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Osteoblasts primarily mediate bone formation, maintain bone structure, and regulate bone
mineralization, which plays an important role in bone remodeling. In the past decades, the
roles of cytokines, signaling proteins, and transcription factors in osteoblasts have been
widely studied. However, whether the energy metabolism of cells can be regulated by these
factors to affect the differentiation and functioning of osteoblasts has not been explored in
depth. In addition, the signaling and energy metabolism pathways are not independent but
closely connected. Although energy metabolism is mediated by signaling pathways, some
intermediates of energy metabolism can participate in protein post-translational modification.
The content of intermediates, such as acetyl coenzyme A (acetyl CoA) and uridine
diphosphate N-acetylglucosamine (UDP-N-acetylglucosamine), determines the degree of
acetylation and glycosylation in terms of the availability of energy-producing substrates. The
utilization of intracellular metabolic resources and cell survival, proliferation, and differentiation
are all related to the integration of metabolic and signaling pathways. In this paper, the
interaction between the energy metabolism pathway and osteogenic signaling pathway in
osteoblasts and bone marrow mesenchymal stem cells (BMSCs) will be discussed.

Keywords: osteoporosis, osteoblast differentiation, energy metabolism, acetylation, O-GIcNAc

INTRODUCTION

Due to our in-depth study and rapid understanding of bioenergy in cells, new therapeutic targets
have emerged, and cell metabolism has become a hot spot in the study of chronic diseases. Similarly,
the changes in the energy production process and its regulatory mechanisms in bone cells during
bone repair and regeneration have been widely studied. Osteoblasts produced by bone marrow
mesenchymal stem cells (BMSCs) in the process of bone formation, remodeling, and fracture healing
are the main bone-forming cells in human skeletal homeostasis (Long, 2012). Osteoblasts have
special choices for energy utilization and metabolic substrate selection due to their responsibility for
the synthesis, secretion, and mineralization of the bone matrix. Some diseases in which energy
availability is disordered, such as diabetes, anorexia nervosa, and aging, eventually lead to osteopenia
and osteoporotic fractures. The bioenergetics and metabolic processes of osteoblasts are poorly
understood; therefore, the sources and pathways of adenosine triphosphate (ATP) production by
these cells need to be studied further, including the metabolic changes in glucose, fatty acids, and
amino acids in cells. Intracellular metabolism provides enough energy and corresponding substrates
for biosynthesis. These enzymes and metabolites participate in signal transduction and gene
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transcription regulation (Rupprecht et al, 2014). Cell
differentiation lineage and proliferation and the execution of
corresponding functions can changes in energy
metabolism, which can also be affected and regulated by these
processes (Shyh-Chang and Daley, 2015). Different energy
metabolism phenotypes are exhibited in different cells
according to their function and environment. In this paper, we
hope to clarify the relationship between energy metabolism and
the osteoblast signaling pathway and provide a new idea for the
development of bone anabolic drugs. A new method for the
treatment of osteoporosis can be created by changing the energy
metabolism of osteoblasts to improve osteogenesis.

cause

INTRACELLULAR ENERGY METABOLISM
DURING OSTEOGENESIS

The Glucose Metabolic Pathway

Several proteins related to glucose transportation (GLUT), such
as GLUT1, GLUT3, and GLUT4, can be expressed on the surface
of osteoblasts. These proteins can also regulate to the functioning
of osteoblasts (Lee et al., 2017). The processes involved in the
glycolysis pathway are as follows. In the cytoplasm, glucose is
metabolized by a series of glycolytic enzymes, such as hexokinase
(HK), phosphoglucose isomerase, aldolase, and pyruvate kinase,
and converted into pyruvate. Under anaerobic conditions,
pyruvate is further converted into lactic acid and only a small
amount of ATP is produced to provide energy for the cells. This
process is inhibited under aerobic conditions. Pyruvate enters the
mitochondria to participate in the tricarboxylic acid cycle and is
completely oxidized, resulting in the formation of a large quantity
of ATP to provide sufficient energy. Glucose-6-phosphate (G6P),
an intermediate of glycolysis, can also be metabolized through the
pentose phosphate pathway (PPP) to produce 5-phosphate
ribose, which is required for nucleic acid synthesis, and
nicotinamide adenine dinucleotide phosphate to maintain
redox stability. In addition, G6P is converted to fructose-6-
phosphate by phosphohexose isomerase, which can be
metabolized via the hexosamine biosynthesis pathway to
produce uridine diphosphate N-acetylglucosamine (UDP-
GIcNAc) to participate in protein glycosylation (Mulukutla
et al, 2016). Glucose is an important energy-producing
substance. Studies on the bioenergy of cells have shown that
the levels of glycolysis and oxidative phosphorylation (OXPHOS)
in differentiated osteoblasts are higher than in undifferentiated
cells, but the oxygen consumption rate (OCR) to extracellular
acidification rate ratio gradually decreases, which indicates that
differentiated cells are more capable of glycolysis than
undifferentiated cells (Guntur et al., 2014). This is known as
aerobic glycolysis, which is similar to the Warburg effect in cancer
cells (Li et al, 2018). An untargeted metabolomics study in
primary mouse BMSCs revealed metabolic changes during
osteoblast differentiation, and intracellular metabolite profiles
similarly revealed that OXPHOS is a major source of ATP
during the early stages of differentiation, with the energy
source of mature osteoblasts being dependent on glycolysis
(Misra et al, 2021). Meyer et al. (2018) analyzed the
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proliferation and differentiation of human adipose-derived
mesenchymal stromal cells (adMCS). The contents of the
glycolysis marker enzyme, phosphofructokinase (PFK), and the
PPP marker enzyme, 6-phosphate glucose dehydrogenase,
increased under the conditions of undifferentiation and
osteogenic induction, but the glycolytic ability decreased with
a decrease in cell proliferation in the process of adipocyte
differentiation, e.g., the ability of glyceraldehyde 3-phosphate
dehydrogenase decreased, mitochondrial enzyme activity
increased, and OXPHOS was enhanced, which indicates that
the energy metabolism of the adMCS is adapted to the direction
of the specific cell differentiation during osteogenic and
adipogenic differentiation. Therefore, once glucose enters the
osteoblasts, its catabolic pathway is highly dependent on the
stage and direction of differentiation. Yang et al. (2020) believed
that aerobic glycolysis is necessary because it can produce ATP at
a faster rate, provide intermediate metabolites that are used to
synthesize matrix proteins, and secrete citrate, which is an
important component of the apatite nanocrystalline structure
in bone. Karner et al. (2016) believed that this metabolic mode
regulates the differentiation and function of osteoblasts through
epigenetics, which will be explained in detail below. However,
Shum et al. (2016) found that mitochondrial OXPHOS is
increased in during the osteogenic differentiation of human
mesenchymal stem cells (hMCS) and the glycolytic level of
hMCS did not change significantly when compared with
undifferentiated cells. These phenomena indicate that cells
have different energy metabolic preferences at different stages
of osteogenic differentiation and maturation.

