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Despite intensive chemotherapy regimens, up to 60% of adults with acute myeloid
leukaemia (AML) will relapse and eventually succumb to their disease. Recent studies
suggest that leukaemic stem cells (LSCs) drive AML relapse by residing in the bone
marrow niche and adapting their metabolic profile. Metabolic adaptation and LSC
plasticity are novel hallmarks of leukemogenesis that provide important biological
processes required for tumour initiation, progression and therapeutic responses. These
findings highlight the importance of targeting metabolic pathways in leukaemia biology
which might serve as the Achilles’ heel for the treatment of AML relapse. In this review, we
highlight the metabolic differences between normal haematopoietic cells, bulk AML cells
and LSCs. Specifically, we focus on four major metabolic pathways dysregulated in AML;
(i) glycolysis; (ii) mitochondrial metabolism; (iii) amino acid metabolism; and (iv) lipid
metabolism. We then outline established and emerging drug interventions that exploit
metabolic dependencies of leukaemic cells in the treatment of AML. The metabolic
signature of AML cells alters during different biological conditions such as
chemotherapy and quiescence. Therefore, targeting the metabolic vulnerabilities of
these cells might selectively eradicate them and improve the overall survival of patients
with AML.
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Mesbahi et al. Metabolism in Acute Myeloid Leukaemia
INTRODUCTION

Acute myeloid leukaemia (AML) is the most common acute
leukaemia in adults (1, 2). It is characterised by abnormal
proliferation of undifferentiated haematopoietic cells called
leukaemic blasts (3). The incidence of AML follows an age-
dependent pattern, accounting for around 23% of leukaemias in
adults (1). Several treatment strategies have been proposed to
improve clinical outcomes in patients with AML including
allogeneic stem cell transplantation, monoclonal antibodies,
and small-molecule inhibitors targeting key leukemogenic
drivers. However, combination chemotherapy remains the
mainstay of disease treatment (4). Historically, AML treatment
has been divided into induction and consolidation phases. The
backbone of induction therapy consists of the “7+3” regimen,
comprising cytarabine (Ara-C) for 7 days with 3 days of
anthracyclines including daunorubicin, doxorubicin or
idarubicin (4, 5).

Despite intensive treatment regimens, the median survival rate
remains disappointingly low in adults and the majority of patients
will eventually succumb to complications of drug treatment or
disease relapse. Treatment outcome is significantly better in
younger patients with a complete remission rate of ≥80%,
however, due to relapse and refractory disease, there is still a 5-
year overall survival rate of ~40% (4). Therefore, targeting AML is
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challenging and requires in-depth knowledge of the underlying
cellular and molecular mechanisms which drive the disease.

Metabolism is defined as a series of dynamic processes that allow
energy production according to cellular demands. Metabolism is
therefore dependent on a cell’s state of proliferation, differentiation,
and quiescence (6). For instance, normal cells employ a well-
organised network of metabolic programs and a balanced turnover
between supply and demand (6). Normal haematopoietic stem cells
(HSCs) are characteristically quiescent and adapt their metabolic
profiles at a lowdemandstatus tomaintain their survival andproduce
multipotent progenitors in the bone marrow (BM) niche (7, 8). In
contrast, the bulk AML population is comprised of rapidly
proliferating cells that require additional sources of energy for
growth and survival (9).

During normal haematopoiesis, HSCs produce multipotent
progenitors that, over multiple cycles of proliferation and
differentiation, will produce the entire repertoire of haematopoietic
cells (Figure 1) (10). However, occasionally these myeloid stem/
progenitor cells acquire genetic aberrations, transform into
malignant leukaemic stem cells (LSCs), and overproduce immature
CD34+/CD38+ blast cells which do not undergo differentiation (3,
11).Aswell asmetabolicdifferences (12),HSCs,LSCsandAMLblasts
are genetically and phenotypically distinct and have high levels of
heterogeneitywithin each cell population (13, 14). Pioneering studies
functionally characterised LSCs as a rare subset of the immature
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CD34+/CD38- populationwhich is capable of initiating leukaemia in
immunodeficient mice (11, 15). In contrast, more mature CD34+/
CD38+ AML blasts failed to propagate the disease under the same
conditions (15). However, as LSCs and normal HSCs share similar
CD34+/CD38- surface immunophenotype, more research has been
done to identify unique membrane markers for LSCs including
CD32,CD44,CD47,CD123, TIM3,CD45RAandCD96 (14, 16, 17).

Genome and metabolome heterogeneity is also prevalent within
sub-populations of unique haematopoietic cell types. For example,
recent studies indicated that within certain immunophenotypic
fractions such as CD34+/CD38-, other factors such as reactive
oxygen species content are able to identify which cells are
functional LSCs (18, 19). Furthermore, mathematical modelling
studies of leukaemogenesis have indicated that mature myeloid
cells can often have the same genotype as leukaemic blasts,
highlighting that differentiation of leukaemic blasts is not
completely blocked in the disease (20). A comprehensive single-cell
sequencing study by Bernstein et al. has indicated intra-tumoural
heterogeneity of malignant AML cells and uncovered that some
undefined phenotypic markers may be expressed by both malignant
and normal cells (21). This further reinforces the fact that
identification of immunophenotypes might not be powerful
enough to detect the origin of leukaemogenesis and investigating
othermolecularmarkers suchasmetabolites andmetabolic pathways
would help determine disease initiating populations in AML (22).

Like normal HSCs, LSCs reside in the BM niche of AML
patients (23) which supports their survival and protects them
against chemotherapeutic drug treatment (24–26). In addition,
hypoxic conditions in the bone marrow microenvironment
Frontiers in Oncology | www.frontiersin.org 3
(BMME) result in lower reactive oxygen species (ROS) content
which not only distinguishes LSCs from AML blasts, but also
contributes to maintaining a quiescent cellular status, promotes
anaerobic metabolism, and sustains stemness (27, 28); all of
which protect LSCs from chemotherapy (29, 30). Unlike
quiescent LSCs, circulating AML blasts have higher levels of
ROS (18, 31) and upregulate multiple metabolic pathways to
supply the required energy for proliferation (19).

Previous studies have extensively focused on the metabolic
profile of AML and the rationale for targeting deregulated
metabolic pathways in leukaemic blasts (9, 32–35). However,
the metabolic landscape of different haematopoietic cells remains
unclear and needs further elucidation. Therefore, this review will
focus on the differences between the metabolic profiles of normal
haematopoietic and AML cells. It will then focus on the
metabolic differences between normal HSCs, LSCs, and AML
blasts as a means to rationally develop novel treatment
approaches to eliminate cells responsible for AML.
METABOLIC DIFFERENCES BETWEEN
HSCs, LSCs AND LEUKAEMIC BLASTS

Previous reports have indicated that normal HSCs, LSCs and
AML blasts have distinct and unique metabolic profiles.
Compared to the low energy demands of normal HSCs (36),
leukaemic blasts require higher production of ATP to support
their increased cellular division (37). Leukaemic blasts
upregulate metabolic pathways such as glycolysis (37) and the
pentose-phosphate pathway (38) to produce the building blocks
of macromolecules including amino acids, nucleotides, fatty
acids (FAs) and electron carriers that are necessary for
maintaining the leukaemic state (33, 39). In contrast, LSCs
depend more on mitochondrial metabolism to maintain their
quiescence and self-renewal ability (18, 40). Notable
reprogrammed metabolic pathways in AML include glycolysis,
oxidative phosphorylation (OXPHOS), amino acid synthesis,
and lipid synthesis (Figure 2).
GLUCOSE METABOLISM

