
 1 

Metabolic regulation of skeletal cell fate and function in 1 

physiology and disease 2 

 3 

Nick van Gastel1,2,* & Geert Carmeliet3,* 4 

 5 

1de Duve Institute, Université Catholique de Louvain, Brussels, B-1200, Belgium 6 
2Department of Stem Cell and Regenerative Biology, Harvard Stem Cell Institute, Harvard University, Cambridge, 7 

MA 02138, USA 8 
4Laboratory of Clinical and Experimental Endocrinology, Department of Chronic Diseases, Metabolism and 9 

Ageing, KU Leuven, Leuven, B-3000, Belgium 10 

 11 

*Corresponding author 12 

 13 

  14 



 2 

Abstract 15 

The skeleton is diverse in its functions, which include mechanical support, movement, blood cell 16 

production, mineral storage and endocrine regulation. This multifaceted role is achieved by an interplay 17 

of osteoblasts, chondrocytes, bone marrow adipocytes and stromal cells, all generated from skeletal 18 

stem cells. Emerging evidence shows the importance of cellular metabolism in the molecular control of 19 

the skeletal system. The different skeletal cell types not only have distinct metabolic demands relating 20 

to their particular function, but are also impacted by microenvironmental constraints. Specific 21 

metabolites control skeletal stem cell maintenance, direct lineage allocation and mediate cellular 22 

communication. Here, we discuss recent findings on the role of cellular metabolism in determining 23 

skeletal stem cell fate, coordinating osteoblast and chondrocyte function and organizing stromal support 24 

of haematopoiesis. We also consider metabolic dysregulation in skeletal ageing and degenerative 25 

diseases, and provide an outlook on how the field may evolve in the coming years. 26 

 27 

  28 
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Main 29 

Skeletal development and maintenance are orchestrated by the action of key cell types that differ in 30 

their location and function (Figure 1). Osteoblasts are the bone-forming cells, laying down a 31 

characteristic collagen-rich matrix known as osteoid, which is mineralized to give bone its strength1, 2. 32 

During the ossification process a subset of osteoblasts become embedded in the bone matrix, after 33 

which they are referred to as osteocytes1, 3. The second major skeletal cell type are chondrocytes, which 34 

form the different types of cartilage. Hyaline cartilage is found in the articular surfaces of bones, growth 35 

plates, ribs, nose, larynx and trachea, fibrous cartilage makes up the intervertebral discs and menisci 36 

and elastic cartilage the external ear and epiglottis4. Chondrocytes also play a key role in the 37 

endochondral ossification process during bone development and fracture repair, where a hyaline 38 

cartilage intermediate is formed that is later replaced by bone through the combined action of 39 

osteoclasts, bone-degrading cells of haematopoietic origin, and osteoblasts5, 6. 40 

 41 

In the bone marrow cavity, two additional mature skeletal cell types are found: marrow adipocytes and 42 

haematopoiesis-supportive stromal cells. Marrow adipose tissue has unique features that distinguish it 43 

from the better characterized extramedullary white, brown and beige adipose deposits7. Bone marrow 44 

adipocytes contribute to local and systemic metabolic processes including haematopoiesis, 45 

osteogenesis and energy metabolism, and undergo changes as a function of age and diet. 46 

Haematopoiesis-supportive stromal cells, also referred to as mesenchymal stromal cells, are a 47 

population of fibroblastic cells that supply essential cytokines for blood cell production8, 9. This 48 

population of cells remains poorly characterized and may contain subpopulations of cells with distinct 49 

functions in haematopoietic support10-12. 50 

 51 

The different mature skeletal cell types originate from a common precursor cell known as the skeletal 52 

stem cell (SSC)13-15. While the skeletal system resembles the hierarchical structure of other stem cell-53 

driven tissues such as the haematopoietic system in many ways – with a self-renewing stem cell 54 
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residing at the apex that progressively gives rise to multipotent progenitor cells, committed progenitor 55 

cells and mature cells – it harbours three distinct stem cell pools, with SSCs found in the growth plate, 56 

the periosteum and the bone marrow13-15. Certain aspects are shared between the different SSC pools, 57 

such as the ability to self-renew and the expression of certain cell surface markers, but the differentiation 58 

potential of the distinct SSC pools varies and appears to be linked to the specific requirement of the 59 

locations in which they are found13-15. The SSCs found in the bone marrow share many characteristics 60 

with haematopoiesis-supportive stromal cells, and it remains unclear whether these are the same cells 61 

or distinct populations that share markers. In Figure 1, we list the most commonly used markers for 62 

mouse and human SSCs and their progeny. For a more detailed overview of SSC biology and the 63 

current mouse models used for genetic manipulation of SSCs, we refer the reader to a number of 64 

excellent recent review articles13-15. 65 

 66 

The rapid expansion of markers and tools to identify, isolate and genetically alter different skeletal cell 67 

populations has tremendously increased our insight in the molecular pathways that govern their 68 

formation, maintenance and function. The concept that skeletal cell biology is controlled not only by 69 

cytokine and hormone signalling but also by metabolic pathways has gained traction over recent years. 70 

Metabolic programs depend on the functions a cell has to fulfil and may thus be different in proliferating 71 

progenitors versus matrix-producing differentiating cells. In addition, the supply of oxygen and nutrients 72 

is related to the density and type of vasculature in the microenvironment, as well as the metabolic status 73 

of surrounding cell types. Skeletal tissue is characterized by low oxygen levels (1,5-4%)16, with regional 74 

differences, whereas insight in local nutrient availability is largely lacking. Metabolic pathways are 75 

therefore adapted to sustain bioenergetic, biosynthetic and redox homeostasis and to allow epigenetic 76 

modifications. Although knowledge is still limited, metabolic pathways in skeletal cells are likely 77 

controlled by cell-intrinsic factors and are modified by growth factors and hormones. In the following 78 

sections, we summarize current findings on the metabolic regulation of skeletal cells and look towards 79 

the potential future impact of this research area. 80 

 81 
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Metabolic control of skeletal stem and progenitor cells 82 

