
Energy metabolism: A newly emerging target of BMP signaling 
in bone homeostasis

Jingwen Yanga,b,*, Hiroki Ueharua, Yuji Mishinaa,**

aDepartment of Biologic and Materials Sciences, School of Dentistry, University of Michigan, Ann 
Arbor, MI 48109, USA

bThe State Key Laboratory Breeding Base of Basic Science of Stomatology & Key Laboratory for 
Oral Biomedicine of Ministry of Education, School and Hospital of Stomatology, Wuhan University, 
Wuhan, Hubei 430079, China

Abstract

Energy metabolism is the process of generating energy (i.e. ATP) from nutrients. This process is 

indispensable for cell homeostasis maintenance and responses to varying conditions. Cells require 

energy for growth and maintenance and have evolved to have multiple pathways to produce 

energy. Both genetic and functional studies have demonstrated that energy metabolism, such as 

glucose, fatty acid, and amino acid metabolism, plays important roles in the formation and 

function of bone cells including osteoblasts, osteocytes, and osteoclasts. Dysregulation of energy 

metabolism in bone cells consequently disturbs the balance between bone formation and bone 

resorption. Metabolic diseases have also been reported to affect bone homeostasis. Bone 

morphogenic protein (BMP) signaling plays critical roles in regulating the formation and function 

of bone cells, thus affecting bone development and homeostasis. Mutations of BMP signaling-

related genes in mice have been reported to show abnormalities in energy metabolism in many 

tissues, including bone. In addition, BMP signaling correlates with critical signaling pathways 

such as mTOR, HIF, Wnt, and self-degradative process autophagy to coordinate energy 

metabolism and bone homeostasis. These findings will provide a newly emerging target of BMP 

signaling and potential therapeutic strategies and the improved management of bone diseases. This 

review summarizes the recent advances in our understanding of (1) energy metabolism in 

regulating the formation and function of bone cells, (2) function of BMP signaling in whole body 

energy metabolism, and (3) mechanistic interaction of BMP signaling with other signaling 

pathways and biological processes critical for energy metabolism and bone homeostasis.
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1. Introduction

The prevalence of metabolic disorders, such as diabetes, has increased drastically worldwide 

in recent years [1]. This phenomenon prompts a renewed interest in the study of energy 

metabolism and cellular bioenergetics. Recent advances in mouse genetics, together with 

biochemical methods for analyzing energy metabolism, have greatly improved our 

understanding of the mechanisms that integrate energy metabolism in the whole organism. 

Cellular metabolism has become a focus for basic investigations into the pathophysiology of 

chronic diseases.

Bone remodeling occurs throughout life and involves the coordination between bone 

resorption and new bone formation [2,3]. It has been known that bone resorption and 

formation are regulated by systemic and local release of cytokines and growth factors, 

including the bone morphogenetic proteins (BMPs) [4]. The bone remodeling unit is 

composed of multiple cell types including osteoblasts, osteocytes, and osteoclasts [5]. The 

remodeling cycle is initiated by bone resorbing osteoclasts via releasing protons and selected 

proteases. Then, stromal-derived mesenchymal cells are recruited to the freshly excavated 

site and differentiate into bone forming osteoblasts [6]. Mature osteoblasts produce and 

secrete type I collagen and mineralize bone, and in turn, give rise to bone lining cells or 

osteocytes [7]. Osteocytes secrete os-teokines such as sclerostin and function as mechanical 

sensors [8]. The process of remodeling takes ~100 days in humans from resorption to 

formation, and the entire skeleton is remodeled every 10 years [9]. It is therefore plausible 

that a high energetic cost is associated with these diverse skeletal functions [9]. Proper 

regulation and coordination of differentiation and function of each cell type is essential to 

maintain the adult skeletal homeostasis by coupling bone resorption to bone formation. 

Imbalances between osteoclast-mediated bone resorption and osteoblast-mediated bone 

formation will cause bone diseases, such as osteoporosis [10]. Osteoporosis is a major public 

health condition leading to an increased susceptibility to fractures. Recently, studies both in 

mouse models and in clinical cases showed that osteoporosis can be attributed to many 

pathological conditions that impact energy metabolism, such as diabetes mellitus and 

anorexia nervosa. Therefore, changes in bone cell energy metabolism have significant roles 

in regulating the differentiation and function of bone cells.

BMPs belong to the transforming growth factor-β (TGF-β) super-family [11,12]. BMPs bind 

to serine/threonine kinase receptors and initiate an intracellular transduction cascade through 

the canonical signaling mediated through SMADs and/or non-canonical BMP signaling 

through small GTPases, PI3K/AKT, LIM kinase-1 (LIMK1), and various types of MAPKs. 

BMP signaling has diverse functions in skeletogenesis and bone homeostasis [11]. BMPs 

have been demonstrated to play important roles in regulating the differentiation and function 

of osteoblasts and osteoclasts [11–15]. Genetic mutations of BMP signaling cause a wide 

variety of inheritable bone diseases in humans [11,12]. Recently, BMP signaling has been 

identified to have novel functions in regulating energy metabolism in many tissues, 

including adipose. This occurs directly or indirectly through dynamic cross-talk with other 

signals or cell processes such as mTOR, hypoxia, Wnt, autophagy, parathyroid hormone 

(PTH), and reactive oxygen species (ROS) [16,17]. These findings suggest that machinery 

for energy metabolism in bone cells is an unexplored target of BMP signaling in regulating 
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bone homeostasis. Until recently, information about the energy metabolism of bone cells, 

especially the role of BMP signaling in regulating energy metabolism for bone formation 

and resorption, has been largely absent.

In this article, we provide a review of the experiment evidence of (1) the metabolic 

properties of bone cells and the mechanisms that control energy substrate utilization and 

bioenergetics, (2) clinical correlations of metabolic diseases with bone homeostasis, (3) the 

roles of BMP signaling in controlling energy metabolism, and (4) interaction of BMP 

signaling with intrinsic mechanisms of energy metabolism in bone. Special attention is 

devoted to identifying gaps in our current understanding regarding the involvement of BMP 

signaling in this new area of skeletal biology. Additional studies are necessary to fill these 

gaps and better define the significance of BMP signaling function in bioenergetics of bone 

cells. These studies have opened new prospects for identifying novel targets for better 

prognostics and therapies against bone diseases.

2. Energy metabolism of bone cells

2.1. Overview of energy metabolism

Cells harvest the energy to generate adenosine 5′-triphosphate (ATP) from ingested or 

stored carbohydrates, fats, and proteins by processing them through a series of enzyme-

catalyzed reactions [18]. Glucose derived from either dietary carbohydrates or glycogen 

break-down is the preferred fuel for most cells in the body. Glucose is processed to generate 

ATP through glycolysis in the cytoplasm and oxidative phosphorylation in the mitochondria 

[19]. During the nine sequential reactions of glycolysis, ATP is generated from glucose by 

dismantling and reshuffling chemical bonds in a series of linked enzymatic reactions that 

produce pyruvate. The terminal product, pyruvate, can be converted to acetyl coenzyme A 

(acetyl CoA) by pyruvate dehydrogenase in the presence of oxygen for entry into the 

tricarboxylic acid (TCA) cycle or, alternately, can be converted to lactate by lactate 

dehydrogenase in hypoxia conditions. In some situations, glucose is converted to lactate in 

the presence of oxygen, referred to as aerobic glycolysis (aka the “Warburg Effect”) [20]. In 

addition to glucose, fatty acids and amino acids can also be used as substrates for generating 

energy through oxidative phosphorylation [21–23]. Free fatty acids, from either dietary fats 

or generated through lipolysis of adipocyte triglycerides, are another potent substrate for 

energy production and can also be stored in tissues. Oxidative metabolism of fats yields 

more than twice the energy of an equal weight of dry carbohydrates or proteins [21]. Certain 

amino acids can deaminate into “glucogenic” carbon-based molecules, and thus be used as 

substrates for glycolysis and/or further progression through the TCA cycle to generate ATP 

[23]. In this chapter, we will review the current understanding of the exogenous energy 

sources and bioenergetic pathways that are utilized by bone cells to meet their ATP need.