Nearly a century ago, Dr Otto Warburg discovered that even in the
presence of oxygen, tumour cells prefer to ferment glucose to
convert pyruvate into lactate rather than allowing it to enter the
tri-carboxylic acid (TCA) cycle. This provides cancer cells with a
high rate of ATP production to fuel rapid cell division (41). Besides
its role in bioenergetics, glucose metabolism involves other
pathways including the pentose-phosphate pathway which
generates pentose phosphate for ribonucleotide synthesis, serine
biosynthesis which generates amino acids and one-carbon
metabolism which generates NADPH as the universal electron
carrier (42). Therefore, glycolysis not only generates energy but
also serves as a platform to produce molecular building blocks for
cancer (42).
FIGURE 1 | Conventional chemotherapy is ineffective to target and eliminate
LSCs, leading to AML relapse. In the normal haematopoietic system, HSCs
differentiate into myeloid progenitor cells and eventually produce mature
haematopoietic cells. In AML these HSCs acquire genetic mutations which
impair the differentiation process and convert them to LSCs. These cells acquire
self-renewal ability and produce leukaemic blasts in the bone marrow and other
organs. Although the current treatment strategies eliminate leukaemic blasts,
they are unable to destroy LSCs completely which will cause AML relapse. BM,
Bone marrow; HSCs, Haematopoietic stem cells; LSCs, Leukaemic stem cells.
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To initiate glycolysis, AML cells take up glucose by special
membrane transporters called GLUTs encoded by the solute
carrier family 2A gene. Higher glucose content in both AML cell
lines and blasts derived from patient samples correlated with the
overexpression of GLUT1 and lactate dehydrogenase leading to
drug resistance and tumour cell survival (43). Similarly, higher
amountsofpyruvateand lactatewereobserved in the serumofAML
patients at diagnosis compared to healthy controls and were
associated with poor survival (37). Pyruvate and lactate are two
crucial compounds of glycolysis that are produced in the final
glycolytic reactions catalysed by PKM2 and LDHA respectively.
Interestingly, deleterious mutations of PKM2 impaired progenitor
cell function without perturbing HSCs, while LDHA deletion
significantly blocked the function of both HSCs and progenitors
during haematopoiesis, demonstrating a key metabolic difference
among distinct haematopoietic cells (44).

Glycolysis is controlled through a network of signalling
molecules including AMPK and PI3K/Akt/mTOR (45, 46). This
network interrelates with all other metabolic pathways such as
OXPHOS, the pentose phosphate pathway, and nucleotide
biosynthesis which are necessary for normal haematopoiesis. In
the case of AML, many pathways are dysregulated, thereby
allowing blast cells to proliferate faster and drive leukaemia. For
example, it has been shown that loss-of-function mutations of
Frontiers in Oncology | www.frontiersin.org 4
AMPK suppressed leukemogenesis by perturbing the glucose flux
via downregulation of the GLUT1 transporter (47). Similarly,
mTORC1 is highly expressed in LSCs compared to HSCs and
inhibition of mTOR complex 1 (mTORC1) was shown to suppress
leukemogenesis (38). mTORC1 plays a crucial role in several
cellular processes including glycolysis and the pentose phosphate
pathway. Moreover, mTORC1 induces glucose addiction and its
inhibition enforces AML cells to generate their ATP from
OXPHOS instead of glycolysis, which eventually leads to
oxidative stress and DNA damage (38). Therefore, although
leukaemic blasts prefer glycolytic metabolism to survive and
proliferate, they can rewire their metabolic profile and rely on
OXPHOS to resist chemotherapy.

mTORC1 is induced by the PI3K/Akt pathway which is
constitutively active in 50-80% of AML cases and is associated
with decreased overall survival (48). A comprehensive protein
array profiling showed that >60% of primary AML cells are
characterised by high PI3K/Akt phosphorylation and activity
(48). Moreover, the PI3K/Akt axis plays an essential role in
normal haematopoiesis and leukemogenesis by regulating
glucose uptake and glycolytic flux (49, 50). The PI3K/Akt
pathway is essential for the functionality of normal HSCs while
its dysregulation depleted the normal HSC cell population and
induced myeloproliferative disease and AML in mouse models
with constitutive activation of PI3K/Akt (49). Another study by
Xu et al. demonstrated that the PI3K/Akt/mTOR pathway is
constitutively active in primary AML blasts and is required for
their survival while normal HSCs don’t rely on mTOR for long-
or short-term survival (51). In the same study, inhibition of the
PI3K/Akt/mTOR pathway with rapamycin re-sensitised LSCs to
the topoisomerase II inhibitor etoposide without toxicity against
normal HSCs, which highlights the role of this pathway in LSC
population maintenance (51).

Furthermore, in AML cells harbouring an Fms-like tyrosine
kinase-3 internal tandem duplication (FLT3-ITD), a common
leukaemic mutation that confers a poor prognosis in AML
patients, glycolysis is associated with the pentose phosphate
pathway to sustain a high flux of glucose for cell survival (52). In
a separate study, glucose-6-phosphate dehydrogenase was identified
as a crucial regulator of the pentose phosphate pathway and its
overexpression correlated with an adverse prognosis (38).
Suppression of glucose-6-phosphate dehydrogenase and
pharmacological inhibition of FLT3 with lestaurtinib induced a
significant anti-leukaemic effect in AML cells with FLT3-ITD and
was identified as a potential therapeutic strategy (53). In contrast to
AML blasts, the role of the pentose-phosphate pathway has not
been thoroughly investigated in normal HSCs and malignant LSCs
and further in vivo and in vitro studies are needed in these cells.

An important regulator of carbohydrate consumption and
glycolysis is the BMME. HSCs and ROS-low LSCs are both
dependent on the BMME to survive. HSCs supply their energy
mainly through glycolysis, whereas ROS-low LSCs achieve
energy metabolism through mitochondrial respiration (19, 54).
In contrast, rapidly dividing leukaemic blasts can take up much
higher amounts of glucose and fructose in the peripheral blood.
In line with this, suppressed fructose uptake has been found to
FIGURE 2 | Principal dysregulated metabolic pathways in AML. Carbohydrates
and amino acids are two main sources of energy for AML cells which can be
used in other metabolic pathways. Red, green, and purple texts are critical
compounds in the relevant pathways. Brown-cream rectangles, indicating the
crucial metabolic processes required for cell survival and proliferation. GLUT,
glucose transporter; G6P, glucose-6-phosphate; R5P, ribose-5-phosphate; F1P,
fructose-1-phosphate; PEP, phosphoenolpyruvate; G3P, glycerol-3-phosphate;
OAA, oxaloacetate; a-KG, a-ketoglutarate; PPP, pentose phosphate pathway;
ALAT, alanine transferase; GSH, glutathione; GSR, glutathione-disulfide reductase;
GPX1, glutathione peroxidase 1; FA, fatty acid; GLS, glutaminolysis; OXPHOS,
oxidative phosphorylation.
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reduce leukemogenesis and intensify the cytotoxicity of Ara-C in
fast-proliferative cells in the BMME. This suggests that rapidly
proliferating AML cells in the BMME rely on carbohydrate
metabolism to confer resistance to Ara-C (55).

Collectively, compared to LSCs, normal HSCs and rapidly
proliferating AML blasts have higher glucose content and
glycolytic activity (Figure 3) (37, 56) which highlights the role
of glucose metabolism in leukemogenesis.
MITOCHONDRIAL METABOLISM

Mitochondria are classically considered as the powerhouse of
cancer cells, where multiple metabolic pathways that feed on
carbohydrates, amino acids and fatty acids converge into the
TCA cycle (57). In addition to bioenergetics functions, the
mitochondria environment supports and coordinates main
metabolic processes including the TCA cycle, glutaminolysis,
OXPHOS and fatty acid oxidation (FAO) (58). Some of these
mitochondrial pathways are significantly altered in AML cells
and are vital for AML cell survival and function.