Stem cells are characterized by their ability to self-renew (i.e. give rise to at least one new stem cell 83 

during cell division) and their multipotency (i.e. have several different mature cell types as progeny). 84 

This process is under a tight molecular control and it is now appreciated from different stem cell fields 85 

that metabolic pathways play a key role in this decision-making process17. Our understanding of the 86 

metabolic regulation of SSCs is still very limited (Figure 2), and most findings come from culture-87 

expanded bone marrow cells selected by adherence to plastic, which likely represent a mixture of true 88 

SSCs, skeletal progenitor cells and haematopoiesis-supportive stromal cells, or heterogeneous 89 

periosteal cell cultures established through plastic adherence and containing both SSCs and osteogenic 90 

progenitor cells. Given their heterogeneous nature, we refer to these cells as bone marrow stromal cells 91 

(BMSCs) or periosteum-derived cells (PDCs). 92 

 93 

Cultured human BMSCs are highly glycolytic18. Glycolysis provides some energy in the form of ATP, 94 

but it also supplies proliferating cells with carbon for biomass generation19. Indeed, glucose can 95 

contribute to the pentose phosphate pathway (PPP) and the serine synthesis pathway. The PPP 96 

generates precursors for nucleotide biosynthesis and reducing molecules for anabolism and to counter 97 

oxidative stress, whereas the serine synthesis pathway contributes to nucleotide, amino acid and lipid 98 

biosynthesis19. However, the role of these pathways in SSCs has not yet been studied. 99 

 100 

The low oxygen tensions in the bone marrow (1-2%16) may induce the glycolytic phenotype, as in vitro 101 

expansion of BMSCs at ambient oxygen levels (20-21%) progressively increases mitochondrial glucose 102 

oxidation, associated with increased oxidative stress and cellular senescence18. In both BMSCs and 103 

PDCs the transcription factor hypoxia-inducible factor 1a (HIF-1a) plays a key role in regulating the 104 

glycolytic phenotype20, 21. In addition, loss of HIF-1a severely compromises survival and bone formation 105 

by mouse PDCs upon transplantation in vivo21, underscoring the importance of HIF-1a for PDC function 106 

in oxygen- and nutrient-deficient conditions. Of note, in both bone marrow and periosteum, SSCs and 107 
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skeletal progenitors are found in perivascular locations under homeostatic conditions13-15, 22, raising the 108 

question whether and under which conditions SSCs in their native niches depend on HIF-1a 109 

stabilization and glycolysis. In addition, the role of glucose oxidation in SSCs, especially in in vivo 110 

settings, remains unclear. 111 

 112 

When glucose is primarily used in glycolysis for bioenergetics or biosynthesis, other nutrients can fuel 113 

the mitochondrial tricarboxylic acid (TCA) cycle to supplement cellular needs. The TCA cycle provides 114 

reducing equivalents (NADH, FADH2) for oxidative phosphorylation as well as metabolic intermediates 115 

for biosynthetic processes and cellular signalling23. Besides glucose-derived pyruvate, several other 116 

metabolites can fuel the TCA cycle either by providing acetyl-CoA for oxidation (fatty acids, ketone 117 

bodies) or as anaplerotic substrates (glutamine, odd-chain fatty acids)23. Little is known about the role 118 

of fatty acid oxidation (FAO) in SSCs. While human BMSCs perform FAO in culture, this pathway is 119 

responsible for less than 0.5% of ATP production24. Our recent findings confirm this observation, 120 

showing that mouse bone marrow SSCs and PDCs express genes encoding essential FAO enzymes, 121 

such as carnitine palmitoyltransferase 1a (Cpt1a), and perform FAO in culture25. However, SSC viability 122 

is relatively unaffected by loss of CPT1a both in vitro and in vivo25, indicating that their metabolism does 123 

not rely heavily on FAO.  124 

 125 

In contrast to fatty acids, human BMSCs in culture can oxidize the ketone body acetoacetate in the TCA 126 

cycle with high efficiency to generate ATP, producing much lower levels of reactive oxygen species 127 

(ROS) compared to glucose oxidation26. It remains to be confirmed whether ketone body oxidation by 128 

SSCs also occurs in vivo, and whether this pathway for example provides a nutrient source for SSCs 129 

during periods of fasting when levels of ketone bodies in the blood rise27. Ketone bodies also have 130 

important signalling roles, including epigenetic regulation and post-translational protein modification, 131 

further warranting a more detailed study of this metabolic pathway in SSCs. 132 

 133 
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Amino acid metabolism plays a major role in cellular energetics and biosynthesis, especially in 134 

proliferating cells28. In line with this, a recent report has shown that the amino acid sensor 135 

EIF2AK4/GCN2 is required to support the robust proliferative capacity of mouse SSCs during bone 136 

homeostasis29. While the role of most individual amino acids in SSCs remains unstudied, emerging 137 

evidence from both in vitro and in vivo studies shows the importance of glutamine for SSC function. 138 

Human and mouse BMSCs as well as mouse PDCs take up glutamine in culture30-33. Depletion of 139 

extracellular glutamine, inhibition of the enzyme glutaminase (GLS), which converts glutamine into 140 

glutamate with the release of ammonia, or inhibition of glutamate transaminases, which link glutamine 141 

catabolism to both the TCA cycle and amino acid synthesis, all strongly reduce colony formation and 142 

proliferation of mouse BMSCs33. Cultured BMSCs and PDCs use glutamine to fuel the mitochondrial 143 

TCA cycle, amino acid synthesis and glutathione biosynthesis31-33. Interestingly, conditional deletion of 144 