2.2. Energy metabolism in osteoblasts

2.2.1. Glucose metabolism in osteoblasts—Glucose has been long known as a 

major energy source for osteoblasts. Previous studies using radiolabeled glucose analogs 

have confirmed a significant uptake of glucose by bone [24,25]. Recent evidence suggests 

that osteoblast lineage cells generate ATP from glucose through both glycolysis and the 
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TCA cycle (Fig. 1A). It has been shown that progenitors of osteoblasts, including 

mesenchymal stem cells, primarily use glycolysis as their energy source, but switch to use 

both glycolysis and the TCA cycle after osteogenic induction [26–28]. Of note, in fully 

differentiated osteoblasts, glycolysis becomes predominant again to maintain ATP 

production (Fig. 1A) [28]. Increases in the oxygen consumption and extracellular 

acidification rates have been identified during osteogenic differentiation in both 

preosteoblastic cell line MC3T3-E1C4 and primary calvarial osteoblasts [28]. C3H/HeJ 

mice have a higher bone formation rate in vivo than C57BL6 mice. It has been identified that 

the oxygen consumption rates are higher in calvarial osteoblasts from C3H mice than those 

from C57BL6 mice [28]. These findings suggest that the activity of the TCA cycle positively 

correlates with bone formation. More carefully designed in vitro studies have confirmed that 

glycolysis is predominant in primary calvarial osteoblasts even in the presence of oxygen, 

regarded as “aerobic glycolysis” [29,30]. The necessity of aerobic glycolysis is speculated as 

need for (1) generating ATP at a faster rate, (2) providing metabolic intermediates (e.g. 
glucose carbons) to support a synthesis of matrix proteins, (3) generating citrate that is 

structurally important for the formation of apatite nanocrystals in bones. However, it is not 

clear yet which of these are relevant for osteoblasts. Altogether, these findings suggest that 

osteoblast differentiation and function are coupled with bioenergetic programs. Osteoblasts 

can adjust energy mechanisms to meet changing functional demands during their lifespan 

(Fig. 1A).

How glucose metabolism is involved in osteoblast differentiation and function is largely 

unknown. Glucose transporters are a group of membrane proteins that are critical to 

transport glucose into the cell [31]. Osteoblasts express specific members of the glucose 

transports such as Glut1, Glut3, and Glut4 [32]. Deletion of Glut1 diminishes osteoblast 

differentiation in vitro and essentially abolishes an increase of bone formation in Wnt7b 
overexpressing mice [33]. Mechanistic studies have identified that GLUT1 promotes 

osteoblast differentiation via suppression of the degradation of runt-related transcription 

factor 2 (RUNX2), which is a critical transcription factor for osteoblast differentiation [25]. 

RUNX2 also promotes Glut1 expression [25]. This feedforward regulation between RUNX2 

and GLUT1 determines the onset and extent of bone formation. GLUT4 is increased during 

osteoblast differentiation in direct association with up-regulation of glucose uptake [32]. 

However, genetic deletion of Glut4 does not cause an obvious skeletal phenotype [32]. 

These facts suggest potential functional redundancy of glucose transporters in osteoblasts 

differentiation.

Until now, only limited factors have been shown to regulate glucose metabolism in the 

differentiation and function of osteoblasts such as HIF-1α, PTH and Wnt (Fig. 1A). For 

example, stimulated aerobic glycolysis through HIF-1α stabilization in preosteoblasts 

significantly increases osteogenic differentiation and bone formation [34]. This phenotype is 

independent of the increase in angiogenesis but susceptible to glycolytic suppression. PTH 

induces glucose uptake and lactate production via aerobic glycolysis in osteoblasts through 

induction of insulin-like growth factor 1 (IGF-1) and up-regulation of glycolytic genes [30]. 

In addition, increased glycolysis is associated with osteoblast differentiation in response to 

Wnt signaling. Wnt3a, a known osteogenic factor, induces glycolysis through an mTORC2-

dependent pathway [35]. GLUT1 and glucose consumption are involved in Wnt7b-mediated 
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osteoblast differentiation in vitro and bone formation in vivo [33]. Further studies are 

required to clarify the mechanisms regulating glucose metabolism in osteoblasts. Details 

will be discussed in Section 5.

2.2.2. Amino acid metabolism of osteoblasts—Amino acids, the basic building 

blocks of protein biosynthesis, are divided into essential and nonessential amino acids. 

Amino acid metabolism has been shown to be important for osteoblast differentiation 

through protein intake studies. In primary rat calvarial osteoblasts, essential amino acids 

(e.g. Arg, Lys, Met, Thr, and Trp) have been shown to stimulate cell proliferation and 

differentiation [36]. Such effects are likely influenced both directly and/or indirectly by the 

insulin/insulin-like growth factor (IGF) signaling pathway (Fig. 1A) [36]. Of note, oxidized 

metabolites of certain amino acids are detrimental to osteoblasts such as dityrosine and 

kynurenine, metabolites from tyrosine and tryptophan respectively [37]. Therefore, different 

amino acids may have opposing effects in regulating the differentiation and function of 

osteoblasts.

Glutamine is the most abundant amino acid in circulation [38]. 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, 

glutathione, and hexosamine [38]. Recent studies have revealed an important role of 

glutamine metabolism in osteoblasts as an alternate fuel source. The active uptake and 

metabolism of glutamine is first identified in bone explants, suggesting the involvement of 

glutamine in bones [39]. The direct evidence of the involvement of glutamine in osteoblast 

precursors has been identified by using stable isotope tracing experiments [40]. Evidence 

suggests that glutamine is converted to citrate through oxidation in the TCA cycle, thus 

contributing to energy production in the mitochondria of the cells. Pharmacological 

inhibitors of glutamine metabolism suppress excessive bone formation caused by 

hyperactivation of Wnt signaling in vivo. In addition, glutamine may be a good alternative 

energy source for osteoblasts, as glutamine supplementation increases osteoblast viability in 

a low-glucose environment [40,41]. These findings indicate that glutamine is essential for 

osteoblast differentiation and function. Intriguingly, consumption of glutamine by bone 

marrow stromal cells, a population containing osteoblast precursors, declines with aging 

suggesting a link between glutamate usage and levels of osteoblast differentiation [42]. In 

addition, glutamine has also been reported to play an important role in maintaining redox 

homeostasis, thus enhancing the viability of osteoblasts [42]. This effect is stimulated by 

HIF-1α in instances of hypoxia and other cellular stress. Thus, glutamine is critical for 

producing energy and maintains redox homeostasis in osteoblast lineage cells. Further 

mechanisms and functions for glutamine in these cells remain to be clarified.

Correlations between amino acid transport and osteoblast-dependent collagen synthesis have 

been suggested by studies regarding the role of ATF4 in collagen synthesis [43]. ATF4 has 

been shown to regulate amino acid import in some cell types, such as CD4+ T cells [44]. In 

osteoblasts, deletion of Atf4 suppresses type I collagen synthesis without affecting the 

expressions of α1(I) Collagen, Runx2 and Osterix. Interestingly, addition of nonessential 

amino acids in culture medium restores the defect in collagen synthesis in osteoblasts 
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lacking ATF4 [43]. These results indicate that the decrease in type I collagen synthesis 

observed in Atf4-deficient osteoblasts is secondary to a decrease in amino acid import.

2.2.3. Fatty acid metabolism of osteoblasts—Intracellular fatty acids have also 

been identified as energy sources for osteoblast differentiation in bone marrow stromal cells 

(BMSCs) (Fig. 1A). Studies have demonstrated that oxidation of fatty acids by osteoblasts 

for energy generation is controlled by both Wnt-Lrp5 signaling and β-catenin, and that a loss 

in this process results in decreased bone mass along with increased whole body fat mass 

[45–49]. Fatty acid oxidation in osteoblasts is shown to be required for normal bone 

acquisition in a sex and diet-dependent manner [50]. These effects of fatty acids on 

osteoblast function could be mediated by fatty acid translocase (e.g. CD36) or specific 

receptors (e.g. GPR120) [51,52]. Recent findings showed that osteoblasts express the fatty 

acid translocase CD36. Mice lacking CD36 exhibit a low bone mass phenotype secondary to 

reduced osteoblast numbers and activity [51]. GPR120 transcripts are present in primary 

bone marrow-derived MSCs and expression levels gradually increase during osteogenic 

induction [52]. In addition to serving as fuel substrates for osteoblasts, certain lipids exert 

detrimental effects on osteoblasts. As reported recently, conditioned medium from 

adipocytes inhibits proliferation of human MSCs and reduces expressions of several 

osteoblast differentiation marker genes. Of note, these inhibitory effects are ameliorated by 

pretreatment of adipocytes with inhibitors of fatty acid synthesis [53]. Thus, fatty acids 

function as (1) energy source to facilitate bone formation, and (2) detrimental effectors to 

suppress osteogenic differentiation possibly via specific receptors. Future studies are likely 

to reveal additional mechanisms and functions of fatty acids in osteoblast lineage cells.