The TCA or Krebs Cycle
The TCA cycle serves as a central metabolic hub that collects
high-energy electron carriers, such as NADH and FADH2, from
Frontiers in Oncology | www.frontiersin.org 5
glycolysis and delivers them to the electron transport chain
(ETC) in the mitochondria (59). Normal HSCs have a well-
organised metabolic profile in which the TCA cycle is triggered
by the glycolysis end-stage product, pyruvate (Figure 2).
However, AML blasts with a dysregulated metabolic signature
disconnect the association of glycolysis and the TCA cycle by
enforcing cells to convert pyruvate to lactate. This uncoupling
assists AML cells to utilise other carbon sources such as
glutamate to fulfil their energy demands. Therefore, targeting
glutamine metabolism could potentially serve as an effective
therapy for AML (60).

Cancer cells convert glutamate to a-ketoglutarate (a-KG) by
glutamate dehydrogenase as an auxiliary reaction to replenish
TCA intermediates (61). In line with this notion, CRISPR/Cas9
knockout screens indicate that AML cell lines enrich for
glutamine transporters (SLC1A5, SLC38A1, and SLC38A2) and
glutaminase (GLS) to supply a-KG for the TCA cycle, which has
been shown to protect them against the anti-proliferative effects
of the BCL-2 inhibitor ABT-199 (venetoclax) (62). These results
frame a classic concept that cancer cells shunt carbon from
glutamine into citrate which then can be fed into the TCA cycle
(63). TCA cycle activity is also upregulated in ROS-low LSCs but
not in ROS-high AML blasts. ROS-low LSCs showed significant
13C16 palmitate uptake which was incorporated into the TCA
cycle intermediates citrate and malate (18). In contrast to LSCs
and rapidly dividing AML cells, metabolomic profiling of
quiescent long-term HSCs showed low levels of TCA
metabolites (2-oxoglutarate, acetyl-CoA and succinyl-CoA)
which are regulated by HIF-1a; a transcription factor
responsive to cellular hypoxia. HSCs harbouring HIF-1a loss-
of-function mutations exhibited decreased dependence on
glycolysis and impaired quiescence (64).

In the TCA cycle, a-KG is produced from isocitrate which is
catalysed by isocitrate dehydrogenase (IDH). However, it has been
shown that somatic mutations in the active site of IDH1/2 in AML
cells lead to the overproduction of the oncometabolite 2-D-
hydroxyglutarate, which blocks differentiation and contributes to
AML progression (65). Moreover, IDH2R140Q mutations in vivo
drive aberrant self-renewal activity and block differentiation in
normal HSCs. Furthermore, co-mutant in vivo models of
IDH2R140Q and FLT3-ITD induced acute leukaemia and were
essential for leukaemia maintenance (66). Mutations of IDH1/2
have been shown to promote self-renewal and suppress
differentiation of normal HSCs, leading to the clonal expansion
of stem/progenitor cells, known as pre-LSCs (67). These mutations
persisted in the pre-LSC population in AML patients with long-
term complete remission following induction therapy (68). In
addition, IDH1 mutations have been shown to be conserved
during disease evolution. Matched paired analysis of AML
patients revealed identical IDH1 mutations in diagnosis versus
relapse samples demonstrating the conservation of IDH1
mutations in LSCs which drive disease relapse (69). In a similar
study, Shlush et al. examined the existence of a pre-leukaemic cell
population in AML patients with IDH1/2 mutations and indicated
that 2 out of 6 samples acquired IDH2 mutations in some
progenitor and mature populations (70).
FIGURE 3 | The tumour microenvironment alters the metabolic profile of
different types of haematopoietic cells. Mature haematopoietic cells and
normal HSCs maintain their genome integrity and therefore regulate their
metabolic profile in a balanced manner (green cells). In contrast, immature
leukaemic blasts and LSCs with an unstable genome display dysregulated
metabolic profiles (purple cells). PB, peripheral blood; BMME, bone marrow
microenvironment; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic
acid cycle; ETC, electron transfer chain; HSCs, haematopoietic stem cells;
FAO, fatty acid oxidation; AAs, amino acids; LSCs, leukaemic stem cells.
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Oxidative Phosphorylation
It was originally assumed that mitochondrial respiration was
impaired in cancer cells as they mainly rely on glycolysis for
survival (41). However, it is now understood that tumour cells
utilise oxygen in OXPHOS to generate high levels of ATP by
transferring electrons to the TCA cycle for cell survival (71). In
addition to providing energy, OXPHOS also regulates
mitochondrial membrane permeabilisation, controlling the
balance between apoptosis and proliferation and playing an
important role in redox biology (71).

Normal HSCs maintain their quiescent state by reducing their
mitochondrial respiration rate and relying on glycolysis (72). In
line with this, Škrtić et al. have shown that AML blasts have
higher mitochondrial biogenesis and basal oxygen consumption
compared to normal HSCs (73). However, it has also been shown
that quiescent HSCs and not AML blasts can maximise their
energy production with higher glycolytic activity and electron
flux, known as the spare reserve capacity while coping with
oxidative stress (46, 72). This implies that normal HSCs can
compensate for energy loss by upregulating glycolysis while AML
blasts are vulnerable to mitochondrial oxidative stress.

Similar to quiescent HSCs, LSCs also have characteristically
low levels of oxygen consumption and OXPHOS, but they still
rely on this metabolic pathway for their survival (19). A recent
study by Cole et al. found that mitochondrial ATP-dependent
Clp protease (ClpP) is overexpressed in the CD34+ CD38− LSC
population of primary AML samples (74). Therefore, increased
ClpP expression might serve as a biomarker of elevated
OXPHOS in AML patients. In line with this, metabolomics
and gene expression analyses by Jones et al. indicated that
LSC-enriched subsets are metabolically dormant populations
and, unlike HSCs, preferably depend on amino acid
metabolism for OXPHOS-related energy production (18).

Mitochondrial metabolism, the TCA cycle and OXPHOS are
critical pathways to produce ATP molecules in LSCs and, under
certain conditions, AML blasts. Thus, targeting OXPHOS alone
or in combination with other metabolic pathways could be an
attractive therapeutic strategy to re-sensitise LSCs and AML
blasts to conventional chemotherapeutic agents and improve
AML patient outcomes.
AMINO ACID METABOLISM

The 20 standard amino acids are required for a diverse set of
cellular processes crucial for tumour cell proliferation, including
the biosynthesis of proteins, nucleotides, lipids, and glutathione
(GSH) (75). In addition to their role in metabolism, amino acids
are fundamental in mediating epigenetic regulation and post-
transcriptional modification (75).

Among all amino acids, glutamine is the most important for
AML survival and proliferation. Along with glucose, glutamine
plays a critical role in tumour progression not only to provide a-
KG for the TCA cycle but also for the importation of leucine into
AML cells, leading to the activation of mTORC1-mediated protein
synthesis (60). Glutamine is imported into the AML cells by the
SLC1A5 transporter where it is converted into glutamate and
Frontiers in Oncology | www.frontiersin.org 6
a-KG in a process known as glutaminolysis (76). Compared to
normal HSCs, leukaemic blasts import relatively more glutamine
for their survival and growth (Figure 3). In an in vivo study,
normal HSCs from healthy donors were resistant to apoptosis
induction following glutamine removal. In contrast, depletion of
glutamine by shRNA knockdown of SLC1A5, induced apoptosis
in eight primary AML samples (77), suggesting a reliance on
glutamine metabolism in leukaemic blasts compared to normal
HSCs. Furthermore, low-glutamine containing cells showed a
significant reduction in their oxygen consumption rate
compared to high-glutamine cells, suggesting that OXPHOS
inhibition is caused by glutamine deprivation (60, 78).