Gls in SSCs in mice using Prrx1cre does not impact the number of bone marrow SSCs, while deletion 145 

using Leprcre does strongly decrease SSC number33. However, given that Leprcre also recombines in the 146 

hypothalamus and in limbic and cortical brain regions34, and complete GLS-deficient mice have severe 147 

neural phenotypes35, the SSC phenotype of LeprcreGlslox/lox mice is hard to interpret. Thus, considering 148 

the lack of SSC number alterations in Prrx1creGlslox/lox mice, SSCs do not appear to require GLS for their 149 

maintenance or proliferation in vivo as they do in vitro. A similar differential dependency on GLS in vivo 150 

versus in vitro has been described by us and others in different cancer models36-38, underscoring the 151 

importance of examining the metabolism of cells in their native environment.  152 

 153 

Nutritional and metabolic requirements of mature bone and bone marrow 154 

cells 155 

Osteoblasts and the high anabolic demand of bone formation 156 

The process of bone formation by osteoblasts involves the production and secretion of large amounts 157 

of collagen type 1-rich matrix, which later becomes mineralized1, 2. Protein synthesis is a metabolically 158 

demanding process, and the high rate of matrix synthesis requires osteoblasts to produce large 159 
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amounts of energy as well as amino acids. Matrix-producing osteoblasts often localize close to blood 160 

vessels, suggesting ample supply of oxygen and nutrients39, 40. Most studies thus far have focused on 161 

glucose metabolism (Figure 2). In vivo tracing studies in mice using radio-labelled glucose analogues 162 

have revealed that skeletal glucose uptake equals or exceeds that of metabolic organs such as liver, 163 

muscle and white adipose tissue41, 42. Osteoblastic glucose uptake can even impact whole-body glucose 164 

homeostasis. A recent study showed how stabilization of HIF-1a in osteoblasts dramatically increased 165 

their glucose uptake, causing hypoglycaemia and improved glucose tolerance41. Osteoblasts express 166 

the glucose transporters GLUT1, GLUT3 and GLUT443-45. Glucose uptake by GLUT1 is necessary for 167 

proper osteoblast differentiation and bone formation through a mechanism that involves AMPK-168 

dependent regulation of RUNX2, the master osteogenic transcription factor, and mTORC144. In 169 

contrast, GLUT4 mediates insulin-stimulated glucose uptake by mature osteoblasts and osteocytes in 170 

vitro, but is dispensable for bone development and homeostasis in vivo43, while the role of GLUT3 in 171 

osteoblasts remains unknown.  172 

 173 

In culture, most of the glucose taken up by osteoblasts is metabolized to lactate even in the presence 174 

of ambient oxygen levels, a process known as aerobic glycolysis46. In mature osteoblasts aerobic 175 

glycolysis can account for up to 80% of ATP production47. It is estimated that under these conditions 176 

only 15-20% of glucose carbon goes to the mitochondrial TCA cycle or to synthetic processes48, 49. 177 

Recent findings show that one important fate of glucose carbon entering into the mitochondria in 178 

osteoblasts is the generation of malate, integral to the malate-aspartate shuttle that regenerates 179 

cytosolic NAD+ to maintain glycolysis47. 180 

 181 

Glycolysis in osteoblasts is regulated by numerous factors. Forced activation of glycolysis in osteoblasts 182 

by overexpressing a stabilized form of HIF-1a or deletion of the von Hippel–Lindau protein increases 183 

osteoblast number and bone mass in mice, supporting the importance of this pathway for osteoblast 184 

function41, 50. In contrast, Notch signalling, important for SSC maintenance51, suppresses glycolysis to 185 

restrict osteoblast differentiation52. Moreover, anabolic stimuli such as parathyroid hormone (PTH) or 186 
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WNT promote bone formation in part by further increasing glycolysis at the expense of glucose 187 

oxidation49, 53, 54. Both PTH and WNT increase levels of glycolytic enzymes through activation of 188 

mTORC2. In parallel to stimulating glycolysis, HIF-1a and PTH signalling also promote glycogen 189 

synthesis in immature osteogenic cells such as PDCs and calvarial pre-osteoblasts32, 55. Glycogen 190 

granules decrease in size as the cells become mature osteoblasts56, 57, suggesting that the glycogen 191 

stores are used to support increasing bioenergetic or biosynthetic demands during bone formation. 192 

 193 

Interestingly, PTH also increases glucose flux through the PPP49. Glucose-6-phosphate dehydrogenase 194 

(G6PD), the rate-limiting enzyme in the PPP, is highly expressed by osteoblasts and its activity 195 

increases upon osteoblast activation in response to mechanical loading or during bone fracture 196 

healing58, 59. Studies from the 1980s suggested that G6PD provides NADPH necessary to sustain the 197 

vitamin K-cycle which is crucial for matrix calcification by osteoblasts59, 60, but this concept awaits 198 

validation by modern genetic and metabolic techniques. 199 

 200 

Besides the dependency on glycolysis, a strong surge in oxygen consumption linked to increased ATP 201 

production has been described during the in vitro osteogenic differentiation of both mouse and human 202 

BMSCs20, 61, 62. Deletion of the transcription factor PPAR-g co-activator 1a (PGC-1a), a master regulator 203 

of mitochondrial biogenesis and oxidative metabolism, in SSCs (using Prrx1-Cre or LepR-Cre mice, 204 

both giving similar results) reduces osteogenic differentiation and induces bone loss63, although it is not 205 

known whether and how metabolic pathways are changed. Concomitant with the increase in oxidative 206 

phosphorylation, osteogenic differentiation of BMSCs is paired with an increase in antioxidative 207 

capacity61. Accordingly, osteoblasts, but not BMSCs, are sensitive to inhibition of oxidative 208 

phosphorylation or increasing oxidative stress61, 64. The increase in oxygen consumption and 209 

mitochondrial number during osteogenic differentiation may be transient, as recently shown in human 210 

adipose tissue-derived stromal cells65. This could explain the apparent contradiction in literature, with 211 

some studies showing decreasing oxygen consumption after osteogenic differentiation47. 212 

