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ABSTRACT

Background: As common progenitor cells of osteoblasts and adipocytes, bone marrow mesenchymal (stromal) stem cells (BMSCs) play key
roles in bone homeostasis, tissue regeneration, and global energy homeostasis; however, the intrinsic mechanism of BMSC differentiation is not
well understood. Plasticity in energy metabolism allows BMSCs to match the divergent demands of osteo-adipogenic differentiation. Targeting
BMSC metabolic pathways may provide a novel therapeutic perspective for BMSC differentiation unbalance related diseases.
Scope of review: This review covers the recent studies of glucose, fatty acids, and amino acids metabolism fuel the BMSC differentiation. We
also discuss recent findings about energy metabolism in BMSC differentiation.
Major conclusions: Glucose, fatty acids, and amino acids metabolism provide energy to fuel BMSC differentiation. Moreover, some well-known
regulators including environmental stress, hormone drugs, and biological and pathological factors may also influence BMSC differentiation by
altering metabolism. This offers insight to the significance of metabolism on BMSC fate determination and provides the possibility of treating
diseases related to BMSC differentiation, such as obesity and osteoporosis, from a metabolic perspective.
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1. INTRODUCTION

Roughly 50 years ago, Friedenstein et al. first discovered mesenchymal
stem cells (MSCs) in bone marrow [1], and these non-hematopoietic
stem cell populations showed stem-like characteristics [2]. Since
then, extensive research has been conducted using in vitro and in vivo
models to better understand the character of MSCs. Because it is easier
to isolate bone marrow mesenchymal stem cells (BMSCs) and because
they exhibit more powerful self-renewal ability and multi-lineage dif-
ferentiation potential, the regulators participating in BMSC differentia-
tion process have attracted attention. Previous studies focus mainly on
transcriptional factors such as Runx2, PPARg [3e8], hormone drugs
[9e11], environmental stress such as extracellular matrix (ECM) [12e
15], and some biological/pathological factors [16].
In recent years, an increase has been noted in studies on the energy
metabolism that occurs during BMSC differentiation [17,18]. Because
BMSCs demand substantial energy to maintain bone homeostasis [17],
both genetic and functional studies have demonstrated that energy
metabolism, including glucose, fatty acid, and amino acid metabolism,
all function as critical regulators in BMSC differentiation [18,19].
Dysregulation of energy metabolism in BMSCs consequently disturbs
the balance between bone formation and bone resorption [18].
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Furthermore, restoring the energy metabolism of BMSCs can improve
diseases such as obesity and osteoporosis by balancing osteo-adi-
pogenic differentiation [20e22]. Nevertheless, there hurdles remain in
achieving clearer understanding about fuel choices and cellular
metabolism in BMSCs. This review addresses our understanding of
glucose, lipid, and amino acid metabolism during BMSC differentiation
(Figure 1, Table 1). We also discuss the role of some well-known
regulators (e.g., environmental stress, hormone drugs, biological and
pathological factors) in influencing BMSC differentiation via meta-
bolism (Figure 1, Table 2). Targeting BMSC metabolic pathways pro-
vide a novel therapeutic perspective for BMSC differentiation
unbalances related diseases.

2. GLUCOSE, FATTY ACIDS, AND AMINO ACIDS METABOLISM
DURING BMSC DIFFERENTIATION

2.1. Glucose metabolism in BMSC differentiation

2.1.1. Glucose uptake
(Table 1) Glucose has been long known as an important nutrient for
bone cells [23]. Studies from the early 1960s demonstrated that bone
explants, as well as primary cultures of calvarial osteoblasts, demand
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Abbreviations

AdipoR1 adiponectin receptor 1
KDM4B lysine-specific demethylase 4B
AGEs advanced glycation end products
aKG ketoglutaric acid
ALP alkaline phosphatase
LDL low-density lipoprotein
AN anorexia nervosa
MSCs mesenchymal stem cells
BMA bone marrow adiposity
NADþ nicotinamide adenine dinucleotide
BMAT bone marrow adipose tissue
OXPHOS oxidative phosphorylation
BMSCs bone marrow mesenchymal (stromal) stem cells
ON osteonectin
Dex dexamethasone
OADs oral antidiabetic drugs
DPP4 dipeptidyl peptidase-4
OVX ovariectomized
ECM extracellular matrix