2.3. Energy metabolism in osteocytes

Osteocytes are terminally differentiated osteoblasts and embedded in bone matrix. Although 

osteocytes make up close to 95% of the cells in the adult skeleton [54], there are virtually no 

data on osteocyte bioenergetics (Fig. 1A). Osteocytes are exposed to low oxygen tensions 

and highly express inducible factor-1α (HIF-1α) and related genes [54,55]. The absolute 

local oxygen tension (pO2) is quite low in the bone marrow of live mice (< 32 mmHg, or < 

4.2%), especially in deeper peri-sinusoidal regions (pO2 9.9 mmHg, or 1.3%) [55]. In 

addition, recent finding identified that oxygen sensing in osteocytes negatively regulates 

bone mass. Enhanced HIF-1α signaling caused by a conditional deletion of Phd2 or Vhl 
(HIF-1α-degrading machinery) in osteocytes results in a high bone mass phenotype due to 

increased bone formation and decreased resorption [56,57]. There is an interesting contrast 

since Hif1α deletion in osteocytes has no overt effects on bone [57]. There is also suggestive 

evidence showing a highly correlation between glycolysis related proteins and mitochondria 

content with the expression of oxygen-regulated protein 150 (ORP150) in osteocytes 

[58,59]. Functions of HIF signaling on bone homeostasis will be further discussed in Section 

5.2. These facts lead to the hypothesis that they would be highly glycolytic in their energy 

production. Osteocytes have been shown to acquire the capacity to resorb bone via 
generating protons and acidifying their microenvironment during extreme calcium 

deficiency [60]. Bone-lining cells can become osteoblasts with PTH treatment, but they can 

also remain quiescent or retract to expose bone surfaces prior to osteoclast-mediated bone 

resorption [61]. These finding suggest that osteocytes should be metabolically active during 
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bone remodeling. Immortalized cell models and new isolation techniques of primary 

osteocytes should provide greater insights into their energy status or their ultimate fate 

during remodeling.

2.4. Energy metabolism in osteoclasts

Osteoclasts would be expected to need a substantial amount of energy due to their motility 

and specialized functions related to bone resorption. Glucose is an important energy source 

for osteoclasts (Fig. 1B). Depletion of glucose suppresses osteoclast function, as 

replacement of glucose with galactose reduced collagen degradation in an in vitro culture 

method used to model bone resorption [62]. Both glycolysis and the TCA cycle are 

important for osteoclast formation and function [62,63]. Studies with osteoclasts 

differentiated from mouse marrow cells on plastic (i.e. non-resorbing cells) show that 

RANKL treatment results in increased lactate production, along with large increases in 

oxygen consumption, and the expression of mitochondrial respiratory chain enzymes. These 

findings suggest that both aerobic and anaerobic respiration occur during osteoclast 

differentiation and function. Glycolytic enzymes PKM2 and GAPDH have been found to 

localize at the sealing zone, close to the actin ring. The specific location of these glycolytic 

enzymes suggests that glycolysis may function at the bone resorption site, allowing for 

rapid, effective generation and delivery of ATP for motility and activity for the vacuolar H+ 

pump during resorption [62]. During osteoclast differentiation, mitochondrial respiration is 

dominant to produce high level of ATP (Fig. 1B) [63]. Inhibition of mitochondria respiration 

using rotenone, an inhibitor of mitochondrial complex 1, strongly decreases 

osteoclastogenesis and blocks resorption pit formation in vitro [63,64]. Rotenone also 

reduces lipopolysaccharide (LPS) -induced bone loss in vivo [64]. Deletion of the 

peroxisome proliferator-activated receptor-gamma coactivator 1 beta (Ppargc1β, aka Pgc1β) 

gene in mice impairs mitochondria biogenesis and suppresses osteoclast differentiation and 

function [65]. Recent study using macrophage-specific mutant mice with LysM-Cre found 

that Ppargc1b-deficient macrophages differentiate normally into osteoclasts, but albeit with 

impaired resorptive function due to cytoskeletal disorganization [66]. Of note, suppression 

of mitochondria function has also been shown to up-regulate osteoclast functions. For 

example, deletion of mitochondrial transcription factor A (Tfam) leads to severe ATP 

depletion but elevates bone-resorbing activity [67]. Sirt3, a mitochondrial (NAD)+-

dependent protein deacetylase, is identified as a negative regulator of osteoclastogenesis 

[68,69]. Mice lacking Sirt3 have enhanced production of osteoclasts, due to the loss of 

normal osteoclast inhibitory activity of Sirt3 to inhibit RANKL-mediated osteoclastogenesis 

through stabilization of AMPK protein [69]. Taken together, osteoclast formation uses 

oxidative phosphorylation as a main bioenergetic source, while bone resorption function 

mainly relies on glycolysis.

The molecular mechanisms involved in regulating energy metabolism during osteoclast 

differentiation and function have been revealed recently (Fig. 1B). MYC is a key upstream 

regulator for metabolic reprogramming to oxidative phosphorylation in osteoclasts [70]. 

Genetic studies identified that osteoclast-specific Myc-deficient mice exhibit defective in 

osteoclast development, and protect mice from osteoporosis-induced bone loss [70]. Besides 

MYC, researchers found that hypoxia-inducible factors (HIFs) also regulate metabolic 
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pathways in osteoclasts. The study found that hypoxia increases glutamine consumption, 

glycolysis activity, ATP production, and mitochondrial electron transport chain activity in 

osteoclasts [71]. These effects permit rapid bone resorption in a short term, while 

compromising long-term cell survival. In cultured chicken osteoclasts, bone-resorbing 

activity is increased in a medium supplemented with glucose, mechanistically associated 

with signaling through p38 MAPK [72,73]. Besides glucose, whether and to what extent 

other substrates such as fatty acids and amino acids contribute to oxidative phosphorylation 

during osteoclastogenesis are yet to be clarified.

Various metabolic products or by-products, including ATP, pyruvate, H+ ions, and reactive 

oxygen species (ROS), are known to exert direct actions on osteoclast function. ATP is 

released in small amounts into the extracellular environment by cells. It acts on P2 receptors 

in an autocrine or paracrine fashion to modulate cell function. At concentrations within the 

physiological range (2–5 mM inside cells), ATP is a potent stimulator of both the formation 

and activity of osteoclasts. However, higher concentration of ATP inhibits the formation and 

activity of osteoclasts [74]. Pyruvate plays important roles in boosting oxygen consumption 

of non-resorbing osteoclasts derived from mouse marrow cells [75]. It is noteworthy that a 

moderate increase in pyruvate levels significantly enhances osteoclast-like cell formation 

from RAW264.7 cells [75]. H+ ions are universal by-products of cellular metabolism to 

make extracellular environment acidic. Acidosis is demonstrated to play significant roles in 

the differentiation and activation of osteoclasts via up-regulating various genes responsible 

for cell adhesion, migration, survival and bone matrix degradation [76,77]. ROS, including 

superoxide anion (O2−), hydrogen peroxide (H2O2), and hydroxyl radical (•OH) are 

produced at the electron transport chain during aerobic respiration. ROS has been shown to 

be important components that stimulate both the formation and resorptive activity of 

osteoclasts [78,79]. Functions of other metabolic products or by-products in regulating the 

formation and function of osteoclasts remain to be clarified.

3. Correlation of metabolic diseases with bone homeostasis

In addition to the local cell energy metabolism, many clinical conditions that impact whole 

body energy metabolism, such as diabetes mellitus (DM), anorexia nervosa (AN), and 

anabolic treatments for osteoporosis, have been reported to affect the bone homeostasis.

3.1. Diabetes mellitus

Diabetes mellitus (DM) is a chronic disease characterized by impaired glucose metabolism 

in liver, fat, and skeletal muscle, leading to varying degrees of fuel starvation in those tissues 

[80]. Clinically, systemic metabolic disruptions associated with DM are known to decrease 

bone turnover and alter the bone material properties and microstructure (Fig. 2A) [81,82]. 

The relationship between DM and osteoporosis is complex. One possible mechanism is the 

compromised properties of collagen (the most abundant of the bone proteins) due to 

complications with hyperglycemia, oxidative stress, and glycation end-product accumulation 

[83]. In addition, DM is associated with declining renal function and microvascular 

complications, which limit blood flow to the bone [84]. Consequently, the circulating 

bioactive hormones, including osteocalcin (OCN) are decreased in bone, which also 
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contribute to skeletal fragility. Moreover, both type 1 and late-stage type 2 DM impair 

insulin dependent actions of the liver. Defects in liver function suppress production and 

release of IGF-1, thus affecting the bioenergetics and function of osteoblasts [85]. However, 

how exactly fuel metabolism in bone cells is altered in DM is not clear at present. The 

linkage between DM and bone creates possibilities that certain antidiabetic therapies may 

affect bone homeostasis.