ROS-low LSCs derived from AML patients at diagnosis mainly
rely on amino acid metabolism to fuel OXPHOS for survival (18).
In contrast, LSCs from relapsed AML escaped amino acid loss by
enhancing FA metabolism; mainly by inducing palmitate uptake.
Palmitate can be metabolised to TCA cycle intermediates to
provide NADH and FADH2 for OXPHOS (18). Therefore, to
target and eliminate ROS-low LSCs derived from patients with
relapsed AML, it is necessary to inhibit subsidiary pathways that
provide oxidative-related energy such as the inhibition of fatty acid
metabolism in the mitochondria (79). Likewise, a comprehensive
proteomic analysis of leukaemic cells revealed a high level of
branched-chain amino acid transaminase 1 (BCAT1) in
CD34+CD38- LSCs compared to the non-LSC AML population.
BCAT1 is a negative regulator of a-KG which is a crucial
intermediate of the TCA cycle. Besides its role in the TCA cycle,
a-KG acts as a co-factor for DNA demethylases such as the Egl-9
family hypoxia-inducible factor 1 and the ten-eleven translocation
family. Therefore, the CD34+CD38- LSC population with
increased levels of BCAT1 shows a hyper-methylated phenotype
similar to cases with mutant IDH1/2, in which DNA demethylases
are blocked by the oncometabolite D-2-hydroxyglutarate (80).
This hypermethylation causes the inhibition of key tumour
suppressor genes which lead to LSC development. Accordingly,
knockdown of BCAT1 in leukaemia cells caused aKG
accumulation leading to demethylases protein degradation and
abrogated leukaemia-initiating potential (80).

Aside from glutamine metabolism, AML cells rely on other
amino acids for survival such as arginine. Arginine is crucial
to provide amine groups and aspartate for the production
of nucleotides. Unlike normal HSCs, AML cells with
arginosuccinate synthetase-1 mutations are unable to generate
arginine from citrulline and aspartate and are dependent on
importing extracellular arginine (81). Arginine catabolism is a key
player in blocking the immune response to antigens onAML blasts
and therefore measurement of plasma arginine could be an
important addition to immunotherapy of AML patients (82).
Overall, amino acid content and metabolism are more prominent
in LSCs compared to AML blasts and present an opportunity to
selectively target the LSC population (18, 19, 83).
LIPID METABOLISM

After glucose and glutamine, lipids are the third source of fuel for
cancer cells proliferation and survival (84). Lipids are highly
February 2022 | Volume 12 | Article 807266
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complex biomolecules that not only function as an energy source
but also provide building blocks for functional fatty acids that are
required for cell membrane biogenesis and signalling pathways
regulation (85).

Lipid metabolism is often deregulated in AML blasts compared
to normal haematopoietic cells (Figure 3) implying the potential of
targeting lipid synthesis for therapeutic benefit in patients with
AML (86, 87). Comprehensive lipidomic profiling of plasma from
AML patients at diagnosis and healthy blood donors showed an
increase in certain free fatty acids such as arachidonic acid and
depletion of total fatty acids and cholesterol which was probably
driven by enhanced FAO (86). FAO itself feeds the TCA cycle with
acetyl-CoA intermediate, leading to citrate increment which is the
starting point of de novo fatty acid synthesis (88).

FA synthase (FASN) is a multi-enzyme protein that catalyses
FA synthesis. It is required for AML cell proliferation and was
shown to be low in normal HSCs derived from healthy donors
and highly overexpressed in AML patients. Inhibition of FASN
with RNAi or epigallocatechin-3-gallate accelerated granulocytic
differentiation in acute promyelocytic leukaemia cells and re-
sensitised them to ATRA treatment (89). This process was
suggested to be mediated through lysosomal biogenesis and
autophagy (89).

Fatty acid oxidation (FAO) is another deregulated pathway in
AML, playing an important role in promoting leukaemic cell
survival and quiescence (90). FAO generates acetyl-CoA from
the oxidation of FAs which is the reverse pathway of FA
synthesis (Figure 2). In addition to FAO, glycolysis and amino
acid catabolism also provide more acetyl-CoA molecules which
then will be fed into the TCA cycle to produce ATP (91).
Therefore, understanding the molecular mechanisms of one
pathway would shed light on others that can be exploited
therapeutically. Several enzymes and transporters involved in
the process of FAO, including carnitine palmitoyltransferase 1A
and carnitine transporter CT2, are overexpressed in AML cells
compared to normal HSCs (32, 92, 93). Quiescent HSCs
maintain FAO rates at a basal level to preserve their dormancy
(94). HSC fate depends on whether they undergo symmetric or
asymmetric cell division when they leave quiescence (95). The
asymmetric division generates two daughter cells; one will
acquire self-renewal ability and remain quiescent and the other
will differentiate and enter the circulatory system. However, the
symmetric division will generate two daughter cells only capable
of undergoing cell proliferation and differentiation (95). FAO
metabolism supports asymmetric division and thus preserves the
self-renewal ability of HSCs (94).

Similar to HSCs, FAO is important for LSC maintenance and
plays a key role in venetoclax resistance (79). Transcriptional
profiling of resistant ROS-low LSCs with RAS pathways
mutations showed enrichment in FAO and increased CD36
expression (79). CD36 is an important fatty acid transporter
that facilitates lipid uptake in the CD36+ LSC population. These
CD36+CD34+ cells are significantly enriched in gonadal adipose
tissues of the BM which protects them from destructive effects of
venetoclax and allows them to utilise FAO required for their
maintenance (87). In line with this, it has been shown that the
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interaction of AML blasts and BM adipocyte cells induces
lipolysis, releases FAs from adipocytes to AML and supports
AML cell survival, and proliferation in vivo (96).

In addition to FAs and related metabolic pathways,
sphingolipids also play a critical role in leukemogenesis by
regulating the balance between cell proliferation and cell death
(97, 98). The formation and functionality of sphingolipids rely on
oncogenic proteins including sphingosine kinases and acid
ceramidases in AML cells. Sphingosine-1-phosphate is a bioactive
lipid that is generated by sphingosine kinase 1 and regulates AML
cell survival and death in a constitutively active manner (99). A
recent study has demonstrated that S1PR3, a receptor for
sphingosine-1-phosphate, is upregulated in AML blasts and
CD34+CD38- LSCs compared to normal HSCs. S1PR3 regulates
myeloid differentiation and activates inflammatory pathways in
AML blasts and CD34+CD38- LSCs. S1PR3 activation in
primitive AML samples promoted LSC differentiation leading to
the elimination of these cells (100).

Based on these observations, the metabolism of HSCs, LSCs
and AML blasts each rely on distinct pathways for energy
production. Therefore, targeting metabolic pathways with
selective inhibitors could be a promising strategy to target
specific cellular populations in AML.
THE METABOLIC PROFILE OF LSCs
DRIVES DRUG RESISTANCE

AML is a clonal disorder of haematopoiesis in which normal HSCs
or multipotent progenitors acquire genetic mutations that result in
dysregulated self-renewal ability (13, 101). These cells are known as
“pre-leukaemic HSCs”, representing the evolutionary ancestors of
leukaemia (101). In normal haematopoiesis, HSCs eventually
differentiate into mature blood cells, but specific genetic
mutations interrupt differentiation resulting in LSCs with acquired
clonogenic and leukaemia initiating potential (3, 13, 101, 102).
These LSCs produce AML blasts and the accumulation of blast cells
in the BM defines the disease (Figure 1).