PDH pyruvate dehydrogenase
FAS fatty acid synthase
PGC1a peroxlsome proliferator activated receptor-g coactivator-1a
Glut1 glucose transporter 1
PPARg peroxisome proliferator-activated receptor g
GLS glutaminase
PTH parathyroid hormone
hESCs human embryonic stem cells
ROS reactive oxygen species
hMSCs human bone marrow mesenchymal stem cells
Runx2 Runx family transcription factor 2
HIF1a hypoxia-inducible factor 1a
SBA separation-based anorexia model
hiPSCs human induced pluripotent stem cells
SMG simulated microgravity
HPAA high molecular weight polyacrylic acid Sirt sirtuin
IGF-1 insulin-like growth factor 1
SSC skeletal stem cells
KDM6B lysine-specific demethylase 6B
T2DM type 2 diabetes mellitus
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high levels of glucose to proliferate [23e25]. More recent evidence
shows that altered glucose uptake has been implicated in affecting
BMSC differentiation. For example, in differentiating human bone
marrow mesenchymal stem cells (hMSCs), inhibiting the expression of
osteogenic differentiation markers like osteopontin, alkaline phos-
phatase (ALP), and osteonectin (ON) is accompanied by lower glucose
uptake and glucose transporter 1 (Glut1) expression [26]. Moreover,
Glut1 modulates the posttranslational modification of osteogenic dif-
ferentiation marker Runx2 and blocks ubiquitination of Runx2 [27].
Finally, selective deletion of Glut1 in osteoblast precursors suppresses
osteogenesis in vitro and in vivo [27]. Zhou et al. have reported that
using low glucose medium can change human-induced pluripotent
stem cells (hiPSCs) and H9 human embryonic stem cells (hESCs)
successfully into functional hMSCs with the capability of tri-lineage
differentiation in vitro (adipogenesis, osteogenesis, and chondro-
genesis) [28]. These findings indicate that Glut1 mediates glucose
Figure 1: The role of energy metabolism during BMSC differentiation. Glucose, fatty acid
hormone drugs, biological factors, and pathological factors influence differentiation by alt
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uptake which promotes osteogenic differentiation of BMSCs isolated
from both mice and humans, and lower glucose levels may contribute
to the maintenance of stemness of functional hMSCs.

2.1.2. Glycolysis
Glycolysis is thought to preserve the “stemness” of the proliferating
BMSCs [18]. However, some recent findings highlight that aerobic
glycolysis is the predominant source of energy that promotes the
differentiation of BMSCs [29e31]. The inhibition of glycolysis sup-
presses osteogenesis of primary bone marrow mesenchymal pro-
genitors [29], while blunting glycolysis pathways in BMSC-like ST2
cells also leads to decreased osteogenesis and mineralization [30].
Moreover, glycolytic agonist promotes osteogenic differentiation of
BMSCs via activation of RhoA/ROCK [31]. These findings indicate the
critical role of glycolysis in future therapies using BMSCs [31].
Conversely, there is another study that implied that osteogenic
s, and amino acid participate in BMSC differentiation. Moreover, environmental stress,
ering metabolism.
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Table 1 e Functions and mechanism of glucose, fatty acids and amino acids metabolism during BMSC differentiation.

Metabolites/Metaboilc pathway Functions Mechanism References

Glucose and metabolic pathway
Glucose uptake Promotes osteogenic differentiation of hMSCs Blocks ubiquitination of Runx2 [26,27]
Glycolysis Promotes osteogenic differentiation of primary BMSCs

and ST2 cells
Activates the RhoA/ROCK pathway [29e31]

OXPHOS Activates osteogenic differentiation of C3H10T1/2 cells Promotes intracellular b-catenin signaling or
downregulates HIF1a level

[34,35]

No change during osteogenesis of hMSCs and ST2
cells Contributes to adipogenesis of hMSCs

No
Increases supramolecular organization of cytochrome
c oxidation

[36,37]
[38]

Fatty acids and metabolic pathway
Palmitate Inhibits osteogenic differentiation of hMSCs Inhibits the expression of Bmp2 and glucose

metabolism
[41,42]

Oleate Promotes osteogenic differentiation of hMSCs Prevents attenuation of the insulin signaling pathway [42e44]
Arachidonic acid Promotes adipogenic and inhibits osteogenic

differentiation of hMSCs
No [44]

Fatty acids oxidation Promotes osteogenic differentiation of skeletal
progenitor cells

As the energy source [45]

Amino Acids and metabolic pathway
Glutamine Promotes BMSCs differentiated toward osteoblasts Provides ATP through the TCA cycle to meet energetic

and synthetic demands
[49,50]

Glutaminase Promotes BMSCs differentiated toward osteoblasts Increases a-ketoglutarate production [49]
Ketoglutaric acid Promotes osteogenic potential of BMSCs Decreases histone methylations accumulations [52]
Kynurenine Inhibits osteogenic differentiation in BMSCs and

hMSCs
Upregulates miR-493-5b while downregulates miR-
210-3b to elevate oxidative stress

[53e55]

Table 2 e Environmental stress, hormone drugs and biological/pathological factors regulate BMSCs differentiation via altering energy metabolism.

Other factors Fuctions Metabolic mechanism References

Environmental stress
ECM stiffness High ECM stiffness promotes osteogenic differentiation

of hMSCs and BMSCs
Enhances ATP levels and AMPK activation; promotes
mitochondriogenesis and declines mitochondria fission

[57e59]

Hypoxia Suppresses adipogenesis and enhances osteogenesis
of hMSCs

Promotes pyruvate dehydrogenase (PDH) by PDH kinase
(PDK) and inhibits glycolytic enzymes

[63]

Inhibits both osteogenic and adipogenic differentiation
of MSCs

Inhibits oxidative and enhances glycolysis [64e66]

Microgravity Suppresses osteogenic differentiation of MSCs;
promotes adipogenic differentiation of BMSCs

Inhibits OXPHOS and decreases the expression of
important energy sensor Sirt1; upregulates leptin
expression

[73,74]

Hormone drugs
PTH Inhibits adipogenesis in murine cell lines of adipocyte

progenitors BMSCsadipo, enhances osteogenesis of
BMSCs

Impaires insulin signaling, enhances glycolysis and ATP
production rate; promotes BMAT lipolysis and provides
more fatty acids to fuel osteogenic differentiation

