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Metabolic rewiring is a hallmark of malignant transformation in leukemic cells and the potential offered by its therapeutic targeting
has garnered significant attention. The development of clinically relevant metabolic targeted therapies in acute myeloid leukemia
(AML) has mostly focused on targeting mitochondrial energy production, but progress has been hampered by generalized
toxicities. An alternative strategy is to shift the focus from targeting energy production to targeting more specialized metabolic
functions, such as energy storage, the regulation of oxidative stress and availability of cofactors needed for the function of specific
metabolic reactions. Lipid metabolism plays a role in many of these metabolic functions and its importance in AML maintenance
and response to therapy is being increasingly recognized but needs to be adequately interpreted in the context of its interaction
with the microenvironment, particularly the adipose niche. In this review, we provide an overview of our current understanding of
AML cellular metabolic dependencies on fatty acid and lipid metabolism and discuss their relevance in the context of functional
interactions with adipocytes. We highlight unresolved questions about how to best target lipid metabolism and suggest
approaches needed to fully understand the interplay between malignant cells and their niche in the context of metabolic

dependencies.

Leukemia (2025) 39:1814-1823; https://doi.org/10.1038/541375-025-02645-z

INTRODUCTION

Over the last two decades, improved understanding of acute myeloid
leukemia (AML) genetics and biology combined with a strong focus
on development of targeted therapies has led to several novel
compounds being approved for AML treatment. Despite these
improvements, the long-term prognosis for the majority of AML
patients still remains unfavorable [1, 2]. Although AML has fewer
mutations compared to many other cancers, one of the key
challenges in developing effective treatments is its significant clonal
heterogeneity [3]. As a result, therapeutic strategies that primarily
target driver mutations are likely to produce only partial or short-
lived responses, even when used in combination. Moreover, the
recurrent mutations for which specific inhibitors have been
successfully developed are present only in patient subsets, while
many other recurrent AML mutations are not ideal therapeutic
targets for small molecule design, being either loss-of-function
mutations or mutations in transcription factors [3]. Thus to achieve
significant improvements in patient survival, it is essential to identify
specific oncogenic molecular vulnerabilities that are both therapeu-
tically actionable and ideally present across various genetic
subgroups. Indeed, the most successful novel therapy approved in
AML over the last decade has been venetoclax, an inhibitor of the
antiapoptotic protein BCL-2, which is a common dependency across
multiple AML subtypes and other cancer types.

Cancer-specific metabolic changes have emerged as therapeu-
tically actionable vulnerabilities present across different types of
malignancies. Rewired metabolism is considered a hallmark of
malignant transformation and an increasing body of research is
unraveling how cancer cells rely on pathways that control both
energy and biomass production [4]. In AML, metabolic research
initially focused on mitochondria function and its role in energy
production through cellular respiration. Although AML cells, like
many malignant cells, undergo significant glycolysis even in
aerobic conditions, the so called Warburg effect, they also display
a strong dependency on mitochondrial metabolism and oxidative
phosphorylation for their survival [5-7]. However, since mitochon-
drial metabolism is essential for all active cells, targeting it
pharmacologically will require further optimization as all current
approaches have resulted in either lack of clinical effectiveness [8]
or generalized toxicity [9].

An alternative metabolic strategy would be to target more
specialized pathways, such as lipid metabolism. Modulating these
pathways can induce subtle metabolic changes, such as altera-
tions in cofactor availability for abnormal signaling and transcrip-
tion [10], while also affecting redox balance [11] and cellular stress
responses [12] — key oncogenic features commonly observed in
leukemic cells. The role of lipid metabolism in AML has long been
recognized, with prior studies demonstrating a metabolic
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Table 1. Fatty acid synthesis inhibitors in clinical development.

Target Inhibitor Condition
ACLY Bempedoic acid

ACC Clesacostat (PF-05221304)

ACC Firsocostat (GS-0976)

FASN Denifanstat (TVB-2640)

FASN ASC40

SCD1 MTI-301

dependency on cholesterol homeostasis, thereby underscoring its
potential as a therapeutic target. This resulted in clinical trials
assessing the potential benefit of adding statins to idarubicin and
cytarabine treatment regimens. Although this protocol was safe in
early phase trials, in larger trials the response rates were not
consistent with a positive study [13, 14]. Nevertheless, a recent
study showed increased efficacy of venetoclax based regimens in
combination with statins in different hematologic malignancies
[15] leading to successful completion of Phase | clinical trial of
adding pitavastatin to venetoclax therapy in AML and chronic
lymphocytic leukemia [16]. This together with accumulating
preclinical evidence on the role of lipid metabolism in AML has
reignited interest in translational research focusing on different
facets of lipid metabolism in AML.

Indeed, both the cellular compartment [17] and the plasma
[18, 19] of AML patients have a distinct lipid signature in
comparison with healthy controls and several reports observed
differences in lipid species which correlate with specific cytoge-
netic and prognostic groups [20]. Several preclinical studies have
demonstrated that lipid metabolism is crucial for the survival and
function of leukemic cells [7, 11, 12, 21-23]. Therefore gaining a
deeper understanding of its role in AML holds significant potential
for discovering new therapeutic strategies. In this review, we will
summarize the current knowledge on the involvement of lipid
metabolism in AML, emphasizing both intrinsic cellular alterations
and niche-mediated modulation of this metabolic pathway with a
specific focus on the role of adipocytic niche. Additionally, we will
identify areas for future research and potential clinical
applications.

LIPID METABOLISM OVERVIEW

From a chemical point of view, lipids are a compound group that
was historically defined as being non soluble in water but soluble
in organic solvents. Clearly, such chemical definition is very loose
and the term “lipids” therefore comprises structurally and
functionally diverse molecules that are traditionally divided into
fatty acids (FA), steroids, acylglycerols, phosphoglycerols (also
known as phospholipids), and sphingolipids.

Cells obtain molecules needed for lipid generation through
uptake or de novo synthesis. Fatty acids (FAs), which serve as the
backbone for most lipid groups, are water-insoluble molecules
that require closely regulated transport across the cell membrane.
This transport is facilitated by several transporter proteins,
including fatty acid binding proteins (FABP), fatty acid transport
proteins (FATP), fatty acid translocase (FAT/CD36), and caveolin-1
[24-26]. Interestingly, CD36 was initially used as an immature
myeloid or erythroid marker [27], before its role in FA transport
was associated with cancer progression and metastasis [28-30].
Most cells preferentially use extracellular uptake as a method for
replenishing their FA pools and FA synthesis (FAS) predominantly
occurs in hepatocytes and adipocytes. However, upregulation of
FAS is a characteristic of a malignantly transformed cell [31, 32].
Several inhibitors of fatty acid synthesis enzymes are currently
undergoing clinical development for treating both solid cancer
and metabolic disorders (Table 1). If proven successful, these
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Hyperlipidemia (FDA, EMA approved) [124]

Non-alcoholic steatohepatitis (Phase Il) [125]

Non-alcoholic steatohepatitis (Phase Il) [126]

Non-alcoholic steatohepatitis (Phase Ill) [127] Metastatic solid tumors (Phase II) [128]
Glioblastoma (Phase Il) [129]

Metastatic or Unresectable and Refractory Solid Cancers (Phase ) [79]

inhibitors may offer promising opportunities for drug repurposing
for the treatment of hematologic malignancies.

The conversion of pyruvate, the product of glycolysis, to acetyl-
CoA can initiate the tricarboxylic acid (TCA) cycle when acetyl-CoA
is bound to oxalacetate to form citrate. Alternatively, when citrate
is produced in surplus, it is transferred to the cytoplasm where it is
again cleaved into acetyl-CoA and oxaloacetate through the
activity of ATP citrate lyase (ACLY). Acetyl-CoA in the cytoplasm
can then serve as a precursor for acetyl-CoA carboxylases (ACC).
ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA,
marking the first committed step in FAS (Fig. 1). Malonyl-CoA and
acetyl-CoA are then combined into the saturated fatty acid (SFA)
palmitate (C16:0) by the enzyme fatty acid synthase (FASN) [33].
ACLY, ACC, and FASN have long been recognized as promising
therapeutic targets in solid tumors [33], but their roles in AML
remain less well understood. Low expression of ACLY has been
linked to a potentially favorable prognosis in AML [34], while
emerging evidence suggests that FASN may be essential for
leukemogenesis [35]. These findings support the pro-oncogenic
roles of these enzymes, as previously observed in solid cancers
[33], and underscore their potential in the development of
metabolism-based therapies. However, unlike ACLY and FASN,
stabilization of ACC has been shown to impair leukemogenesis,
with ACC1 appearing to act as a suppressor of AML progression
[36]. This indicates a more complex role for ACC in AML and may
limit the therapeutic value of targeting this enzyme directly.