3.2. Anorexia nervosa

Anorexia nervosa (AN) is a psychiatric disease characterized by a voluntary food restriction 

[86,87]. Malnutrition in the form of calorie deficit occurs in AN, as energy is utilized to 

maintain tissue homeostasis rather than anabolic activity. This causes significant changes in 

whole body energy metabolism. AN has a profound impact on skeletal remodeling. Bone 

formation is suppressed while bone resorption is increased in AN in both mice and humans 

(Fig. 2B). Anorexic patients have very low bone mass and markedly enhanced skeletal 

fragility, as well as persistent difficulties with hypoglycemia and hypothermia. It is not clear 

how bioenergetic profiles in bone cells change during severe nutritional stress. Patients with 

AN also have low nutrient substrates, such as glucose, fatty acids, and amino acids, thus lack 

fuel source for energy metabolism [88] (Fig. 2B). In addition, serum IGF-1 level is reduced 

in AN [89]. These facts suggest that glycolysis is suppressed (Fig. 2B). Further studies are 

needed to determine how AN affect energy metabolism, and its role in regulating bone 

homeostasis.

3.3. Anabolic treatments for osteoporosis

Osteoporosis is a disease that causes bone fragility and an increased risk of fractures due to 

low bone mass and structural deterioration of bone tissue. Parathyroid hormone (PTH) 1–34 

and abaloparatide, a PTH-related protein analog, are currently the only FDA-approved 

anabolic drugs to treat osteoporosis. Mechanistically, intermittent administration of PTH1–

34 or abaloparatide, stimulates new bone formation acting via PTH1 receptor (PTH1R), thus 

increasing bone mass and reducing fracture risk (Fig. 2C) [90]. This effect is probably due to 

the function of PTH1R on the induction of osteoblastogenesis from marrow stromal cells 

and bone-lining cells [91]. As previously noted, several studies have shown that PTH 

stimulates aerobic glycolysis in osteoblast lineage cells [30]. The bone anabolic effect of 

intermittent PTH was shown to be diminished when reducing glycolysis with the PDK1 

inhibitor dichloroacetate in mice [30]. These findings indicate glycolysis is critical for PTH 

induced bone formation. Of note, PTH treatment also increases the oxygen consumption 

rate, suggesting the possible use of other fuel sources through the TCA cycle [30]. However, 

the alternative fuel source is not clear yet. One possible source is fatty acids from the bone 

marrow adipocytes. Marrow adipose tissue occupies > 70% of the bone marrow in rodents 

and humans [92]. PTH could use endogenous marrow to fuel osteoblasts by lipolyzing 

triglycerides to produce free fatty acids and glycerol [46]. Therefore, energy metabolism, 

especially glycolysis, is a critical mechanism of PTH-mediated bone formation. Further 

studies are remained to clarify the alternative sources needed to fuel mitochondrial oxidative 

phosphorylation and the mechanism involved. The molecular mechanisms regarding how 

PTH regulates glycolysis and its possible interaction with BMP signaling will be discussed 

in Section 5.4.
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4. Role of BMP signaling in controlling whole body energy metabolism

In addition to its critical functions in bone development and homeostasis, BMP signaling 

plays a pivotal role in glucose and fatty acid metabolism. It was recently reported that 

glucose metabolism induced by BMP signaling is essential for murine skeletal development 

[93]. The authors found that deletion of Bmpr1a in chondrocytes markedly reduces GLUT1 

levels in vivo, whereas recombinant BMP-2 administration increases Glut1 mRNA and 

protein levels in vitro, boosting glucose metabolism in primary chondrocytes. These findings 

suggest that energy metabolism may be a novel mechanism downstream of BMP signaling 

in regulating bone homeostasis. In this chapter, we will review recent publications reporting 

the function of BMP signaling in glucose metabolism and fatty acid metabolism.

4.1. BMP signaling in glucose metabolism

BMPs have recently been implicated in pancreas development as well as controlling adult 

glucose homeostasis (Fig. 3). The entire BMP signaling machinery, including BMP ligands 

(BMP-2, 3, 4, 6, 7, and 9), receptors (BMPR1A, BMPR1B, BMPR2), and downstream 

signaling components (SMADs, IDs), are present in pancreatic islets [16]. Systemically, 

BMP expression and secretion may arise from several tissues in response to the 

inflammatory diabetogenic environment. For example, cytokine exposure of primary islets 

induces up-regulation and secretion of BMP-2. The released BMP-2 increases expression of 

Id1, 2, 3, 4, direct targets of BMP signaling, indicating autocrine effects BMP signaling [94]. 

These observations are also reflected in increased expression of Bmp2, 4 and Id-1 in islets 

from type 2 DM mice [95]. An age-dependent increase in serum BMP-4 and decrease in 

serum BMP-7 levels are observed in animal models of type 2 DM [96]. Moreover, there has 

been reported a negative correlation of BMPR1A level, while a positive correlation of 

BMPR2 level, in visceral and subcutaneous adipose tissues with parameters of glucose 

metabolism, insulin sensitivity and obesity [97]. In addition, insulin secretion is stimulated 

in mice expressing Bmp4 under the control of the beta-cell specific promoter, and in mice 

treated by systemic administration of BMP-4 [98]. These changes in diabetes development 

suggest that BMP signaling pathway has important functions in regulating glucose 

metabolism.

BMP signaling has been shown to play a pivotal role in regulating glucose metabolism via 
recent genetic studies (Fig. 3). Mice heterozygous for Bmpr1a null allele show attenuated 

glucose homeostasis [99]. Beta-cell specific homozygous deletion of Bmpr1a shows a 

similar phenotype on glucose homeostasis [98,100]. This phenomenon is associated with 

abnormal expression of metabolic genes, glucose sensing, and reduced expression of several 

key regulators of β-cell function. Mutation or deficiency of BMPR2 is associated with 

increased glycolysis in pulmonary arterial endothelial cells [101]. These findings 

demonstrate a critical role of BMP signaling in glucose homeostasis. Among BMP ligands, 

BMP-9 has been identified as a factor that regulates blood glucose homeostasis via 
inhibition of hepatic glucose production [102]. Overexpression of BMP-9 causes a 

downregulation of gluconeogenic genes, increase of phosphorylation of insulin signaling 

molecules, amelioration of triglyceride accumulation and inhibition of lipogenic gene 

expressions in the liver [103].
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BMP-2, 4, 6, and 7, in addition to BMP-9, also have been reported to regulate glucose 

metabolism (Fig. 3). BMP-2 enhances mitochondrial metabolism and oxidative 

phosphorylation with a minimal effect on key glycolytic regulators in articular chondrocytes 

[104]. BMP-2 boosts glucose metabolism via increasing Glut1 mRNA and protein levels in 

primary chondrocytes [93]. BMP-6, which signals through BMPR1A, BMPR1B and 

ACVR2a, reduces circulating glucose in obese mice, and suppresses gluconeogenesis and 

glucose output in hepatoma cells [105]. BMP-2 and BMP-6 enhances insulin-mediated 

glucose uptake through increasing GLUT4 protein levels in both insulin-sensitive and -

insensitive adipocytes [106]. It is noted, however, that subsets of genes, which are involved 

in glucose and fatty acid metabolism, and adipokine expression, are regulated exclusively by 

BMP-2 or BMP-6. These results indicate that the effects of BMP-2 and BMP-6 are not 

completely redundant [106]. BMP-4 has a dual role in regulating glucose metabolism. A 

transgenic mouse line with forced expression of BMP-4 in adipose tissues shows decreased 

levels of fasting serum glucose and insulin. In addition, BMP-4 significantly reduces levels 

of fasting glucose and insulin that are elevated by high fat diet [107]. These results indicate 

that BMP-4 increases insulin sensitivity. Contrarily, BMP-4 has been shown to decrease 

insulin sensitivity. In the liver, muscle, and adipose cell lines, BMP-4 inhibits insulin 

signaling through activation of PKC-θ isoform followed by serine phosphorylation of IRS-1, 

thus resulting in insulin resistance in diabetic subjects [96]. In addition to functions of 

BMP-2, 4, and 6, BMP-7 treatment enhances glucose uptake in the insulin sensitive tissues, 

such as the adipose tissues and muscles, by increasing GLUT4 translocation to the plasma 

membrane through phosphorylation and activation of PDK1 and Akt [96]. Restoration of 

BMP-7 levels in serum decreases blood glucose levels in diabetic animals. BMP-7 enhances 

glucose utilization in the basal ganglia ipsilateral to stroke [108]. Therefore, BMP ligands 

play important roles in regulating glucose metabolism.