[76,77]

Dexamethasone Inhibits osteogenic differentiation of BMSCs Impaires mitochondrial function and downregulates
mitochondrial metabolism AMPK/PGC-1 a/Sirt3 axis to
induce ROS overproduction

[79,80]

Biological factors
MicroRNAs MiR-34a overexpression impaires osteogenic

differentiation of hMSCs; miR-181a/b can promote
osteogenesis;

Inhibits lactate dehydrogenase-A (LDHA), hexokinase 2
(HK2), and Glut1-mediated glycolysis;
enhances mitochondrial metabolism

[26,86,87]

MicroRNA-200a-3p suppresses osteogenic
differentiation of MSCs

Inhibits GLS [88]

Adiponectin Promotes osteoblastogenesis in C3H10T1/2 cells Induces ALP, osteopontin expression [92,96,97]
Inhibits the adipogenic commitment of BMSCs Increases AdipoR1, KDM6B and KDM4B to inhibit PPARg [92,98,99]

Agin Inhibits osteogenic differentiation and promtes
adipogenic differentiation of BMSCs

Downregulates mitochondria metabolism related NADþ,
PGC-1a levels as well as citrate contents in bone matrix

[101e105]

Pathological factors
Obesity/diabetes mellitus Inhibits osteogenic differentiation and promotes

adipogenic differentiation of BMSCs
Increases DPP4 to inhibiting glucose metabolism and
lipolysis

[110e112]

Osteoporosis Impaires osteogenic differentiation of MSCs, SSCs and
BMSCs

Inhibits fatty acid synthase expression; decreases
mitochondrial biogenesis, PGC1a level and Sirt 3
expression

[104,114e117]

Anorexia nervosa Increases adipogenic differentiation of BMSCs while
blunts osteogenic differentiation

Downregulates Sirt1 expression; blocks BMPs signaling
and activates the inflammatory NF-kB signaling via
adipokines derived from bone marrow adipose in
pathological state

[121e123]

MOLECULAR METABOLISM 58 (2022) 101450 � 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
differentiation of BMSCs requires a metabolic switch from glycolysis to
increased mitochondrial oxidative phosphorylation (OXPHOS) to ensure
a sufficient energy supply [32]. Next we discuss the role of OXPHOS in
BMSC differentiation.

2.1.3. Oxidative phosphorylation (OXPHOS)
OXPHOS is crucial to regulating BMSC differentiation [32]. Studies have
shown that OXPHOS activates in BMSCs during osteogenic differenti-
ation [33], maybe via downregulating hypoxia-inducible factor 1 (HIF-1)
expression [34] or promoting b-catenin acetylation in C3H10T1/2 cells
[35], while inhibiting OXPHOS reduces the osteogenic potential of
C3H10T1/2 cells [35]. However, Pattappa et al. found no change in
OXPHOS during hMSCs osteogenesis [36], and a subsequent study by
Esen et al. found similar results in ST2 cells [37]. Conversely, Hofmann
et al. confirmed that OXPHOS supercomplexes can serve as a hallmark
of adipogenic but not osteogenic differentiation of hMSCs [38]. Taken
together, OXPHOS is critical in regulating osteogenic differentiation of
C3H10T1/2 cells through promoting the intracellular b-catenin
signaling pathways or downregulating the HIF1a level. However,
OXPHOS is not necessary for osteogenic differentiation of hMSCs and
ST2 cells, while contributing to adipogenic differentiation in hMSCs.

2.2. Fatty acids metabolism in BMSC differentiation
It was not until 1987 that Fleisch and colleagues identified fatty acids
as a substrate capable of supplying energy to bone tissue and bone
cells [39]. Subsequent studies revealed that fatty acids are second only
to glucose as a main nutritional determinant for skeletal progenitor
cells [40]. In vitro study has demonstrated that long-chain saturated
fatty acids such as palmitate can inhibit osteogenic differentiation of
hMSCs [41,42] which can be mitigated by oleate [42e44]. Similarly,
arachidonic acid (omega-6 fatty acid derived from linoleic acid) favored
adipogenic differentiation and inhibited osteogenic differentiation
in vitro of hMSCs [44]. Fatty acid metabolism can also promote
osteogenic differentiation of skeletal progenitor cells [45]. Nick et al.
recently found that enhancing fatty acid oxidation promotes osteogenic
differentiation of skeletal progenitor cells, while suppressing fatty acids
oxidation of skeletal progenitor cells through serum lipid deprivation
can promote chondrogenic differentiation over osteogenesis [45].
Furthermore, fatty acids-specific receptor GPR120 transcripts are
present in primary BMSCs, whose expression levels gradually increase
during osteogenic induction [46]; thus, fatty acids function as an en-
ergy source to facilitate bone formation, and depriving fatty acids
suppresses osteogenic differentiation possibly by inhibiting fatty acid
oxidation and expression of specific receptors. Additional studies with
a new model are needed to fully understand how the MSCs utilize fatty
acids in health and metabolic bone diseases states.