Palmitate can subsequently be activated by acyl-CoA synthase,
producing palmitoyl-CoA which can translocate to mitochondria
for degradation in the process of B-oxidation, or desaturated by
stearoyl-CoA desaturase (SCD), producing a monounsaturated
fatty acid (MUFA), or elongated into stearate (C18:0) by the activity
of FA elongases (ELOVL) (Fig. 1). Desaturation and elongation
steps can be re-iterated until a spectrum of FA with variable length
and saturation level is produced [31].

Fatty acid desaturation is especially intriguing in the cancer
context. The main FA desaturase, SCD, transforms SFA palmitate
(C16:0) and stearate (C18:0) into MUFA palmitoleate (C16:1) and
oleate (C18:1). SCD activity has been implicated in cancer cell
survival [23, 37, 38], and its overexpression has been identified in
several malignancies, often in association with adverse prognosis
[23, 39-41]. MUFA production by SCD can be circumvented in the
malignant cell by the activity of other fatty acid desaturases
(FADS), namely FADS2 [42]. FADS1 and FADS2 are downstream
desaturases that in physiological conditions introduce subsequent
unsaturated bonds in MUFA produced by SCD and are responsible
for polyunsaturated FA (PUFA) production. Same as SCD, both
FADS1 and FADS2 are adversely prognostic in solid tumors and
have thus been highlighted as potential therapeutic targets
[43, 44]. When discussing the involvement of PUFA in the cancer
cell one must keep in mind that the majority of PUFA can be
synthesized in humans, but linoleic and alpha-linoleic acids are
essential and need to be acquired through the diet [33]. FADS2
converts them into arachidonic acid and, interestingly, palmitate
can compete with linoleic and alpha-linoleic acids in this reaction
[45], which could explain the ability of FADS2 to compensate for
the lack of SCD activity in cancer cells [42].
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Fig. 1 Fatty acid synthesis and oxidation. PDH pyruvate dehydrogenase, ACLY ATP citrate lyase, ACC Acetyl-CoA carboxylase, CPT1 Carnitine

palmitoyltransferase |, FASN fatty acid synthetase, ELOVL fatty acid elongase, SCD stearoyl-CoA desaturase, FADS fatty acid desaturase, a-KG a-
ketoglutarate, TCA cycle tricarboxylic acid cycle, PG prostaglandins, LT leukotrienes, SFA saturated fatty acids, MUFA monounsaturated fatty
acids, PUFA polyunsaturated fatty acids, G3P glycerol-3-phosphate, PA phosphatidic acid. Figure was generated using Biorender.com.

FA length and saturation level direct their role in cellular
functions. Both SFA and PUFA have been described as inducers of
oxidative stress [46, 47] that can govern apoptotic and ferroptotic
forms of cell death [48], while MUFA decrease cancer cell
sensitivity to cell death in response to lipid reactive oxygen
species (ROS) accumulation [49]. Saturation levels are crucial
determinants of both membrane fluidity and endoplasmic
reticulum stress, the main intrinsic factor controlling the
integrated stress response [50]. FA length and saturation also
governs their incorporation into more complex lipids and helps
determine the diversity of phospholipids and sphingolipids and
their involvement in signal transduction. The potential involve-
ment of sphingolipids in AML aggressiveness is particularly
intriguing as AML patients display distinct plasma sphingolipid
profiles in comparison to healthy individuals [51] and their
sphingolipidomic subtype appears to be linked with AML
prognosis [52]. In contrast to healthy cells, in malignant cells
sphingolipids are crucial regulators of cell death and apoptosis is
marked by the buildup of ceramide and dihydroceramide [53].
These observations are particularly interesting in the light of novel
treatment approaches in AML focused on targeting the apoptotic
machinery [54]. Furthermore, phospholipid signaling which is
downstream of growth factor receptors is a field of cancer biology
on its own [55]. However, the complexity of lipids’ role in signaling
and cell fate regulation goes beyond the scope of this review and
we refer readers to review articles that focus specifically on this
area [56, 57].

Finally, either absorbed from the surroundings or synthetized
de novo, FA can serve as an energy source through the
mitochondrial process of B-oxidation or fatty acid oxidation
(FAO). Carnitine acetyl transferases (CPT1 on the outer and CPT2
on the inner mitochondrial membrane) shuttle FA from the
cytoplasm into the mitochondria where it undergoes sequential
oxidation steps with NAD* and FAD serving as electron acceptors.
Palmitate oxidation (Fig. 1) in the mitochondrion generates 8
molecules of acetyl-CoA, 7 NADH, and 7 FADH2. After NADH and
FADH2 enter the electron transport chain (ETC), and acetyl-CoA
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enters the TCA cycle, the process produces a total of 106 ATP
molecules. This illustrates the substantial energy yield from fatty
acid oxidation (FAO) [58, 59]. As mentioned previously, excess
acetyl-CoA entering the TCA cycle can lead to a surplus of citrate.
This citrate is then transported into the cytoplasm, where it serves
as a precursor for the activity of malic enzyme and isocitrate
dehydrogenase, ultimately producing NADPH. The balance of
oxidized and reduced forms of NADP could explain the seemingly
inefficient coupling of FAS and FAO. FAS is a major NADPH
consumer while FAO is a great NADPH producer and the ratio of
NADPH/NADP™* links FA metabolism to the pentose phosphate
pathway as well as serine metabolism and one carbon metabo-
lism, providing further potential insights into their interplay in
cancer cells [4].

The importance of lipid metabolism in cancer has been
highlighted for more than 50 years by pathology reports
describing accumulation of lipid droplets in several subtypes of
malignant cells [60]. However, the puzzle of interactions between
lipid uptake, synthesis and storage on one side and catabolism on
the other is only starting to be assembled both in solid and
hematologic malignancies.

FATTY ACID OXIDATION IS A FUNCTIONAL DEPENDENCY OF

THE LEUKEMIC STEM CELL

Metabolic differences between leukemic stem cells (LSC) and their
healthy counterparts opens a potential therapeutic window for
specific targeting of malignant cells. Hematopoietic stem cells
(HSC) generate energy predominantly through glycolysis [61].
Apart from adaptation to the hypoxic bone marrow (BM) niche
where HSCs reside, glycolysis is also associated with lower ROS
production and decreased oxidative damage. This is required for
maintaining HSCs in a quiescent state and sustaining their self-
renewal [62, 63]. An increase in mitochondrial activity can direct
HSC differentiation [64] in response to stressors. For example,
switching energy production from glycolysis to FAO governs HSC
expansion and mature leukocyte production in response to

Leukemia (2025) 39:1814 - 1823



bacterial infection [65]. In contrast to HSCs, LSCs rely on oxidative
phosphorylation (OxPhos) for energy production and cannot
utilize glycolysis when mitochondrial respiration is inhibited.
However, this dependence on oxidative metabolism is associated
with lower overall levels of oxidative activity, lactate production,
ATP content, and ROS levels, reflecting their dormant state [6].
OxPhos in de novo LSCs appears to be predominantly fueled by
amino acids, but in relapse it switches to FAQO, leading to a
decreased sensitivity to venetoclax based regimens [21, 66]. The
observation that sensitivity to venetoclax depends on FAO is
further strengthened by findings in relapsed/refractory patients
that venetoclax resistance correlates with expression of an OxPhos
signature and CD36 [67]. The association between FAO and
relapse extends beyond venetoclax based regimens. The cytar-
abine resistant cell population is not enriched for either LSCs as
defined by immunophenotype or transcriptomic stem cell
signatures or leukemia-initiating cells, but displays higher levels
of ROS and OxPhos fueled by FAO and increased expression of
CD36 [7]. Comparably, mice treated with a chemotherapy protocol
mimicking the 3+ 7 anthracycline/cytarabine protocol had an
enriched OxPhos and FA metabolism signature in leukemic cells at
disease nadir, further implying association with chemoresistance
[68]. Indeed, expression of CPT1A, which transports FA into the
mitochondria and regulates the entry point for FAO, is negatively
prognostic in AML [69]. Furthermore, its pharmacological inhibi-
tion has antileukemic effects in vitro, either used alone [22] or in
combination with venetoclax [70]. However, although CPTTA
inhibitors were used in the 1970s as anti-anginal drugs, clinical
translation of these findings is severely hampered by pronounced
hepatotoxicity observed upon CPT1A inhibition in treated patients
[71, 72]1. As such, further research is required to fully understand
the functional roles of FAO in leukemic cell survival and
chemoresistance in order to identify more tolerable ways to
target FAO.