Amino Acid Metabolism

Amino acids are divided into ketogenic or glycogenic amino acids
and are the basic raw materials needed for osteoblasts to
synthesize protein or produce ATP. Notably, ketogenic amino
acids are converted into acetyl CoA or acetoacetate in vivo, while
glycogenic amino acids are metabolized into pyruvic acid or
intermediates of the tricarboxylic acid (TCA) cycle. Early
studies showed that cyclic adenosine monophosphate (cAMP),
thyroid hormones, insulin, and insulin-like growth factor 1
(IGF1) regulate transport in osteoblasts (Dirckx et al., 2019).
SLC1AS5, which mainly transports glutamine and asparagine, has
been found to be a key amino acid transporter involved in protein
synthesis and osteoblast differentiation during skeletal
development (Sharma et al, 2021). General control
nonderepressible 2 (GCN2) regulates the proliferation of mice
skeletal stem/progenitor cells by increasing the transcription
effector activating transcription factor 4 to increase the
ingestion of amino acids, which is conducive to maintaining
bone homeostasis (Hu et al., 2020). Glutamine catabolism has
been widely studied in cancer. It is involved in reprogramming
energy metabolism, providing nitrogen sources, and signal
transduction (Bott et al., 2019). Glutamine is converted into
glutamic acid by glutaminase (GLS) and then converted to a-
ketoglutarate to enter the TCA cycle. Therefore, glutamine
becomes an ideal bioenergy substrate for cells that are highly
dependent on glycolysis and provides an intermediary for active
biosynthesis (DeBerardinis et al., 2007; Fan et al., 2013).
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Fatty Acid Metabolism

Fatty acids are activated in the cell matrix to form acyl CoA,
which is then transported into the mitochondrial matrix by
carnitine palmitoyltransferase (CPT1 and CPT2) in the inner
and outer membranes of the mitochondria and undergoes f5-
oxidation to produce ATP. The energy produced by fatty acid
oxidation far exceeds that provided by glucose or amino acid
metabolism. In 1987, Adamek et al. (1987) found that fatty acids
also play an important role in providing energy for bone tissue in
vivo and cells in vitro. Osteoblasts can oxidize fatty acids in vitro,
and the utilization of fatty acids is controlled by hormones
(Suchacki et al., 2016). Etomoxir (a fatty acid oxidation
inhibitor) has adverse effects on osteoblast mineralization and
cell growth in vitro (Rendina-Ruedy et al., 2017). These findings
suggest that the utilization of fatty acids is the key to maintaining
the normal physiological functioning of bone.

THE EFFECT OF THE INTRACELLULAR
SIGNALING PATHWAY ON ENERGY
METABOLISM DURING OSTEOGENESIS
The Effect of Estrogen-Related Receptor a

