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Abstract
Purpose of Review Along with a strong impact on skeletal integrity, bone marrow adipose tissue (BMAT) is an important 
modulator of the adult hematopoietic system. This review will summarize the current knowledge on the causal relationship 
between bone marrow (BM) adipogenesis and the development and progression of hematologic malignancies.
Recent Findings BM adipocytes (BMAds) support a number of processes promoting oncogenesis, including the evolution 
of clonal hematopoiesis, malignant cell survival, proliferation, angiogenesis, and chemoresistance. In addition, leukemic 
cells manipulate surrounding BMAds by promoting lipolysis and release of free fatty acids, which are then utilized by leu-
kemic cells via β-oxidation. Therefore, limiting BM adipogenesis, blocking BMAd-derived adipokines, or lipid metabolism 
obstruction have been considered as potential treatment options for hematological malignancies.
Summary Leukemic stem cells rely heavily on BMAds within the structural BM microenvironment for necessary signals 
which foster disease progression. Further development of 3D constructs resembling BMAT at different skeletal regions are 
critical to better understand these relationships in geometric space and may provide essential insight into the development of 
hematologic malignancies within the BM niche. In turn, these mechanisms provide promising potential as novel approaches 
to targeting the microenvironment with new therapeutic strategies.
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Fundamental Roles of BMAT in Shaping 
Skeletal and Hematopoietic Integrity

Bone Marrow Adipose Tissue as Important 
Regulator of Bone Health and Regeneration

Although bone marrow adipose tissue (BMAT) can occupy 
the vast majority of the bone marrow (BM) in both health 
and disease, the bone marrow adipocytes (BMAds) have 
long been ignored in the physiology of aging and malig-
nancy. However, recent evidence strongly suggests that 
BMAT represents unique adipose tissue, metabolically dif-
ferent from the other human adipose depots [1, 2]. BMAT is 
known to be regulated by multiple factors, including nutrient 
status, skeletal site integrity, and hormonal signals[3].

In turn, BMAds regulate a variety of cells and mecha-
nisms within the microenvironment. Thus, BMAT repre-
sents an important BM denominator of both skeletal and 
hematopoietic systems, and several studies have revealed 

Drenka Trivanović, Marko Vujačić and Rossella Labella equally 
contributed to this work.

 * Drenka Trivanović 
 drenka.trivanovic@imi.bg.ac.rs

1 Group for Hematology and Stem Cells, Institute for Medical 
Research, National Institute of Republic of Serbia, 
University of Belgrade, 11000 Belgrade, Serbia

2 Institute for Orthopedy Banjica, 11000 Belgrade, Serbia
3 School of Medicine, University of Belgrade, 11000 Belgrade, 

Serbia
4 Department of Physiology and Cellular Biophysics, 

Columbia University, New York, NY, USA
5 Edward P. Evans Center for Myelodysplastic Syndromes, 

Columbia University Medical Center, New York, NY, USA
6 Department of Hematology and Oncology, University 

Children’s Hospital Tiršova, 11000 Belgrade, Serbia
7 Division of Hematology/Oncology, Columbia University, 

New York, NY, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11914-024-00879-x&domain=pdf
http://orcid.org/0000-0001-7041-3917
http://orcid.org/0000-0002-3768-9273
http://orcid.org/0000-0003-3552-1546
http://orcid.org/0000-0003-2686-7481


368 Current Osteoporosis Reports (2024) 22:367–377

the specific mechanisms involved. For example, lipolysis-
derived energy derived from BMAd is necessary for bone 
regeneration as well as myelopoiesis during stress, including 
caloric restriction and prolonged exposure to cold [4]. Inter-
estingly, voluntary running exercise in rodents can reduce 
BMAT and degrade bone in hypocaloric states, while this 
bone degradation has not been observed in hypercaloric 
states, suggesting different energy-dependent behavior of 
BMAT and bone [5]. In an experimental mouse model of 
BMAd depletion obtained by expression of diphtheria toxin 
A or by deletion of peroxisome proliferator-activated recep-
tor gamma (Pparγ), the loss of BMAds leads to augmented 
bone formation and the relative reduction in hematopoietic 
stem and progenitor cells (HSPCs). This can protect mice 
from bone loss induced by caloric restriction or ovariectomy, 
supporting bone healing process as well [6].

Notably, in order to track BM adipogenesis progression 
(e.g. during aging), these studies aimed to identify BMAd 
progenitors within BM. It has been elucidated that BM pro-
genitors committed to BMAds inhibit hematopoiesis and 
bone healing by producing protease dipeptidyl peptidase-4 
[7]. The overexpansion of BMAT has been observed in 
postmenopausal osteoporosis (PMOP), a prevalent skeletal 
disorder associated with menopause-related estrogen with-
drawal, where BMAT plays important roles in initiation and 
progression of PMOP [8]. Thus, understanding the coordi-
nated control of bone regeneration requires deciphering the 
cues triggered by BMAT factors.

