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Abstract 

Osteogenic differentiation, the process by which bone marrow mesenchymal stem/stromal (a.k.a. skeletal 

stem) cells and osteoprogenitors form osteoblasts, is a critical event for bone formation during 

development, fracture repair, and tissue maintenance. Extra- and intracellular signaling pathways 

triggering osteogenic differentiation are relatively well known; however, the ensuing change in cell 

energy metabolism is less clearly defined. Here we tested the effect of osteogenic media containing 

ascorbate and β-glycerol phosphate, or various osteogenic hormones and growth factors on energy 

metabolism in long bone (ST2)- and calvarial bone (MC3T3-E1)-derived osteoprogenitors. We show that 

osteogenic media, and differentiation factors, Wnt3a and BMP2, stimulate mitochondrial oxidative 

phosphorylation (OxPhos) with little effect on glycolysis. The activation of OxPhos occurs acutely, 

suggesting a metabolic signaling change rather than protein expression change. To this end, we found that 

the observed mitochondrial activation is Akt-dependent. Akt is activated by osteogenic media, Wnt3a, 

and BMP2, leading to increased phosphorylation of various mitochondrial Akt targets, a phenomenon 

known to stimulate OxPhos. In sum, our data provide comprehensive analysis of cellular bioenergetics 

during osteoinduction in cells of two different origins (mesenchyme vs neural crest) and identify Wnt3a 

and BMP2 as physiological stimulators of mitochondrial respiration via Akt activation. 

Introduction 

Mitochondria are dynamic organelles central to cellular energy production, metabolite synthesis, ion 

homeostasis, reactive oxygen species (ROS) generation and scavenging, epigenetic signaling, and 

apoptotic signaling in nearly every cell type (McBride, Neuspiel and Wasiak, 2006; Nunnari and 

Suomalainen, 2012; Schorr and van der Laan, 2018). The current understanding of stem cell energetics 

holds that following differentiation, cell reliance on oxidative phosphorylation (OxPhos) increases over 

glycolysis. Indeed, increasing the activity of glycolytic pathways is a common mechanism to induce 

stemness in cells in vivo and in induced pluripotent stem cells that revert back to glycolysis to become 

more stem-like. Therefore the importance of mitochondria in cell types classically considered to be 

glycolytic such as those of stem cell niches is a nascent field of research (4). The most obvious hypothesis 

for this metabolic transition is the approximately 16-fold increased energetic efficiency of OxPhos 

compared to glycolysis in ATP synthesis allowing for heightened rates of cellular activity to meet the 
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demands of differentiation. Alternatively, mitochondria are central hubs of cellular second messengers 

and epigenetic signals (5–7). Bone marrow mesenchymal stem/stromal cells (BMSCs, a.k.a. skeletal stem 

cells) are somatic multipotent progenitors capable of differentiation into bone-forming osteoblasts (OBs), 

cartilage-forming chondrocytes, and fat-forming marrow adipocytes (8). The heightened energy demand 

from the osteoblast, compared to the other lineages, is due to high levels of collagen, bone matrix protein, 

biosynthesis followed by mineral deposition (9). Recent work by our group and others demonstrate that 

OxPhos is important in osteogenically differentiating  BMSCs and their progeny, OB and osteocytes, as 

measured by an increase in oxygen consumption (10–12). It has been proposed that rather than increased 

OxPhos, the increase in oxygen consumption is a result of an increased demand for NADH in order to 

maintain the activity of lactate dehydrogenase as a result of increased glycolysis, an increase in ribose 

precursor production, or an increased demand for ATP. Currently, it is unclear what role metabolic 

plasticity plays in OB differentiation and development. Increases in OxPhos in BMSCs (10,12,13) and 

calvarial osteoblasts (11) have been reported; however, there remains the unanswered possibility that the 

observed increase in oxygen consumption is a result of decreased coupling efficiency or increases in non-

mitochondrial oxygen consumption. There is also the possibility that long bone and calvarial bone OB 

metabolism are biologically distinct (14). Conversely, there are reports that OxPhos is not activated 

during osteogenesis in long bone-derived cell lines (15), calvarial-derived cell lines (16), and primary 