2.3. Amino acids metabolism in MSC differentiation

2.3.1. Glutamine
Glutamine is the most abundant amino acid in circulation [47]. In
addition to its direct contribution to protein synthesis, glutamine
functions as an important energy source and an essential carbon and
nitrogen donor for the synthesis of amino acids, nucleotides, gluta-
thione, and hexosamine [47]. It has been 30 years since Biltz et al. first
reported that isolated calvaria and long bones exhibited active gluta-
mine consumption and metabolism [48]; subsequently, the role of
glutamine in bone has drawn increasing attention. More recent studies
have indicated that human and mouse BMSCs consume glutamine
during differentiation [49]. In line with these roles, recent research
shows that during the process of BMSCs differentiated toward
4 MOLECULAR METABOLISM 58 (2022) 101450 � 2022 The Authors. Published by Elsevier GmbH. T
osteoblasts, glutamine metabolism provides ATP through the TCA
cycle to meet energetic and synthetic demands [49,50]. In addition to
glutamine, glutaminase (GLS) also promotes osteogenic differentiation
of BMSCs [51]. Deletion of GLS in BMSCs resulted in a reduction of
overall osteoblast numbers and capability of bone formation [49].
Furthermore, Wang et al. found that glutamine metabolite ketoglutaric
acid (aKG) promotes the osteogenic potential of BMSCs by decreasing
the accumulations of histone methylations [52]. This evidence sug-
gests that glutamine itself, glutaminase, and glutamine metabolites
aKG can promote osteogenic differentiation of BMSCs. Targeting the
glutamine metabolism process in BMSCs may provide a new clue for
bone loss therapy.

2.3.1. Kynurenine
Kynurenine, a metabolite of tryptophan, has been thought to inhibit
osteogenic differentiation of BMSCs [53]. With age, kynurenine ac-
cumulates in BMSCs and suppresses osteogenic differentiation by
impairing autophagy, promoting early senescence, and altering
cellular bioenergetics [53]. In vivo experiments using adult (6e8
months) mice injected intraperitoneally with kynurenine (10 mg/kg)
for four weeks showed a reduction of osteogenic differentiation in
BMSCs accompanied by restricted osteoblastic bioenergetics and
energy production [54]. In vitro study also reported that hMSCs
treated by kynurenine showed elevating oxidative stress and
decreasing osteogenic differentiation [55]. Regarding the mecha-
nism, kynurenine blunts BMSC differentiation by altering miRNAs
levels [55]. For example, kynurenine-treated hMSCs upregulated
miR-493-5b to block osteogenic potential and downregulated miR-
210-3b to increase ROS level [53]. Taken together, kynurenine in-
hibits osteogenic differentiation of mouse BMSCs and hMSCs
perhaps through altering miRNA levels (upregulated miR-493-5b,
downregulated miR-210-3b) to increase ROS level.

3. ENVIRONMENTAL STRESS, HORMONE DRUGS, AND
BIOLOGICAL/PATHOLOGICAL FACTORS REGULATE BMSCS
DIFFERENTIATION BY ALTERING ENERGY METABOLISM

Emerging evidence has indicated that environmental stress, hormone
drugs, and biological/pathological factors all impact BMSC differenti-
ation by altering intercellular metabolism [18]. Here we focus on
environmental stress such as extracellular matrix (ECM) stiffness,
hypoxia, and microgravity and discuss hormone drugs like parathyroid
hormone (PTH) and dexamethasone (Dex); in addition, biological fac-
tors including microRNAs, adiponectin, aging and pathological factors
like obesity, diabetes mellitus, osteoporosis, and anorexia nervosa are
introduced in this section (Table 2).

3.1. Environmental stress

3.1.1. ECM stiffness
ECM is involved in cellular metabolism via regulating glucose, lipid, and
amino acid metabolism [56]. Recent in-depth studies have shown that
extracellular matrix stiffness has been implicated in BMSC differenti-
ation via regulating energy metabolism [57,58]. In vitro study has
confirmed that cultured hMSCs on stiff (20 kPa) substrate showed
enhanced osteogenesis accompanied by higher intracellular ATP levels
and AMPK activation than on soft (1 kPa) substrate [57]. AMPK inhibitor
treatment decreased ATP levels and osteogenesis marker ALP
expression in hMSCs while AMPK activators can reverse ATP and ALP
levels [57]. Other recent work has also proved that the HPAA (high-
molecular-weight polyacrylic acid)-crosslinked collagen membranes
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(HCM) can self-mineralize and simulate extracellular matrix (ECM)
stiffness, which expedites in situ bone regeneration to guide osteo-
genic differentiation of BMSCs [58,59]. Regarding the mechanism,
HCM promotes mitochondriogenesis and declines mitochondria fission
to respond to high energy demand during osteogenic differentiation of
BMSCs [59]. This in vitro evidence indicates that high ECM stiffness
may promote mitochondriogenesis, increase ATP, and decline mito-
chondria fission to enhance osteogenic differentiation of BMSCs.
Whether another metabolic pathway contributes to this process is
unknown, so additional in vitro and in vivo studies are needed.

3.1.2. Hypoxia
Studies from recent decades have shown that hypoxia, an important
feature of the BMSC niche, plays an important role in maintaining
BMSC differentiation [60]. Previous studies indicated that hypoxia
suppressed adipogenesis and associated HIF1a and PPARg expres-
sion in hMSCs and enhanced osteogenesis associated Runx2
expression [61,62]. A recent study found that shRNA-mediated
knockdown of HIF1a in hMSCs suppressed osteogenesis through in-
hibition of pyruvate dehydrogenase (PDH) by PDH kinase (PDK) and
activation of glycolytic enzymes [63]. Other studies have suggested
that hypoxia (1%) signals shifts in metabolism from oxidative to
glycolysis, while the change of metabolism inhibits both osteogenic
[64] and adipogenic [65] differentiation of MSCs [16,66]. These results
imply that hypoxia can regulate differentiation of hMSCs and mice
MSCs by altering energy metabolism, but criteria should be put for-
ward to standardize the experiment system, and reasonable care
should be taken when performing a direct extrapolation of in vitro
findings to in vivo situations.

