are indispensable for promoting increased proliferation and survival.
In this context, the study finding of a decreased serum alanine level in
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patients with AML represents a substantial change in amino acid
metabolism, further supported by NMR metabolomics studies [26].
The decreased alanine levels may refer to its nutrient role in the
energy production via the alanine—pyruvate conversion pathway
[271. Increased consumption of alanine in macromolecule synthesis,
especially for gluconeogenesis, is another prominent feature in cancer
cells [28]. Reduced serum alanine levels could be a direct conse-
quence of the enhanced gluconeogenetic processes commonly asso-
ciated with AML [29].

The levels of serum pyroglutamate were lower in all HM groups
compared with the control group. During prolonged sample prepara-
tion and NMR spectra acquisition, pyroglutamate was found to be
the primary form in which glutamine cyclizes [301. With ultrafiltration
or protein precipitation methods, glutamine levels may decrease by
up to 75%, and the cyclization was found to vary among different
portions of samples from the same sample. The research advocates
for the measurement of the combined concentrations of glutamine
and pyroglutamate in samples when conducting serum biomarker
research. The groups showed no significant difference in the total lev-
els of serum glutamine and pyroglutamate according to the current
results. In the AML group, pyroglutamate showed a strong negative
correlation with the karyotype, indicating lower amino acid levels in
patients with a complex karyotype (Supplementary Table E5). Con-
sidering cyclization phenomenon, it is imperative that this finding be
validated through additional research studies.

Asparagine is a proteogenic amino acid that plays a key role in regu-
lating the activity of mMTORCI, which is involved in tumor growth and
survival in leukemia [311. It is closely related to alanine, aspartate, and
glutamate metabolism, which is among the most affected pathways in
all HM groups. However, serum NMR analysis showed no detection
of asparagine in any study groups. One reason for the absence could
be the high demand for protein synthesis during periods of glutamine
deprivation within the tumor environment [32]. Asparagine is also
known to be susceptible to deamidation under physiological condi-
tions owing to its carboxamide side-chain, making selective tagging
applications preferable in NMR methodology [33]. Asparagine is a
topic of specific interest in the hematology literature because of its
depletion-based therapeutic options for patients with ALL [34]. The
exceptional success of asparaginase depends on the low expression of
asparagine synthetase (ASNS), which renders ALL cells reliant on
extracellular asparagine. In contrast, the expression of ASNS was found
to be significantly higher in AML cells compared with ALL [35]. In the
context of B-cell lymphomas, it has been observed that physiological
concentrations of asparagine hinder de novo biosynthesis of aspara-
gine, regardless of ASNS expression [36]. This mechanism contributes
to the resistance of this group of HMs to asparaginase treatment. The
role of asparagine depletion therapies in non-ALL groups is still unclear,
making it difficult to draw firm conclusions.

In the AML and CLL groups, elevated serum glycine levels
were detected. Glycine is a primary component of methyl groups
used for the biosynthesis of GSH, proteins, purines, and DNA/
histone methylation [37]. With these crucial roles, glycine consti-
tutes an essential nutrient for tumor growth, particularly in leuke-
mia stem cells [38]. Several studies have demonstrated an
increase in intracellular levels and an upregulation of the serine/
glycine pathway in these cells [38,39]. In support of this, the
metabolism of glycine, serine, and threonine was found to be
among the top affected pathways in all HMs subtypes compared
with controls (Supplementary Table E4).
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The current study could not contribute to the literature regarding
serum levels of aspartate and its association with distinct HM sub-
types, as it was not detectable in the serum NMR analysis. Aspartate
is primarily synthesized from glutamate through the action of aspar-
tate aminotransferase (AST). It serves a critical role in the biosynthesis
of purines, acting as a nitrogen donor, and is also involved in the syn-
thesis of asparagine and arginine. The gene expression analysis of
AST showed reduced levels in tumor samples from patients with
AML accessed through The Cancer Genome Atlas, as well as affect-
ing enzymes that use aspartate in biosynthesis [40]. The study indi-
cated strong clinical evidence for aspartate-derived amino acid
vulnerabilities, particularly in myeloid leukemias. In patients newly
diagnosed with diffuse large B-cell lymphoma, decreased plasma
aspartate levels showed high diagnostic performance alongside glu-
cose levels [11]. Under hypoxic conditions, the increased availability
of aspartate acts as an internal metabolic limitation that helps replen-
ish oxaloacetate and NADH during glycolysis, which could have
important implications for the pathogenesis of HMs [411.