BMSCs (17), however, these studies describe changes in oxygen consumption under experimental 

conditions which contain pyruvate, supraphysiological levels of glucose, or both. As pyruvate can feed 

directly into the mitochondrial citric acid cycle and high glucose is a powerful driver of the Crabtree 

effect, these conditions could bypass any constraints that specifically affect OxPhos. The metabolic 

plasticity of mitochondria allows for the heterogeneous mix of substrates classically used in cell media 

and mitochondrial buffers: glucose, pyruvate, and glutamine to substitute as carbon entry points in the 

Krebs’ cycle (11,18). Glutamine is converted to α-ketoglutarate to enter the Krebs cycle through the 

process of glutaminolysis and is used by OBs as an alternate fuel source (19). Lastly, bioenergetic 

characterization of the specific cause of cellular changes in oxygen consumption by mitochondrial versus 

non-mitochondrial respiration, respiration directed toward ATP synthesis, and uncoupled respiration (20) 

is often overlooked in these assays. We have previously demonstrated that under the most physiologically 

relevant cell culture conditions, OxPhos is indeed activated in BMSCs incubated in osteogenic media 

composed of 50 μg/mL ascorbate and 2.5 mM β-glycerol phosphate in the presence of low (i.e. 

physiological 5 mM) glucose (12). We found that this process is not accompanied by major gene 

expression or mitochondrial mass changes but is accompanied by changes in mitochondrial dynamics. 

Concurrent work by the Kowaltowski group (21) reported similar results. The trigger(s) and upstream 

signaling for the observed mitochondrial changes during osteoinduction remain unclear and are the focus 

of this work. 

In this study, we comprehensively explore the link between mitochondrial activity and osteogenic 

differentiation of two distinct long bone- or calvarial-derived osteoprognitor cell lines (ST2 and MC3T3-

E1, respectively), applying either commonly used but artificial osteogenic media components or various 

physiologically relevant osteoinduction factors. Our data demonstrate that acute stimulation of 

mitochondrial oxygen consumption by osteogenic media, Wnt3a, or BMP2 upon osteoinduction is a 

common feature in both long bone- and calvarial-derived osteoprogenitors. We further show that this 

mitochondrial activation is completely dependent on activation of Akt. Intriguingly we observe that both 
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the time course and degree of change in mitochondrial parameters are distinct depending on the 

osteogenic origin and mechanism of osteoinduction. 

Results 

Long bone-derived ST2 and calvarial bone-derived MC3T3-E1 osteoprogenitors require mitochondrial 

activation in osteogenic media 

ST2 and MC3T3-E1 are mouse derived osteoprogenitor cell lines that do not have high alkaline 

phosphatase (ALP) or mineralization activities in non-differentiating growth media but become strongly 

positive for ALP after 2 days and for mineralization after 7 days of incubation in osteogenic media 

(22,23). These changes are concomitant with gene expression for early and late markers of osteogenic 

differentiation as measured by real-time RT-PCR (Figure 1A, B). As changes in mitochondrial activity 

are gaining attention as a hallmark for cellular reprogramming (24); we first asked whether osteogenic 

differentiation required mitochondrial activity. ST2 and MC3T3-E1 cells were incubated with low doses 

(1/10th required for complete inhibition) of various metabolic inhibitors (0.1 µg/ml Oligomycin (Oligo), 

0.2 µM (FCCP), 0.1 µM Rotenone (ROT), or 0.1 µM Antimycin A (AA)) for 48 hours in non-

differentiating growth media, then induced to undergo osteogenesis by addition of ascorbate and β-

glycerolphosphate (i.e. Osteoblast Media: OBM). At these concentrations, none of the inhibitors impacted 

cell viability as assayed by crystal violet (CV) stain in the undifferentiated state (Figure 1C, D “day 0”). 