The LSC population represent a minor fraction of the disease
which is resistant to chemotherapy (103, 104) and are generated
by evolutionary processes before the initiation of treatment
(104). Following treatment and subsequent remission in
patients, relapse of the disease is driven by this drug-resistant
CD34+CD38- LSC fraction which has unlimited self-renewal
capabilities (102). Current treatment regimens are effective
against the majority of rapidly dividing bulk AML cells but less
successful at eliminating the LSC population due to homing in
the BMME which supports their quiescence and self-renewal
capacity (Figure 1) (105, 106). The BMME is critical for the
maintenance and retention of quiescent LSCs and provides
crosstalk between LSCs and stromal cells, which significantly
influences leukaemia initiation, progression, and response to
therapy (106). Furthermore, the gene expression profiles of
HSCs and LSCs are profoundly influenced by the BMME
cellular architecture and these cells express a dynamic and
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heterogenous molecular landscape compared to leukaemic
blasts (23).

A recent study by van Gils et al. comprehensively categorised
six major processes involved in therapy resistance of LSCs;
altered epigenetic pathways, cellular plasticity, the tumour
microenvironment, integrated stress responses, cellular
signalling and metabolic dysregulation (107). Among these
processes, the role of metabolic dysregulation in chemotherapy
resistance of LSCs has gained favourable attention (24, 108). As a
well-known example, the upregulation of ABC transporters in
LSCs allows these cells to pump small molecule inhibitors and
cytotoxic drugs out of the cell (109). Moreover, much like HSCs,
LSCs rarely divide and are maintained in a state of long-term
dormancy called quiescence with a low level of oxidative stress
and ROS contents (15, 19). AML cells with low ROS levels,
defined as ROS-low LSCs, decrease their ATP or oxygen
requirements and mainly rely on low energy metabolic
pathways to survive and promote leukemogenesis (19). This is
a major reason that conventional chemotherapeutics such as
Ara-C are unable to eliminate LSCs, as these drugs are more
effective against rapidly dividing AML blasts (Figure 1) (110). It
should be noted that studies have identified a fraction of blast
cells with retained mitochondrial activity and a high proliferation
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rate are less sensitive against Ara-C, implying that different types
of haematopoietic cells exhibit varied metabolic profiles which
can be exploited for targeting (111).
METABOLIC TARGETING IN AML

Metabolic targeting is considered a promising therapeutic
strategy that is gaining ground in various human cancers
including AML. Previous studies have emphasised that
metabolic pathways are complex in AML cells and therefore
in-depth investigations are required to further shed light on the
molecular mechanism of these pathways. Extensive research has
been conducted to identify and develop new drugs targeting
metabolism in AML. These drugs mainly target glucose
metabolism, mitochondrial metabolism, amino acid, and lipid
metabolism. Although metabolic interventions have been
effective at eliminating leukaemic cells, more comprehensive
preclinical studies are needed to increase treatment outcomes
and confirm that these drug modulations do not target normal
haematopoietic cells. Table 1 lists information on common
metabolic inhibitors that have been tested against AML either
in preclinical in vitro and in vivo studies or clinical trials.
TABLE 1 | Modulators of metabolic pathways, preclinical studies, and clinical trials in AML.

Compound Metabolic target or
process

Metabolic pathway Reference Study type Findings

2-DG Glucose Glycolysis (37, 112, 113) In vitro & in vivo Decreased AML cell proliferation, sensitivity to
Ara-C

A2-32-01 ATP-dependent Clp
protease

OXPHOS (74) In vitro & in vivo Antileukaemic effects in PDXs & cell lines

Brequinar sodium DHODH Nucleotides & OXPHOS (114, 115) In vitro, in vivo &
phase I/II

Reduced leukaemic burden, improved survival &
induced differentiation

Rapamycin, 2-DG & 6-
AN

mTORC1, glucose &
G6PD

Glycolysis & PPP (38) Phase I/II Reduced AML cell viability

Venetoclax Mitochondrial
antiapoptotic BCL-2

OXPHOS & pyrimidine
biosynthesis

(18, 19, 116–
119)

Phase I/II/III Selective elimination of LSCs & reduced relapse

Tigecycline Cox-1 & Cox-2 Mitochondrial protein
translation

(73, 120) In vitro, in vivo &
Phase I

Antileukaemic activity in PDXs

ddC mtDNA polymerase mtDNA replication (121) In vitro & in vivo Selective elimination of LSCs & induced tumour
regression

Enasidenib AG-221 IDH2 mutant enzyme 2-HG production (122–124) Phase I/III Reduced relapse & increased overall survival
ADI-PEG 20 Arginine Amino acid metabolism (81) In vitro & in vivo Induced sensitivity to Ara-C & apoptosis
BCT-100 Arginine Amino acid metabolism NCT03455140 Phase I/II Well tolerated without toxicity
L-asparaginase & high-
dose Ara-C

Asparagine glutamine
availability

Amino acid metabolism (125–127) Phase I/II Increased median survival in relapsed patients

CB-839 Glutaminase Glutaminolysis (78, 128) Phase I Inhibited AML growth in PDXs & prolonged
survival in patients

Avocatin B CPT1a Fatty acid oxidation (129) In vitro Induced apoptosis
CPI613 PDH Fatty acid synthesis (130) In vitro & in vivo Increased sensitivity to doxorubicin
Etomoxir CPT1a Fatty acid oxidation (131) In vitro Increased sensitivity to ATO & apoptosis
LCL204 Acid ceramidase Sphingolipids (132) In vivo Increased overall survival of PDXs & decreased

leukaemic burden
Statins: lovastatin,
pravastatin

HMG-CoA reductase Mevalonate biosynthesis (133) Phase I/II Increased sensitivity to Venetoclax

ST1326 CPT1a Fatty acid oxidation (134) In vitro & in vivo Growth arrest & induced apoptosis
6-AN, 6-aminonicotinamide; 2-DG, 2-deoxy-D-glucose; 2-D-HG, 2-D-hydroxyglutarate; Bap, a combination of lipid-regulating bezafibrate (BEZ) and the sex hormone
medroxyprogesterone acetate; CKMT1, creatine kinase mitochondrial 1; CPT1A, carnitine palmitoyltransferase 1A; DHODH, dihydroorotate dehydrogenase; ETC, electron transport
chain; IDH1, isocitrate dehydrogenase 1; mTOR, mechanistic target of rapamycin kinase; HMG, hydroxy methylglutaryl; OXPHOS, oxidative phosphorylation; PPP, pentose
phosphate pathway.
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Targeting Glucose Metabolism
As outlined above, the reliance of AML blasts on glucose
metabolism makes it an attractive target for AML therapy.
Unsurprisingly, inhibition of glycolytic enzymes has been
shown to suppress glycolysis, leading to significant energy loss
and leukaemia cell death (38). Overexpression of GLUT1 is
associated with poor chemotherapy response in patients with
AML and inhibition of GLUT1 is considered to be a promising
treatment strategy (43). Inhibition of the glycolysis rate-limiting
enzyme hexokinase-2 with 2-Deoxy-D-glucose (2-DG)
significantly improved the cytotoxicity of Ara-C in primary
AML blasts and cell lines (37). 2-DG is a synthetic glucose
analogue that not only perturbs glucose metabolism, but also
interferes with OXPHOS, depleting cellular energy, N-linked
glycosylation, and autophagy induction (135). AML primary
blasts and cell lines harbouring c-KIT and FLT3-ITD
mutations showed sensitivity to 2-DG treatment, compared
with normal haematopoietic cells (112).