 213 
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The reasons for the increased mitochondrial metabolism during osteoblast differentiation are a focus of 214 

ongoing research, although an increased need for energy and biosynthetic intermediates during matrix 215 

production and mineralization are likely involved. However, recent findings also point to alternative roles 216 

for mitochondrial activity in osteoblasts. Shares et al. found that hyperactivation of oxidative 217 

phosphorylation during osteogenic differentiation of mouse BMSCs increases mitochondrial citrate 218 

production, which after conversion in the cytosol to acetyl-CoA stimulates b-catenin acetylation66. 219 

Acetylation of b-catenin, the downstream effector of WNT signalling, leads to its activation, nuclear 220 

translocation and promotion of osteogenic differentiation. Similarly, in human BMSCs induced to 221 

undergo osteogenic differentiation, citrate exiting from mitochondria may be converted to a-222 

ketoglutarate in the nucleus, which is a co-factor of histone demethylases, leading to transcriptional 223 

activation of osteogenesis-related genes65. Citrate produced by osteoblasts is also incorporated into the 224 

structure of the hydroxyapatite nanocrystal/collagen complex, which is essential for the biomechanical 225 

properties of bone67, although the metabolic source of this citrate remains unknown. Intriguingly, WNT 226 

stimulation of the mouse ST2 skeletal progenitor cell line promotes osteogenesis in part by limiting 227 

glucose oxidation, thus decreasing nuclear citrate and acetyl-CoA levels, which in turn lead to a 228 

reduction in histone acetylation and overall gene expression68. As with oxygen consumption and 229 

mitochondrial number65, a dynamic and stage-specific regulation of citrate levels, compartmentalization 230 

and metabolic fate may be key for correct osteogenic differentiation and function. 231 

 232 

While osteoblasts have the ability for glucose oxidation, glucose does not appear to be a major fuel for 233 

mitochondrial TCA cycle activity25, 48, 49, suggesting a role for other nutrients. FAO has long been known 234 

to play an important role in osteoblast energy metabolism. Older biochemical studies showed that 235 

around 40% of ATP production in osteoblasts can come from the oxidation of fatty acids69, 70. More 236 

recent studies confirm that osteoblasts express the requisite receptors and catabolic enzymes to 237 

metabolize fatty acids, and tracing studies show that the skeleton avidly takes up lipids from the 238 

circulation, second only to the liver25, 71, 72. We recently described that while lipid deprivation or loss of 239 

the key FAO enzyme CPT1a does not affect SSC survival, it does prevent differentiation to the 240 
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osteoblast lineage25. Kim et al. further showed that loss of CPT2 in mature osteoblasts reduces bone 241 

formation by interfering with proper osteoid mineralization71. The effects were exacerbated in the 242 

presence of oestrogen, which promotes FAO at the expense of glycolysis71. In addition, deletion of 243 

PPAR-d, a key transcriptional regulator of FAO, in osteoprogenitors (using Runx2-Cre mice) impairs 244 

osteogenic differentiation and mineralization and reduces bone mass73. Oxidation of fatty acids by 245 

osteoblasts is further stimulated by WNT signalling, with activation of b-catenin inducing the expression 246 

of key FAO enzymes74.  247 

 248 

A high rate of FAO in osteoblasts may explain the apparent paradox of aerobic glycolysis occurring in 249 

cells with a highly active TCA cycle. Dunham et al. calculated that in bone tissue the amount of acetyl-250 

CoA that could theoretically be produced by FAO and glucose oxidation would far exceed what could 251 

be accommodated by the TCA cycle activity70. They proposed that the acetyl-CoA produced directly by 252 

FAO within the mitochondria close to the site of most of the TCA cycle enzymes might be favoured, 253 

especially since the conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase is readily 254 

inhibited by acetyl-CoA. Since accumulation of pyruvate would block the biosynthetic activity of 255 

glycolysis and the PPP, conversion of pyruvate to lactate allows for maximal metabolic activity. It will 256 

be of interest to test this 40-year-old hypothesis in vivo using the mutant mouse models and metabolic 257 

tracing techniques that are now available. In addition, the exact role of FAO in osteoblasts, being energy 258 

production, biosynthesis or epigenetic regulation, remains to be determined. 259 

 260 

Besides fatty acids, TCA cycle activity in the osteoblast is also fuelled by glutamine. Ablation of GLS in 261 

the skeletal lineage (using Prrx1-Cre mice) reduces osteoblast development and bone formation33. Both 262 

mouse and human BMSCs increase glutamine consumption and metabolism during osteogenic 263 

differentiation in vitro30, 33, and glutamine withdrawal or inhibition of GLS prevents osteogenic 264 

differentiation33. The exact metabolic fate of glutamine in osteoblasts remains to be determined. As with 265 

glycolysis and FAO, glutamine catabolism in osteoblasts is increased in response to WNT signalling to 266 



 12 

support increased bone formation75. However, while WNT stimulates glycolysis in osteoblasts through 267 

mTORC254 and FAO through b-catenin74, glutaminolysis is promoted via mTORC1 activation75.  268 