FATTY ACID METABOLISM SUPPORTS LEUKEMIA CELL
SURVIVAL BEYOND ENERGY PROVISION

Apart from the role of FAs in energy production, FAs also govern
the oxidative stress response, membrane fluidity and play an
important role in the integrated stress response [73]. AML cells
show decreased spare capacity in their respiratory chain and
palmitate treatment resulted in pronounced toxicity through
enhanced FAO and mitochondrial ROS production. This highlights
the pleiotropic effects of modulating FAO in AML cells at least
in vitro [74]. Lipid oxidative stress is predominantly associated with
lipid peroxidation of PUFA which leads to cell death by ferroptosis
[48]. This is a cell death mechanism involved in the response to
both standard AML therapeutics like cytarabine [75, 76] and FLT3
inhibitors [76, 77], as well as emerging treatment strategies like
imetelstat [11] and eprenetapopt [78]. As described earlier, PUFA-
induced ferroptosis can be counteracted by increasing cellular
MUFA levels, which have a protective role against palmitate
mediated lipotoxicity [49]. Indeed, the primary desaturase respon-
sible for MUFA production, SCD, is an independent prognostic
factor in AML with increased production of unsaturated FA being
linked to relapse. SCD inhibition demonstrates a pronounced
antileukemic effect in a subset of AML models both in vitro and
in vivo and increases sensitivity to conventional chemotherapeutic
protocols based on anthracyclines and cytarabine [23]. This finding
is especially translationally relevant because the SCD inhibitor MTI-
301/SSI-4 is currently in a clinical trial for the treatment of
metastatic or unresectable and refractory solid cancers [79].
Surprisingly, the toxicity associated with SCD inhibition is not
solely driven by oxidative stress and ferroptosis, as reversing lipid
peroxidation did not prevent cell death caused by SCD inhibition
[23]. In contrast, SCD inhibition enhanced AML sensitivity to FLT3
inhibition by increasing lipid oxidative stress and activating the
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ferroptosis pathway [77] thus highlighting that the exact biological
role of lipid mediators in AML is context dependent. Additionally,
despite the expected role of PUFA in AML cell death induction via
ferroptosis, high expression of the main PUFA producing
desaturase FADS1 is negatively prognostic in AML [80, 81] and
its inactivation results in cell cycle arrest, differentiation and cell
death [81]. Furthermore, relapsed/refractory AML display an
increase in FA desaturation and blocking FADS1 and FADS2
increases sensitivity to venetoclax-based regimens. One potential
explanation for FA desaturation being a specific vulnerability of
leukemic cells circles back to their dependency on FAO because
unsaturated FA are the preferred FAO substrate [82]. Increased FA
desaturation in leukemic cells can be additionally explained by the
need for recycling NAD"/NADH [4]. Indeed FADS enzymes have
been shown to provide a mechanism for NAD* recycling, allowing
cells to maintain active glycolysis, cellular redox status and viability
when the cytosolic NAD*/NADH ratio is reduced for example as a
result of ETC dysfunction [83]. Interestingly, NAD* levels are
increased in relapsed/refractory AML patients and coupled with an
increase in nicotinamide metabolism results in resistance to
venetoclax [84]. Finally, NAD+ salvaging enzyme nicotinamide
phosphoribosyltransferase (NAMPT) is a selective vulnerability of
LSCs. NAD+ depletion in response to NAMPT inhibition induces cell
death by inhibiting SCD and disrupting the balance of SFA and
MUFA leading to lipotoxicity [85]. Taken together, these findings
indicate that AML survival and maintenance is closely associated
with NAD*/NADH, which is tightly coupled to FA metabolism.

Lipid droplets are critical organelles involved in maintaining
cellular lipid and fatty acid balance. By sequestering lipids within
the cell, they regulate energy production through restricted FA
availability and help reduce oxidative stress by limiting lipids
available for peroxidation. Additionally, they serve as storage units
of neutral lipids and phospholipids in cancer cells, which can be
mobilized through lipolysis or lipophagy [86]. This enables them to
compensate for specific lipid imbalances caused either by
pathophysiological conditions or pharmacological interventions
in cancer cells, such as reduced cellular levels of MUFAs [87]. Lipid
droplets have recently attracted significant interest, particularly in
AML [88], as a novel metabolic vulnerability linked to leukemic cell
chemosensitivity and therapy resistance [89].

The role of FAS and FAO in modulating the oxido/reductive
state of cells, explains why they have both been proposed as
metabolic vulnerabilities in AML. However, a deeper under-
standing of FA metabolism interactions with redox cellular state
is needed to define the best approach to target it therapeutically.

One important caveat when interpreting the results of studies
of lipid and FA metabolism is that the great majority of them have
been performed in vitro, often using classic culture conditions
which poorly reproduce the physiological lipid composition of
both the intracellular and extracellular milieu [90]. While the
expanding use of more physiological media conditions might
address some of these limitations, a greater understanding of lipid
metabolism in vivo, taking into account leukemia cell interactions
with the tumor microenvironment, is required to fully assess the
functional role of FA metabolism pathways in leukemia establish-
ment and progression. The adipocytic niche in particular plays a
key role in modulating FA metabolism in normal and leukemic
hematopoiesis. In the next section we will summarize current
knowledge on how the adipocytic niche and specific adipocyte
characteristics in the microenvironment affect normal and
leukemia cell FA metabolism, cell fate decision and clinical
responses to therapy.

BONE MARROW ADIPOCYTE DISTRIBUTION AND CELLULAR
FUNCTION: DIVERSITY AND CHALLENGES

Adipocytic niches exist throughout the body and are diverse in
both morphology and function. BM is the location of AML
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development and leukemic cell interaction with different BM
cellular compartments plays pivotal roles in multiple types of drug
resistance. While it has long been recognized that adult human
bones are rich in adipocytes and that bone marrow adipocyte
(BMAd) volume and density vary across different bones and
regions, the functional significance and heterogeneity of the bone
marrow adipose tissue (BMAT) niche has only more recently
garnered attention [91]. A new and growing body of literature
highlights important functional and metabolic differences
between BMAd subtypes and their distinction from classical white
adipocytes [92]. Elucidating these differences is essential for
advancing our understanding of how different adipocyte niches
influence AML disease progression and therapeutic resistance,
particularly in the context of metabolism.

Functional differences have indeed been shown between the
BMAT associated with blood producing “red” marrow adipose
tissue (AT) and the “fatty” yellow marrow (Fig. 2). The red marrow
AT is classified as regulatory BMAT (rBMAT) due to its responsive-
ness to external stimuli like fasting, exercise, and cold exposure
while the yellow marrow AT, which remains unaffected by these
stimuli, is classified as constitutive BMAT (cBMAT) [91, 93].
Furthermore, histological analyses have revealed differences in
distribution and morphology between murine BMAds in rBMAT
and cBMAT. rBMAds are smaller, associated with osteoblasts,
endothelial cells, and hematopoietic cells, and are scattered
throughout hematopoietic tissue. In contrast, cBMAds are larger
and densely packed in highly adipocytic regions [91, 94].
Interestingly, rBMAds and cBMAds also differ in their gene
expression and lipid composition. rBBMAds contain more saturated
lipids, while cBMAds are enriched with unsaturated lipids such as
oleate and palmitoleate [95]. This observation is especially
intriguing in the context of our findings that AML is functionally
dependent on fatty acid desaturation [23], which makes it
metabolically adapted to palmitate-rich surroundings typical for
the “red” BM. Still, it is important to note that while murine
cBMAds and rBMAds likely correspond to human counterparts,
this remains unconfirmed [96].

Metabolic differences between BMAd subtypes imply the
existence of distinct adipose BM metabolic niches. However,
isolation and maintenance of adequate numbers of BMAds from
different regions in both mice and humans is technically difficult,
limiting the ability to study them as distinct biological entities.
Currently, most functional studies on BMAdSs use in vitro models
of murine or human adipocyte differentiation. While in vitro
studies are important for better understanding of cellular
interactions, such studies are unfortunately limited by their
inherent lack of heterogeneity, negation of contextual based
interactions and poor recapitulation of functions in situ [92].
Moreover, these studies are harder to interpret because it is
unclear which BMAd subset is represented by the in vitro
differentiated adipocytes. However, recent advancements in
developing an in vitro model for BBMAds and cBMAds, along with
improvements in isolating primary mature adipocytes, are
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promising and could help in further elucidation of BMAds
functional dependencies [97].