on Energy Metabolism

The dynamic expression pattern of the age-related estrogen-
related receptor a (ERR a) of cells is related to the
differentiation of BMSCs into osteoblasts, and the content of
ERRa is significantly reduced in aged rats (Huang et al., 2017;
Wang et al., 2019). At the cellular level, the protein expression of
ERRa reaches a peak in the early stage of osteoblast
differentiation and decreases in the mineralization stage.
However, the level of ERRa messenger RNA (mRNA) remains
stable, which indicates that ERRa is degraded after osteoblast
maturation and regulates the degree of osteoblast differentiation
in a time-dependent pattern (Gallet et al., 2013). The aging of an
organism often reveals dysfunction of the cell mitochondria. The
synergistic activation of ERRa and peroxisome proliferator
activated receptor y coactivatorl a regulates mitochondrial
biogenesis through fatty acid oxidation and energy
consumption related to reactive oxygen species (ROS)
production, but its effect on osteoblasts needs further study
(Bonnelye and Aubin, 2013; Luo et al,, 2017). Lin et al. (2017)
found that estradiol-stimulating human osteoblasts promote the
ERRa translocation into the nucleus to induce the expression of
respiratory chain complexes and cytochrome c oxidase genes
because there are four estrogen-receptor complex binding sites in
the 5 promoter region of mitochondrial CoxI gene. At the same
time, it can stimulate the transfer of ERRa from the cytoplasm to
the mitochondria. The study indicated that the estradiol/ERRa
signal axis promotes osteoblast maturation and enhances
osteoblast anabolism by inducing the expression of complex
genes of the chromosomes and mitochondria and upregulating
the mitochondrial bioenergy system. Wu et al. (2020) supported
these findings. Studies on fracture healing found that the bone
mass around a bone defect increased over time. The level of ERRa
was specifically upregulated and translocated to the
mitochondria, and the expression of Cox I and CoxII mRNA
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related to mitochondrial energy production and alkaline
phosphatase  (ALP), runt-related transcription factor 2
(Runx2), and osteocalcin (OCN) mRNA related to
osteogenesis were upregulated. ERRa regulates the expression
of GLS by directly binding to the promoter of the GLS gene,
leading to mitochondrial glutamine supplementation. Resuming
the expression of ERRa and GLS can improve the osteogenic
differentiation ability of MSCs to resist low bone mass because
aging attenuates the effect of the ERRa/GLS pathway. mTOR is a
major biosynthetic regulator that can affect the transcriptional
activity of ERRa to regulate the ERRa/GLS signaling pathway
(Huang et al,, 2017). Therefore, mTOR may become a target of
some drugs to treat senile osteoporosis. Studies on osteoblasts and
osteocytes in mice in which CPT2 expression has been specifically
disrupted showed only transient trabecular defects in the male
mutants. This phenomenon is a result of the rapid increase in the
glucose uptake and consumption rate in bone tissue, and the
metabolic flexibility of female mutants is lower than male
mutants and many defects were observed in the bone structure
(Kim et al., 2017). Estrogen is beneficial to the utilization of fatty
acids but not to the metabolism of glucose in many tissues
(Campbell and Febbraio, 2001), and it may lead to sex
dimorphism of the bone phenotype in this model. Therefore,
it can be inferred that estrogen and ERRa have certain effects on
fatty acid metabolism during osteogenesis. In addition, the
dynamic changes of ERRa in osteogenic differentiation and
the specific mechanism of cellular metabolism need to be
studied further.

The Effect of Parathyroid Hormone on
Energy Metabolism

Parathyroid hormone (PTH) can increase the number of early
stage osteoblast lineage cells, accelerate their differentiation into
osteoblasts, and inhibit adipogenic differentiation (Balani et al.,
2017). Esen et al. (2015) found that PTH increased glucose
absorption and oxygen consumption during the induction of
osteoblast differentiation. Interestingly, the metabolites of
glycolysis entering the TCA cycle were inhibited. However,
PTH induced lactate production, which may be achieved by
increasing the abundance of lactate dehydrogenase A (LDHA)
because knockout of this enzyme gene eliminated the influence of
PTH on glucose catabolism. In order to prove that PTH can
promote bone biosynthesis through the metabolic pathway in
vivo, dichloroacetic acid (DCA), an inhibitor of pyruvate
dehydrogenase kinase (PDH), was used to increase pyruvate
entering the TCA cycle and decrease aerobic glycolysis, which
significantly inhibited the bone synthesizing function of PTH.
The IGF1 signal induced by PTH triggers the activation of the
mTORC2 complex, which is an essential factor for bone
metabolism (Wang et al, 2007). Studies have shown that the
mTORC2 complex participates in bone growth and induces
aerobic glycolysis (Esen et al, 2013; Chen et al, 2015).
However, Esen demonstrated that PTH inhibits glucose
oxidation in the TCA «cycle and increases oxygen
consumption. The most likely mechanism for these
phenomena is that PTH facilitates the oxidative metabolism of
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other energy-producing substrates to produce ATP. Karner et al.
(2015) and Frey et al. (2015) demonstrated that glutamine and
fatty acids are significant energy substrates for osteoblasts. The
PTH signal is considered a regulator of fatty acid utilization,
which can induce adipolysis of adipocytes (Larsson et al., 2016). It
has been proved in vivo that PTH can inhibit osteoporosis by
promoting the transition to the osteogenic lineage and reducing
the formation of bone marrow adipose tissue and in vitro that
fatty acids transfer from adipocytes to osteoblast lineage cells after
lipolysis (Fan et al, 2017; Maridas et al., 2019). Fatty acid
oxidation is particularly sensitive to the cAMP/protein kinase
A (PKA) signaling pathway, which is activated by PTH, thus
inhibiting fatty acid £ oxidation and damaging osteoblast
differentiation in vitro (Gerhart-Hines et al., 2011; Frey et al,
2015).