 269 

Nutritional restrictions of the unique chondrocyte microenvironment 270 

Cartilage is one of the only avascular tissues in the human body, creating unique challenges regarding 271 

nutrient availability and metabolic waste removal (Figure 2). Diffusion is the main mode of solute mobility 272 

in cartilage matrix, which contains up to 80% water, meaning that small molecules such as glucose or 273 

amino acids may be readily available to matrix-embedded chondrocytes while larger molecules such 274 

as lipids are scarcer25, 76, 77. The absence of blood vessels in cartilage can create hypoxic environments, 275 

as elegantly shown by several groups in the foetal growth plate which contains a central hypoxic region, 276 

whereas the late hypertrophic chondrocytes at the border with the highly vascularized primary 277 

spongiosa are not hypoxic78-81.  278 

 279 

The presence of hypoxia in cartilage leads to HIF-1a stabilization, which promotes chondrogenesis by 280 

increasing expression of the master chondrogenic transcription factor SOX9, enhances chondrocyte 281 

survival and supports anaerobic glycolysis by regulating the transcription of key glycolytic enzymes78, 282 

80-82. Anaerobic glycolysis is the main fate of glucose in cartilage83, 84, but up to 20% of glucose may 283 

pass through the PPP85, 86. Chondrocytes depend on GLUT1 for glucose uptake and their proper 284 

functioning, and this transporter is under control of bone morphogenetic protein signalling, a key 285 

pathway for cartilage development87. We recently found that although mouse growth plate chondrocytes 286 

in culture generate the majority (>60%) of their ATP through glycolysis, they also require glucose 287 

oxidation to avoid energy distress88. Excessive HIF-1a stabilization in PHD2-deficient chondrocytes 288 

decreases glucose oxidation, leading to skeletal dysplasia by reducing proliferation and interfering with 289 

collagen biosynthesis88. 290 

 291 

Glucose may also fuel glycogen synthesis in chondrocytes, and normal hyaline cartilage contains 292 

glycogen in all its cells. The distribution of glycogen particles in the epiphyseal growth plate increases 293 
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with the degree of maturation of the chondrogenic cells56, 89. Glycogen stores appear to be used 294 

predominantly during periods of rapid growth56. Accordingly, disruption of autophagy, which prevents 295 

glycogenolysis, induces apoptosis in the proliferating zone of the growth plate and causes growth 296 

retardation90. 297 

 298 

In contrast to osteoblasts, FAO does not seem to play a major role in chondrocytes. While epiphyseal 299 

chondrocytes contain low levels of FAO enzymes70, only a very small fraction of their ATP is generated 300 

by FAO88. Mouse chondrocytes do not depend on FAO for their development or survival, and excess 301 

extracellular lipids prevent the differentiation of SSCs towards chondrocytes both in vitro and in vivo by 302 

decreasing Sox9 expression25. SOX9 in turn acts as a metabolic regulator in chondrocytes by 303 

suppressing FAO, but the exact molecular mechanism for this regulation remains unknown25. Since 304 

chondrocytes exist in an environment with limited access to circulating lipids, they may depend on de 305 

novo lipogenesis for their supply of fatty acids, as is seen in cancer91. While this concept has not yet 306 

been studied in detail, one study shows that loss of ELOVL6, an enzyme involved in fatty acid elongation 307 

during de novo lipogenesis, interferes with proper chondrocyte proliferation and differentiation92.  308 

 309 

SOX9 also promotes glutamine metabolism in chondrocytes by increasing glutamine consumption and 310 

levels of GLS31. However, glutamine catabolism does not support ATP generation in chondrocytes. 311 

Instead, we found that glutamine controls chondrogenic gene expression epigenetically through 312 

glutamate dehydrogenase-dependent acetyl-CoA synthesis, necessary for histone acetylation31. In 313 

addition, transaminase-mediated aspartate synthesis fuelled by glutamine supports chondrocyte 314 

proliferation and matrix synthesis, while glutamine-derived glutathione synthesis avoids harmful ROS 315 

accumulation31. Others have shown that glutamine is also required by chondrocytes as a nitrogen donor 316 

for glycosaminoglycan synthesis93. Excessive HIF-1a stabilization increases glutamine metabolism, but 317 

has to be avoided as increased glutamine-derived a-ketoglutarate production stimulates, as a cofactor, 318 

collagen hydroxylases and this posttranslational modification of collagen leads to a less resorbable 319 

chondrocyte matrix and disturbed endochondral ossification88. 320 
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 321 

Taken together, current evidence shows that chondrocytes exhibit metabolic adaptations allowing them 322 

to proliferate and synthetize large amounts of matrix under limiting nutritional conditions. Being 323 

dependent on diffusion alone, glucose and glutamine appear to be the preferred substrates for 324 

chondrocyte metabolism, although potential roles for other small molecular weight nutrients able to 325 

diffuse through the unique cartilage matrix await further exploration. 326 

 327 

The peculiar metabolic properties of marrow adipocytes 328 

Adipose tissue plays a prominent role in whole body metabolism due to its role in lipid synthesis, storage 329 

and release (Figure 2). Bone marrow adipose tissue (MAT) is distinct in origin and characteristics from 330 

white and brown adipose tissue, but its exact function in the bone marrow microenvironment is still the 331 

subject of active research. MAT exists in two district populations: “constitutive” MAT (cMAT), found in 332 

the distal skeleton, important during early vertebrate development and “regulated” MAT (rMAT), found 333 

scattered throughout the skeleton, that may influence haematopoiesis94. Several studies show that 334 

marrow adipocytes and osteoblasts develop from a common progenitor, leading to the general notion 335 

that formation of adipocytes occurs at the expense of osteoblast differentiation7. However, marrow 336 

adipocytes also release a myriad of factors that can impact osteoblast function in both negative and 337 

positive ways95. In addition, PTH stimulation induces marrow adipocytes to release free fatty acids which 338 

are taken up by osteoblasts96, showing that the relation between these two cell types is complex. 339 

 340 

During adipogenesis, skeletal progenitors exhibit a strong increase in oxidative metabolism, 341 

characterized by increased mitochondrial biogenesis, oxidative phosphorylation and generation of 342 