INFLUENCE OF ADIPOCYTES ON HEMATOPOIESIS

BMAds were initially proposed to negatively regulate the
hematopoietic environment due to the observation that there
are reduced numbers and frequencies of HSCs in the adipocyte
rich tail vertebrae (comprising cBMAT) compared to adipocyte
sparse thoracic vertebrae (comprising rBMAT) [98]. Furthermore,
adipogenic lineage expansion during obesity and aging has been
correlated with impaired stem cell regeneration and hematopoie-
tic reconstitution [99]. In contrast, in vitro co-culture studies with
human cells have demonstrated that adipocytes enhance
hematopoiesis [100]. Furthermore, an increase in hematopoiesis
and lymphocyte differentiation was correlated with increased
BMAd numbers and elevated serum leptin levels in obese mice
fed a high-fat diet (HFD) [101]. However, the immune and/or
metabolic mechanisms behind these observations were not
clearly identified. It is likely that variation arises through the
association between adipose tissue and hematopoiesis being
highly dependent on the physiological context and anatomical
location, as well as the stage of adipocyte differentiation
[102, 103]. Interactions between adipocytes and HSCs have been
associated with the secreted cytokine milieu at each adipocyte
development stage. Yet, we speculate that secreted metabolic
mediators may also differ with adipocyte differentiation stage and
influence HSC regulation. HSCs adapt their metabolism under
different conditions. For example, in response to infection HSCs
uptake long chain FAs via CD36 to fuel -oxidation and drive
proliferation [65]. While the source of the FAs and the influence of
different BMAT regions remains unknown, this highlights how
pathophysiological context may influence adipocyte and HSC
interactions. Increased BM adiposity has also been correlated with
higher density of maturing myeloid cells, and an increased
proportion of HSCs adjacent to adipocytes may contribute to the
expansion of pre-leukemic clones carrying mutations in genes
recurrently mutated in AML such as DNMT3A [104]. While
anatomical location and the role of specific adipocyte subsets
has not been explored, these two lines of evidence suggest that
adjacency to adipocytes in the BM microenvironment promotes
myeloid skewing and expansion of aged (likely mutated) HSCs,
contributing to age-related risk of myeloid malignancies [105].

INFLUENCE OF BMADS ON AML AND THERAPY RESISTANCE

In solid cancers it is reported that adipocytes support survival and
proliferation through release of adipokines, cytokines and
chemokines [106, 107]. In AML, however, the most widely reported
interaction between adipocytes and AML cells is the transfer of
FAs to AML cells to fuel FAO and promote cell survival and
chemoresistance [108-110]. It is increasingly reported that AML
cells induce lipolysis of adipocyte triglyceride stores and import
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the released FAs through CD36 (Fig. 3) [111]. AML induces
conversion of large to small adipocytes, a probable morphological
sign of lipid and FA transfer from adipocyte to malignant cells, by
releasing growth differentiation factor 15 (GDF15) [112]. GDF15
binding to TGFB-RIl on BMAds leads to the inhibition of transient
receptor potential vanilloid 4 (TRPV4), which activates hormone
sensitive lipase (HSL) resulting in lipolysis [113].

Reports about AML induced BMAd lipolysis are interesting
considering that in physiologic conditions basal and induced
lipolytic responses are reduced or even absent in human [92] and
murine BMAds [93]. Proteomic and lipidomic analysis of BMAds
and subcutaneous adipocytes isolated from patients undergoing
hip replacement surgery revealed that the largest difference
between BMAds and white adipocytes was in their lipid
metabolism. Interestingly, BMAds showed pathway enrichment
for cholesterol, lipoprotein and sphingolipid metabolism but
relative downregulation of lipolysis regulation, FA and glucose
metabolism. HSL and monoacylglycerol lipase (MGLL) were
downregulated in BMAds and, when grown in vitro, these cells
secreted undetectable levels of FA and glycerol both with and
without stimulation with lipolytic activator isoprenaline [92].
Although primary isolated BMAds appear to lack lipolytic activity
under physiological conditions, with lipolysis being activated to
produce FA as an energy source for malignant cells only following
AML-derived reprogramming, it is important to note that these
observations were made in the absence of the in vivo micro-
environment. Moreover, unlike primary isolated BMAds, adipo-
cytes derived from BM-MSCs and OP9 cells displayed lipolytic
activity upon lipolysis stimulation in vitro [92] thus again
highlighting issues associated with in vitro adipocyte differentia-
tion. Interestingly, studies in chronic myeloid leukemia in blast
crisis have shown that adipose triglyceride lipase (ATGL), but not
HSL or MGLL, is upregulated in gonadal adipose tissue, which
functions as a leukemic stem cell niche. This suggests the
possibility of conditional lipase specificity [114]. Furthermore,
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relatively higher numbers of small adipocytes in patients correlate
with increased risk of relapse and shorter overall survival [115]. As
already mentioned, it is likely that the reduction of adipocyte size
is associated with increased lipolysis thus a consequence of the
lipolytic benefits AML cells obtain [112]. Taken together, this
supports the notion that BMAd lipolytic activity is context and
adipocyte subtype dependent and might be a targetable
dependency in AML.

Furthermore, observations that AML mesenchymal stromal cells
(MSCs) display increased adipogenic potential compared to
healthy MSCs also indicate BMAd importance to AML cells.
Increased adipogenic potential has been associated with SOX9
dependent mechanisms [116], upregulation of fatty acid trans-
porter FABP4 [117] and downregulated METTL3 expression (Fig. 3)
[118]. However, as with many BMAd studies, other studies
demonstrate the opposite. As such, inhibited adipogenesis and
increased MSC osteogenic differentiation have also been reported
in AML [119]. Unsurprisingly, the influence of AML on BMAd
number is again context dependent. Study of human trephines
and AML xenografts revealed that AML reduced the absolute
number and the size of BMAds in areas of red marrow but not
yellow marrow, despite AML infiltration at all bone sites [120].

Beyond the secretion of mediators, adipose tissue is associated
with drug metabolism and inactivation through sequestration in
lipid droplets (Fig. 3). Concordantly, human and murine adipose
tissue actively metabolize daunorubicin thereby reducing concen-
trations in the local environment and contributing to chemoresis-
tance in acute lymphoblastic leukemia models [121, 122]. Similar
work has not been conducted in AML, but it can be assumed that
this pharmacokinetic mechanism would remain consistent. It is also
important to consider the influences that AML therapies have on
the AML BMAd niche. While it is shown that irradiation and
chemotherapy increase BMAd content in solid cancer patients [123],
the effect of targeted therapies on the BMAd niche in AML has not
been explored. However, with increasing data highlighting how
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BMAds promote AML survival and drug resistance, understanding
therapy induced changes in BMAd niches and associated lipid
metabolism will be required for successful targeting of BMAd-
induced drug resistance mechanisms.

HOW TO HIJACK AML CONNECTION WITH FATS FOR MORE
SUCCESSFUL THERAPY?

AML cells co-opt lipid metabolism to withstand both environ-
mental stress and treatment pressure. This, in turn, generates
therapeutically actionable dependencies as AML cells need to
tightly control their FA levels because both SFA and PUFA in
excess are toxic due to increased endoplasmic-reticulum stress
and lipid peroxidation respectively. Co-opting FA metabolism also
renders AML cells reliant on FAO which both utilizes FA as an
energy source and reduces their toxic build-up. Therefore, many
facets of lipid metabolism have been explored as targets for the
development of new therapeutic strategies in AML. These,
however, have so far not translated to the clinic effectively either
because of toxicity and/or lack of efficacy. There are several
reasons for this, including an incomplete understanding of the
mechanisms through which FA metabolism supports cell survival
and therapy resistance, significant intra- and inter-tumor meta-
bolic heterogeneity and limited knowledge of microenvironmen-
tal rescue. Therefore, to realize the full translational potential of
targeting lipid metabolism in AML, it is essential to better define
the cellular and metabolic contexts in which specific therapeutic
vulnerabilities are generated. This will require identification of cell
intrinsic mutational, transcriptional or metabolic markers of
sensitivity to specific FA metabolism inhibitors. Moreover,
implementing the use of growth media closely mimicking
physiologic levels of nutrients in peripheral blood, bone marrow
or extramedullary sites such as cerebrospinal fluid is also needed.
Additionally, improved modeling of AML microenvironments
in vitro — ideally in 3D systems that more accurately reflect
in vivo conditions — will help in avoiding many of the pitfalls
currently encountered when translating in vitro findings into more
complex model systems or to the clinic. This will allow for a deeper
understanding of the micro- and macroenvironmental modulators
of AML cellular dependencies on FA metabolism, in particular, the
role of the adipose tissue niche, given its prominent role in
modulating the FA metabolism of both normal hematopoietic and
leukemic cells. Only a detailed understanding of the cell intrinsic
and extrinsic factors modulating FA metabolic adaptation and
dependencies in AML cells can lead to its optimal therapeutic
targeting and fulfill the promise of targeting lipid metabolism as
an effective AML therapy.