3.1.3. Microgravity
Studies have shown that the culture of MSCs under microgravity (mg)
affects their differentiation [67,68]. Exposure to simulated microgravity
decreases the differentiation of BMSCs to osteoblasts which can pose
negative effects on bone formation and bone volume [69]. Previous
findings have reported that space flight also affects mitochondrial
function and whole-body energy homeostasis; it also attenuates the
expression of insulin-like growth factor 1 (IGF-1) [70e72] which alters
osteoblast differentiation. In vitro evidence has shown that simulated
microgravity (SMG) suppresses osteogenic differentiation of MSCs by
inhibiting OXPHOS accompanied by decreased the expression of
important energy sensor sirtuin 1 (Sirt1) [73]. Moreover, upregulating
Sirt1 using resveratrol, an activator of Sirt1, recovered SMG-inhibited
OXPHOS and osteogenic differentiation of MSCs [73]. Conducting
in vivo studies, Dai et al. found that BMSCs derived from C57BL/6 mice
after 28 days of hindlimb suspension exhibited downregulated Runx2
and upregulated PPARg accompanied by upregulated lipid metabolism
regulator leptin expression [74]. In sum, microgravity suppresses
MSCs’ osteogenic differentiation by inhibiting OXPHOS and promoting
adipogenic differentiation by upregulating leptin expression. Insights
regarding the relationship between energy metabolism and MSC dif-
ferentiation under microgravity could provide a novel therapeutic target
for disuse-related bone loss.

3.2. Hormone drugs

3.2.1. Parathyroid hormone (PTH)
Parathyroid hormone (PTH) has proved an effective bone anabolic drug
for over a decade. Previous evidence suggests that PTH promotes
osteoblast lineage cell differentiation by stimulating aerobic glycolysis
via IGF signaling [75]. A more recent study implied that PTH also
MOLECULAR METABOLISM 58 (2022) 101450 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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promoted BMSC differentiation by regulating cellular metabolic status
as an anabolic stimulus [76]. Tencerova et al. found PTH-treated
murine cell lines of adipocyte progenitors BMSCsadipo exhibited
reducing adipogenesis accompanied by impaired insulin signaling
while enhancing glycolysis and the ATP production rate [77]. In
addition, oligomycin (an inhibitor of oxidative phosphorylation) treat-
ment significantly changed cellular bioenergetics of BMSCsadipo which
were associated with decreased adipocytic differentiation [76]. Mar-
idas et al. reported that PTH enhances effects on BMAT lipolysis and
provides more fatty acids to fuel osteogenic differentiation of BMSCs
[77]. Altogether, PTH inhibits adipogenic differentiation of BMSCs by
impairing insulin signaling and enhancing glycolytic and ATP produc-
tion, and PTH also enhances BMAT lipolysis and produces more fatty
acids to fuel BMSCs osteogenesis.

3.2.2. Dexamethasone (Dex)
Dexamethasone (Dex) is a potent glucocorticoid drug. Frequently, Dex
is used to enhance osteogenic, chondrogenic, and adipogenic differ-
entiation of BMSCs [78]. Recent studies have shown how Dex-treated
BMSCs exhibit compromised osteogenic differentiation and mito-
chondrial dysregulation [79,80]. Regarding the mechanism, Dex can
impair mitochondrial function to induce ROS overproduction and
disturb BMSC metabolism [79], thus causing compromised osteogenic
differentiation of BMSCs [79]. In alignment with these findings is
another study that demonstrated how Dex treatment down-regulated
mitochondrial metabolism-related Sirt3 expression, induced high
ROS levels and eventually impaired BMSC osteogenic differentiation
in vitro [80]. Resveratrol treatment could ameliorate mitochondrial
impairment and restore osteogenic capacity in Dex-exposed BMSCs by
triggering the AMPK/PGC-1 a/Sirt 3 axis [80]. This evidence indicates
that Dex inhibits mitochondrial metabolism-related Sirt3 and blunts the
osteogenic differentiation of BMSCs.

3.3. Biological factors

3.3.1. microRNAs
Although there have many studies on microRNAs regulating the dif-
ferentiation of BMSCs [81e85], the intrinsic mechanism still needs to
be further explored. Recently, Hong et al. reported that miR-34a
overexpression impaired osteogenic differentiation of hMSCs in vitro
by inhibiting lactate dehydrogenase-A (LDHA), hexokinase 2 (HK2), and
Glut1-mediated glycolysis [26]. Zheng et al. found that miR-181a/b can
promote osteogenesis by enhancing mitochondrial metabolism [86].
Hundreds of microRNAs were also identified in MSCs mitochondria
during osteogenic differentiation, and these microRNAs may impact
MSC differentiation through gathering in mitochondria of MSCs to
control mitochondrial respiration [87]. In addition to regulating
glycolysis and mitochondrial function, microRNA-200a-3p suppresses
osteogenic differentiation of MSCs by inhibiting GLS [88], and GLS
overexpression reversed the inhibitory effects of overexpressed
microRNA-200a-3p on osteogenic differentiation of MSCs [88]. These
new findings reveal that microRNA can influence glycolysis, mito-
chondrial function, and glutamine metabolism to regulate osteogenic
differentiation of MSCs isolated from mice and humans.