Bone Marrow Adipogenesis and Adult 
Hematopoiesis

BM adipogenesis has been recognized as an emergency 
phenomenon that follows the production of HSPC niche 
factors, regulating physiological [4, 9] and stressed hemat-
opoiesis [7]. BMAds influence survival and proliferation of 
hematopoietic cells at different maturation stages [9]. Par-
ticularly in humans, the impact of BMAds on steady-state 
hematopoiesis, hematopoietic regeneration or malignancies 
remains incompletely explored. Since hematopoietic stem 
cell transplantation (HSCT) is a potentially curative treat-
ment for patients suffering from hematologic malignancies 
and other hematological disorders, host and transplanted 
HSPCs require support of a specialized BM microenviron-
ment. Strategies that bring beneficial effects to the BM niche 
can lead to improved BM transplantation outcome [10]. 
Thus, estimation and profiling of BM microenvironment 
components, such as BMAT, may contribute to therapeutic 
potential of BM cell transplantation strategies I [11].

Adult hematopoiesis is orchestrated by BM niches, where 
disbalanced marrow osteogenesis and adipogenesis critically 
guide maintenance and differentiation of HSPCs [4, 7]. 
Although accumulation of BMAds during obesity or aging 

has been described as detrimental for hematopoietic regen-
eration as well as bone fracture healing process [7], recent 
studies have found that BMAT depletion reduces HSPC 
numbers [4]. Thus, the crosstalk of marrow adipogenesis 
and hematopoiesis appears to be tightly regulated, requir-
ing detailed analyses of the role of the specific program 
which regulates marrow adipogenesis. As BMAT represents 
a unique pool of adipose tissue [1, 2], it is reasonable to 
re-evaluate the well-known paradigm of BM mesenchymal 
stroma (stem) cells (BMSCs) as the cell origin of BMAds. 
Therefore, deconvolution of cells committed towards osteo-
blastogenesis and adipogenesis within skeletal progenitors 
is required [12].

Recently, a novel BM cell population of marrow adipo-
genic lineage precursors (MALPs) has been identified in 
bone. MALPs have been shown to strongly express colony 
stimulating factor 1 (Csf1) and its expression is increased in 
aging. MALPs represent the major source of Csf1 in mouse 
BM cells when analyzed by single-cell RNA sequencing 
(scRNA-seq). Furthermore, MALP-derived Csf1 controls 
both bone remodeling and hematopoiesis and Csf1 KO mice 
exhibited reduced BM cellularity, a reduction in HSPCs as 
well as macrophage, monocyte, and erythroid progenitors 
[13]. Additionally, unique to BM, a so called “secondary 
adipogenesis pathway” can be triggered by the Adiponectin 
(AdipoQ)-negative stromal progenitors within BM. Activa-
tion of this pathway leads to expansion of BMAT within 
hematopoietic regions of BM [12]. Emerging evidence also 
suggests that BMAT may influence the specific mechanisms 
regulating erythropoiesis within the BM [14]. Additionally, 
increased BMAT is followed by dysregulated megakary-
opoiesis and platelet production in mice [15]. These pro-
cesses are of tremendous importance for defining roles of 
BMAds in fracture repair, where erythrocytes and platelets 
play crucial roles in initial hematoma formation. Besides 
megakaryocyte lineages, BMAd lipolysis has been shown 
to guide myeloid cell maintenance under caloric restriction 
[4], as well as short-term high fat diet (HFD) [12]. Also, 
BMAT expansion induced by HFD has shown to be related 
to decreased accumulation of  B220+ B-lymphocytes in 
mice [16], while human BMAds impaired differentiation of 
umbilical cord blood HSPCs, reducing generation of com-
mitted lymphoid progenitors [17]. In addition, malignant 
hematopoietic cells can also affect BMAds. Interestingly, 
administration of PPARγ agonists induced BM adipogenesis 
and led to healthy hematopoiesis recovery and repression 
of growth of acute myeloid leukemia (AML) [18]. Taken 
together, these data suggest that several significant inter-
actions occur between BMAds and HSPCs which regulate 
specific processes which dictate hematopoiesis. Further 
deciphering their mediators can reveal new biomarkers rel-
evant for human health and diseases and to foster BM trans-
plantation management.
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Bone Marrow Adiposity in Cancer