REFERENCES

1. Cucchi DGJ, Polak TB, Ossenkoppele GJ, Uyl-De Groot CA, Cloos J, Zweegman S,
et al. Two decades of targeted therapies in acute myeloid leukemia. Leukemia.
2021;35:651-60.

2. Turkalj S, Radtke FA, Vyas P. An overview of targeted therapies in acute myeloid
leukemia. HemaSphere. 2023;7:e914.

3. Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia.
N Engl J Med. 2013;368:2059-74.

4. Pavlova NN, Zhu J, Thompson CB. The hallmarks of cancer metabolism: still
emerging. Cell Metab. 2022;34:355-77.

5. Skrti¢ M, Sriskanthadevan S, Jhas B, Gebbia M, Wang X, Wang Z, et al. Inhibition
of mitochondrial translation as a therapeutic strategy for human acute myeloid
leukemia. Cancer Cell. 2011;20:674-88.

6. Lagadinou Eleni D, Sach A, Callahan K, Rossi Randall M, Neering Sarah J, Min-
hajuddin M, et al. BCL-2 inhibition targets oxidative phosphorylation and
selectively eradicates quiescent human leukemia stem cells. Cell Stem Cell.
2013;12:329-41.

7. Farge T, Saland E, de Toni F, Aroua N, Hosseini M, Perry R, et al. Chemotherapy-
resistant human acute myeloid leukemia cells are not enriched for leukemic
stem cells but require oxidative metabolism. Cancer Discov. 2017;7:716-35.

SPRINGER NATURE

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

. Phase 3 multicenter randomized trial to evaluate efficacy and safety of CPI-613

in combination with HD Cyt. and Mito. vs HD Cyt. and Mito. Therapy and control
sub-groups in older patients With R/R AML. 2018. https:/clinicaltrials.gov/study/
NCT03504410.

. Yap TA, Daver N, Mahendra M, Zhang J, Kamiya-Matsuoka C, Meric-Bernstam F,

et al. Complex | inhibitor of oxidative phosphorylation in advanced solid tumors
and acute myeloid leukemia: phase | trials. Nat Med. 2023;29:115-26.

. O'Brien C, Ling T, Berman JM, Culp-Hill R, Reisz JA, Rondeau V, et al. Simulta-

neous inhibition of Sirtuin 3 and cholesterol homeostasis targets acute myeloid
leukemia stem cells by perturbing fatty acid B-oxidation and inducing lipo-
toxicity. Haematologica. 2023;108:2343-57.

. Bruedigam C, Porter AH, Song A, Vroeg in de Wei G, Stoll T, Straube J, et al.

Imetelstat-mediated alterations in fatty acid metabolism to induce ferroptosis as
a therapeutic strategy for acute myeloid leukemia. Nat Cancer. 2024;5:47-65.

. Lewis AC, Pope VS, Tea MN, Li M, Nwosu GO, Nguyen TM, et al. Ceramide-

induced integrated stress response overcomes Bcl-2 inhibitor resistance in acute
myeloid leukemia. Blood. 2022;139:3737-51.

. Kornblau SM, Banker DE, Stirewalt D, Shen D, Lemker E, Verstovsek S, et al.

Blockade of adaptive defensive changes in cholesterol uptake and synthesis in
AML by the addition of pravastatin to idarubicin + high-dose Ara-C: a phase
1 study. Blood. 2006;109:2999-3006.

. Advani AS, Li H, Michaelis LC, Medeiros BC, Liedtke M, List AF, et al. Report of the

relapsed/refractory cohort of SWOG S0919: A phase 2 study of idarubicin and
cytarabine in combination with pravastatin for acute myelogenous leukemia
(AML). Leuk Res. 2018;67:17-20.

. Lee JS, Roberts A, Juarez D, Vo T-TT, Bhatt S, Herzog L-o, et al. Statins enhance

efficacy of venetoclax in blood cancers. Sci Transl Med. 2018;10:eaaq1240.

. Brem EA, Shieh K, Juarez D, Buono R, Jeyakumar D, O'Brien S, et al. A phase

1 study adding pitavastatin to venetoclax therapy in AML and CLL/SLL: a
mechanism-based drug repurposing strategy. Blood Neoplasia. 2024;1:100036.

. Klock JC, Pieprzyk JK. Cholesterol, phospholipids, and fatty acids of normal

immature neutrophils: comparison with acute myeloblastic leukemia cells and
normal neutrophils. J Lipid Res. 1979;20:908-11.

. Pabst T, Kortz L, Fiedler GM, Ceglarek U, Idle JR, Beyoglu D. The plasma lipidome

in acute myeloid leukemia at diagnosis in relation to clinical disease features.
BBA Clin. 2017;7:105-14.

. Bolkun L, Pienkowski T, Sieminska J, Godzien J, Pietrowska K, Ktoczko J, et al.

Metabolomic profile of acute myeloid leukaemia parallels of prognosis and
response to therapy. Sci Rep. 2023;13:21809.

Stefanko A, Thiede C, Ehninger G, Simons K, Grzybek M. Lipidomic approach for
stratification of acute myeloid leukemia patients. PLOS ONE. 2017;12:e0168781.
Stevens BM, Jones CL, Pollyea DA, Culp-Hill R, D’Alessandro A, Winters A, et al.
Fatty acid metabolism underlies venetoclax resistance in acute myeloid leuke-
mia stem cells. Nat Cancer. 2020;1:1176-87.

Ricciardi MR, Mirabilii S, Allegretti M, Licchetta R, Calarco A, Torrisi MR, et al.
Targeting the leukemia cell metabolism by the CPT1a inhibition: functional
preclinical effects in leukemias. Blood. 2015;126:1925-9.

Dembitz V, Lawson H, Burt R, Natani S, Philippe C, James SC, et al. Stearoyl-CoA
desaturase inhibition is toxic to acute myeloid leukemia displaying high levels
of the de novo fatty acid biosynthesis and desaturation. Leukemia.
2024;38:2395-409.

Doege H, Stahl A. Protein-mediated fatty acid uptake: novel insights from in vivo
models. Physiology. 2006;21:259-68.

Samovski D, Jacome-Sosa M, Abumrad NA. Fatty acid transport and signaling:
mechanisms and physiological implications. Annu Rev Physiol. 2023;85:317-37.
Hao J-W, Wang J, Guo H, Zhao Y-Y, Sun H-H, Li Y-F, et al. CD36 facilitates fatty
acid uptake by dynamic palmitoylation-regulated endocytosis. Nat Commun.
2020;11:4765.

Chen L, Gao Z, Zhu J, Rodgers GP. Identification of CD13+CD36+ cells as a
common progenitor for erythroid and myeloid lineages in human bone marrow.
Exp Hematol. 2007;35:1047-55.

Hale JS, Otvos B, Sinyuk M, Alvarado AG, Hitomi M, Stoltz K, et al. Cancer stem
cell-specific scavenger receptor CD36 drives glioblastoma progression. Stem
Cells. 2014;32:1746-58.

Pascual G, Avgustinova A, Mejetta S, Martin M, Castellanos A, Attolini CS-O, et al.
Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nat-
ure. 2017;541:41-45.

Kuemmerle NB, Rysman E, Lombardo PS, Flanagan AJ, Lipe BC, Wells WA, et al.
Lipoprotein lipase links dietary fat to solid tumor cell proliferation. Mol Cancer
Therapeutics. 2011;10:427-36.

Yoon H, Shaw JL, Haigis MC, Greka A. Lipid metabolism in sickness and in health:
Emerging regulators of lipotoxicity. Mol Cell. 2021;81:3708-30.

Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in
cancer. Br J Cancer. 2020;122:4-22.

Leukemia (2025) 39:1814 - 1823


https://clinicaltrials.gov/study/NCT03504410
https://clinicaltrials.gov/study/NCT03504410

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Rohrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nat
Rev Cancer. 2016;16:732-49.

Wang J, Ye W, Yan X, Guo Q, Ma Q, Lin F, et al. Low expression of ACLY
associates with favorable prognosis in acute myeloid leukemia. J Transl Med.
2019;17:149.

Su M, Lv Z, Lu Y, Xie X, Ouyang J, Zhong P, et al. Fatty acid synthase (FASN)
maintains leukemogenesis by suppressing progranulin-engaged lysosomal and
inflammatory signaling. Blood. 2024;144:5721.