The only phospholipid molecule that was differentially altered from
controls was PEA, which was elevated in sera from patients with CLL.
Various cancer cell lines, including breast and pancreatic cancers, exhib-
ited elevated PEA levels because of increased ethanolamine kinase
activity, making this reaction a potential therapeutic target [42]. The
increased levels were also shown to be correlated with a poor prognosis
in leukemia cell lines [43]. Based on these findings, the elevated serum
PEA levels observed in patients with CLL may be attributed to an accel-
erated biosynthesis. A former phosphorus-NMR study supports this
with increased PEA levels in CLL lymphocytes [44].

A notable finding was found in the serum samples of patients with
NHL, showing a decrease in carnitine levels. Carnitine functions as a
carrier of acetyl and acyl groups between the cytosol and the mito-
chondria during the p-oxidation process [45]. Because enhanced
B-oxidation is a hallmark of cancer cell metabolism [29], the low
serum carnitine level in patients with NHL may indicate increased
energy needs in lymphoma, compensated by an increase in S-oxida-
tion. Although several studies have demonstrated decreased serum
carnitine levels in acute leukemias [4,29], the current result referring
to patients with NHL represents a novel finding.

In the CLL and NHL groups, there was a significant decrease in
serum levels of fumarate and acetate. The two intermediates of the
citrate cycle had the highest VIP score and were key components of
the most significant pathways for lymphoma groups (Figures 4 and 5,
Supplementary Table E4). A validation study demonstrated decreased
serum fumarate levels in patients with mutated CLL, indicating
intense consumption of Krebs cycle intermediates in proliferating leu-
kemic cells [12]. The evidence suggests a metabolic shift to the citrate
cycle, crucial for obtaining energy for proliferation and developing
chemoresistance, beyond the Warburg effect [25].

Further analysis of the extensive utilization of citrate cycle elements
in the extended lifespan of lymphoblasts revealed a reduction in ace-
tate levels within the NHL group. Serum acetate emerged as a differ-
ential compound between the NHL and AML groups. According to
a previous study, acetate from bone marrow stromal cells supports
the citrate cycle and lipid biosynthesis in AML cell lines [46l.
Although acetate was not found to be differentially altered in the sera
of patients with AML, it is crucial to investigate its biological relevance
in leukemia pathogenesis. In patients with NHL, previous NMR
metabolomics study confirmed decreased serum acetate levels in the
same HM groups [5].
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In comparison to the AML group, sera from patients with CLL and
NHL exhibited the highest impact on tyrosine metabolism, along
with notable alterations in pyruvate-alanine metabolism and the cit-
rate cycle. These findings may further emphasize the increased pro-
tein turnover in lymphoblastic tumor growth [471.

Lipid Metabolism

The noticeable finding regarding the lipid metabolism was recorded
in patients with NHL with lower serum PEA levels. Former phospho-
rus magnetic resonance spectroscopy studies reported elevated PEA
levels in vivo for NHL cells [48] with reduced precursor levels in
patient sera, indicating the sustained phospholipid metabolism. The
increased cell content of PEA and phosphocholine was also found to
be a negative prognostic variable for future treatment response and
these phospholipid precursors were linked to the triggered apoptosis
processes in NHL tumor tissues [49,501. PEA is a lipid chaperone
that initiates caspase-independent cellular autophagy [51]1 and is
shown to be elevated prior to apoptosis triggering treatment with
menaquinone in the cell lines of acute lymphoblastic leukemia [52].
Synthetic PEA was demonstrated to induce apoptosis, reduce tumor
growth [53], and to have antiangiogenic and antimetastatic activities
[541] in several cancer cell lines [42,55], including leukemia and malig-
nant lymphomas [56,571. Although complementary measurements
of related molecules are required (especially in cellular compartment)
to reveal the causality of the decline in serum PEA levels, the current
finding may indicate a potential vulnerability for synthetic therapeuti-
cal intervention for patients with NHL [571.

CONCLUSION

The preliminary study globally evaluating the serum metabolome in
various HMs has identified several potential biomarkers, within the
amino acid molecules. The highlighted metabolic pathways in HMs
included glycolysis/gluconeogenesis in the AML group and the citrate
cycle pathway in the CLL and NHL groups. The distinct biochemical
changes within specific groups and the shared alterations offer valu-
able indications about the intrinsic characteristics of various HM
types. Yet, emerging findings need to be validated with larger cohorts
and integrated with other omics data to understand the genomic and
proteomic landscape for assessing individual disease drivers within
the context of personalized medicine.
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