3.3.2. Adiponectin
Adiponectin is the most abundant circulating adipokine and is primarily
involved in glucose metabolism and insulin resistance [89]. Within the
bone, BMSC-derived bone marrow adipocytes continuously release
adiponectin into the bone niche which soaks all cells, including
osteoblast and osteoclast progenitors [90,91]. Moreover, both mRNA
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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and protein expression of adiponectin receptors 1 and 2 (AdipoR1 and
R2) are detectable in BMSCs [92], indicating adiponectin signaling
participates in BMSC function regulation. Recently, adiponectin has
been proven a critical regulator in BMSC differentiation [89]. Some
in vitro studies have indicated that within the bone marrow niche,
adiponectin is apt to promoteosteogenic differentiation [92e96].
Supplementation of full-length [92,96] or globular [97] adiponectin can
increase the expression of the osteogenic-related genes ALP
[92,96,97] and osteopontin [92,97] in C3H10T1/2 cells [92]. Silencing
AdipoR1 by siRNA in C3H10T1/2 cells significantly reduced
adiponectin-induced osteogenic differentiation in vitro [92]. In an
in vivo study, 5-week-old adiponectin knockout mice exhibited
decreased trabecular structure and mineralization and increased bone
marrow adiposity [98]. Importantly, adiponectin inhibits the adipogenic
differentiation of BMSCs via downregulated lysine-specific demethy-
lases (lysine-specific demethylase 6B (KDM6B) and lysine-specific
demethylase 4B (KDM4B)) [98]. Earlier studies confirmed that
KDM4B and KDM6B increase osteogenic and reduce adipogenic dif-
ferentiation [99] by removing methylated histone lysine residues and
enabling dynamic and reversible regulation of transcription [99]. The
absence of KDM4B and KDM6B reportedly increased the expression of
PPARg in hMSCs and thus switched the differentiation fate from
osteogenic to adipogenic in vitro [99]. Indeed, the presence of fatty
bone marrow in adiponectin knockout mice was attributed to reduced
KDM4B and KDM6B expression in BMSCs, triggering adipogenesis and
ultimately causing a reduction in osteoblasts and an increase in adi-
pocytes on the trabecular surfaces [98]. In sum, these findings indicate
that adiponectin perhaps promotes osteogenic differentiation of
BMSCs by increasing AdipoR1 or lysine-specific demethylases
(KDM6B and KDM4B) to inhibit PPARg expression.

3.3.3. Aging
It has long been known that bone loss during aging is accompanied
by increased bone marrow adiposity due to the shift of BMSC dif-
ferentiation from osteoblasts to adipocytes [100]. Aged BMSCs
exhibit diminished content and abnormal ultrastructure in mito-
chondrial, thus resulting in decreased oxygen consumption, ATP
synthesis, NADþ level, and increased ROS generation during osteo-
genic differentiation [101]. Therefore, replenishing these decreased
metabolites can enhance BMSC osteogenesis and prevent skeletal
degeneration, or benefit regenerative strategies. For example,
diminishing levels of the key mitochondrial metabolite NADþ is often
seen in aged BMSCs [102], and decreasing NADþ led to decreased
activity of sirtuins (NADþ-dependent deacetylases), disrupted mito-
chondrial metabolism, and oxidative stress [102]. Accordingly,
administration of nicotinamide mononucleotide, a key NADþ inter-
mediate, promoted BMSC expansion, enhanced osteogenesis,
decreased adipogenesis and protected bone against aging in mice
[103]. In addition to NADþ, PGC1a is another master regulator of
mitochondrial biogenesis and oxidative metabolism to influence
skeletal stem cells (SSCs) differentiation during aging [104]. PGC-1a
decreased with aging in Prx1þ SSCs, and loss of PGC-1a promoted
adipogenic differentiation at the expense of decreased osteogenic
differentiation [104]. Mice with overexpression of PGC-1a in SSCs
reversed the unbalance of SSC osteo-adipo differentiation during
aging [104]. Moreover, Guan Min’s group also found that citrate in
bone microstructure is derived from the tricarboxylic acid cycle,
which can increase the energy of biomolecular synthesis such as
nucleic acid and protein required for BMSC differentiation [105]. They
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also discovered that citrate in bone matrix is lost during aging and
that increasing citrate in aging BMSCs can improve the osteogenic
differentiation ability [105]. Taken together, current evidence in-
dicates that aging downregulate mitochondria metabolism related
NADþ, PGC-1a level as well as citrate contents in bone matrix and
then lead to inhibited osteogenic differentiation of BMSCs. Increasing
NADþ, the PGC-1a level, and citrate can enhance BMSC osteo-
genesis and improve aged-related phenotype.