Ito H, Nakamae |, Kato J-Y, Yoneda-Kato N. Stabilization of fatty acid synthesis
enzyme acetyl-CoA carboxylase 1 suppresses acute myeloid leukemia devel-
opment. J Clin Investig. 2021;131:e141529.

Scaglia N, Igal RA. Stearoyl-CoA desaturase is involved in the control of pro-
liferation, anchorage-independent growth, and survival in human transformed.
Cells J Biol Chem. 2005;280:25339-49.

Roongta UV, Pabalan JG, Wang X, Ryseck R-P, Fargnoli J, Henley BJ, et al. Cancer
cell dependence on unsaturated fatty acids implicates stearoyl-CoA desaturase
as a target for cancer therapy. Mol Cancer Res. 2011;9:1551-61.

Holder AM, Gonzalez-Angulo AM, Chen H, Akcakanat A, Do K-A, Fraser Sym-
mans W, et al. High stearoyl-CoA desaturase 1 expression is associated with
shorter survival in breast cancer patients. Breast Cancer Res Treat.
2013;137:319-27.

Presler M, Wojtczyk-Miaskowska A, Schlichtholz B, Kaluzny A, Matuszewski M,
Mika A, et al. Increased expression of the gene encoding stearoyl-CoA desa-
turase 1 in human bladder cancer. Mol Cell Biochem. 2018;447:217-24.

von Roemeling CA, Marlow LA, Pinkerton AB, Crist A, Miller J, Tun HW, et al.
Aberrant lipid metabolism in anaplastic thyroid carcinoma reveals stearoyl CoA
desaturase 1 as a novel therapeutic target. J Clin Endocrinol Metab.
2015;100:E697-E709.

Vriens K, Christen S, Parik S, Broekaert D, Yoshinaga K, Talebi A, et al. Evidence
for an alternative fatty acid desaturation pathway increasing cancer plasticity.
Nature. 2019;566:403-6.

Chen E, Wang C, Lv H, Yu J. The role of fatty acid desaturase 2 in multiple tumor
types revealed by bulk and single-cell transcriptomes. Lipids Health Dis.
2023;22:25.

Heravi G, Jang H, Wang X, Long Z, Peng Z, Kim S, et al. Fatty acid desaturase 1
(FADS1) is a cancer marker for patient survival and a potential novel target for
precision cancer treatment. Front Oncol. 2022;12:942798.

Park HG, Kothapalli KSD, Park WJ, DeAllie C, Liu L, Liang A, et al. Palmitic acid
(16:0) competes with omega-6 linoleic and omega-3 a-linolenic acids for FADS2
mediated A6-desaturation. Biochim Biophys Acta Mol Cell Biol Lipids.
2016;1861:91-97.

Rachek LI, Musiyenko SI, LeDoux SP, Wilson GL. Palmitate induced mitochondrial
deoxyribonucleic acid damage and apoptosis in L6 rat skeletal muscle cells.
Endocrinology. 2007;148:293-9.

Jenkinson A, Franklin MF, Wahle K, Duthie GG. Dietary intakes of poly-
unsaturated fatty acids and indices of oxidative stress in human volunteers. Eur
J Clin Nutr. 1999;53:523-8.

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Perox-
idation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc
Natl Acad Sci. 2016;113:E4966-E4975.

Magtanong L, Ko P-J, To M, Cao JY, Forcina GC, Tarangelo A, et al. Exogenous
monounsaturated fatty acids promote a ferroptosis-resistant cell state. Cell
Chem Biol. 2019;26:420-.e429.

Volmer R, van der Ploeg K, Ron D. Membrane lipid saturation activates endo-
plasmic reticulum unfolded protein response transducers through their trans-
membrane domains. Proc Natl Acad Sci. 2013;110:4628-33.

Watek M, Durnas B, Wollny T, Pasiarski M, G6zdz S, Marzec M, et al. Unexpected
profile of sphingolipid contents in blood and bone marrow plasma collected
from patients diagnosed with acute myeloid leukemia. Lipids Health Dis.
2017;16:235.

Paudel BB, Tan S-F, Fox TE, Ung J, Golla U, Shaw JJP, et al. Acute myeloid
leukemia stratifies as 2 clinically relevant sphingolipidomic subtypes. Blood Adv.
2024;8:1137-42.

del Solar V, Lizardo Darleny Y, Li N, Hurst Jerod J, Brais Christopher J, Atilla-
Gokcumen GE. Differential regulation of specific sphingolipids in colon cancer
cells during staurosporine-induced apoptosis. Chem Biol. 2015;22:1662-70.
Nwosu GO, Ross DM, Powell JA, Pitson SM. Venetoclax therapy and emerging
resistance mechanisms in acute myeloid leukaemia. Cell Death Dis. 2024;15:413.
Thapa N, Tan X, Choi S, Lambert PF, Rapraeger AC, Anderson RA. The hidden
conundrum of phosphoinositide signaling in cancer. Trends Cancer.
2016;2:378-90.

Hammond GRV, Burke JE. Novel roles of phosphoinositides in signaling, lipid
transport, and disease. Curr Opin Cell Biol. 2020;63:57-67.

Lee M, Lee SY, Bae Y-S. Functional roles of sphingolipids in immunity and their
implication in disease. Exp Mol Med. 2023;55:1110-30.

Leukemia (2025) 39:1814 - 1823

V. Dembitz et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Qu Q, Zeng F, Liu X, Wang QJ, Deng F. Fatty acid oxidation and carnitine
palmitoyltransferase I: emerging therapeutic targets in cancer. Cell Death Dis.
2016;7:2226-€2226.

Chandel NS. Lipid Metabolism. Cold Spring Harbor Perspect Biol.
2021;13:a040576.
Wright DH. Lipid content of malignant lymphomas. J Clin Pathol. 1968;21:643.

Simsek T, Kocabas F, Zheng J, DeBerardinis RJ, Mahmoud Al, Olson EN, et al. The
distinct metabolic profile of hematopoietic stem cells reflects their location in a
hypoxic niche. Cell Stem Cell. 2010;7:380-90.

Ito K, Hirao A, Arai F, Matsuoka S, Mak TW, Suda T. Regulation of oxidative stress
by ATM is required for the self-renewal of haematopoietic stem cells. Blood.
2004;104:369.

Jang Y-Y, Sharkis SJ. A low level of reactive oxygen species selects for primitive
hematopoietic stem cells that may reside in the low-oxygenic niche. Blood.
2007;110:3056-63.

Vannini N, Girotra M, Naveiras O, Nikitin G, Campos V, Giger S, et al. Specification
of haematopoietic stem cell fate via modulation of mitochondrial activity. Nat
Commun. 2016;7:13125.

Mistry JJ, Hellmich C, Moore JA, Jibril A, Macaulay |, Moreno-Gonzalez M, et al.
Free fatty-acid transport via CD36 drives B-oxidation-mediated hematopoietic
stem cell response to infection. Nat Commun. 2021;12:7130.

Jones CL, Stevens BM, D'Alessandro A, Reisz JA, Culp-Hill R, Nemkov T, et al.
Inhibition of amino acid metabolism selectively targets human leukemia stem
cells. Cancer Cell. 2018;34:724-.e724.

Wegmann R, Bonilla X, Casanova R, Chevrier S, Coelho R, Esposito C, et al. Single-
cell landscape of innate and acquired drug resistance in acute myeloid leuke-
mia. Nat Commun. 2024;15:9402.

van Gastel N, Spinelli JB, Sharda A, Schajnovitz A, Baryawno N, Rhee C, et al.
Induction of a timed metabolic collapse to overcome cancer chemoresistance.
Cell Metab. 2020;32:391-403.e396.

Shi J, Fu H, Jia Z, He K, Fu L, Wang W. High expression of CPT1A predicts adverse
outcomes: a potential therapeutic target for acute myeloid leukemia. eBioMe-
dicine. 2016;14:55-64.

Mao S, Ling Q, Pan J, Li F, Huang S, Ye W, et al. Inhibition of CPT1a as a
prognostic marker can synergistically enhance the antileukemic activity of
ABT199. J Transl Med. 2021;19:181.

Ashrafian H, Horowitz JD, Frenneaux MP. Perhexiline. Cardiovasc Drug Rev.
2007;25:76-97.

Holubarsch Christian JF, Rohrbach M, Karrasch M, Boehm E, Polonski L, Poni-
kowski P, et al. A double-blind randomized multicentre clinical trial to evaluate
the efficacy and safety of two doses of etomoxir in comparison with placebo in
patients with moderate congestive heart failure: the ERGO (etomoxir for the
recovery of glucose oxidation) study. Clin Sci. 2007;113:205-12.