Over the past decade, the potential pathogenic role of BMAT 
has been widely investigated in hematological malignancies 
and cancer metastasis. BMAds can promote growth of can-
cer cells [19] and survival during chemotherapy [20]. In bone 
and BM metastasis, BMAds interact with cancer cells and 
participate in metastatic BM niche maintenance [21]. Thus, 
it can be speculated that BMAds gain the features analogous 
to cancer-associated adipocytes (CAAs), previously described 
in adipocytes of solid tumors [21, 22]. CAAs are thought to 
be essential factors in cancer progression given their role in 
facilitating angiogenesis, cell growth and migration, via direct 
or indirect mechanisms [22, 23]. In addition to energy storage, 
CAAs also contribute to the secretion of hormones, cytokines, 
adipokines and growth factors [24]. In contrast to normal adi-
pocytes, CAAs are typically smaller in size, possessing a lower 
lipid content [25]. Although adipocyte differentiation markers 
have been shown to be downregulated in CAAs, they secrete 
high levels of adipokines, and inflammatory factors such as 
Leptin, CCL2, CCL5, and IL-6, which would be expected only 
in mature adipocytes [24, 25]. Recent studies have found that 
BMAds can induce the formation of an invasive front within the 
BM of patients with cancer which has metastasized to the bone 
marrow [26]. Detailed immunohistochemical analysis have 
showed that adipocytes co-express markers found on cancer-
associated fibroblast (CAF) and adipocyte markers, suggesting 
that adipocytes can be a good source of CAFs and identify-
ing the induction of CAFs as a potential mechanism used by 
BMAds to promote cancer invasion [26]. As well, the expres-
sion of smooth muscle actin α (α-SMA) molecules, typical for 
CAFs, has been observed in BMAd-associated with metastatic 
breast cancer cells [26]. In comparison to extramedullary solid 
tumor sites, CAAs in BM have been shown to attract dormant 
cancer cells, contributing to their drug resistance and immune-
evasion phenotype [26]. Similarly, BMAds associated with 
prostate cancer cells undergo significant metabolic reprogram-
ming and lipolysis [21], and metastatic prostate cancer cells 
induce pro-inflammatory phenotype of BMAds [27], contribut-
ing to drug resistance and survival of cancer cells.

Leukemic cells are also able to perturbate the BMAds 
to promote their own growth via stimulation of a lipol-
ytic state, increasing the expression of lipid transporter 
genes [19], or via induction of a senescence-associated 
secretory phenotype [28]. BM preadipocytes can be found 
in close proximity to leukemic cells in BM biopsies of 
patients with acute myeloid leukemia (AML) [29].

Bone Marrow Adipose Tissue and Clonal 
Hematopoiesis

While the interactions between BMAds and normal [7, 30] 
or leukemic hematopoietic cells [31] have been partially 

described in the past, little is known about the role of 
BMAds in the early stages of leukemia and clonal hemat-
opoiesis (CH). Since BMAT accumulation and CH are 
both age-related and occur in the same location, it has been 
hypothesized that the accumulation of BMAds could pro-
vide selective advantages to specific DNMT3A-mutated 
pre-Leukemic-HSPC (preL-HSPCs) [32]. Using human and 
mouse preL-HSPCs and external stress it has been demon-
strated that the accumulation of BMAds provides a selec-
tive advantage to the human HSPCs carrying the DMT3A 
R882H mutation, one of the most common mutations in CH 
[32]. A more pronounced engraftment has been detected 
when DNMT3A-mutated cells derived from 1 year old 
mice were injected in either normal BM, fatty BM or fatty 
BM with a PPARg inhibitor to impair adipogenesis. Fur-
thermore, paracrine inflammatory signals from the BMAds 
can activate the IL-6 pathway in preL-HSPCs increasing the 
clonogenic ability of preL-HSPCs [32]. To investigate the 
role of BMAds and CH, several mouse lines harboring the 
common CH mutations Tet2, Dnmt3a, Asxl1 or Jak2 on the 
 LepOb/Ob background have been generated. Regardless of the 
specific CH mutations, they showed that the obesity-induced 
changes may play a catalyzing role in CH-associated disease 
[33]. Accumulation of BMAds during aging is ubiquitous, 
but several factors influence this accumulation, including 
decline of kidney function [34], increased body mass index 
[35] and andropenia and menopause [36]. In male subjects 
BMAds increase steadily, while in females there is a dras-
tic change after menopause, and this may be related to the 
hormonal changes in estrogens and testosterone [37]. Other 
studies have showed an increase in DNMT3A mutation, 
which is a CH typical mutation [38], and one can specu-
late that BMAd expansion during aging might correlate to 
expansion of DNMT3A-mutated preL-HSPC clones. This 
sudden increase of BMAds suggests that the dynamics of 
BMAds accumulation shape the CH rather than the BMAds 
mass. These data suggest the role of BMAds in the CH 
evolution.