Enhanced BMP signaling via inhibition of its antagonist Noggin also shows defects in 

glucose metabolism [109]. It has been shown that SMAD5, a BMP signaling molecule, 

physically interacts with hexokinase 1 (HK1) in the cytoplasm to enhance glycolysis [110]. 

Loss of function of SMAD5 causes glycolysis defects and irreversible dysregulation of 

cellular bioenergetic homeostasis. Similarly, promotion of phospho-SMAD1/5/8 

translocation into the nucleus impaired glycolytic metabolism, thus causing chondrocyte 

hypertrophy-like changes. Altogether, these finding suggest BMP signaling plays important 

roles in regulating glucose metabolism in a highly context dependent manner.

4.2. BMP signaling in fatty acid metabolism

BMP signaling also regulates fatty acid metabolism (Fig. 3). High-throughput screens using 

C. elegans reveal that importance of BMP signaling in mitochondrial lipid oxidation. Mutant 

worms defective in each level of BMP signaling pathways, including ligands, receptors, 

signaling molecules and co-transcription factors, exhibit increased rates of lipid mobilization 

in association with the induction of mitochondrial β-oxidation and mitochondrial fusion 

[111]. BMP signaling is also critical in Drosophila fat body where it positively regulates 

nutrient storage and energy homeostasis [112]. In vertebrates, genetic involvement of ligands 

and receptors in regulating fatty acid metabolism are also reported. BMP-4 has a dual role in 

either promoting or repressing fatty acid oxidation in a cell context-dependent manner. 
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BMP-4 treatment suppresses expression of β-oxidation genes (e.g. Hadha, Hadhb, Acadm, 

and Acadvl) and mitochondrial genes involved in fatty acid uptake (e.g. Cpt1-β, Cpt2, and 

Crat) in brown pre-adipocytes. Moreover, administration of exogenous free fatty acids 

causes a blunted increase in oxygen consumption rate in BMP-4-treated brown pre-

adipocytes [113]. Similarly, forced expression of BMP-4 in white adipose tissues (WATs) 

increases mitochondrial biogenesis (e.g. UCP-1, PGC1α, and mtTFA), and the expression of 

fatty acid-oxidizing genes (e.g. Cycs, CPT1b, and MCAD) [107]. These findings indicate 

that BMP-4 reduces fatty acids oxidation in adipocytes. However, BMP-4 depletion restores 

fatty acids and possibly enhances fatty acid oxidation in EGFR-mutant non-small-cell lung 

cancer cells [114]. In addition to BMP-4, BMP-7 increases mitochondrial activity and fatty 

acid uptake of mature brown adipocytes [115]. Overexpression of Bmp9 ameliorates lipid 

accumulation both in vivo and in vitro primarily through the suppression of lipogenic genes 

[116]. BMP-9 has also been shown to regulate key enzymes of fatty acid synthesis in the 

liver, promote insulin release from the pancreas, suppress hepatic glucose production and 

increase brown adipogenesis in adipose tissues [102]. Patients with BMPR2-associated 

heritable pulmonary arterial hypertension also show fatty acid oxidation defects and cardiac 

steatosis. Impairment in fatty acid oxidation and increased glycolysis in endothelial cells 

from the patients are direct consequences of the mutation in BMPR2 [117]. Similarly, 

abrogation of BMP signaling via expressing a dominant-negative form of Bmpr2 causes an 

increase in long-chain fatty acids coupled with increased lipid import and impaired fatty acid 

oxidation in the cardiomyocytes [118]. In addition, enhanced BMP signaling in an 

adipocyte-specific deletion of Noggin promotes age-related obesity along with changes in 

expressions of adipogenesis and lipid metabolism related genes [109]. Altogether, these data 

highly support the idea that BMP signaling regulates fatty acid metabolism. However, it 

remains to be clarified how BMP signaling regulates fatty acid metabolism in bone 

homeostasis.

Adipose tissues are metabolically active tissues with endocrine effects, which include white 

adipose tissues (WATs), brown adipose tissues (BATs), and bone marrow adipose tissues 

(MATs) [119,120]. Adipose tissues function to both take up fatty acids via the action of 

lipoprotein lipase and release fatty acids by the hydrolysis (lipolysis) of stored intracellular 

triacylglycerol [121]. White adipocytes in WATs store energy and brown adipocytes in BATs 

are thermogenic through lipolysis. Cold exposure induces brown adipose-like tissues within 

WATs capable for thermogenesis, which are classified as beige (or “brite” as brown-in-

white) adipocytes [13,122,123]. Adipose tissues, especially MATs, regulate bone remodeling 

via extracellular vesicles, adipokines (i.e. leptin and adiponectin), or cytokines (e.g. IL-1β, 

IL-6 and TNF-α) [124–126]. Osteoblasts and bone marrow adipocytes are derived from 

same progenitor cells, such as bone marrow mesenchymal stem cells. Marrow adipocytes 

inhibit the osteogenic differentiation of mesenchymal stem cells via suppressing BMP 

signaling [53]. Hypoxia also plays critical roles in regulating the osteogenesis and 

adipogenesis of bone marrow mesenchymal stem cells in a highly context dependent manner 

[127].

There is accumulating evidence that BMP signaling plays a critical role in adipogenesis, 

including the commitment of undifferentiated progenitor cells, maturation of pre-adipocytes, 

and browning of white adipocytes [13]. BMP-4 and BMP-7 are the most studied BMP 
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ligands in adipocytes formation, with major roles in white adipogenesis and brown 

adipogenesis, respectively [16,128,129]. Genetic mouse models reveal that type 1 receptors 

ACVR1 and BMPR1A, but not BMPR1B, are essential for brown adipogenesis [130,131]. In 

lower temperature condition, brown adipocytes generate heat by dissipating energy. Brown 

adipocytes also generate hypoxic microenvironment induced by BMP ligands, which drives 

the early steps of heterotopic endochondral ossification [132]. Taken together, these facts 

suggest that BMP signaling differentially influences the bone metabolism via regulating 

adipose tissues at regular, hypoxia, or lower temperature conditions.

5. Crosstalk of BMP signaling with intrinsic mechanism of energy 

metabolism in bone

To achieve the metabolic flexibility of bone cells at different stages in their life span, 

signaling molecules and transcription factors are coupled with extracellular queues to 

downstream bioenergetics pathways. Several key metabolic signaling pathways have been 

reported to program the bioenergetics of bone cells, such as mTOR, HIF, Wnt, PTH, 

autophagy, and ROS (Figs. 4–8). BMP signaling has been reported to regulate these 

signaling pathways, thus may regulate energy metabolism of bone cells secondarily through 

these pathways.

5.1. mTOR

The mammalian target of rapamycin (mTOR) represents an important energy sensor, and 

integrates intracellular and extracellular signals that affect cell growth, energy metabolism, 

and autophagy [133]. mTOR is a serine/threonine kinase that functions via two functionally 

distinct complexes, the rapamycin-sensitive mTOR complex 1 (mTORC1; mTOR-Raptor) 

and the rapamycin insensitive mTORC2 (mTOR-Rictor). mTORC1 plays a central role in 

regulating cell size and proliferation through regulating the balance between anabolism and 

catabolism in response to environmental conditions [134]. To facilitate cell growth, 

mTORC1 has been shown to play important roles in regulating energy metabolism (Fig. 4), 

including (1) promoting a shift in glucose metabolism from oxidative phosphorylation to 

glycolysis via the transcription factor HIF-1α, which drives the expression of several 

glycolytic enzymes such as phospho-fructo kinase (PFK), (2) activating sterol responsive 

element binding protein (SREBP), resulting to increased flux through the oxidative pentose 

phosphate pathway and fatty acid synthesis [135]. Consistent with in vitro studies, recently 

developed transgenic mouse models have revealed an essential role of mTOR signaling in 

regulating energy metabolism at the organismal level, such as glucose and lipid homeostasis. 