The Effect of the Wnt Signaling Pathway on
Energy Metabolism

Previous research has shown that the Wnt signaling pathway
boosts the biological behavior of osteoblasts and osteoblast
differentiation of BMSCs by increasing the number of cells
and protein synthesis activity and directly recombines
osteoblast metabolism by stimulating aerobic glycolysis, fatty
acid oxidation, and glutamine catabolism (Karner and Long,
2017). ST2 cells (bone marrow stromal cells of model mice)
cultured in vitro showed that Wnt3a and Wnt10b increase a large
number of key enzymes, e.g., HK2, phosphate fructose kinase
1(PFK1), LDHA, and fructose-2,6-biphosphatase 3(PFKFB3),
involved in glycolysis through the Wnt coreceptor low-density
lipoprotein receptor-related protein 5 (LRP5), and glucose
transport also increases by stimulating the expression of
GLUTI. Glycolysis enzymes are regulated and controlled by
the activation of the mTORC2 and Akt rather than the f-
catenin and Glycogen synthase kinase-3 B(GSK3-P) signaling
pathways because the inhibition of these effectors does not
affect glucose consumption. However, Wnt3a activates
mTORC2 through Racl, which in turn synergistically increases
glucose consumption and glycolysis gene expression (Esen et al.,
2013). The deletion of Rictor, which is unique to the mTORC2
signaling pathway, will reduce bone formation in the
physiological state and weaken the anabolism of anti-sclerostin
therapy, which aims to promote the interaction between Wnt and
the receptor (Chen et al,, 2015; Sun et al., 2016a). These results
indicate the central function of mTORC2 in Wnt-induced
osteogenesis and osteoblast metabolism. A recent study found
that Wnt3a promoted the phosphorylation of Akt, activating
mitochondrial OXPHOS levels in osteoblast lineage cells (ST2
and MC3T3-E1) (Smith and Eliseev, 2021). Wnt7b increases the
expression of GLUT1 and the consumption of glucose in primary
osteoblast lineage cells, and the loss of GLUT1 reduces the
differentiation of osteoblasts in vitro (Chen et al., 2019). The
non-canonical Wnt5a signaling pathway increases the expression
of LRP5/6 to promote osteoblast differentiation. Wnt5a*~ mice
have low bone mass and impaired differentiation of osteoblasts
and osteoclasts (Maeda et al., 2012). The mechanism by which
Wnt7b and Wnt5a recombine in osteoblast metabolism needs
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further exploration. In the process of osteoblast differentiation,
Wnt3a increases aerobic glycolysis and rapidly promotes massive
glutamine consumption via activated GLS driven by increasing
mTORCI. Isotopic labeling showed that glutamine was
metabolized into citrate after entering the TCA cycle. Wnt
induces a decrease in glutamine, triggers the GCN2-induced
integrated stress response (ISR) pathway as a receptor of
amino acid deficiency, and stimulates gene expression related
to the transport of amino acid, tRNA aminoacylation, and protein
folding. This finding indicates that the catabolism of glutamine
not only provides energy for cells but also regulates the process of
protein translation as feedback of the intracellular Wnt signal
(Frey et al., 2015). Shen found two amino acid transporters: y
(+)—LAT1 and ASCT2 (encoded by slc7 A7 and SLCI1AS5,
respectively), ASCT2 mediates the majority of glutamine
uptake, whereas y (+) - LAT1 in response to Wnt/f§- Catenins
to promote the expression of SLC7A7 to transport glutamine,
whereas the expression of SLC1A5 is regulated by mTORC1/
ATF4 (Shen et al,, 2021). Frey (Frey et al.,, 2015; Frey et al., 2018)
showed that the fatty acid metabolism in osteoblasts decreases
after LRP5 deletion, but the expression of high bone mass variants
of LRP5 increases fatty acid metabolism. Only ligands, such as
Wnt3a, Wntl0b, and Wntl6, can induce f§-catenin to activate
fatty acid oxidation, which indicates that Wnt-induced fatty acid
metabolism is carried out through the canonical mechanism
(Ayturk et al., 2013; Tan et al., 2014).

The Effect of Hypoxia Inducible Factor on
Energy Metabolism

HIFs are regulatory factors that can reduce intracellular oxygen
concentration. The expression of HIF can regulate metabolism by
regulating the expression of enzymes. Besides hypoxia, some
signaling pathways and cytokines can also induce the
expression of HIF (Semenza, 2012). In all hMSCs studied, HIF
overexpression in a normoxic environment was accompanied by
increased glycolysis and HIF target gene expression. This caused a
decrease in the expression of HIF-la and glycolysis mRNA,
which led to the weakening of glycolysis and the induction of
oxidative metabolism during the osteogenic differentiation of
hMSCs. It may also induce mitochondrial biogenesis, a change in
mitochondrial morphology and size, an increase in OXPHOS,
and extracellular matrix synthesis (Paloméki et al, 2013).
Therefore, the osteogenic BMSCs downregulate HIF-1, which
is necessary for OXPHOS activation (Karner et al., 2016). Regan
et al. (2014) found that the levels of some key enzymes (HK2, 3-
phosphoinositide dependent protein kinase-1(PDK1), and
LDHA) were upregulated in the bone tissues of mice during
glycolysis with the overexpression of HIF-1a in the osteoblast.
The activation of HIF-1a increased glycolysis and the high bone
mass phenotype. However, the inhibition of PDK1 with DCA did
not reverse the high bone mass phenotype in mice. HIF prolyl
hydroxylase can hydroxylate the specific residues of HIF protein
under oxygen enriched conditions, making it a substrate and
proteasome degradation target of E3 ubiquitin ligase von Hippel
Lindau (VHL). Osteoblasts lacking VHL showed decreased
ubiquitination degradation of HIF, which increased glucose
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uptake and glycolysis related to target gene expression, high bone
mass, hypoglycemia, and increased glucose tolerance. DCA can
restore glucose metabolism in VHL-deficient osteoblasts in vitro
but cannot reverse the high bone mass phenotype (Dirckx et al.,
2018). HIF-1 can upregulate glycolytic enzymes, increase
glycolytic flux, and attenuate the flux of OXPHOS by reducing
the entry of pyruvate into the TCA cycle via the increase in
(PDK1) expression (Kierans and Taylor, 2021). Exchange of
subunit 4-1 of cytochrome ¢ oxidase (cox4-1) by HIF-1 for the
more efficient cox4-2 isoform increases the efficiency of electron
flux through the respiratory chain. This increases the efficiency of
ATP generation and reduces mitochondria associated ROS
generation (Tormos and Chandel, 2010). ROS produced by
oxidative stress and apoptosis can be attenuated by targeted
binding of HIF-1a to mitochondria to suppress the expression
of mRNAs encoded by mitochondrial DNA (Li et al., 2019). HIF-
la stimulates glutathione synthesis mediated by glutaminase,
which can neutralize reactive oxygen, maintain a dynamic
redox balance at baseline and during oxidative or nutritional
stress, increase glycogen storage, prevent energy shortage during
a lack of nutrition or oxygen, and ultimately improve the survival
rate of transplanted bone cells (Stegen et al., 2016). These studies
found that HIF-la-induced changes in the cell metabolic
phenotype are conducive to osteogenic differentiation and
promote biosynthesis, but this metabolic change may not be
the decisive factor in the high bone mass phenotype. However, a
studies have reached mixed conclusions, with the PGE2 receptor
subtype 1 (EP1) maintaining high HIF1-a activity to prevent the
metabolic shift towards OXPHOS. Deletion of EP1 results in
HIF1-a inactivation, increasing the oxygen consumption rate and
thus promoting osteogenesis (Feigenson et al., 2017). HIF1-a
affecting the differentiation of osteoblast through energy
metabolic pathways warrants further investigation.