Snaebjornsson MT, Janaki-Raman S, Schulze A. Greasing the Wheels of the
Cancer Machine: The Role of Lipid Metabolism in Cancer. Cell Metab.
2020;31:62-76.

Sriskanthadevan S, Jeyaraju DV, Chung TE, Prabha S, Xu W, Skrtic M, et al. AML
cells have low spare reserve capacity in their respiratory chain that renders
them susceptible to oxidative metabolic stress. Blood. 2015;125:2120-30.

Yu Y, Xie Y, Cao L, Yang L, Yang M, Lotze MT, et al. The ferroptosis inducer
erastin enhances sensitivity of acute myeloid leukemia cells to chemother-
apeutic agents. Mol Cell Oncol. 2015;2:e1054549.

Woodley K, Dillingh LS, Giotopoulos G, Madrigal P, Rattigan KM, Philippe C, et al.
Mannose metabolism inhibition sensitizes acute myeloid leukaemia cells to
therapy by driving ferroptotic cell death. Nat Commun. 2023;14:2132.

Sabatier M, Birsen R, Lauture L, Mouche S, Angelino P, Dehairs J, et al. C/EBPa
confers dependence to fatty acid anabolic pathways and vulnerability to lipid
oxidative stress-induced ferroptosis in FLT3-mutant leukemia. Cancer Discov.
2023;13:1720-47.

Birsen R, Larrue C, Decroocq J, Johnson N, Guiraud N, Gotanegre M, et al. APR-
246 induces early cell death by ferroptosis in acute myeloid leukemia. Hae-
matologica. 2022;107:403-16.

Phase | trial of SCD I: a first in human dose regimen-finding study to evaluate
the safety, tolerability, pharmacokinetics, and activity of MTI-301 in patients
with advanced malignancy. In: National Cancer |, editor. 2025. https://
clinicaltrials.gov/study/NCT06911008.

Culp-Hill R, Stevens BM, Jones CL, Pei S, Dzieciatkowska M, Minhajuddin M, et al.
Therapy-Resistant Acute Myeloid Leukemia Stem Cells Are Resensitized to
Venetoclax + Azacitidine by Targeting Fatty Acid Desaturases 1 and 2. Meta-
bolites. 2023;13:467.

Kanefsky J, Basse M, Sokei J, di Martino O, Valin L, Jaspers Y, et al. Disruption of
polyunsaturated fatty acid biosynthesis drives STING-dependent acute myeloid
leukemia cell maturation and death. J Biol Chem. 2024;300:107214.

Leyton J, Drury PJ, Crawford MA. Differential oxidation of saturated and unsa-
turated fatty acids in vivo in the rat. Br J Nutr. 1987;57:383-93.

SPRINGER NATURE

1821


https://clinicaltrials.gov/study/NCT06911008
https://clinicaltrials.gov/study/NCT06911008

V. Dembitz et al.

1822

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104,

105.

106.

107.

Kim W, Deik A, Gonzalez C, Gonzalez ME, Fu F, Ferrari M, et al. Polyunsaturated
Fatty Acid Desaturation Is a Mechanism for Glycolytic NAD+ Recycling. Cell
Metab. 2019;29:856-.e857.

Jones CL, Stevens BM, Pollyea DA, Culp-Hill R, Reisz JA, Nemkov T, et al. Nico-
tinamide Metabolism Mediates Resistance to Venetoclax in Relapsed Acute
Myeloid Leukemia Stem Cells. Cell Stem Cell. 2020;27:748-764.e744.

Subedi A, Liu Q, Ayyathan DM, Sharon D, Cathelin S, Hosseini M, et al. Nicoti-
namide phosphoribosyltransferase inhibitors selectively induce apoptosis of
AML stem cells by disrupting lipid homeostasis. Cell Stem Cell.
2021;28:1851-1867.e1858.

Mathiowetz AJ, Olzmann JA. Lipid droplets and cellular lipid flux. Nat Cell Biol.
2024;26:331-45.

Ackerman D, Tumanov S, Qiu B, Michalopoulou E, Spata M, Azzam A, et al.
Triglycerides promote lipid homeostasis during hypoxic stress by balancing
fatty acid saturation. Cell Rep. 2018;24:2596-2605.€2595.

Bruedigam C, Dulatre EA, Lee C, Porter AH, Lim ELSP, Shi AZ, et al. Overcoming
Ven/Aza resistance through imetelstat-mediated lipophagy in acute myeloid
leukemia. Blood. 2024;144:52-52.

Sternadt D, Pereira-Martins DA, Silveira DRA, Weinhaeuser |, Yang M, Chatzi-
kyriakou P, et al. DGAT1 inhibition enhances metformin-induced ferroptosis in
AML By targeting lipid metabolism. Blood. 2024;144:1393-1393.

Else PL. The highly unnatural fatty acid profile of cells in culture. Prog Lipid Res.
2020;77:101017.

Scheller EL, Doucette CR, Learman BS, Cawthorn WP, Khandaker S, Schell B, et al.
Region-specific variation in the properties of skeletal adipocytes reveals regu-
lated and constitutive marrow adipose tissues. Nat Commun. 2015;6:7808.
Attané C, Estéve D, Chaoui K, lacovoni JS, Corre J, Moutahir M, et al. Human
bone marrow is comprised of adipocytes with specific lipid metabolism. Cell
Rep. 2020;30:949-958.946.

Scheller EL, Khandaker S, Learman BS, Cawthorn WP, Anderson LM, Pham HA,
et al. Bone marrow adipocytes resist lipolysis and remodeling in response to {3-
adrenergic stimulation. Bone. 2019;118:32-41.

Scheller EL, Cawthorn WP, Burr AA, Horowitz MC, MacDougald OA. Marrow
adipose tissue: trimming the fat. Trends Endocrinol Metab. 2016;27:392-403.
Tratwal J, Falgayrac G, During A, Bertheaume N, Bataclan C, Tavakol DN, et al.
Raman microspectroscopy reveals unsaturation heterogeneity at the lipid dro-
plet level and validates an in vitro model of bone marrow adipocyte subtypes.
Front Endocrinol. 2022;13:1001210.

Hernandez M, Shin S, Muller C, Attané C. The role of bone marrow adipocytes in
cancer progression: the impact of obesity. Cancer Metastasis Rev.
2022;41:589-605.

Attané C, Estéve D, Moutahir M, Reina N, Muller C. A protocol for human bone
marrow adipocyte isolation and purification. STAR Protoc. 2021;2:100629.
Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley GQ. Bone-marrow
adipocytes as negative regulators of the haematopoietic microenvironment.
Nature. 2009;460:259-63.

Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank A-M, Bocian C, et al. Adipocyte
accumulation in the bone marrow during obesity and aging impairs stem cell-
based hematopoietic and bone regeneration. Cell Stem Cell
2017;20:771-784.e776.

Mattiucci D, Maurizi G, lzzi V, Cenci L, Ciarlantini M, Mancini S, et al. Bone
marrow adipocytes support hematopoietic stem cell survival. J Cell Physiol.
2018;233:1500-11.

Trottier MD, Naaz A, Li Y, Fraker PJ. Enhancement of hematopoiesis and lym-
phopoiesis in diet-induced obese mice. Proc Natl Acad Sci. 2012;109:7622-9.
Baccin C, Al-Sabah J, Velten L, Helbling PM, Griinschldger F, Hernandez-
Malmierca P, et al. Combined single-cell and spatial transcriptomics reveal the
molecular, cellular and spatial bone marrow niche organization. Nat Cell Biol.
2020;22:38-48.

Zhong L, Yao L, Tower RJ, Wei Y, Miao Z, Park J, et al. Single cell transcriptomics
identifies a unique adipose lineage cell population that regulates bone marrow
environment. elife. 2020;9:e54695.

Zioni N, Bercovich AA, Chapal-llani N, Bacharach T, Rappoport N, Solomon A,
et al. Inflammatory signals from fatty bone marrow support DNMT3A driven
clonal hematopoiesis. Nat Commun. 2023;14:2070.

Aguilar-Navarro AG, Meza-Ledn B, Gratzinger D, Juarez-Aguilar FG, Chang Q,
Ornatsky O, et al. Human aging alters the spatial organization between CD34+
hematopoietic cells and adipocytes in bone marrow. Stem Cell Rep.
2020;15:317-25.

Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR,
et al. Adipocytes promote ovarian cancer metastasis and provide energy for
rapid tumor growth. Nat Med. 2011;17:1498-503.

Hardaway AL, Herroon MK, Rajagurubandara E, Podgorski I. Marrow adipocyte-
derived CXCL1 and CXCL2 contribute to osteolysis in metastatic prostate cancer.
Clin Exp Metastasis. 2015;32:353-68.