Following addition of ascorbate and β-glycerol phosphate (OBM), both cell types proved highly sensitive 

to addition of mitochondrial ATP synthesis (Oligomycin) or electron transport chain inhibitors (Rotenone, 

Antimycin A) but not to mild uncoupling (FCCP, Figure 1C, D “day 4”). This demonstrates the 

importance for mitochondrial respiratory activity on osteoprogenitors at the point of initiating the 

osteogenic program. 

Osteogenic induction acutely activates mitochondrial bioenergetic parameters 

Given that cells showed sensitivity to mitochondrial perturbation only upon osteoinduction, we asked 

whether mitochondrial activation was an early event during osteogenic differentiation. Moreover, 

previously published studies analyzed the effect of osteogenic differentiation on mitochondria only at 

conventional time points post osteoinduction (i.e. 4, 7, 14 days); thus, the immediate bioenergetic 

responses remain unclear. We therefore used the XF96 Seahorse Flux Bioanalyzer to measure ST2 and 

MC3T3-E1 cell oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) under 

standard and osteogenic conditions. This method allows for real time monitoring of cellular OCR as a 

secondary measure of mitochondrial respiration and ECAR as a secondary measure of glycolysis. The 

serial incorporation of specific metabolic inhibitors to block mitochondrial ATP production (Oligo), 

uncouple mitochondrial respiration (FCCP), inhibit the election transport chain (Antimycin A+Rotenone, 

AA/Rot), or to inhibit Glycolysis (hexokinase competitive inhibitor 2-Deoxyglucose, 2DG) allow for the 

calculation of aerobic and anaerobic contributions to cellular metabolism (see methods, Figure 2A, B). As 

previously reported for BMSCs, undifferentiated ST2 and MC3T3-E1 osteoprogenitor cell lines relied 

marginally on oxidative phosphorylation, showing a slight preference for anaerobic metabolism (Figure 

2C, D white shapes). However cellular respiration was significantly and acutely increased in cells upon 

addition of osteogenic media; and as little as 1 hour was sufficient to maximally stimulate mitochondrial 

OCR in ST2 cells (Figure 2C), while MC3T3-E1 cells showed progressive increase in OCR up to 12 

hours (Figure 2D). Measuring the slope of a line drawn between the basal and maximal rates shows a 
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slope greater than 1 for all osteoinduced cells, indicating a bias towards aerobic respiration as the main 

driver of the heightened energetic state (Figure 2C, D inset).  

Osteoinduction differentially stimulates OCR and ECAR in ST2 and MC3T3-E1 cells 

The induction of osteogenic differentiation in ST2 and MC3T3-E1 cells resulted in a small but significant 

increase in mitochondrial engagement as measured by basal respiration without significantly increasing 

basal glycolytic rates (Figure 2E, F). ST2 cells rapidly induced doubling in both ATP-linked respiration 

and mitochondrial respiratory capacity (Figure 2E, F) and moderate, but significant increase in glycolytic 

capacity (Figure 2E, F). These data indicate a heightened flux of metabolic processes providing substrates 

for glycolysis and the mitochondrial electron transport chain in osteoinduced cells. Interestingly, the 

kinetics of osteoinduction in ST2 cells was markedly faster than those of MC3T3-E1 cells with the 

majority of the increase in OCR present after 1 hour of induction. MC3T3-E1 cells showed progressive 

increases in OCR parameters with the largest increase occurring after 12 hours. While ST2 cells 

demonstrated a more rapid response to OBM, MC3T3-E1 cells’ maximal response was larger. The 

proportion of OCR directly attributable to ATP production (i.e. Oligo sensitive OCR) was increased in 

proportion to increase in basal OCR despite an increase in proton leak (Oligo insensitive, AA/Rot 

sensitive OCR) and non-mitochondrial OCR (AA/Rot insensitive OCR) (Figure 2E, F). Taken together, 

these data demonstrate that these osteoprogenitor cells acutely respond to osteoinduction by increasing 

mitochondrial energetics. Additionally, these data suggests that osteoprogenitors from different lineages 

may have distinct metabolic profiles following osteoinduction.  