Bone Marrow Adipose Tissue in Myelodysplastic 
Syndromes, Myeloproliferative Neoplasms 
and Acute Myeloid Leukemia

Myelodysplastic syndromes (MDS) and acute myeloid leu-
kemia (AML) are clonal hematopoietic stem cell disorders 
with a poor prognosis and minimal curative approaches, 
especially for elderly patients due to aging comorbidities 
[39]. Cells in the BM microenvironment play important 
roles in disease development and progression of MDS and 
AML. One of the main components of the BM microenvi-
ronment are the BM stromal cells (BMSCs) that can give 
rise to osteoblast, chondrocytes, and adipocytes [40]. Bal-
ance between adipogenic and osteogenic differentiation is 
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crucial for the regulation of hematopoiesis, and this may 
be affected during malignant transformation [41]. In vitro 
differentiation in adipo- and osteo- lineages in BMSCs 
 (CD45−, lineage (CD235a/CD31)−,  CD271+,  CD73+ and 
 CD105+) in healthy, MDS and AML-BM samples have 
been analyzed [46]. Although osteogenic differentiation 
was similar in the BMSCs in healthy, MDS- and AML-
BM, MDS- and AML-BMSCs exhibited greater adipogenic 
differentation [42–44]. This data indicates an important 
role of the DLK1 gene in the BM niche remodeling dur-
ing hematological malignancies development and disease 
progression [44]. Although few studies have noted the 
disruption of adipogenesis may also be noted in patients 
in AML [44, 45], mechanisms underlying the oncogenic 
roles of adipocytes in promoting leukemia cell growth and 
progression have been well established. In addition to the 
role of DLK1 reduction in niche remodeling, BMAds have 
also been found to support AML cells in vitro and in vivo 
via the transferring of fatty acid from adipocytes to AML 
blasts by using FABP4. Notably, knockdown of FABP4 in 
AML cells improved the survival of in vivo models [19]. 
Thus, the specific role that BMAds play in the development 
of myeloid malignancies warrants further study.

Alterations of BMAds were also described during the onset 
of chronic myeloid leukemia (CML), including dysregulation 
in the cytokine production and promotion of a pro-inflamma-
tory environment. The number of pre-adipocytes increases 
during the chronic phase of CML and decreases during the 
blast phase. Adipocyte number alteration is associated with 
the upregulation of Leptin receptor and genes involved in the 
fatty acid synthesis in CML cells [46].

The BM of patients with MDS, AML, myeloprolifera-
tive disorders and neoplasms all demonstrate a reduction in 
BMAds [14, 31]. In myelofibrosis (MF), the reduction in the 
number of adipocytes is also associated with a reduction in 
the diameter and area of BMAds, together with a reduction in 
the number of  AdipoQ+ BMAds in MF patients [47]. There-
fore, different myeloid malignancies may influence BMAd 
and BMSCs-derived adipocytes by unique mechanisms, and 
although not currently studied, may change in earlier versus 
later stage disease. These and other questions must be studied 
further to best understand the specific crosstalk between malig-
nant cells and the niche.

BMAT in Lymphoproliferative Malignancies

Dynamic role of BMAds in Acute Lymphoblastic 
Leukemia (ALL)

The BMAd niche plays a dynamic role during acute lymph-
oblastic leukemia (ALL) spanning from a depleted state 
at disease onset to reconstitution during remission and 

response to therapy. This dynamism is due to the inhibi-
tion of protein synthesis in ALL cells mediated by BMAds. 
Notably, during the remission phase, the returning adipo-
cytes are smaller when compared with healthy donors [47]. 
Bioactive phospholipids, including sphingosine-1-phosphate 
(S1P), ceramide-1-phosphate (C1P) play important roles in 
adipose tissue dysfunction, metabolic syndrome, obesity, 
and diabetes. These molecules were shown to affect HSPCs 
[48] as well as leukemic cells [49] (Table 1). In addition, 
AdipoQ, an adipocyte-derived hormone, can inhibit B lym-
phopoiesis through induction of cyclooxygenase-2 (COX-2) 
expression and subsequent prostaglandin E2 (PGE2) syn-
thesis by in vitro differentiated adipocytic cells [50, 51]. 
Interestingly PGE2 increases intracellular cAMP in T-ALL 
cells and re-sensitizes leukemic cells to dexamethasone [52]. 
These findings indicate that lipids participate in regulation 
of HSPCs and leukemic cells and might represent further 
targets of revealing BMAd-leukemic cell interplay.