The Effects of Other Signaling Pathways on

Energy Metabolism

Hedgehog (Hh) signaling can regulate bone formation and the
osteogenic differentiation of BMSCs and can also quickly
induce Warburg effects, such as metabolic reorganization,
by activating the cilium-dependent Smo-Ca2*-AMPK axis
and driving intense insulin independent glucose intake in
muscle and brown adipose tissue (Teperino et al., 2012).
Although there is no research illustrating the influence of
the Hh signal on energy metabolism during osteoblast
differentiation, it has been proved that the expression of
IGF2 induced by the Hh signal through Gli2 leads to the
activation of mTROC2 in osteoblast progenitor cells (Shi
et al., 2015). Therefore, it is valuable to investigate whether
there is a relationship between Hh signaling and intracellular
metabolic remodeling during bone formation and study the
specific regulatory mechanism. Conditional deletion of the
Notch2 receptor in mesenchymal precursor cells leads an
increase in bone mass, which confirms the function of
Notch in the bone, and continuous activation of the Notch2
signal in osteoblasts leads to osteopenia in mice (Zanotti et al.,
2017). When Notch?2 is activated, the transcription complex
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formed by the Notch intracellular domain reduces the
expression of the glycolytic enzyme and mitochondrial
respiratory protein. The inhibition of mitochondrial
complex 1 can also lead to a reduction in intracellular
AMPK activity that further inhibits glycolysis. One of the
mechanisms of Notch on bone is to reduce the
differentiation of osteoblasts by inhibiting the glycolysis of
early osteoblasts. Loss of Notch2 results in high bone mass and
enhanced glycolysis. In addition, 3-(3-pyridyl)-1-(4-pyridyl)-
2-propene-1-one (3PO) inhibits the reduction in glycolysis by
PFKFB3, thus reversing the excessive bone formation induced
by a Notch2 deficiency (Lee and Long, 2018). One study
showed that PTH inhibits the osteogenic Notch signaling
pathway. Therefore, it is meaningful to explore the
synergistic effect of two signals during the recombination of
metabolism in osteoblasts (Zanotti and Canalis, 2017).
Peroxisome proliferator activated receptor & (PPARS) is
critical for the metabolic adaptation of osteoblasts and the
increase in mitochondrial respiration. The specific PPARS
deletion of osteoblasts in mice caused a change in energy
homeostasis and impaired mineralization and osteopenia in
osteoblasts (Miiller et al., 2020). In BMSCs, GOLMI
overexpression stimulates the mTOR signaling pathway,
increases glutamate dehydrogenase activity and glutamine
conversion to a-kg, and inhibits the osteogenic
differentiation of BMSCs (Shen et al., 2018). In addition,
BMP indirectly regulates energy metabolism and bone
homeostasis through some signaling pathways such as
mTOR, HIF, PTH and Wnt. But the effect on metabolic
phenotypes needs to be confirmed in more experiments
(Yang et al., 2020) (see Figure 1).

THE EFFECT OF THE INTERMEDIATE
PRODUCTS OF ENERGY METABOLISM ON
OSTEOGENESIS

Cell signaling pathways and energy metabolism are not only
independent entities but are also closely linked. Although it is
known that energy metabolism is regulated by signal
transduction, signal pathways and transcription networks can
be regulated by protein post-translational modification, and the
intermediate products of energy metabolism are the substrates
involved in protein modification. a-kg, which is produced in the
TCA cycle of mitochondria, maintains the polymorphism and
differentiation of primordial germ cells by retaining specific
histone methylation (Tischler et al, 2019). Acetyl CoA
provides the acetyl group for histone acetylation modification
(Wellen and Thompson, 2012), and glucose can produce UDP-
GIcNAc through the hexosamine biosynthesis pathway as a
substrate for O-GIcNAc modification (Tan et al, 2018).
Although DNA methylation participates in the regulation of
gene expression related to osteogenesis (Cheishvili et al,
2018), the regulatory role of DNA methylation at the substrate
level is rarely reported. Therefore, we mainly discuss the effects of
acetylation and O-GIcNAc modification on osteogenesis at the
substrate level. As an important product of energy metabolism,
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a-Kg regulates the expression of corresponding signaling
molecules by participating in histone methylation. Histone
methyltransferases (HMT) participate in the methylation of
histones using SAM as a methyl donor. in contrast, histone
demethylases remove methyl groups. Demethylases containing
Jumonji domain (JHDM) consumed a- KG and O, in
demethylation reactions. Some metabolites in the TCA cycle,
such as succinate, fumarate are inhibitors of demethylase activity.
Furthermore, 2-hydroxyglutarate (2HG), generated from the two
electron reduction of a- KG, can also inhibit demethylation, and
thus, histone methylation is critically involved in energy
metabolism (Su et al., 2016; Ye and Tu, 2018). Studies have
shown that exogenous supplementation a Kg can effectively
improve bone mass, reduce bone loss, and promote bone
regeneration in aging mice. a Kg decreased the abundance of
h3k9me3 and H3K27me3, leading to decreased enrichment in the
promoter regions of BMP2, BMP4, and Nanog and subsequent
upregulation of BMP and Nanog expression (Song et al., 2019).
Exogenous a Kg did not significantly promote osteoblast
proliferation, but it activated JNK and mTOR/S6K1/S6
signaling pathways to upregulate the expression of osteogenic
transcription factors Runx2 and osterix (Zurek et al., 2019).