The dysregulation of mTOR signaling causes a number of metabolic pathological 

conditions, including type 2 DM [134]. Genetics studies have shown that mTOR signaling 

plays important roles in regulating the differentiation and functions of both osteoblasts and 

osteoclasts [136]. Recent work suggests that the osteoblast differentiation program is linked 

to whole body metabolism through mTOR signaling [137]. Constitutively activate mTOR 

signaling via deletion of Tsc2 in osteoblasts results in excessive proliferation and the 

production of disorganized bone. These skeletal changes are accompanied by metabolic 

disturbances, including hypoglycemia, hyperinsulinemia, and increased undercarboxylated 

osteocalcin, a metabolic profile in osteoblasts [137]. Therefore, mTOR plays an important 
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role in regulating glucose and lipid metabolism to facilitate cell growth and function, and 

links osteoblast differentiation with whole body metabolism.

As an energy sensor, mTORC1 can respond to growth factors, intracellular signaling, and 

environmental stress such as low ATP levels and hypoxia [138]. Recent reports showed that 

mTORC1 senses glucose through phosphorylation and activation of TSC2 indirectly and 

phosphorylation of Raptor directly by AMPK signaling, or inhibition of the Rag GTPases in 

cells lacking AMPK [139]. Similarly, hypoxia inhibits mTORC1 in part through AMPK 

activation, but also through the induction of REDD1-TSC [140]. It is reported that BMP 

signaling regulates mTOR signaling in several cell types (Fig. 4). In the osteogenic 

differentiation of bone marrow stromal cells (BMSCs), BMP-2 activates mTOR signaling 

and its downstream target genes regulating protein anabolism, such as Atf4 and Ddit3 [141]. 

Similarly, BMP-7 has been shown to stimulate osteogenesis and adipogenesis in a primary 

culture of fetal rat calvaria through mTOR signaling [142]. Recent genetic studies show the 

most direct evidence that BMP signaling induces glucose metabolism via mTORC1 during 

murine skeletal development [93]. These findings suggest that mTOR functions downstream 

of BMP signaling in osteoblast differentiation. However, further studies are required to 

obtain a more detailed understanding of BMP-mTOR signaling in the differentiation and 

function of other bone cells, as well as the involvement of energy metabolism downstream of 

this signaling.

5.2. HIF

The bone cells exist and operate in a low-oxygen (hypoxic) environment of bone marrow 

(refer to Section 2.3 for more supporting evidence). HIFs mediate the cellular response to 

hypoxia by activating genes controlling bioenergetics, oxygen supply, and consumption to 

allow cells to survive, proliferate, and differentiate in a hypoxic environment. Three human 

HIF family members have been identified, HIF-1, HIF-2, and HIF-3. HIFs function as 

heterodimers comprised of α subunit and β subunit, which dissociate in normal oxygen 

(normoxic) conditions. The most extensive characterization has been provided for HIF-1α. 

HIF-1α is degraded by the proteasome in a normoxic condition, while stabilized by hypoxia. 

Thus, HIF-1α activity increases in hypoxic cells [143]. HIFs have previously been linked to 

a promotion of angiogenesis and coupling between osteogenic and angiogenic processes 

[144]. In many cells, HIF-1 serves as a molecular switch diverting energy production from 

oxidative to glycolytic metabolism under hypoxic conditions [145] (Fig. 4). It has been 

reported that in human mesenchymal stromal cells (MSCs), hypoxia induces the expression 

of HIF-1α protein and its target genes (GLUT1, LDHA, PGK1), indicating up-regulation of 

glycolysis [144]. Reduction of HIF-1α expression suppresses the hypoxia-induced 

osteogenic differentiation of human MSCs. Studies using in vivo postnatal mouse models 

have shown that stabilization of HIF-1α in osteoblast precursors increases osteoblast 

population and stimulates cancellous bone formation [34]. Pharmacological inhibition of 

glycolytic enzyme pyruvate dehydrogenase kinase 1 (PDK1) reverses HIF-1α-driven bone 

formation in vivo [34]. These findings indicate that glycolysis is an important downstream 

target of HIF-1 in osteoblast differentiation and bone formation.
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BMPs have dual functions in regulating HIF-1 signaling dependent on cell type (Fig. 4). 

BMP-2 and BMP-9/SMAD-1/5/9 mediated signaling induces expression of HIF-1α in 

MSCs, while BMP-2 downregulates HIF-1α in glioblastoma cells [103,146,147]. HIF1α 
gene silencing inhibits the effect of hBMP-2 on endothelial tube formation [148]. 

Dorsomorphin, an inhibitor for AMP-activated kinase (AMPK) and BMP type 1 receptor 

kinases, blocks hypoxic activation of HIF-1α in vitro [149]. HIF-1α is a critical downstream 

intermediate in the mTOR signaling pathway and rapamycin inhibits HIF-1α through 

mTOR. A recent report has identified a BMP-mTORC1-HIF-1α signaling cascade resulting 

in up-regulation of Glut1 in chondrocytes during development [93]. These findings indicate 

HIF-1α, which functions downstream of BMP signaling, regulates glycolysis activity in 

skeletal formation. Conversely, hypoxia also activates BMP signaling. Hypoxia and ischemic 

reperfusion in intestinal epithelium upregulate the expression levels of Bmp2, Bmp4, 

Bmpr1a, and Bmpr2 [150]. In cartilage and osteoblasts, hypoxia induces Bmp2 expression 

partially through HIF-1α induced ILK-mTOR-AKT pathways [151]. However, it remains to 

be clarified how BMP signaling regulates energy metabolism through its correlation with 

HIF-1 in bone cells.

5.3. Wnt signaling cascades

Wnt signaling is a major mechanism for stimulating bone accrual in both mice and humans 

by activating genes required for osteoblast differentiation and function [152]. In the 

developing skeletal system, Wnt signaling regulates the differentiation of progenitor cells 

into osteoblasts. Wnt signaling also helps to increase bone mass through stimulating pre-

osteoblast replication, inducing osteoblastogenesis, or inhibiting apoptosis of osteoblasts and 

osteocytes [152].

Recent work has linked the bone anabolic function of Wnt signaling with increased energy 

metabolism in osteoblast-lineage cells, including glycolysis, fatty acid, and glutamine 

metabolism [153] (Fig. 5). For example, Wnt3a, Wnt7b and Wnt10b, which promote 

osteoblast differentiation of a bone marrow stromal cell line ST2, also stimulate aerobic 

glycolysis with increased glucose consumption, and lactate production [35]. Further studies 

have identified that Wnt signaling regulates glucose metabolism through its coreceptor 

LRP5. The authors found that Wnt signaling-regulated aerobic glycolysis is independent of 

β-catenin and GSK3β, but relies on LRP5 to activate mTORC2-AKT signaling during 

osteoblast differentiation [35]. Consistent with in vitro studies, mice lacking Lrp5, which 

have defects in bone formation, contain low levels of serum lactate and glycolysis enzymes 

HK2, LDHA and PDK1 in bones. In comparison, high-bone-mass mice harboring the point 

mutation of A214V in LRP5 show higher expression levels of HK2, PDK1 and LDHA in 

bones [35]. These findings indicate that Wnt-LRP5 induced metabolic reprogramming 

contributes to osteoblast differentiation. Mice lacking Lrp5 also exhibit an increased body 

fat due to reductions in the fatty acid oxidative potential of Lrp5-deficient osteoblasts [48]. 

In comparison, activation of Wnt signaling through either Lrp5 hyperactivation or Wnt10b 

stimulation increases the expression genes involved in fatty acid metabolism in murine 

calvarial osteoblasts [48]. Therefore, Wnt/Lrp5 also regulates fatty acid oxidation in 

osteoblasts (Fig. 5). In addition to glycolysis and fatty acid oxidation, Wnt signaling 

(Wnt3a) also stimulates glutamine oxidation in the TCA cycle via mTORC1 [40]. 
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Importantly, pharmacological inhibition of glutaminase normalizes the high bone mass 

caused by enhanced Wnt signaling in mice. However, the involvement of energy metabolism 

in Wnt signaling-induced osteoclast formation and function remain to be clarified.

BMPs have dual functions in regulating Wnt signaling (Fig. 5). BMP induces Dkk1 and Sost 
expression through MAPK and SMAD signaling, respectively, leading to suppressed Wnt 

signaling in osteoblasts and reduced bone mass [154]. BMP-2 inhibits the activity of β-

catenin via inducing the formation of SMAD1-Dvl-1 complex [155]. SMAD4 competitively 

binds β-catenin and prevents its binding with a TCF/LEF transcription complex, thus 

suppressing Wnt signaling in osteoblasts [156]. On the other hand, osteoblastogenesis is 

maximized in the presence of both BMP and Wnt signaling. One mechanism is a 

cooperative action of downstream transcription co-factors. It is reported that SMAD and 

TCF/LEF/β-catenin form a complex to achieve the highest expression of osteoblast genes 

(Dlx5, Msx2, and Runx2) [157]. Alternatively, BMP-2 also promotes canonical Wnt 

signaling by inducing Wnt3a, Wnt1, Lrp5 expression and inhibiting β-catenin degradation 

via β-TrCP (F-box E3 ligase) in osteoblasts [158] (Fig. 5). Ablation of SMAD4 in 

preosteoblasts significantly downregulates Lrp5 expression and impairs both BMP and Wnt 

signaling [156]. Further studies are required to clarify the possible involvement of energy 

metabolism in BMP-Wnt signaling mediated bone formation and resorption.