Chemoresistance Mechanism Mediated by BMAds 
in ALL

ALL cells promote the release of free fatty acids (FFAs) 
by BMAds, which are then utilized by ALL cells via b-oxi-
dation. This mechanism contributes to the chemotherapy 
resistance against vincristine and daunorubicin and may 
explain the inferior prognosis of obese patients with ALL 
[53]. BMAds protect ALL cells from chemotherapy, sup-
porting their survival [54]. Exposure of human B-ALL 
cells to secreted molecules of adipocyte causes increased 
response in the Wnt16-mediated pathways, B cell develop-
ment, chemoresistance and increasing of b-oxidation of fatty 
acids (FAO) [55].

Region‑Specific BMAds in the Context of T‑cell ALL 
(T‑ALL)

As the content and profile of BMAT are skeletal site-spe-
cific, it is important to reveal whether the impact of BMAT 
and BMAds on malignant HSPCs vary between distinct 
skeletal regions. Xenograft and murine models of T-cell 
ALL (T-ALL) have shown that the BM content plays an 
important role not in the engraftment but in the absolute 
number of leukemic cells. Thus, lower number of leukemic 
cells was found in the tail, filled with constitutive BMAT 
(cBMAT) compared to the thoracic segments filled with 
regulated BMAT (rBMAT). These results indicated that the 
T-ALL cells can infiltrate in all the BM locations, but their 
expansion is strongly delayed in the cBMAT locations of 
long bones, rich in adipocytes and poor in hematopoietic 
cells [56].
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BMAds and Multiple Myeloma (MM)

BMAd content increases with aging and so the incidence 
of multiple myeloma (MM). BMAds support myeloma 
cells via BMAd-derived factors such as chemokine ligand 
2 and C-X-C Motif chemokine Ligand 12 [57, 58]. Adipsin 
promotes chemoresistance of MM cells [59], while Lep-
tin and other adipokines promote cell proliferation [59]. 
MM cells modulate BMAds, contributing to the myeloma-
induced bone disease. Moreover, BMAds isolated from 
MM patients showed senescent features that may alter 
bone formation and present a dramatic downregulation of 
the osteogenic and adipogenic gene expression compared 
to the healthy controls [60]. Impairment of adipogenesis 
was reproduced in vitro in BMSCs from MM patients and 
murine BMSCs exposed to human MM cell line MM.1S 
[28, 61]. It is possible that changes triggered by MM 
cells in BMSCs are transient, and collectively represent 
metabolic adaptation to the demands of neoplastic micro-
environment. A recent study revealed that an increased 
BMAd density in patients with monoclonal gammopathy 

of undetermined significance (MGUS) is associated with 
higher rates of progression towards MM [61, 62]. These 
findings provide evidence that BMAT contributes to the 
progression of and subsequent consequences of hemato-
logical malignancies and therefore should be investigated 
and considered as potentially relevant biomarker as well 
as therapeutic target.

Disrupting Bone Marrow Adipocyte–Leukemic Cell 
Interaction as Novel Therapeutic Strategy

Various BMAd-derived factors impact malignant cell 
survival and proliferation, angiogenesis process, as well 
as chemotherapy protection [63], acting directly through 
cell–cell contacts or indirectly through paracrine secretion 
[27]. Therefore, targeting BMAd and BMAT has been rec-
ognized as a promising strategy for hematological malig-
nancies treatment. In this context, different strategies have 
been proposed including the blocking of adipocyte-derived 
adipokines, limiting adipogenesis or targeting lipid metabo-
lism (Table 1).

Table 1  Mechanisms of interplay between BMAT or BMAds and HSPCs. Molecules related to adipogenesis and lipid metabolism are indicated

Target Mechanism Cancer type /cells Reference

Leptin Fasting inhibited Leptin secretion by BMAd and block 
Leptin/LeptinR axis

Mouse N-Myc B-ALL and Notch1 T-ALL leukemia 
model

[64]

Adiponectin Adiponectin secreted by host cells impair myeloma cell 
engraftment; pharmacological enhancer of Adiponectin 
(apolipoprotein mimetic L-4F) inhibited adipogenic 
differentiation

5TGM1-GFP myeloma cell line; Multiple myeloma 
mouse model

[65]

Adiponectin affects lympho- and myelopoiesis and 
induce COX2 and prostglandine 2 syntesis affecting B 
lymphopoiesis

Myeloid cells and lymphoid cells; Mouse marrow stroma-
derived preadipocytes/mouse bone marrow Lin- cells/
human cord blood CD34 + CD38- cells

[50, 51]

C1P C1P influence HSPC engraftemnt via an increase of PGE2 
in BM. C1P induces activity of cPLA2 which regulated 
arachidonic acid production

HSPCs [48]

S1P S1P play a role in egress HSPC progenitors from BM to 
peripheral blood and play also a role in the homing of 
these cells after transplantation; Increase intracellular 
cAMP