Acetylation Modification
Histone acetyltransferase and histone deacetylase can regulate the

acetylation of histone lysine residues, which are essential for
osteogenic differentiation (Puttagunta et al., 2014; Ortega et al,
2018). Recent studies have revealed that histone modification can
determine the direction of the differentiation lineage of MSCs
(Huang et al,, 2015), such as histone acetylation modification in
the promoter regions of Runx2 and OSX and peroxisome
proliferator ~ activated receptor y(PPARy) and CCAAT
enhancer-binding  protein ~ a(CEBPA) in  osteogenic
differentiation. P300/CBP-associated factor (PCAF) is a kind of
H3K9 acetyltransferase that is recruited into the promoters of
BMP2, BMP3, BMPRI1Db, and Runx2. It is important to note that
the deletion of the PCAF gene will seriously damage the osteogenic
differentiation of MSCs. In addition, GCN5, known as lysine
acetyltransferase 2A (KAT2A), is a paragenetic homolog of
PCAF that also stimulates bone formation (Gao et al, 2016).
Acetyl CoA, which is produced in the TCA cycle of the
mitochondria, is the key cofactor of acetylation, can provide the
acetyl group for histone acetyltransferase, and is known to exist in
the mitochondria and cytoplasm. Once acetyl CoA produced by the
mitochondria enters the TCA cycle, it will be converted into citrate
that can leave the mitochondria. Intracellular citric acid is converted
to acetyl CoA by ATP citrate lyase (ACL) (Wellen and Thompson,
2012). Karner et al. (2015) showed that the decrease in nuclear acetyl
CoA can inhibit the gene expression of osteoblasts. This may be one
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of the mechanisms by which cells need to transfer into glycolysis
during osteogenic differentiation. Therefore, controlling metabolic
pathways and increasing or decreasing the flux of these substrates
controls energy production and gene expression via epigenetics. The
availability of these energy-producing substances and the ATP
demand of cells are compatible with the signaling pathways that
need to be upregulated or downregulated.

The level of histone acetylation of the Wnt genes (Wntl,
Wnt6, Wntl0a, and Wntl0b) decreased in the BMSCs of
ovariectomized mice. It was found that the expression of
histone acetyltransferase was upregulated when BMSCs
differentiated into osteoblasts but downregulated after induced
osteoporosis. This is because GCN5 increases the acetylation of
the histone 3-lysine 9 site on the Wnt gene promoter to induce
osteogenic differentiation of BMSCs. The decrease in GCN5
expression inhibits Wnt signal transduction, leading to the
weakening of the osteogenesis of BMSCs in ovariectomized
mice (Jing et al., 2018). GCN5 also promoted BMSC-mediated
angiogenesis by increasing the level of H3K9Ac on the vascular
endothelial growth factor 5(VEGF5) promoter. Overexpression
of GCN5 enhanced the angiogenetic ability of osteoporotic
BMSCs (Jing et al., 2017). The metabolic changes regulated by
Wnt may also affect the differentiation and function of
osteoblasts through epigenetic modification. After ST2 cells
were stimulated with Wnt3a, more genes were downregulated,
such as PPARy and CEBPA, which encode adipocyte specific
transcription factors and prevent them from inducing osteoblast
differentiation, causing a decrease in the level of histone
acetylation, which is related to decreased levels of nuclear
acetyl CoA (histone acetyltransferase substrate) and citrate
(precursor of acetyl CoA synthesis) because the Wnt signaling
pathway increases aerobic hydrolysis and upregulates the
expression of PDKI1, thus inhibiting pyruvate from entering
the TCA and decreasing the availability of nuclear acetyl CoA
(Karner et al., 2016). The above studies showed that the increase
in the acetylation level of the histones of specific osteogenic genes
can promote osteogenic differentiation, but for BMSCs in which
OXPHOS is not very active, it is beneficial to reduce acetylation
through aerobic fermentation because it also inhibits the
expression of non-osteogenic genes, which are related to
adipogenic and chondrogenic differentiation and indirectly
induce osteoblast differentiation. However, Shares et al. (2018)
found that the osteogenic ability of BMSCs treated with an
OXPHOS inhibitor decreased, but the ATP level did not
decrease because of the glycolysis compensation mechanism.
In addition, it was found that active mitochondria promote
the differentiation of osteoblasts by promoting the acetylation
of fi-catenin. From these studies, we found that BMSCs can
regulate the acetylation level of protein through different
energy metabolism channels in the early and late stages of
osteogenic differentiation, and then osteogenic differentiation
is programmed synchronously.