5.4. Parathyroid hormone (PTH)

Parathyroid hormone (PTH) is a major endocrine regulator of extracellular calcium and 

phosphate levels [159,160]. Continuous PTH administration (cPTH) causes loss of bone 

mass, as found in patients with chronic hyperparathyroidism. The bone loss caused by cPTH 

is due to excessive stimulation of bone resorption by osteoclasts, despite increased 

osteoblasts number and bone formation [160,161]. In contrast, intermittent PTH 

administration (iPTH), either full-length (amino acid 1–84) or a fragment (amino acid 1–34, 

known as teriparatide), results in increased bone mass and bone formation, and reduced 

incidence of fracture in osteoporotic patients [160,161]. Extensive studies have indicated 

that iPTH has no significant effect on osteoclasts, but stimulates bone formation via 
regulation of osteoblast-lineage cells at multiple levels, such as increasing osteoblast 

activity, stimulating osteoblast differentiation, suppressing osteoblast apoptosis, and 

activating quiescent bone-lining cells [161].

PTH plays important roles in regulating energy metabolism (Fig. 6). PTH promotes bone 

formation by stimulating aerobic glycolysis via IGF signaling [30]. In osteoblast lineage 

cells, PTH stimulates glucose consumption and lactate production in the presence of oxygen, 

indicating the presence of aerobic glycolysis. Experiments with radio-actively labeled 

glucose demonstrate that PTH suppresses glucose entry into the TCA cycle [30]. In addition, 

suppression of glucose consumption using dichloroacetate, which inhibits the activity of 

PDK1, greatly attenuates the teriparatide-induced increase in trabecular bone parameters 

[30]. Another report has shown that iPTH influences glucose metabolism partially through 

its effect on bone turnover, without influence on insulin secretion, resistance, pancreatic β 
cell function, and fat mass [162]. PTH also has been reported to significantly reduce 

mitochondrial oxygen consumption in skeletal muscles [163]. In addition to glucose 
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metabolism, PTH is indicated to be involved in fatty acids metabolism. PTH induces 

adipocyte lipolysis via phosphorylation of hormone-sensitive lipase [164]. PTH may also 

promote fatty acid utilization though its major effector cAMP signaling [165,166]. In 

addition, PTH induces a browning program in human white adipocytes for thermogenesis 

when exposed to cold [167]. The role of PTH-mediated energy metabolism in regulating 

bone homeostasis remains to be determined.

Although PTH has been shown to promote bone formation via activating BMP signaling, 

recent findings have shown that BMP signaling also functions upstream of PTH signaling 

(Fig. 6). BMP signaling positively regulates the levels of Parathyroid hormone-related 

peptide (PTHrP), as demonstrated in chick limbs expressing a constitutively active form of 

BMP receptors [168]. In addition, gene silencing of Bmp6 decreases expression levels of 

PTH, PTHrP and protein levels of PTHrP in chicken cartilage cells [169]. Therefore, BMP 

signaling may regulate energy metabolism via PTH signaling in osteoblast lineage cells.

5.5. Autophagy

Autophagy is a self-digesting process by which cell components, including proteins, lipids, 

and whole organelles, are degraded by lysosomes and recycled inside the cell. Extensive 

studies have identified that multiple autophagy related proteins play important roles in 

regulating the survival, differentiation, and function of bone cells, including osteoblasts, 

osteocytes, and osteoclasts [170]. Dysregulation of autophagic activity disturbs the balance 

between bone formation and bone resorption, thus mediating the onset and progression of 

multiple bone diseases, including osteoporosis [170].

Autophagy is also a critical and fine-tuned process in maintaining energy homeostasis (Fig. 

7) [171]. As the degradation products, such as monosaccharides, fatty acids and amino acids, 

are transported back to the cytoplasm, and then used to sustain cell homeostasis. These 

molecules can be further used to produce ATP through catabolic reactions and/or provide 

building blocks for the synthesis of essential proteins. Up-regulation of autophagy is 

important for generating amino acids and free fatty acids, and maintaining cellular ATP 

levels in both human breast cancer cells and normal breast epithelial cells [172]. Autophagy-

deficient neutrophil precursors fail to shift toward mitochondrial respiration and display 

excessive glycolysis, lipid droplet accumulation, and ATP depletion [173]. Autophagy also 

increases glucose production and blood sugar levels via degradation of CRY1 [174]. In 

addition, autophagic degradation of mitochondria (mitophagy) contributes to metabolic 

adaptation during differentiation as has been shown in innate NK lymphocytes [175,176]. 

Autophagy also functions to clear lipids (lipophagy), thus playing an essential regulatory 

role in lipid metabolism, lipoprotein assembly and lipid metabolic homeostasis [177]. Both 

animal experiments and human clinical evidence have shown that suppression of autophagy 

disturbs cellular energy homeostasis, thus contributing to the onset and development of 

many metabolic diseases, such as diabetes [178].

BMP signaling plays distinct roles in regulating autophagic activity depending on cell types 

(Fig. 7). BMP-2 up-regulates autophagy-related proteins ATG5, ATG7, ATG12, BECLIN-1 

and LC3-II/LC3-I in hair follicle stem cells [179]. Gene silencing of Bmp2 reduced 

accumulation of LC3-II (an autophagosome marker) in colon cancer stem cells [180]. Gene 
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silencing of Bmpr2 inhibits autophagy in chondrosarcoma cells [181]. BMP-2 also increases 

autophagy activity in osteoblast lineage cells. In α7 integrin-positive human skeletal muscle-

derived stem cells (α7 + hSMSCs), BMP-2 induces ATG7 expression and causes 

accumulation of autophagosome during their osteogenic differentiation [182]. Furthermore, 

hVPS34, a factor that is believed to function in autophagosome biogenesis, strongly binds to 

BMP-2 at the late endosome stage, suggesting a possible involvement of BMP signaling in 

autophagy [180]. Similarly, Noggin, an endogenous BMP antagonist, has been shown to 

reduce autophagic vacuole formation in acute pancreatitis [183]. These facts demonstrate a 

positive relation between BMP signaling activity and autophagy (Fig. 7). In contrast to these 

facts, there are some reports showing that BMP signaling suppresses autophagic activity. For 

example, BMPR2 heterozygosity causes an increase in autophagy in human endothelial cells 

[184]. Given these preliminary studies, the possible involvement of BMP-autophagy in bone 

homeostasis remains to be clarified.

5.6. Reactive oxygen species (ROS)

Reactive oxygen species (ROS) are highly reactive molecules derived from the reduction of 

molecular oxygen as a consequence of cellular metabolism or the activity of specific 

enzymes, such as the nicotinamide adenine dinucleotide phosphate [NADPH] oxidase 

(NOX) complexes [185]. Since ROS are highly unstable, they react with proteins, nucleic 

acids, lipids and other cellular components and often disrupt their cellular functions. Even 

though oxidative stress occurs in several pathologies, numerous studies demonstrate that 

ROS signaling is also important in normal physiology and in the generation of proper redox 

biological responses. Cytosolic ROS influence metabolic processes including glycolysis, the 

TCA cycle, pentose phosphate pathway activity, and autophagy (Fig. 8). Cytosolic ROS 

inhibit the glycolytic enzymes (e.g. GAPDH and PKM2) causing accumulation of upper 

glycolytic intermediates. Thus, ROS increase flux through the pentose phosphate pathway. 

ROS also inhibit reactions in the mitochondria, including the TCA cycle and β-oxidation of 

fatty acids. Regardless of the sources of ROS, it has been shown that osteogenic 

differentiation, osteoclast differentiation and function are blunted by elevated ROS 

[78,186,187]. The possible involvement of energy metabolism in ROS-mediated 

differentiation and function of bone cells remain to be clarified.

BMPs stimulate ROS production by up-regulating expression and activity of NOX in several 

cell types including osteoblasts (Fig. 8) [188–190]. It is also reported that BMP signaling 

induces cyclooxygenase (COX)-2 expression in osteoblasts, which produces prostanoides, 

known to modulate NOX activity and ROS production (Fig. 8) [191]. Therefore, BMP 

signaling may regulate energy metabolism via ROS in bone cells.