Direct inhibition of hexokinase-2 with 3-bromopyruvate is
also considered as another treatment strategy in AML cells with
high glycolytic activity, such as HL-60 cells (43). Also, AML cells
with FLT3-ITD showed resistance to sorafenib treatment, a
kinase inhibitor for the treatment of FLT-ITD+ cells, but were
sensitive to hexokinase-2 inhibitors including 2-DG and 3-
bromopyruvic acid (113). Inhibiting glycolysis is mainly
investigated in AML patients at diagnosis or in the bulk of the
AML population and further investigations in relapsed AML and
LSCs are needed.

Targeting Mitochondria-Related Pathways
Inhibition of different mitochondrial metabolic processes such as
OXPHOS and aerobic respiration are emerging treatment
strategies in patients with AML. An ongoing phase I clinical
trial is using a selective and potent OXPHOS inhibitor, IACS-
010759, in treating patients with relapsed/refractory AML
(ClinicalTrials.gov Identifier NCT02882321). The anti-
leukaemic activity of IACS-010759 is mediated by the AMPK
pathway in OXPHOS-dependent primary AML blasts and cell
lines (136). In sensitive primary AML blasts with high levels of
AMPK, IACS-010759 induced AMPK activation leading to
mTOR suppression and reduced cell growth. In contrast,
resistant primary AML blasts with low AMPK expression were
less responsive to the treatment (136). mTORC1 suppression
enforces primary AML blasts to reprogram from glycolysis to
OXPHOS by promoting the TCA cycle and this has led to the use
of mTORC1 inhibitor (rapamycin) and OXPHOS inhibitor
(metformin) in targeting resistant blast cells (38). Another
drug that targets the ETC is Brequinar sodium which
suppresses the inner mitochondrial membrane protein
dihydroorotate dehydrogenase, playing an important role in
pyrimidine biosynthesis (137). Inhibition of dihydroorotate
dehydrogenase with Brequinar induced myeloid differentiation
and apoptosis of primary AML blasts (114, 115).

The pyruvate dehydrogenase complex is responsible for
catalysing the carboxylation of pyruvate to acetyl-CoA. The
pyruvate dehydrogenase complex acts as a central hub between
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three different metabolic pathways including glycolysis, the TCA
cycle, and OXPHOS (138). Hampering the pyruvate
dehydrogenase complex with a se lect ive inhibi tor
dichloroacetate has led to increased OXPHOS, ROS content,
and activated antioxidant response which activates DNA repair
genes (138). Therefore, applying dichloroacetate in combination
with genotoxic drugs including doxorubicin and Ara-C induced
ROS generation, DNA damage and apoptosis in AML cells (139,
140). A study by Emadi et al. found that sequential
administration of dichloroacetate in combination with arsenic
trioxide exerted synergistic anti-leukaemic effects in primary
blasts from AML patients and AML cell lines with FLT3-
ITD (139).

Another mitochondrial-related treatment approach is the
exposure of AML cells to BCL-2 inhibitors. Venetoclax is a
potent BCL-2 inhibitor that has shown activity in haematologic
malignancies including both as a single agent or in combination
with chemotherapeutics agents (116, 141). Treatment of 32
relapsed/refractory AML patients with venetoclax led to a
favourable response in 19% of patients while another 19% of
patients showed a modest anti-leukaemic response (116).
Likewise, in a small-scale study of seven patients with
secondary AML, two patients achieved complete remission
with venetoclax monotherapy (142). However, combination
therapy of venetoclax has been demonstrated to be much more
efficient than single-agent treatment (117, 118). The combination
treatment of elderly patients with venetoclax and azacitidine led
to 36.7% of patients achieving complete remission compared to
17.9% of patients in the control group (118). In a similar study,
venetoclax combined with the FLT3 inhibitor quizartinib showed
synergistic anti-leukaemic activity in cell lines and primary
patient samples, and prolonged the survival of FLT-ITD+
AML mice, compared to the modest effects of single-agent
treatments (119).

Venetoclax in combination with statins has also been proven
to induce synergistic anti-leukaemic effects. It was reported that
statins increased venetoclax efficacy in AML which is mediated
by protein geranyl-geranylation, BCL-2 modulation, and
upregulation of pro-apoptotic genes such as PUMA (133).
Moreover, the FAO inhibitor etomoxir was shown to increase
the therapeutic efficacy of another BCL-2 inhibitor ABT-737 in
vivo (143). On the other hand, a recent genome-wide CRISPR/
Cas9 screen and metabolomics study revealed heme biosynthesis
as a key regulator of drug sensitivity. AML cells treated with
venetoclax have upregulated heme biosynthesis which is an
important regulator of mitochondrial-related apoptosis
through ETC and OXPHOS (62). In line with these studies,
Jones et al. indicated that both depleting amino acid in the
culture media and inhibition of BCL-2 with venetoclax
significantly reduced OXPHOS and selectively reduced the
viability of ROS-low LSCs ex vivo and sensitised them to
azacitidine treatment (18).

As discussed above, AML cells with IDH1/2 mutations have a
higher amount of 2-D-hydroxyglutarate, which blocks
differentiation. Targeting AML cells with mutant IDH1/2 profiles
has resulted in promising anti-leukaemic effects in patients and cell
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lines. Single-agent treatment of relapsed/refractory AML patients
with enasidenib, a selective IDH2 inhibitor, had an overall response
rate of 40.3% (122). Co-occurring mutations in NRAS and MAPK
pathways were observed in nonresponding patients which were
consistent with the role of RAS signalling in primary therapeutic
resistance (123). Moreover, treatment of mutant IDH2 cells with
enasidenib suppressed 2-D-hydroxyglutarate production and
induced cellular differentiation in primary AML cells and
xenograft models (124). Enasidenib also increased survival rates
in IDH2-mutantAML xenografts which supported the initiation of
clinical trials of enasidenib in patients with haematologic
malignancies with IDH2 mutations (ClinicalTrials.gov
Identifier: NCT01915498).

Aside from suppression of mitochondria-related pathways,
direct perturbation of mitochondrial components has also been
shown to be another attractive therapeutic strategy and its
significance is increasingly being recognised in hematologic
malignancies including AML. For example, blockade of
translation with tigecycline has led to a significant
antileukaemic effect against primary AML cells. Tigecycline is a
glycylcycline class antibiotic that binds to the 30S ribosomal
subunit and perturbs mitochondrial translation. It selectively
destroyed primary bulk AML cells and CD34+CD38- LSCs
without affecting normal haematopoietic cells (73). Inhibition
of a mitochondrial caseinolytic protein protease with A2-32-01
has led to promising results in AML (74). A2-32-01 is an anti-
virulence drug that specifically inhibited ClpP and eliminated
both AML cell lines and primary samples with elevated ClpP
expression without killing normal haematopoietic cells (74).
Suppression of mtDNA replication with 2’,3’-dideoxy-cytidine
is also effective in the treatment of AML patients with high
mtDNA polymerase activity. 2’,3’-dideoxy-cytidine is a
nucleoside analogue that selectively inhibits mtDNA
polymerase, perturbs OXPHOS and induces cytotoxicity in
AML cell lines and primary samples while sparing normal
haematopoietic cells (121). 2’,3’-dideoxy-cytidine also decreases
mtDNA, ETC proteins and induces tumour regression without
toxicity in vivo and selectively targeted LSCs with leukaemia
initiating potential in secondary xenografts (121). Overall, these
observations emphasise the potential of targeting mitochondrial
related pathways to improve AML treatment outcomes.