HSPCs and human leukemia cell lines; human T-ALL 
patient cells

[49, 52]

GDF15 Anthracycline-based chemotherapy induced GDF15 over-
expression and partially blocked BMSC adipogenesis

Human AML patient cells [69]

TRPV4 Downregulated TRPV4 contributes to increased BMAd 
lipolysis and mediates lipolysis induced by GDF15 
derived from lekuemic cells

Leukemia cell lines (THP-1, K562, HL- 60) and AML 
mice model

[70]

Glutamine BMAds secrete glutamine in leukemic microenvironment; 
BMAds protect leukemia cells from L-Asparaginase via 
glutamine production

3T3-L1-derived adipocytes; mice ALL [72]

FABP4 AML cells stimulate lipolysis and expression of free fatty 
acid binding protein-4 (FABP4) messenger RNA in 
BMAds

AML patient-derived xenograft model [19]

FAO In presence of BMSC-derived adipocytes, FAO inhibi-
tion with avocatin B led to stimulation of free fatty 
acid (FFA) uptake through upregulation of FABP4 in 
leukemic cells

U937, THP-1, MOLM13 and OCI-AML3 cells, human 
BMSC-derived adipocytes

[73]
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Targeting Adipogenic Cells and Adipokines in Bone 
Marrow

Results of preclinical studies in T-ALL and B-ALL mice 
models supports the therapeutic potential of BMAT target-
ing. These investigations have showed that fasting, known 
to increase BMAT, results in decreased Leptin production 
by adipocytes, which correlates with inhibited engraftment 
and progression of T-ALL and B-ALL blasts in leukemia 
mice models [27]. In addition, increased Leptin receptor 
(LepR) expression in leukemia cells and its downstream 
signaling were identified as main mechanisms of inhibi-
tion of leukemia initiation and reversion of the leukemic 
progression emphasizing Leptin/LepR axis as potential 
leukemia target [64]. Another approach utilized AdipoQ 
potential to suppress adipogenic differentiation and estab-
lished its pharmacological enhancement by apolipoprotein 
mimetic L-4F which exerted antitumor effects in myeloma 
mouse models [65] (Table 1). Moreover, recent scRNA-seq 
studies of murine BM stroma identified pro-hematopoietic 
factors (SDF-1, SCF, IL-7, IL-15) in adipogenic-primed 
clusters of LepR + cells with specific relevance for leuke-
mia treatment [65]. Comparative gene expression analyses 
of human extramedullary adipose tissue and BMAT sam-
ples confirmed an enrichment of inflammatory genes in 
BMAds [66] that have been previously tested for targeting 
hematological malignancies [67].

BMAds are capable of metabolizing and inactivating 
drugs, and therefore can reduce chemotherapeutic con-
centration in BM, thus supressing their antitumor effects 
[67]. In this respect, the dynamic nature of BMAT that can 
increase in response to irradiation or chemotherapy may 
contribute to subsequent treatment failure [68]. Accord-
ingly, reduced BMAd content is considered as a favorable 
prognostic factor in leukemia patients during remission 
[69]. Improved chemotherapy efficacy and a reduction of 
relapse in AML patients was correlated with inhibition 
of BMSC adipogenesis via Growth/differentiation fac-
tor 15 (GDF-15) secretion from BM hematopoietic cells 
[69]. Moreover, transient receptor potential vanilloid 4 
(TRPV4) was identified as a negative regulator of GDF15-
induced BMAT remodeling. Importantly, targeting this 
protein by using a TRPV4 agonist 4aPDD increased the 
survival of AML-bearing mice, suggesting its’ therapeutic 
potential [70]. Additionally, transforming growth factor-β 
type II receptor (TGFβRII) has been reported as the main 
receptor for GDF15 on BMAds [69]. Chemotherapy also 
induces an increase in total fat depots where leukemic 
cells can be recruited as shown in murine models [70, 71]. 
As well, by combining immunohistochemistry of BM and 
3T3-L1 preadipocytes the BMAT protects ALL cells from 
treatment with L-asparaginase mainly via glutamine secre-
tion important for ALL survival [71, 72] (Table 1). Taken 

together, BMAds strongly affect leukemic cell survival 
and therapy efficiency which indicate that further investi-
gations are necessary to define targets of BMAd-leukemic 
cell interactions.