3.4. Pathological factors

3.4.1. Obesity and diabetes mellitus
MSCs are purported to play a vital role in obesity and diabetes mellitus
and have received increasing attention as a new target for therapy.
Rubin et al. reported that BMSC adipogenesis is one of the main
reasons for obesity [106]. Recent data has confirmed that improving
metabolic status may promote BMSC osteogenesis and ultimately
alleviate obesity [18]. Dipeptidyl peptidase-4 (DPP4) was correlated
with lipid accumulation [107] and can degrade circulating glucagon-
like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide
(GIP) to maintain glucose homeostasis [108,109]. Recently, Ambrosi
et al. determined that DPP4 increased in multipotent CD45�CD31-
Sca1þCD24þ cells in obesity mice, and inhibition DPP4 enhanced
BMSC osteogenesis and improved obesity [110]. Additionally, over a
decade, DPP4 inhibitors (DPP4is), commonly called gliptins, work as
valuable oral antidiabetic drugs (OADs) for the treatment of type 2
diabetes mellitus (T2DM) by extending the half-life of native incretins
[111,112]. Taken together, obesity and diabetes mellitus lead to
abnormal glucose metabolism and lipid accumulation and ultimately
trigger BMSCs adipogenic differentiation. Inhibiting DPP4 can accel-
erate glucose metabolism and lipolysis and promote BMSC osteogenic
differentiation, which can be used in treating obesity and diabetes
mellitus.

3.4.2. Osteoporosis
Impaired osteogenic differentiation capability of MSCs plays an
important role during the pathogenesis of osteoporosis [113]. The
hMSCs from osteoporotic patients exhibited lower osteogenic ca-
pacity and higher levels of palmitic acid in the plasma membrane
[41]. Can we target MSCs metabolism to reverse their differentiation
and treat osteoporosis? Glenske et al. have reported that testos-
terone inhibits hMSCs’ adipogenic differentiation of postmenopausal
women by reducing the occurrence of lipid droplets thus improving
osteoporosis [114]. Similarly, Bermeo et al. found that inhibition
fatty acid synthase (FAS) [115] significantly increased bone for-
mation and decreased marrow adipose in ovariectomized (OVX)
treated C57BL/6 mice [116], suggesting FAS inhibition enhanced
osteogenic and impaired adipogenic differentiation of BMSCs.
Beyond fatty acid, Yu et al. have confirmed that compromised
mitochondrial biogenesis and declined PGC1a level are related to
OVA-induced osteoporosis [104]. Importantly, decreasing mito-
chondrial biogenesis and PGC1a levels impair Prx1þ SSC osteo-
genesis, and induction PGC1a expression in SSCs can improve
OVA-induced osteoporosis [104]. Moreover, Guo et al. have re-
ported that advanced glycation end products (AGEs) induce BMSCs
adipogenesis and osteoporosis, which is accompanied by compro-
mised mitochondrial dysfunction and decreased mitochondria
metabolic regulatory enzyme Sirt3 expression [22]. Overexpression
of Sirt3 significantly inhibited BMSC adipogenesis and osteoporosis
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in the senescent phenotype mouse model [22,117]. These in vivo
and in vitro studies suggest that inhibition of FAS and increase of
mitochondria Sirt3 in BMSCs can alleviate aberrant differentiation-
related osteoporosis. However, more animal models are needed to
explore the intrinsic mechanisms.

3.4.3. Anorexia nervosa
Anorexia nervosa (AN) patients are always accompanied by high bone
marrow adiposity (BMA) and osteoporosis [118e120]. More recently,
Louvet et al. have reported BMSCs from caloric-restricted mice (sep-
aration-based anorexia model (SBA)) present a down-regulation of the
important energy sensor Sirt1, which is accompanied by an increase in
adipogenesis at the expense of osteogenesis, and overexpression of
Sirt1 by resveratrol leads to a decrease in adipogenesis and an in-
crease in osteogenesis of BMSCs [121]. They also found that tibias
from SBA mice displayed low levels of Sirt1 mRNA which are restored
by resveratrol treatment. Similarly, this recovery of Sirt1 levels also
returned the BMA, BV/TV, and Tb.Th in cultured tibias from SBA mice
[121]. Mechanismly, chronic energy deficiency in female mice causes
a decrease of Sirt1 expression in BMSCs, resulting in critical changes
of Runx2 and Foxo1 acetylation levels and thus blunting BMSC dif-
ferentiation capacity [121]. Additionally, Abdallah et al. have revealed
that bone marrow adipocytes significantly inhibit the commitment of
murine BMSCs into osteoblastic cell lineage by blocking BMPs
signaling and activating inflammatory NF-kB signaling [122]. Mecha-
nismly, bone marrow adipocytes may secrete adipokines to activate
NF-kB pathway [122]. Previous evidence highlighted that adipokines
like adiponectin, leptin, and adipose-derived estrogen were important
for energy metabolism regulation in BMSC differentiation [123]. Taken
together, this evidence suggests that increasing Sirt1 levels in BMSCs
and inhibiting the excessive secretion of adipokines can recover BMSC
osteogenic differentiation to ameliorate AN.