ROS97, 98. In contrast to osteogenesis, where ROS appears to be mostly harmful, endogenous ROS 343 

generated from the mitochondrial ETC complex III is required to initiate adipogenesis98. Lipid stores 344 

formed during adipogenic differentiation are generated using both exogenous fatty acids as well as fatty 345 

acids synthetized de novo using mainly glucose but also acetate, pyruvate and glutamine as 346 

substrates99, 100. Some level of lipid synthesis appears to be required for adipogenic differentiation, as 347 
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deletion of the lipogenic enzyme ATP citrate lyase (ACLY) prevents adipogenesis even in the presence 348 

of exogenous lipids101. In pre-adipocytes, ACLY-dependent production of acetyl-CoA supports histone 349 

acetylation, particularly favouring expression of genes involved in glucose uptake, glucose metabolism 350 

and fatty acid synthesis, and thus coordinates nuclear activity with cellular metabolic state101.  351 

 352 

Compared to other adipose tissue deposits, marrow adipocytes harbour some unique metabolic 353 

properties. Under caloric restriction, bone marrow adipocytes do not decrease in size compared to white 354 

adipocytes102. Marrow adipocytes preserve their triglyceride stores and do not release free fatty acids, 355 

but appear to be an important source of cholesterol and related metabolites under these conditions102. 356 

However, lipolysis in MAT appears to be site- and treatment-specific. In contrast to cMAT, rMAT does 357 

undergo lipolysis in response to caloric restriction and b3-adrenergic agonist treatment, while both bone 358 

marrow adipose deposits respond to the adenylyl cyclase activator forskolin103. In addition, researchers 359 

found that cMAT contains more unsaturated lipids than rMAT94, suggesting that metabolic heterogeneity 360 

may exist within the MAT. The physiological relevance of these observations, and the importance of 361 

metabolic communication between marrow adipocytes and different skeletal and haematopoietic cell 362 

types remains to be explored. 363 

 364 

Metabolic support of haematopoietic cells by bone marrow stromal cells 365 

The specific metabolic requirements of haematopoiesis-supportive stromal cells have not yet been 366 

studied. As mentioned, it remains unclear whether bone marrow SSCs and haematopoiesis-supportive 367 

stromal cells are distinct cell populations, and most metabolic studies have been performed on 368 

heterogeneous BMSC cultures. In this section, we instead focus on metabolic support of haematopoietic 369 

and leukemic cells by BMSCs given recent discoveries in this area (Figure 3). 370 

 371 

BMSCs are characterized by expression of CD73, an ecto-5′-nucleotidase that catalyses the last step 372 

in the conversion of extracellular ATP into adenosine11. Extracellular ATP is seen as a danger signal 373 

that promotes proliferation and migration and influences differentiation of haematopoietic stem cells 374 
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(HSCs), while adenosine signalling enhances proliferation of committed haematopoietic progenitors but 375 

does not impact more primitive cell populations104, 105. In accordance, CD73 knockout mice engrafted 376 

with wildtype bone marrow cells exhibit reduced generation of B cells and particularly myeloid cells, 377 

while T cell and HSC numbers were similar to wildtype recipients11. Whether extracellular adenosine is 378 

also taken up and metabolized by haematopoietic cells is unknown.  379 

 380 

Another important metabolic role for cells of the bone marrow microenvironment may be the control of 381 

amino acid availability, possibly to maintain bone marrow amino acids at levels optimal for 382 

haematopoiesis. We recently showed that the amino acid composition of bone marrow plasma is very 383 

different from that of the peripheral blood, with bone marrow containing substantially higher levels of 384 

aspartate, glutamate, asparagine, alanine and proline but lower levels of glutamine and tryptophan38. 385 

Bone marrow endothelial cells, osteoblasts and BMSCs also secrete a plethora of both essential and 386 

non-essential amino acids38, 106, 107. While the roles for these secreted amino acids in haematopoiesis 387 

are still largely uncharacterized, one study has provided some first insights in the importance of valine, 388 

which is essential for HSC maintenance and proliferation and is secreted by endothelial and stromal 389 

cells in the bone marrow microenvironment. However, the relative importance of niche-derived versus 390 

direct diet-supplied valine for HSCs remains to be determined106. 391 

 392 

In addition to metabolites, BMSCs can also transfer organelles to metabolically influence 393 

haematopoietic cells. BMSCs have been shown to secrete exosomes, a type of membrane-bound 394 

extracellular vesicles, packed with metabolites associated with immunomodulation108. Additionally, in 395 

response to increasing ROS levels during acute bacterial infection, mitochondria are transferred from 396 

BMSCs, but not osteoblasts, to HSCs through connexin 43-type gap junctions109. This process 397 

facilitates a rapid shift from glycolysis to oxidative phosphorylation in HSCs, followed by leukocyte 398 

expansion. A similar mitochondrial transfer occurs between BMSCs and acute myeloid leukaemia 399 

(AML) cells, and may play a role in protecting AML cells from chemotherapy110.  400 

 401 
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The importance of metabolic crosstalk with stromal cells for leukaemia growth and chemoresistance 402 

development is underscored by several other studies. Zhang et al. described how BMSCs import cystine 403 

and convert it to cysteine, which is then released into the microenvironment for uptake by chronic 404 

lymphoid leukaemia cells promoting glutathione synthesis, cell survival and drug resistance107. We 405 

recently showed that BMSCs convert glutamine into aspartate, used by AML cells for pyrimidine 406 

generation and protecting them from chemotherapy-induced cell death38. AML cells also induce bone 407 

marrow adipocytes to release fatty acids, which supports AML cell proliferation and survival by fuelling 408 

FAO111. It will be of interest for future studies to investigate what exact role these different forms of 409 

stromal metabolic support observed in leukaemia play during normal haematopoiesis. 410 