Targeting BMAd Metabolism

Leukemia cells highly depend on FAO metabolism to 
fulfill demands for cell proliferation. Therefore, blocking 
free FAs transfer from BMAds to leukemic blasts [19] 
represents another proposed approach of targeting BMAd-
leukemic cell interactions. FAO inhibition was found to 
induce metabolic imbalance and AML apoptosis by induc-
tion of integrated stress response mediator Activating tran-
scription factor 4 (ATF4) [73]. Also, inhibition of CPT1 
(carnitine O-palmitoyltransferase 1), the rate-limiting FAO 
enzyme which conjugates FA with carnitine for transloca-
tion to the mitochondrial matrix, showed anti-AML effects 
[74, 75]. Namely, the pharmacological CPT1A inhibitor 
etomoxir sensitized leukemic cells to ABT-737-induced 
apoptosis, as well as to the chemotherapeutic cytarabine 
(AraC). Another CPT1A inhibitor, ST1326, has been 
found to provoke dose- and time-dependent growth arrest, 
mitochondrial damage, and apoptosis in primary ALL, 
CLL and AML cells [75], while avocado-derived FAO 
inhibitor, avocatin B, decreases NADPH inducing ROS-
dependent AML cell death [76]. The fatty acid synthase 
inhibitor, orlistat, was also demonstrated to inhibit CLL 
cell growth via apoptosis induction, while its simultane-
ous application with fludarabine further strengthened its 
antileukemic activity [77].

Yet, FAO inhibitors have limited efficacy as triggering 
adaptive and alternative metabolic pathways that support 
AML survival. This was confirmed in vitro in co-cultures 
of human adipogenic-differentiated BMSCs and AML 
cells where decreased anti-leukemia effects of avocatin 
B was evidenced along with increased compensatory gly-
colysis which provided continued supply of ATP [76]. 
However, combinatorial regimes of conventional anti-
neoplastic therapies with FAO inhibitors that were tested 
in preclinical studies resulted in highly synergistic effects. 
While AraC-resistant AML cells displayed increased FAO 
and oxidative phosphorylation (OXPHOS), addition of 
etomoxir induced energy shift to low OXPHOS increas-
ing sensitivity of leukemic cells to AraC [78]. Similarly, 
avocatin B exerted synergistic effects with AraC by stimu-
lating apoptosis in AML cells co-cultured with BMSC-
derived adipocytes through ATF4 activation [76]. Moreo-
ver, inhibition of FAO by etomoxir significantly increased 
sensitivity of childhood ALL cells to L-asparaginase [79]. 
Furthermore, FAO inhibitor AIC-47 can reverse imatinib-
induced FAO upregulation through CPT1C modulation in 
Ph-positive ALL and CML cells [80, 81], and PPARα and 
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FAO enzyme inhibitors were found to increase cytotoxic-
ity of dexamethasone in CLL cells in vitro and in vivo 
[82]. Collectively, it appears that modulation of lipid 
metabolism in leukemic cells represents a promising 
strategy to target hematological malignancies and their 
crosstalk with BMAds.

Potential novel strategies of targeting BM adipocytic 
niche for hematologic malignancy treatment are focused 
on FA uptake and shuttling. Namely the pharmacologic 
(BMS3094013 and SBFI- 26) or genetic (CRISPR/Cas9) 
inhibition of fatty acid binding protein 4 (FABP4) in vari-
ous multiple myeloma cell lines induced their apoptosis 
and metabolic changes by reducing MYC signaling [83]. 
However, FABP inhibition in vivo showed variable effects 
in MM suggesting the necessity of its optimization. In addi-
tion, previous study provided preclinical evidence that tar-
geting lipoprotein lipase (LPL) activator, apolipoprotein 
C2 (APOC2) and FA transporter/translocase CD36 delayed 
AML progression in mice model indicating this signalling 
axis as potential therapeutic target [84]. Moreover, reduction 
of FA uptake by CD36 inhibition was found to reduce IL-
6-mediated chemoresistance [85]. However, further research 
is needed for defining precise BMAd-related targets of 
hematologic malignancies and effective clinical translation 
of these targeting approaches (Fig. 1).

Modelling of Bone Marrow Adipose Tissue 
in Hematologic Malignancies

During the states of malignant marrow disease, neoplas-
tic cells invade BM, interacting with BM niches inhabited 
by osteoblast, osteoclasts, BMAds, BMSCs, erythrocytes, 
megakaryocytes, and leukocytes [86]. Although accepted 
to be insufficiently translatable to humans, animal models 
remain the model system to study interactions of BMAds 
and hematopoietic cells in vivo in both non-malignant and 
malignant contexts [87, 88]. Yet, much of the currently avail-
able evidence investigating these interactions are based on 
in vitro observed interactions of BMAds and cancer cells, 
mostly by the co-culturing of BMSC-derived adipocytes and 
cancer cell lines or patient-derived cells along with animal 
models [19, 53, 86].