O-GIcNAc Modification

O-GIcNAc can be regulated as a nutritional response through
hexosamine biosynthesis. UDP-GIcNAc produced by this
pathway is the substrate of O-GlcNAc modification, which is

Metabolism and Signaling in Osteoblasts

catalyzed reversibly by O-GIcNAc transferase (OGT) and
O-linked n-acetylglucosaminidase (OGA). It is worth noting
that OGA deletion is lethal to perinatal mice (Keembiyehetty
et al,, 2015). Approximately 3% glucose enters the hexosamine
pathway for various biochemical reactions to regulate cell
performance, which may be sensitive to the content of some
nutrients, such as glucose, glutamine, and acetyl CoA. Therefore,
the UDP-GIcNAc pool is reduced and O-GlcNAc modification is
affected when glucose uptake is limited (Wellen and Thompson,
2012). O-GIcNAc modification is an inducible, reversible, and
dynamic post-translational modification of protein. The main
modification sites are located on the serine and threonine residues
of the target protein. O-GlcNAc modifies almost every functional
class of nuclear and cytoplasmic proteins, which includes the
complex processes of cell transcription, translation, signal
transduction, and material metabolism. Abnormal O-GlcNAc
modification is related to the progression of diseases, such as
cancer, neurodegeneration, and diabetes (Banerjee et al., 2016). In
addition, the level of O-GlcNAc modification must be maintained
within an optimal range to maintain normal cell function (Yang
and Qian, 2017).

O-GIcNAc  affects lineage distribution during cell
differentiation. One study showed that the total intracellular
O-GIcNAc level changes during the adipogenic, chondrogenic,
and osteogenic differentiation of BMSCs (Sun et al., 2016b). Kim
et al. (2007) found that O-GlcNAc upregulates the expression of
osteocalcin by modifying the transcriptional activity of Runx2
and OSE2 during osteoblast differentiation. Protein-related
O-GIcNAc increased in MC3T3-El cells during osteogenic
differentiation. The expression of osteocalcin induced by
ascorbic acid, PTH, and diphtheria can be enhanced by
PUGNAc, an OGA inhibitor. The OSE2 and Runx2 sites in
the osteocalcin promoter are important factors for PUGNAc
to enhance the osteocalcin promoter activity, and PUGNAc
can also increase the O-GIcNAc modification of Runx2;
therefore, osteocalcin is its target gene in which transcription
will be regulated. Nagel and Ball (2014) conducted further
research that characterized Runx2 via electron transfer
dissociation tandem mass spectrometry and revealed the site
of O-GlcNAc modification, which is a post-translational
modification of the nutritional response, regulating the
function of transcription effectors. O-GlcNAc modification
occurs near the known sites regulating phosphorylation
residues and arginine methylation in the transactivated region
of Runx2. Runx2 was also detected in the interaction between
OGT and O-GlcNAc. The inhibition of OGA (responsible for
scavenging O-GIcNAc in Ser/Thr residues) can enhance the basic
transcriptional activity of MC3T3-E1 osteoblasts and the
transcriptional activity of Runx2 induced by BMP2/7, resulting
an increase in ALP expression and activity. Koyama and
Kamemura (2015) also found that the expression of ALP,
OCN, and bone sialoprotein (BSP) was inhibited or promoted
by OGA and OGT, respectively during the osteogenic
differentiation of MC3T3-E1 cells. But Gu et al. (2018) found
that after C2C12 cells were treated with high glucose,
glucosamine, or N-acetylglucosamine, the O-GlcNAc level and
total protein level of Runx2 increased, which led to a decrease in
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Acetylation and Methylation of
histones on promoter regions of
osteogenic genes(Wnt,BMP......

m\ acetylation methylation
modification m\ modification

0O-GleNAc

0-GlIcNAc modification

Runx2 transcription activity and the expression level of
osteogenic marker genes. Therefore, we know that the
expression of osteoblast-related genes will be reduced if
O-GIcNAc modification is insufficient or excessive, and
appropriate O-GlcNAc modification is more conducive to
osteogenesis. In the future, we can further explore the
appropriate abundance of UDP-GlcNAc, OGA, and OGT in
cells in order to maximize the role of osteogenesis differentiation.

ROS

OXPHOS and OCR increase and mitochondrial function is
enhanced during osteogenic differentiation. The mitochondrial
respiratory chain complex is the main production site of ROS,
particularly complexes I and III. In addition, ROS is produced in
various metabolic reactions involving PDH and electron transfer
flavin (ETF) (Holzerova and Prokisch, 2015). In the process of
osteogenic differentiation, ROS is produced due to the large
demand for energy, and it is a crucial factor in regulating the
osteogenic differentiation of BMSCs (Geng et al., 2019). The older
the BMSCs, the more free ROS will destroy the distribution of
lineage, which will promote fat formation and hinder bone