6. Summary and perspective

Proper metabolic programming is essential for the normal formation and function of each 

cell in the bone remodeling unit. Substrate utilization and ATP generation are both context 

and cell specific. To date, the best characterized metabolic profile in bone cells is the pattern 

of glucose utilization by osteoblasts or osteoclasts during differentiation of their progenitors 

in response to signaling peptides such as the Wnts and the IGFs. It is less clear how bone 
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cells use fatty acids, citrate, and intracellular proteins and lipids during their differentiation 

and function. In part, this is due to the challenges of recapitulating the marrow niche ex vivo. 

Currently, there are some 3D models of the bone marrow in development, which may be 

helpful research tools [192,193]. Intriguingly, metabolic diseases, such as diabetes mellitus, 

might offer better clues into the importance of specific metabolic programs for bone cells. 

BMP signaling plays important roles in regulating whole body energy metabolism and is 

highly correlated with major signaling pathways or biological process regulating energy 

metabolism of bone cells. The evidence presented here highlights a potential role of BMP 

signaling in regulating energy metabolism of bone cells to maintain bone homeostasis. 

Further understanding of the complex role of BMP signaling in energy metabolism to 

maintain bone homeostasis may help to improve the treatment of abnormal skeletal status 

during aging and in certain bone metabolic disorders, and ultimately, open new therapeutic 

targets for bone regenerative medicine.
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Fig. 1. 
Summary of cell type and differentiation stage specific bioenergy program in osteoblasts and 

osteoclasts. Different energy programs are required for distinct stages of the osteoblasts and 

osteoclasts. (A) Proliferative mesenchymal stem cells (MSCs) and osteoprogenitors 

primarily use glycolysis as their energy source. While the mechanism involved glucose 

metabolism at this stage is unknown yet, the effects of essential amino acids on the 

proliferation and differentiation of osteoprogenitors are dependent on IGF signaling. After 

osteogenic induction, osteoblasts switch to use both glycolysis (including aerobic glycolysis) 

and the TCA cycle. During differentiation, glucose metabolism is controlled by GLUT1-

RUNX2, HIF-1α, PTH-IGF-1, or Wnt-mTORC2 signaling. Amino acids metabolism is 

controlled by HIF-1α and ATF4. Fatty acid metabolism is controlled by Wnt-LRP5, Wnt-β-

catenin, GPR120, CD36. In fully differentiated osteoblasts, glycolysis becomes predominant 

again with unknown mechanism. The preferred fuel sources and bioenergetic programs of 

osteocytes remains unknown. (B) Glucose is an important energy source for the 

differentiation and function of osteoclasts. TCA cycle is dominant over glycolysis during 

osteoclast differentiation, while glycolysis is suggested to be critical for bone resorption. 

Glucose metabolism is dependent on Sirt3-AMPK, HIF-1α, MYC, and p38-MAPK 
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signaling. The possible involvement of amino acids and fatty acids in osteoclast 

differentiation and function are unknown.
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Fig. 2. 
Examples of metabolic diseases that affect bone homeostasis. (A) Diabetes mellitus (DM) 

impairs glucose metabolism leading to varied degrees of fuel starvation in the whole body. 

Systemic metabolic disruptions associated with DM decrease bone turnover and alter the 

bone material properties and microstructure, thus increasing skeletal fragility. (B) Patients 

with Anorexia nervosa (AN) have low nutrient substrates, such as glucose, fatty acids, and 

amino acids, thus lack fuel source for energy metabolism. Glycolysis is possibly suppressed 

in AN patients. AN have a profound impact on increasing skeletal fragility with suppressed 

bone formation and increased bone resorption. (C) Parathyroid hormone (PTH) 

administration is known to stimulate new bone formation, increase bone mass, and reduce 

fracture risk. Glycolysis is increased by PTH treatment.
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Fig. 3. 
BMP signaling regulates glucose metabolism and fatty acid oxidation. Many BMP signaling 

components have been shown to regulate glucose metabolism, including BMP ligands 

BMP-9, BMP-2, BMP-4, BMP-6, and BMP-7; BMP receptors BMPR1A and BMPR2; BMP 

signaling antagonist Noggin; and downstream signaling components SMAD5. Several BMP 

signaling components have been shown to regulate fatty acid oxidation, including BMP-9, 

BMP-4, BMPR2, and Noggin. The possible involvement of BMP signaling in amino acid 

metabolism is unknown yet. Adapted from Lee et al. (ref [9]).
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Fig. 4. 
A proposed network for BMP signaling in regulating energy metabolism via mTOR and 

HIF-1. mTORC1 plays important roles in regulating energy metabolism, including (1) 

promoting a shift from TCA cycle to glycolysis via HIF-1α, (2) increasing flux through the 

oxidative pentose phosphate pathway and fatty acid synthesis. BMP signaling induces 

glucose metabolism via mTORC1. BMP-2 and BMP-7 activate mTORC1 in bone marrow 

stromal cells (BMSCs) and fetal rat calvaria, respectively. BMPs have dual functions in 

regulating HIF-1α signaling dependent on cell types. For examples, BMP-2 and BMP-9 

induce Hif1α expression in mesenchymal stromal cells (MSCs), while BMP-2 
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downregulates HIF-1α in glioblastoma cells. BMP-mTORC1-HIF-1α signaling increases 

glycolysis activity in chondrocytes during skeletal development.
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Fig. 5. 
A proposed network for BMP signaling in regulating energy metabolism via Wnt signaling. 

Wnt signaling regulates energy metabolism in bones, which is highly corelated with bone 

homeostasis. Wnt signaling has been shown to regulate energy metabolisms by (1) 

increasing glycolysis activity via activation of mTORC2-AKT signaling through LPR5, a 

receptor for Wnt ligands (yellow boxes), (2) regulating fatty acid oxidation through LRP5, 

(3) stimulating glutamine oxidation in the TCA cycle via mTORC1. BMP signaling have 

dual functions in regulating Wnt signaling. BMP signaling inhibits Wnt signaling by (1) 

inducing Dkk1 and Sost expression, (2) inhibiting the activity of β-catenin via inducing the 

formation of SMAD1-Dvl-1 complex, (3) facilitating the formation of SMAD4-β-catenin 

complex thus preventing the binding of β-catenin with a TCF/LEF transcription complex. In 

contrast, BMP signaling has been also shown to increase Wnt signaling by (1) inducing the 
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expression of Wnt3a, Wnt1 and Lrp5, (2) inhibiting β-catenin degradation via β-TrCP. Blue 

rectangles indicate signaling components downstream of Wnt signaling in regulating energy 

metabolism. Green rounded rectangles indicate components downstream of BMP signaling 

in regulating Wnt signaling. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 6. 
A proposed network for BMP signaling in regulating energy metabolism via PTH signaling. 

PTH stimulates glycolysis, while suppresses TCA cycle. PTH promotes fatty acid utilization 

though cAMP signaling. PTHrP expression is increased with BMP-6 stimulation or 

activating of type 1 BMP receptors with unknown mechanism in chondrocytes.
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Fig. 7. 
A proposed network for BMP signaling in regulating energy metabolism via autophagy. 

Autophagy has been shown to regulate energy metabolism by (1) providing fuel sources 

such as monosaccharides, amino acids and free fatty acids, (2) increasing glucose production 

and blood sugar levels via degradation of CRY1, (3) regulating shift from glycolysis to TCA 

cycle, (4) lipophagy to regulate lipid metabolism. BMP signaling plays distinct roles in 

regulating autophagic activity depending on cell types. Several studies using BMP-2, 

BMPR2, or Noggin have shown BMP signaling activates autophagy in several different cell 

types (black arrows). Contrary to above, reduced BMP signaling in Bmpr2 heterozygous 

mutation increases autophagy activity in endothelial cells.
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Fig. 8. 
A proposed network for BMP signaling in regulating energy metabolism via ROS. Cytosolic 

reactive oxygen species (ROS) inhibit the glycolytic enzymes causing accumulation of upper 

glycolytic intermediates, and increase flux through the pentose phosphate pathway. ROS 

inhibit reactions in the mitochondria, including the TCA cycle and β-oxidation. ROS also 

activate autophagy. BMPs stimulate ROS production by inducing the nicotinamide adenine 

dinucleotide phosphate [NADPH] oxidase (NOX) family. BMPs also stimulate ROS 

production through cyclooxygenase (COX)-2.
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