4. UNRESOLVED QUESTIONS, CHALLENGES, AND POTENTIAL
OPPORTUNITIES

In recent years, a significant expansion in scope and investigation have
been witnessed in the metabolic regulation of MSCs, driven by tech-
nological advances and a renewed interest in cellular metabolism. To
date, the intrinsic mechanism about how MSCs use glucose, fatty
acids, and amino acids during differentiation remains unclear, espe-
cially lacking in vivo validation. In addition, studies are exploring how
environmental stress like ECM stiffness, hypoxia, microgravity, and
other physical factors impact cellular energy metabolic status to MSC
differentiation. This issue indeed needs further in vivo evidence for
confirmation. In subsequent studies, genetic mice with conditional
modification of encoding metabolism genes will be available and will
be key tools in this effort. Moreover, new technological developments
will facilitate important discoveries in BMSC metabolism during dif-
ferentiation, while unraveling the metabolic difference among quies-
cent, proliferating, and differentiating BMSCsdas well as among
BMSCs found in different locationsdwill be of interest to improve cell
expansion for tissue engineering applications.
In exploring how energy metabolism influences MSC differentiation, we
also met some certain challenges. First, it is difficult to mimic the
BMSCs native niche in vitro; in fact, we observed that specific meta-
bolic changes in vitro are not always recapitulated in vivo. Thus,
studying BMSCs in their native microenvironment will be essential.
Developing new animal models with intravital labeling BMSCs by
specific metabolic markers may provide new insight for direct visual
analysis of BMSC’ metabolic changes. Another methodology that prove
MOLECULAR METABOLISM 58 (2022) 101450 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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helpful to understanding of BMSC metabolism in vivo is the develop-
ment of a device for the isolation of BMSCs while preserving their
metabolic profiles, thereby permitting further analysis. Additionally,
using material like hydrogels to develop new culture systems in vitro
that mimic the BMSC’ native microenvironment, with physiological
extracellular matrix stiffness, oxygen concentration, and suitable cul-
ture media, will prove more useful to retaining the metabolic char-
acteristics of primary BMSCs.
Second, MSCs are heterogeneous. More advanced technologies need
to be developed to mimic the complicated bone marrow niche envi-
ronment and analyze dynamics change at single cells level. Particularly
in the study of heterogeneity of BMSCs, single-cell sequencing pro-
vides new insights to advance understanding of the functional het-
erogeneity of BMSC subpopulations from RNA and protein levels.
Recent evidence has revealed the heterogeneity of BMSCs under
development and stress conditions: Sivaraj et al. have characterized
the heterogeneity of BMSCs during skeletal development [124] and
identified a subpopulation of metaphyseal MSCs (mpMSCs) that can
generate bone cells and LepRþ marrow stromal cells subpopulations
[124]. He et al. have revealed distinctive heterogeneity within human
embryonic limb bud mesenchyme and epithelium and determined that
perichondrial embryonic skeletal stem/progenitor cell (eSSPC) are
marked by the adhesion molecule CADM1 and highly express FOXP1/2
transcriptional factors [125]. They also observed that among human
embryonic limb bud mesenchyme subpopulations, only the subpopu-
lation 2 exhibited increased ATP metabolic genes expression [125].
Sheng et al. have reported that peri-arteriolar LepRþ osteolectinþ

BMSCs for osteogenesis and lymphopoiesis in the bone marrow are
maintained by mechanical stimulation and depleted during aging
[126]. CXCL12þ cell populations were sensitive to mechanical loading
and upregulated BMP4 expression and osteogenesis [127]. Qin’group
has found that peri-arteriolar marrow adipogenic lineage precursors
(MALPs) express high myofibroblast genes (such as Myl9, Col9a1,
Col10a1 et al.) to participate in bone marrow repair after radiation
damage [128]. They also observed some metabolic genes related to
fatty acid oxidation and fatty acid metabolic process were significantly
upregulated in MALPs after radiation [128]. They did not discuss the
metabolic change of the MALP subpopulation.
Studies about metabolic heterogeneity among BMSC subpopulations
remain limited, but a recent paper from Joffin et al. [129] highlights the
importance of mitochondrial metabolism in PDGFRbþ adipocyte pro-
genitor cell fate, especially in adipogenic progenitor cells (APC) and
fibro-inflammatory precursors (FIP), which are two subpopulations of
PDGFRbþ adipocyte progenitor cells with distinctive metabolism in
white adipose tissue [129]. They also highlighted that inhibiting mito-
chondrial activity blocked APCs adipogenesis and promoted expression
of higher inflammatory factors in FIPs, which were restored by
enhancing mitochondrial activity [129]. In addition to Joffin et al., Shao
et al. have identified a HIF1a-dependent regulatory mechanism con-
trolling adipocyte MSCs subpopulations (APCs and FIPs) function in mice
and demonstrated the ability of the anti-cancer drug Imatinib to promote
metabolically beneficial adipogenesis in obesity [130]. The findings of
Joffin and Shao highlighted the importance of mitochondrial metabolism
for maintaining function of adipose-tissue-resident PDGFRbþ MSCs and
how such processes were be disturbed during obesity [131]. In the
future, identifying metabolic heterogeneity among BMSC subpopulations
may be an effective approach to restoring BMSC aberrant differentiation
and contribute to tissue engineering applications.
Finally, increasing evidence suggests important roles of the skeletal
system as an endocrine organ. Nevertheless, the interplay between
metabolism during BMSC differentiation and whole-body metabolism
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Review
remains largely unexplored. Better understanding about how metabolic
heterogeneity among BMSC subpopulations affects health, including
conditions like obesity and diabetes, and whether pharmacological
targeting of the dysregulated metabolic pathways in specific BMSC
subpopulations can restore their function will be of considerable
interest.
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