formation (Callaway and Jiang, 2015). Osteogenic and
adipogenic differentiation are inhibited by increased ROS
induced by the lack of superoxide dismutase 2 in stromal
precursor cells. The toxic accumulation of a-ketoglutarate in
cells leads to nuclear plasma vacuolation and chromatin
concentration, which significantly inhibits osteogenesis and
adipocyte differentiation. At the same time, the accompanying
DNA damage, the increase in HIF-1 degradation, and the
inhibition of acetylated histone H3 (Lys27) all lead to the
death of BMSCs (Singh et al., 2017). When BMSCs have just
differentiated into adipogenic cells, an increase in intracellular
ROS and the overexpression of PPAR y were observed, and this is
necessary to start adipocyte differentiation. The formation of
adipocytes induced by arabinosylcytosine is related to the
increase in ROS level in the cytoplasm because antioxidant
N-acetyl-L-cysteine (NAC) can reduce adipocyte production by
scavenging intracellular ROS. However, NAC has no obvious
blocking effect on ROS and adipogenesis under physiological
conditions. Therefore, antioxidants targeting the mitochondria
can reduce adipocyte differentiation induced by ROS (Wang
et al., 2015). It has been reported that ROS promotes the
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adipogenic differentiation of rat osteoblasts induced by high
glucose via PI3K/Akt signaling (Zhang and Yang, 2013). In
addition, uncarboxylated osteocalcin can inhibit ROS
production induced by high glucose levels by inhibiting PI3K/
Akt signaling in the MC3T3-E1 cells and can stimulate osteoblast
differentiation (Liu and Yang, 2016). It is worth noting that there
is a complex cross-talk relationship between ROS and HIF-1a
signaling. Movafagh scrutinized the regulation of HIF-1a by ROS.
ROS can inhibit the activity of prolyl hydroxylase PHD to
stabilize HIF-la. HIF-la expression by ROS is mediated
through the ERK and PI3K/Akt pathways, and ROS increase
the inflammatory mediator TNF-a and IL-1p And Mir-21 to
activate the ERK and PI3K/Akt pathways to upregulate HIF-1a, in
addition, Mir-210 has a complex feedback regulatory mechanism
on ROS and HIF-1a (Movafagh et al., 2015) (see Figure 2).

CONCLUSION

Understanding the mechanism of osteoblast differentiation and
function is the key to discovering a new bone synthesis therapy
method. For example, a recent study revealed that the use of
oxalate, an LDH inhibitor, can convert the biological energy of
bone progenitor cells from glycolysis to oxidative
phosphorylation in vitro and increase their osteogenic
differentiation potential. In vitro studies have also proved that
oxalate can increase bone mineral density, improve cortical bone
structure, and enhance bone strength (Hollenberg et al., 2020).
Sodium butyrate (NaB) can upregulate PGC-1 a And TFAM by
Nrf2/GSK-3 f8 Signaling to prevented H202 induced oxidative
damage in MC3T3-El cells, which can promote osteoblast
mineralization and differentiation, and maintained the balance
of bone metabolism by increasing cellular antioxidant capacity,
ATP production, and reducing ROS levels (Tang et al., 2020). It is
also worth further sturdy in the field of bone regeneration to
investigate the effects of the regenerated biomaterials on energy
metabolism (Fan et al, 2014; Liao et al, 2017; Marew and
Birhanu, 2021; Graeff et al., 2022).

According to the previous discussion, the effects of the
signaling pathways on osteoblast energy metabolism mainly
focus on Wnt, PTH, and ERRa, and the effects of other
signaling pathways need to be further explored. mTOR is the
central target related to metabolism in the process of osteoblast
differentiation, and IGF1 and HIF-la are also significant
regulatory factors. Current research primarily focuses on the
metabolism of glucose. Glucose produces ATP through
glycolysis and OXPHOS, while catabolic products provide a
carbon source for other anabolic metabolism and substrates for
protein modification to regulate its function and gene expression.
The direction of glucose metabolism (producing energy or
intermediate metabolites) seems to control the direction of cell
differentiation and its final outcome, but this needs further
confirmation. It is necessary to further study whether other
signaling pathways exist, in addition to the Wnt signaling
pathway, that can change the level of acetyl CoA through
intracellular glucose metabolism to regulate the acetylation of
histones and indirectly regulate the expression of related genes.

Metabolism and Signaling in Osteoblasts

The process of osteoblast differentiation and lineage distribution
during the differentiation of BMSCs causes continuous
reorganization of the energy metabolism pathways, which leads
to changes in intracellular nutritional status. In addition,
O-GIcNAc modification is very sensitive to the availability of
nutrients and the stress response, and the way in which this
process stimulates intracellular O-GlcNAc modification has not
yet been explored. Another avenue for future research is
investigating whether a change in acetyl CoA or UDP-GIcNAc
levels can modify some signal proteins to regulate gene expression.
One study showed that the nicotinamide adenine dinucleotide
(NAD")/silent information regulator 1(SIRT1) axis can regulate
the osteogenic differentiation of MSC (Pi et al, 2019), and
experiments in vivo and vitro have proved that nicotinamide
mononucleotide (NAD" precursor) can promote osteogenesis
through the SIRT1 pathway (Song et al, 2019). Therefore, it
can be speculated that intracellular metabolic recombination
causes a change in NAD'/reduced form of nicotinamide-
adenine dinucleotide (NADH), which leads to osteogenic
differentiation through the SIRT1 pathway, but further proof is
needed. The energy metabolism of fatty acids and amino acids
needs further study. The bioenergetic characteristics of various
signal transduction mechanisms and the stages of osteoblast
differentiation are different. Therefore, the relationship between
energy metabolism and bone formation is extremely complex.
For the foreseeable future, the application of multiomics

technologies, such as transcriptomics, proteomics, and
metabonomics, can systematically study the interaction
between intracellular signaling pathways and metabolic

pathways in osteogenesis from different dimensions. The
development of corresponding targeted drugs against targets of
energy metabolism during osteogenesis to promote bone
regeneration is also worth investigating, such as the
application of tFNA, and there are current studies that target
mir-2861 to BMSCs to promote osteogenesis by inhibiting the
expression of histone deacetylase 5 (hdac5) to maintain histone
acetylation (Li et al, 2021; Zhang et al., 2021). The in-depth
exploration of the interaction between intracellular energy
metabolism and signaling pathways during osteogenesis will
promote the development of basic biology and provide new
therapeutic targets and strategies for osteoporosis.
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