 411 

Running low on fuel: cell metabolism in skeletal ageing and degeneration 412 

Ageing exerts profound effects on skeletal cell function and is an important risk factor for the 413 

development of degenerative skeletal diseases such as osteoporosis and osteoarthritis112. Several 414 

metabolic changes have been found in aged skeletal cells that may contribute to the initiation and 415 

progression of these diseases (Figure 4). On the other side of the balance, promoting specific metabolic 416 

pathways can enhance cell fitness and prevent skeletal degeneration, or benefit regenerative strategies.  417 

 418 

One important skeletal cell population impacted by ageing are BMSCs, which show a reduction in SSC 419 

frequency and loss of osteogenic potential at the expense of adipogenic differentiation63, 113. Aged 420 

BMSCs display reduced mitochondrial content and an abnormal ultrastructure, resulting in lower oxygen 421 

consumption, reduced ATP synthesis and increased ROS generation during osteogenic 422 

differentiation113. While the mechanism of this compromised mitochondrial function is not fully 423 

understood, it may involve reduced levels of the key mitochondrial metabolite NAD+, as often seen in 424 

aged cells, leading to decreased activity of Sirtuins, NAD+-dependent protein deacetylases involved in 425 

mitochondrial metabolism and oxidative stress regulation114. Accordingly, administration of nicotinamide 426 
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mononucleotide, a key NAD+ intermediate, promotes BMSC expansion, enhances osteogenesis, 427 

reduces adipogenesis and protects bone from aging and irradiation-induced damage in mice115.  428 

 429 

Other mechanisms may also contribute to reduced mitochondrial activity in aged BMSCs. Activity of 430 

PGC-1a decreases with age via p53 signalling in response to genomic stress, impacting BMSC fate 431 

decisions and the bone-fat balance63, 116. Aging also reduces activity of GLS linked to reduced 432 

oestrogen-related receptor alpha signalling, thus suppressing glutamine anaplerosis and osteogenic 433 

differentiation of BMSCs117. Kynurenine, an oxidized metabolite of the essential amino acid tryptophan 434 

that increases in abundance with age, also impacts mitochondrial metabolism in BMSCs and 435 

osteoblasts, leading to reduced osteoblastic numbers, bone loss and osteoporosis118, 119.  436 

 437 

Taken together, current evidence indicates that aging reduces mitochondrial metabolism and increases 438 

oxidative stress in BMSCs, impacting bone formation both at the level of SSC cell fate decisions and 439 

osteoblast functioning. Similar effects of age on periosteal SSC number and osteogenic capacity have 440 

been described, compromising their ability to orchestrate fracture healing120, but whether they undergo 441 

the same metabolic changes as their bone marrow counterparts remains to be determined. 442 

 443 

Another skeletal tissue where aging has a large impact is articular cartilage, where age is the main risk 444 

factor for the development of osteoarthritis (OA)112. Advanced age can trigger OA by altering 445 

functionality of major homeostatic mechanisms including cellular metabolism. Dysregulation of 446 

mitochondrial activity, associated with increased ROS generation, elevated oxidative stress, decreased 447 

mitochondrial ATP generation and upregulation of glycolysis, is known to occur in OA and has been 448 

reviewed in detail previously121. Inflammatory stimuli may further enhance the metabolic reprogramming 449 

of articular chondrocytes by increasing glycolysis and reducing oxidative phosphorylation122.  450 

 451 

Accordingly, targeting dysfunctional mitochondria appears a promising therapeutic strategy in OA. 452 

Trehalose for example ameliorates oxidative stress-mediated mitochondrial dysfunction and ER stress 453 
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by stimulating autophagy, providing protection from OA development in mice123. Pharmacological 454 

stabilization of HIF-1a is another strategy to alleviate OA, and seems to work by enhancing 455 

mitophagy124. Interestingly, inhibition of the glycolytic enzyme lactate dehydrogenase A (LDHA) can 456 

also reduce ROS generation as well as the catabolic response in both mouse and human articular 457 

chondrocytes, and protects from OA in mouse models122.  458 

 459 

Recent findings show that altered activity of other metabolic processes may also contribute to the 460 

pathogenesis of OA. For example, OA chondrocytes have increased levels of cholesterol because of 461 

enhanced uptake, upregulation of cholesterol hydroxylases and increased production of oxysterol 462 

metabolites125. Overexpression of cholesterol hydroxylases in mouse joint tissues can cause 463 

experimental OA, whereas knockout of these enzymes abrogates experimentally-induced disease 464 

development. Fatty acid metabolism changes in OA as well. Excess saturated fatty acid intake induces 465 

cartilage degradation and subchondral bone changes in rats126, while loss of PPAR-d in chondrocytes 466 

prevents disease development in an injury-induced OA model127. We recently described how high levels 467 

of extracellular fatty acids prevent chondrogenic commitment of PDCs by suppressing activity of FOXO 468 

and SOX9 transcription factors25. Both FOXO and SOX9 levels are decreased in OA128, 129, suggesting 469 

that changes in local fatty acid levels, possibly linked to increased inflammation or angiogenesis130, may 470 

play a key role in OA progression. 471 

 472 

Future perspectives 473 

The last five years have witnessed a great expansion of investigations into the metabolic regulation of 474 

skeletal cells, driven by technological advances and a renewed interest in cellular metabolism. Yet, our 475 

insight in the metabolic pathways controlling skeletal cell fate and function remains limited. As in other 476 

areas of study, the majority of studies on skeletal cell metabolism are performed in vitro, and there is a 477 

clear need for more in vivo validation. As highlighted by recent findings on cancer cell metabolism, 478 

metabolic dependencies that exist in vitro are not always recapitulated in vivo36-38. If we aspire as a field 479 
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to translate findings on skeletal cell metabolism into new therapies, studying cells in their native 480 