Targeting Amino Acid Metabolism
Significant glutamine uptake is a common metabolic feature of
AML cells (60, 62) and unsurprisingly inhibition of glutamine
uptake or function is a potent strategy to treat AML. GLS1 is an
important enzyme to increase glutamine levels and its
overexpression is reported to be involved in the drug resistance
of AML cells. Depletion of glutamine in the culture media or
inhibition of glutamine biosynthesis by GLS1 knockdown has
been shown to suppress the growth of primary AML cells and cell
lines (144). Moreover, inhibition of glutamine metabolism by a
GLS1 inhibitor (CB-839) perturbs GSH production in AML cell
lines, leading to the elevation of ROS and apoptotic cell death
(145). Moreover, GLS1 inhibition made AML cells susceptible to
chemotherapeutic drugs such as arsenic trioxide (ATO) that
Frontiers in Oncology | www.frontiersin.org 10
synergistically perturbed mitochondrial redox state and induced
apoptosis in AML cell lines, primary samples and in vivo models
(145). Suppression of GLS1 with CB-839 activated mitochondrial
apoptosis and depleted glutamine in the culture of AML cell lines
which synergises with the anti-leukaemic effects of venetoclax
(78). A CRISPR/Cas9 screen of MOLM-13 AML cells treated
with FLT3 inhibitors revealed that GLS1 mediates resistance to
tyrosine kinase inhibitors (76). Concomitant exposure of FLT3-
ITD AML cell lines to quizartinib (FLT3 inhibitor) and CB-839
potently decreased viability and enhanced the overall survival of
immune-deficient mice engrafted with AML patient-derived
xenografts implying the dependence of AML cells on
glutamine metabolism for drug resistance (146).

Recent studies have highlighted the association of amino acid
metabolism with OXPHOS in AML cells. Pharmacological
inhibition of amino acid metabolism with venetoclax reduced
OXPHOS and induced cell death in de novo ROS-low LSCs (18).
In the same study, it was shown that ROS-low LSCs derived from
patients with relapsed AML were able to resist venetoclax as they
are not reliant on amino acid metabolism and supply their
energy through fatty acid metabolism (18). Moreover,
comprehensive metabolomics analysis of relapsed ROS-low
LSCs indicated high levels of nicotinamide and NAD+, which
play an important role in sustaining OXPHOS. Therefore,
perturbation of nicotinamide metabolism selectively targeted
and eliminated relapsed ROS-low LSCs, highlighting the value
of targeting amino acid metabolism (147). Another study has
indicated that ROS-low LSCs metabolise exogenous cysteine to
GSH which, in turn, activates succinate dehydrogenase a key
component of mitochondrial ETC complex II. The same study
showed that cysteine depletion impaired GSH synthesis
disrupted ETC, which eventually inhibited OXPHOS and ATP
production leading to ROS-low LSC death (148).

Asparagine is another important amino acid in AML
metabolism which is generated by glutamine and aspartate
(149). L-asparaginase converts asparagine to aspartic acid and
has shown potent anti-leukaemic activity and has been used for
the treatment of patients with de novo and relapsed AML (125,
126). The combination of L-asparaginase with high-dose Ara-C
and mitoxantrone has resulted in positive outcomes in AML
patients with an aberrant asparagine metabolism (125, 150).
These results have led to the initiation of a randomised phase
2b trial which evaluates the efficacy of ERY001, L-asparaginase
encapsulated in red blood cells, in elderly AML patients who are
unfit for intensive chemotherapy (127).

Lastly, inhibition of arginine has resulted in promising results in
AML treatment. A study byMiraki-Moud et al. demonstrated that
AMLblasts obtained frompatients at diagnosis reliedonarginine to
survive and proliferate (81). Decreased arginosuccinate synthetase-
I activity with a pegylated arginine deiminase called ADI-PEG 20
showed anti-leukaemic activity in vitro and in vivo with minor
toxicity on normal haematopoietic cells (81). Depletion of arginine
with another pegylated recombinant arginase, BCT-100,
suppressed AML blast cell proliferation and reduced leukaemia
engraftment in vivo (151). In addition, single-agent BCT-100
caused significant cell death in adult AML blasts and synergised
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with cytarabine activity (151). Likewise, an ongoing study is further
testing the safety and efficacy of BCT-100 in younger patients with
relapsed/refractory leukaemia (ClinicalTrials.gov Identifier
NCT03455140). Together these studies demonstrate that the
targeting of amino acid metabolism, much like glycolysis and
mitochondrial metabolism, is a promising strategy for the
treatment of AML.

Targeting Lipid Metabolism
Increased FA synthesis and FAO are two deregulated metabolic
pathways that support leukemogenesis. Unsurprisingly FA
synthesis and FAO are therefore attractive targets for
inhibition (84, 152). Inhibition of FA synthesis with CPI-613
synergised with the anti-leukaemic effects of doxorubicin in cell
line-derived AML xenografts and extended the median survival
from 12 days with doxorubicin alone to 16 days with the
combination of both (130).

Likewise, FAO suppression has been shown to inhibit AML.
Suppressing FAO by a specific CPT1A inhibitor, ST1326, reduced
cell growth, induced apoptosis, and had favourable interactionwith
the cytotoxic effects of Ara-C in AML cell lines (134). In a similar
study, inhibition of CPT1A with etomoxir synergised with arsenic
trioxide and caused anti-leukaemic activity in AML cell lines.
Etomoxir inhibits carnitine palmitoyl transferase 1 activity thus,
hindering fatty acid transport into mitochondria and b-oxidation
(131). Moreover, blockade of CPT1A with avocatin B selectively
targeted AML blasts while preserving normal HSCs through
decreased NADPH levels and increased DNA damage-related cell
death (129). More interestingly, concomitant treatment of LSCs
from patients at relapse with azacitidine and venetoclax resulted in
only a minor reduction of viability due to increased FAO as a
resistance mechanism (18). Suppression of FA uptake by a CD36
inhibitor, sorbitan sesquioleate, re-sensitised ROS-low LSCs from
patients at relapse to azacitidine (18). Another study has suggested
that LSCs residing in the BMME are enriched in adipose tissue and
are protectedby lipolysis or FAO.CD36+CD34+ LSCshave a higher
FAO rate compared to differentiated leukaemia cells or normal
HSCs. Therefore, targeting FAO might selectively target and
eliminate the CD36+CD34+ LSC population (87).

Targeting sphingolipids has recently been suggested as a
novel avenue for AML therapy (99, 100). Acid ceramidase
catalyses a reaction that generates sphingolipids, contributing
to AML blast survival via upregulation of the anti-apoptotic
protein MCL-1. The acid ceramidase inhibitor LCL204 reduced
the leukaemic burden in NSG mice engrafted with primary AML
cells (132). Consistent with this finding, inhibition of ceramide in
AML cells harbouring FLT3-ITD sensitised them to FLT3
inhibitors, which provides an opportunity to target resistant
primary AML cells with FLT3 mutations (153). Treatment of
AML cell lines, primary blasts and CD34+CD38−CD123+ LSCs
with MP-A08, a selective sphingosine kinase inhibitor,
significantly induced apoptosis, with negligible effects on
normal HSCs from healthy samples (99). Furthermore,
exposure of AML patient-derived xenografts to MP-A08
reduced tumour burden and prolonged mouse survival without
affecting normal murine haematopoiesis (99).
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Compared to glycolytic, mitochondrial, and amino acid
metabolism, the role of FAO and FA biosynthesis is more
important in normal HSCs and LSCs than in the bulk of leukaemic
cells. These findings suggest that AML progenitor cells utilise lipid
metabolism to survive and that targeting these pathways is a viable
future therapeutic strategy for the elimination of these cells.
CONCLUSION

In the past decade, extensive efforts have been made to uncover
the main metabolic features of tumour cells compared to their
normal counterparts (6, 9). These investigations have suggested
that some cancers, such as leukaemia, are driven by metabolic
alterations and thus appropriate metabolic-based treatment
strategies are needed (32, 33, 154). Moreover, the unique
metabolic signature of leukaemic cells could be used for
monitoring disease progression and prognosis.