In fact, development of an optimal BMAT in vitro model 
dependent on efficiently recapitulated model of BM micro-
environment [87]. Progress in this field has been achieved 
with generation of BMSC-derived humanized ossicles which 
allow engraftment of primary patient-derived leukemic 
cells in vivo [89]. However, differences in tumor micro-
environment and peri-tumoral niches, limit representativ-
ity of xenotransplants [90]. To implement the principle to 
replace, reduce and refine (3Rs) animal experiments, there 

Fig. 1  Interactions of bone marrow adipose tissue and malignant 
(leukemic) hematopoietic cells. BMAds produce factors which sup-
port malignant (leukemic) hematopoietic cells survival, proliferation 
and chemoresistance. Malignant cells increase lipolysis and senes-
cence in BMAd and their precursors, leading to formation of cancer-

associated BMAd phenotype. Abbreviations: FAO-fatty acid oxida-
tion; LPL-lipoprotein lipase; OXPHOS-oxidative phosphorylation, 
HSPC-hematopoietic stem and progenitor cell; BMAd-bone marrow 
adipocytes; MALPs-Marrow adipogenic lineage precursors. Grey 
box: BM adipogenesis, blue box: malignant hematopoiesis
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is an urgent need to develop and fabricate 3D BM models 
which can secure BM functionality in health and disorders 
[87, 89–91]. The majority of approaches are based on niche 
extracellular matrix proteins (collagen IV, fibronectin, or 
glycosaminoglycans) in combination with BMSCs and 
 CD34+ cells. These systems are additionally supplemented 
with fibroblast growth factor, WNT ligands, stem cell factor 
(SCF) or CXCL12 which are regularly produced by BMSCs 
as well as bone morphogenic proteins (BMPs) or angiopoi-
etin that support maintenance of both HSPCs and leukemic 
cells [91]. In addition, tissue-engineered bone models, com-
posed of BMSCs, osteoblast, osteocytes, mineralized bony 
matrix and myeloma cells, allows non-destructive imaging 
over long periods to study bone cells behaviour during mye-
loma cell colonization [92]. A recent study demonstrated 
organoids generated from induced pluripotent stem cells 
(iPSCs) committed to mesenchymal, endothelial, and hemat-
opoietic lineages. These organoids possessed key features of 
human BM— stroma, lumen-forming sinusoids, and mye-
loid cells including proplatelet-forming megakaryocytes, 
further supporting the engraftment and survival of cells 
from patients with hematologic malignancies Collectively, 
these organoids recapitulated cellular and molecular cross-
talk between hematopoietic, endothelial, and stromal cells 
within the BM microenvironment [93]. Yet, these organoids 
did not reproduce BMAd-cancer cell interactions, indicating 
the need for further refinement of this approach.

Recapitulation of BMAd requires implementation of 
basic knowledge on adipocyte physiology and mechanobi-
ology. For adipose tissue research, complex 3D platforms 
bridge the gaps between 2D cultures and in vivo models, 
bringing about more reliable data. Applying 3D adipocyte 
spheroids, biomaterial-based 3D culture, 3D bioprinting, 
and microphysiological systems may offer new opportuni-
ties to discover drugs targeting BMAds [94]. Successfully 
established 3D spheroids and organoids of white adipose 
tissue containing immune cells [95, 96] and beige adipose 
vascularized organoids [96] have been reported.

The first 3D BMAT model was derived from human or 
mouse bone BMSCs. These models were stable for 3 months 
in vitro, while importantly, myeloma cell lines (5TGM1, 
OPM-2 and MM1.S) can be cultured in this system for at 
least 2 weeks. Proteomic analyses coupled with the KEGG 
pathway revealed that 3D BMAT was less inflammatory 
than 2D culture [87]. Another study reported an engineered 
BMAT analogue made of a GelMA (gelatin methacryloyl) 
hydrogel/medical-grade polycaprolactone (mPCL) scaf-
fold composite (to structurally and biologically mimic key 
aspects of the BM microenvironment), and bioreactor-
derived mechanic loading which supported adipogenesis of 
BMSCs [97, 98]. Further development of more complex 3D 
structures resembling BM and simultaneously BMAT will 
significantly contribute to obtaining more translatable and 

predictive data of BMAT behavior, influence on homeostatic 
and pathological states, and anti-cancer drug efficiency.

Conclusion

In terms of skeletal region selection, material isolation, and 
applying suitable technique, the modeling of BMAT still 
represents a challenging topic. However, recent findings 
bring significant new data on BMAT roles in health and 
diseases, and particularly in hematologic malignancies. It 
can be concluded that, limiting BM adipogenesis, blocking 
BMAd-derived adipokines, or lipid metabolism manipu-
lation represent promising opportunities for more precise 
treatment options for hematological malignancies. Further 
development of advanced ex vivo and in vivo models of 
BMAT integrity should boost the development and testing 
of innovative anti-cancer therapies.
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