SPRINGER NATURE

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Samudio |, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin B, et al.
Pharmacologic inhibition of fatty acid oxidation sensitizes human leukemia cells
to apoptosis induction. J Clin Investig. 2010;120:142-56.

Tabe Y, Yamamoto S, Saitoh K, Sekihara K, Monma N, Ikeo K, et al. Bone marrow
adipocytes facilitate fatty acid oxidation activating AMPK and a transcriptional
network supporting survival of acute monocytic leukemia cells. Cancer Res.
2017;77:1453-64.

Shafat MS, Oellerich T, Mohr S, Robinson SD, Edwards DR, Marlein CR, et al.
Leukemic blasts program bone marrow adipocytes to generate a protumoral
microenvironment. Blood. 2017;129:1320-32.

Abacka H, Masoni S, Poli G, Huang P, Gusso F, Granchi C, et al. SMS121, a new
inhibitor of CD36, impairs fatty acid uptake and viability of acute myeloid leu-
kemia. Sci Rep. 2024;14:9104.

Lu W, Wan Y, Li Z, Zhu B, Yin C, Liu H, et al. Growth differentiation factor 15
contributes to marrow adipocyte remodeling in response to the growth of
leukemic cells. J Exp Clin Cancer Res. 2018;37:66.

Shaoxin Y, Wei L, Chong Z, Yuanmei Z, Yanyu W, Jiali L, et al. Leukemia cells
remodel marrow adipocytes via TRPV4-dependent lipolysis. Haematologica.
2020;105:2572-83.

Ye H, Adane B, Khan N, Sullivan T, Minhajuddin M, Gasparetto M, et al. Leukemic
stem cells evade chemotherapy by metabolic adaptation to an adipose tissue
niche. Cell Stem Cell. 2016;19:23-37.

Wei L, Wei W, Qi Z, Yuanmei Z, Yun W, Haiyan L, et al. Small bone marrow
adipocytes predict poor prognosis in acute myeloid leukemia. Haematologica.
2017;103:e21-e24.

Azadniv M, Myers JR, McMurray HR, Guo N, Rock P, Coppage ML, et al. Bone
marrow mesenchymal stromal cells from acute myelogenous leukemia patients
demonstrate adipogenic differentiation propensity with implications for leu-
kemia cell support. Leukemia. 2020;34:391-403.

Le Y, Fraineau S, Chandran P, Sabloff M, Brand M, Lavoie JR, et al. Adipogenic
mesenchymal stromal cells from bone marrow and their hematopoietic sup-
portive role: towards understanding the permissive marrow microenvironment
in acute myeloid leukemia. Stem Cell Rev Rep. 2016;12:235-44.

Pan Z-p, Wang B, Hou D-y, You R-l, Wang X-t, Xie W-h, et al. METTL3 mediates
bone marrow mesenchymal stem cell adipogenesis to promote chemoresis-
tance in acute myeloid leukaemia. FEBS Open Bio. 2021;11:1659-72.

Battula VL, Le PM, Sun JC, Nguyen K, Yuan B, Zhou X, et al. AML-induced
osteogenic differentiation in mesenchymal stromal cells supports leukemia
growth. JCI Insight. 2017;2:€90036.

Boyd AL, Reid JC, Salci KR, Aslostovar L, Benoit YD, Shapovalova Z, et al. Acute
myeloid leukaemia disrupts endogenous myelo-erythropoiesis by compromis-
ing the adipocyte bone marrow niche. Nat Cell Biol. 2017;19:1336-47.

Sheng X, Parmentier J-H, Tucci J, Pei H, Cortez-Toledo O, Dieli-Conwright CM,
et al. Adipocytes sequester and metabolize the chemotherapeutic daunorubicin.
Mol Cancer Res. 2017;15:1704-13.

Behan JW, Yun JP, Proektor MP, Ehsanipour EA, Arutyunyan A, Moses AS, et al.
Adipocytes impair leukemia treatment in mice. Cancer Res. 2009;69:7867-74.
Bolan PJ, Arentsen L, Sueblinvong T, Zhang Y, Moeller S, Carter JS, et al.
Water-fat MRI for assessing changes in bone marrow composition due to
radiation and chemotherapy in gynecologic cancer patients. J Magn Reson
Imaging. 2013;38:1578-84.

Nissen Steven E, Lincoff AM, Brennan D, Ray Kausik K, Mason D, Kastelein John
JP, et al. Bempedoic acid and cardiovascular outcomes in statin-intolerant
patients. N Engl J Med. 2023;388:1353-64.

Amin NB, Darekar A, Anstee QM, Wong VW-S, Tacke F, Vourvahis M, et al. Effi-
cacy and safety of an orally administered DGAT2 inhibitor alone or coadmi-
nistered with a liver-targeted ACC inhibitor in adults with non-alcoholic
steatohepatitis (NASH): rationale and design of the phase I, dose-ranging, dose-
finding, randomised, placebo-controlled MIRNA (Metabolic Interventions to
Resolve NASH with fibrosis) study. BMJ Open. 2022;12:e056159.

Alkhouri N, Herring R, Kabler H, Kayali Z, Hassanein T, Kohli A, et al. Safety and
efficacy of combination therapy with semaglutide, cilofexor and firsocostat in
patients with non-alcoholic steatohepatitis: a randomised, open-label phase II
trial. J Hepatol. 2022;77:607-18.

A phase 3, randomized, double-blind, placebo-controlled study evaluating the
safety and efficacy of denifanstat in patients with noncirrhotic metabolic
dysfunction-associated steatohepatitis (MASH) and F2/F3 fibrosis (FASCINATE-3).
2024. https://clinicaltrials.gov/study/NCT06594523.

Falchook G, Infante J, Arkenau H-T, Patel MR, Dean E, Borazanci E, et al. First-in-
human study of the safety, pharmacokinetics, and pharmacodynamics of first-
in-class fatty acid synthase inhibitor TVB-2640 alone and with a taxane in
advanced tumors. eClinicalMedicine. 2021;34:100797.

A phase lll randomized, double-blind, placebo-controlled, multi-center trial to eval-
uate safety and efficacy of ASC40 tablets combined with bevacizumab in subjects
with recurrent glioblastoma. 2021. https://clinicaltrials.gov/study/NCT05118776.

Leukemia (2025) 39:1814 - 1823


https://clinicaltrials.gov/study/NCT06594523
https://clinicaltrials.gov/study/NCT05118776

AUTHOR CONTRIBUTIONS
VD, SCJ and PG conceived the study and wrote the paper.

COMPETING INTERESTS

VD and PG are inventors on a patent application filed for novel therapeutic
approaches leveraging fatty acid metabolism in AML (PCT/US2024/037898).

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Paolo Gallipoli.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Leukemia (2025) 39:1814 - 1823

V. Dembitz et al.

Paolo Gallipoli is a clinical academic
haematologist and Principal Investiga-
tor at Barts Cancer Institute (BC),
Queen Mary University of London.
Following his medical studies in Italy
at University of Naples “Federico II”, he
moved to the UK to pursue integrated
clinical and academic training. He was
a MRC Clinical Research Training
Fellow and PhD student in Prof
Holyoake lab at Glasgow University,
studying resistance mechanism of
Chronic Myeloid Leukaemia (CML)
stem cells to BCR-ABL tyrosine kinase
inhibitors. His PhD work was awarded the Royal College of Pathologist, UK
Haematology Specialty Research Medal Award. He then moved to
University of Cambridge to complete his specialty training and worked
as a Wellcome Trust funded Clinical Post-doctoral Fellow within Prof Brian
Huntly lab. Dr Gallipoli then became a CRUK Advanced Clinician Scientist
Fellow and started his research programme at BCl focusing on the role of
altered metabolism and signalling in the pathogenesis and therapy of
myeloid leukaemias. His work has led to the identification of several cell
intrinsic metabolic dependencies in acute myeloid leukaemia which can be
therapeutically targeted to overcome therapy resistance and are currently
being translated into clinical therapies or tested in Phase 1 trials.

SPRINGER NATURE


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Targeting lipid metabolism in acute myeloid leukemia: biological insights and therapeutic opportunities
	Introduction
	Lipid metabolism overview
	Fatty acid oxidation is a functional dependency of the leukemic stem cell
	Fatty acid metabolism supports leukemia cell survival beyond energy provision
	Bone marrow adipocyte distribution and cellular function: diversity and challenges
	Influence of adipocytes on hematopoiesis
	Influence of BMAds on AML and therapy resistance
	How to hijack AML connection with fats for more successful therapy?
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