The majority of previous research on AML metabolism has
suggested that leukaemic blasts can compensate for energy
shortage and adapt to new metabolic programs during disease
progression and chemotherapy. However, perturbing metabolic
pathways in leukaemic blasts alone is not efficient enough to
improve clinical outcomes and reduce the relapse rate in
patients. This stems from the fact that previous studies mainly
focused on leukaemic blasts and not LSCs, and the latter are the
main mediators of AML relapse (3).

A major limitation is the lack of clinically relevant in vivomodels
to study AML metabolism (155). Clinically relevant mouse models
are required to improve the efficacy and correlation between in vitro
and in vivo experiments (155). For example, discrepancy of in vitro
and in vivo models is evident in the growth of AML cells in human
plasma-like medium (HPLM). HPLM contains biologically relevant
levels of uric acid which inhibits de novo pyrimidine synthesis. Uric
acid levels are higher in human blood than in mice serum and
therefore can inhibit uridine monophosphate synthase, a crucial
enzyme for pyrimidine synthesis. This has been shown to reduce
the sensitivity of AML cells to chemotherapeutic drugs such as 5-
fluorouracil and highlights the importance of the tumour
microenvironment on cell metabolism and the efficacy of drugs (156).

Another limiting issue is the lack of efficient culture media to
accurately represent the tumour environment in patients (155).
Extensive research has been done to supplement culture media
with nutrients that are crucial in human serum and this has led to
the use of enriched mediums such as HPLM and Plasmax to better
represent the biological conditions of patients (156, 157).
Furthermore, cell co-cultures and 3D cultures provide a tumour
microenvironment which is an important regulator of drug response
and metabolic reprogramming in vitro and therefore these cultures
better represent the cellular environment of patients. As we
mentioned in this review, adipose tissues and adipocytes can
modulate drug response in AML and provide compensatory
nutrients for leukaemic cells to resist chemotherapy. Therefore, it is
unsurprising that co-culturing AML cells with bone marrow
adipocytes noticeably induced resistance against CPT1a inhibitors
and increased FAO (143, 158). Treatment of AML cells with CPT1a
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inhibitor significantly increased free FAs and glucose uptake
specifically in the co-cultures with bone marrow adipocytes;
underlining the vital role of the microenvironment in regulating
energy demands and chemotherapy response (158). Therefore, the
lack of plasma and bloodmetabolites in cell culture could impair the
efficacy of metabolic inhibitors and question the clinical
translatability of many in vitro approaches.

Patient and cellular heterogeneity is another level of complexity
in investigating AML metabolism and identifying effective
treatment strategies. Previous research has shown that AML cells
evade chemotherapy by altering their gene expression pattern which
leads to rewired metabolism (22, 120). In fact, AML patients treated
with Ara-C and metabolic inhibitors showed altered metabolic and
transcriptional regulation. It has also been shown that the
antiproliferative effect of metabolic inhibitors differs across
patients and the AML cells derived from different patients are
metabolically heterogenic, likely due to genomic heterogeneity (22).
In another study, the comparison of the gene expression profile of
chemotherapy responders and non-responders showed a significant
level of genome heterogeneity which was linked to altered cellular
pathways including metabolism (120). This level of genome and
metabolome heterogeneity reinforces the notion that a “one-size-
fits-all” strategy would not be effective for AML therapy and
therefore, personalised medicine is required to tailor treatments to
achieve the best outcome for individual patients (159). Nevertheless,
targeting metabolic pathways in AML is a promising therapeutic
approach and a rapidly emerging field that requires significant
attention. Therefore, further in vivo studies distinguishing metabolic
requirements of normal HSCs, AML blasts, and LSCs are necessary
to design efficient treatment regimens for patients with AML at
different stages of the disease including diagnosis, relapse
and remission.

In this review, we provide a timely update on the latest
findings of dysregulated metabolic pathways in HSCs, LSCs
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and AML blasts and how these pathways can be targeted for
better treatment outcomes. Previous literature has shown that
AML is mainly driven by LSCs and targeting these cells would be
an effective treatment strategy for AML. Residing in the BMME
allows LSCs to adapt their metabolic profile, evade chemotherapy
and drive disease relapse. Conventional chemotherapy fails to
selectively eliminate LSCs, is almost ineffective to perturb
metabolic pathways, and is toxic to normal HSCs. Therefore,
targeting metabolic pathways can re-sensitise AML blasts and
LSCs to conventional chemotherapy while sparing healthy
haematopoietic cells and normal HSCs. Finally, AML is
genetically, and metabolically heterogeneous and in vitro
experiments do not reflect what might occur in vivo and in
patients. Therefore, further studies are required to effectively
increase survival and enhance treatment outcomes in patients.
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6-AN 6-aminonicotinamide
2-DG 2-Deoxy-D-glucose
2-D-HG 2-D-hydroxyglutarate
a-KG a-ketoglutarate
AAs Amino acids
ABT-199 Venetoclax
ABC ATP-Binding Cassette
Akt Protein kinase B
ALAT Alanine transferase
AML Acute myeloid leukaemia
AMPK AMP-activated protein kinase
Bap A combination of lipid-regulating bezafibrate (BEZ) and the sex

hormone medroxyprogesterone acetate
BCAT1 branched-chain amino acid transaminase 1
BMME Bone marrow microenvironment
Cas9 CRISPR-associated protein 9
CD Cluster of differentiation
c-KIT Cluster of differentiation 117
CKMT1 Creatine kinase mitochondrial 1
ClpP ATP-dependent Clp protease
CoA Coenzyme A
CPT1A Carnitine palmitoyltransferase 1A
CRISPR Clustered regularly interspaced short palindromic repeats
Cytarabine Ara-C
DHODH Dihydroorotate dehydrogenase
ETC Electron transport chain
F1P Fructose-1-phosphate
FADH2 Flavin adenine dinucleotide
FLT3-ITD Fms-like tyrosine kinase-3 internal tandem duplication
G3P Glycerol-3-phosphate
G6P Glucose-6-phosphate
GLS Glutaminase
GLUTs Glucose transporters
GPX1 Glutathione peroxidase 1
GSH Glutathione
GSR Glutathione-disulfide reductase
HIF-1a Hypoxia-inducible factor 1-alpha
HMG Hydroxy methylglutaryl
HPLM Human plasma-like medium
HSCs Haematopoietic stem cells
IDH Isocitrate dehydrogenase
LDHA Lactate dehydrogenase
LSCs Leukaemic stem cells
MCL-1 Myeloid Cell Leukaemia 1
mtDNA Mitochondrial DNA
mTOR Mechanistic target of rapamycin
NAD Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NSG NOD scid gamma mouse
OAA Oxaloacetate
OXPHOS Oxidative phosphorylation
PEP Phosphoenolpyruvate
PI3K Phosphoinositide 3-kinase
PKM2 Pyruvate kinase M2
PPP Pentose phosphate pathway
PUMA p53 upregulated modulator of apoptosis
R5P Ribose-5-phosphate
ROS Reactive oxygen species
shRNA Short or small hairpin RNA
SLCs Solute carriers
TCA Tricarboxylic acid
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