microenvironment will be essential (Figure 5). Genetic mouse lines with conditional alleles of many 481 

metabolic enzyme-encoding genes are available, and will be key tools in this effort. The number of 482 

skeletal cell type-specific, Cre recombinase-expressing lines has equally expanded over recent years, 483 

even though development of more specific lines or inducible variants would be welcome14, 131, 132. In 484 

situations where in vitro cultures of skeletal cells are required, the aim should be to recapitulate the 485 

metabolic characteristics of the in vivo microenvironment as close as possible, including the use of 486 

physiological oxygen tensions133 and appropriate cell culture media134. 487 

 488 

Particularly when it comes to immature cells, a better differentiation between SSCs, skeletal progenitors 489 

and haematopoiesis-supportive stromal cells, both in mouse and human studies, would greatly improve 490 

our understanding of the metabolic control of cell fate. Unravelling the metabolic differences between 491 

quiescent and proliferating SSCs, and between SSCs found at different locations, would also be of 492 

interest considering efforts to improve cell expansion for tissue engineering applications18.  493 

 494 

One methodological advance that would allow a better understanding of skeletal cell metabolism in vivo 495 

is the development of protocols for the isolation of cells with preservation of their metabolic profile, which 496 

would permit direct metabolic comparison of different skeletal cell types through metabolomics or stable 497 

isotope tracer analysis. In haematology and immunology, where cells are more easily accessible, these 498 

methods have generated unprecedented insight in the metabolic programs controlling cell behaviour in 499 

their native environment38, 135, 136. Although not yet at the resolution of individual cell types, a recent 500 

example shows the feasibility and value of performing in vivo stable isotope tracing in whole bone tissue 501 

in mice47. Other technologies such as mass cytometry now allow simultaneous analysis of cellular 502 

identity and metabolic enzyme protein levels at the individual cell level137, 138, while continuously-503 

improving metabolic imaging methods can provide spatial information at the nanoscale137, 139. We 504 

anticipate that these new technological developments will facilitate important discoveries in skeletal cell 505 

metabolism in the coming years. 506 



 21 

 507 

Finally, increasing evidence points to an important role of the skeletal system as an endocrine organ46, 508 

140. Nevertheless, the interplay between intermediary metabolism in skeletal cells and whole-body 509 

metabolism remains largely unexplored. It will be of considerable interest to better understand how 510 

metabolic conditions that are known to impact bone health, such as obesity, diabetes, starvation, 511 

hormone deficiencies and vitamin shortages, alter skeletal cell metabolism, and whether 512 

pharmacological targeting of the dysregulated metabolic pathways in bone cells can restore their 513 

function. On the other hand, a few recent examples highlight how glucose uptake in osteoblasts can 514 

affect global glucose metabolism41, 43. Whether there are other ways in which metabolic programs in 515 

skeletal cells regulate whole-body metabolism remains an open question for now. 516 

 517 

 518 
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Figure Legends 837 

 838 

Fig. 1: Overview of the main skeletal cell types. Skeletal stem cells residing at the apex of the skeletal 839 

system give rise to the different types of mature skeletal cells. Haematopoiesis-supportive stromal cells 840 

(or a subpopulation of them) also have stem/progenitor cell characteristics and contribute to osteoblasts 841 

and adipocytes in the bone marrow. The most commonly-used markers for identification and/or isolation 842 

are listed for each cell type1, 5, 6, 7, 10-15. 843 

 844 

Fig. 2: Current understanding of skeletal cell metabolism. Recent years have witnessed a large 845 

increase in studies into the metabolic control of skeletal cell behaviour, although most research efforts 846 

thus far have focused on central carbon metabolism and particularly on glucose. These discoveries 847 

have been enabled by the ever-growing availability of mouse models for genetic deletion of metabolic 848 

enzymes, as well as technological advances in metabolic profiling (metabolomics), metabolic pathway 849 

analysis (stable isotope tracing) and real-time assessment of cell metabolism (extracellular oxygen/pH 850 

flux analysis, fluorescent probes). CR, caloric restriction; HIF-1a, hypoxia-inducible factor 1a; PPP, 851 

pentose phosphate pathway; PTH, parathyroid hormone; ROS, reactive oxygen species; SOX9, SRY-852 

box transcription factor 9; TCA, tricarboxylic acid cycle. 853 

 854 

Fig. 3: Metabolic communication between stromal and blood cells in the bone marrow niche. 855 

The importance of metabolic support of haematopoietic or leukemic cells by bone marrow stromal cells 856 

is increasingly being recognized, with stromal cells synthetizing and transferring essential metabolites 857 

as well as organelles. Skeletal cells may also play a key role in shaping the metabolic composition of 858 

the bone marrow microenvironment and maintaining nutrient levels optimal for haematopoiesis. AMP, 859 

adenosine 5’-monophosphate; ATP, adenosine 5’-triphosphate; Cx43, connexin 43. 860 

 861 
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Fig. 4: Metabolic effects of ageing on skeletal cells. A hallmark of ageing in skeletal cells is 862 

mitochondrial dysfunction, which decreases energy production and increases oxidative stress. In 863 

skeletal stem cells in the bone marrow, this metabolic change induces a shift from osteogenesis to 864 

adipogenesis, leading to osteoporosis. In articular cartilage, metabolic reprogramming leads to 865 

increased inflammation, loss of chondrocyte properties and osteoarthritis. 866 

 867 

Fig. 5: Moving towards a more comprehensive understanding of skeletal cell metabolism. A 868 

convergence of new methodologies and state-of-the-art technologies can propel the field of skeletal cell 869 

metabolism research. The growing array of metabolic analysis techniques with continuously-increasing 870 

resolution will enable a better understanding of the metabolic programs controlling the fate and function 871 

of skeletal cells in their native microenvironment. 872 

 873 
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