Biologically relevant osteoinducers, Wnt3a and BMP2, acutely activate mitochondrial bioenergetic 

parameters  

Incubation of cells with ascorbic acid and β-glycerol phosphate is an accepted in vitro method of 

osteoinduction; however, it is not representative of physiologic induction. We therefore asked whether 

any cytokines or hormones known to promote osteogenic differentiation reproduced the acute response of 

OBM described in Figure 2. We observed that incubation of cells with IGF1, TGFβ, or PTH peptide (aa1-

34) for 12 hours had no impact on the acute response of cells. In contrast, both BMP2 and Wnt3a strongly 

induced aerobic activation (Figure 3). Furthermore, this increase in OCR matched the profile we observed 

in OBM, i.e. mitochondrial respiratory flux, glycolytic reserve, and a proton leak all significantly 

increased (Figure 3B, C). Interestingly ATP-linked OCR did not change following BMP2 stimulation 

(Figure 3B). Additionally, we note that ST2 cells continue to display increased metabolic response over 

MC3T3-E1 cells as measured by their time to maximum response to osteoinduction, while MC3T3-E1 

display a greater maximal increase. Using unbiased principle component analysis (PCA), we compared 

the changes in mitochondrial and glycolytic parameters over time and in response to OBM, BMP2, and 

Wnt3a to determine whether ST2 and MC3T3-E1 cells did indeed have distinct metabolic profiles 

following osteoinduction (Figure 4A). This analysis revealed partially overlapping yet diverging 

metabolic spaces occupied by each cell type. Unbiased heatmap clustering of these metabolic rates 

confirmed that activation of OCR is a common response to osteoinduction as the 12 hour post-induction 

data sets cluster together and have the greatest increase in OCR (Figure 4B). Additionally, cell-specific 

(ST2 and MC3T3-E1) responses showed the next greatest impact on cluster formation, with the method 

of osteoinduction having the least impact on how the data separated.  

Activation of Mitochondria requires Akt signaling 
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Mitochondrial activation can be the result of multiple signals and pathways, including bulk mitochondrial 

biogenesis, changes in cellular ratios of ATP/ADP, NAD+/NADH, calcium, metabolic intermediates of 

glycolysis and the Krebs’ cycle, and mitochondrial fusion/fission dynamics. The observed acute time 

scales of mitochondrial activation suggest that the response is mediated via changes in signaling 

pathways. One such signaling pathway implicated in both osteogenic differentiation (25), and regulation 

of mitochondrial function (26) is Akt. We therefore asked whether we could detect differences in Akt 

phosphorylation status following acute osteoinduction. Western blotting revealed increased Akt 

phosphorylation and thus activation in less than 1 hour using OBM, BMP2, or Wnt3a to induce the 

osteogenic program in ST2 and MC3T3-E1 cells (Figure 5A). Akt is known to have multiple 

phosphorylation targets in mitochondria (27)To check if Akt phosphorylated mitochondrial targets, we 

isolated mitochondria and performed western blotting of mitochondrial protein extracts from ST2 or 

MC3T3-E1 cells using anti-Akt phosphorylation sequence (RXXSp/Tp) antibody. The assay showed that 

mitochondria from both cell types contained increased levels of Akt-dependent phosphorylation following 

osteoinduction compared to mitochondria from uninduced cells (Figure 5B). MC3-T3 cells showed an 

increase in the pospohorylation of a protein approximates 50 kDa, whereas numerous bands were 

observed to increase in ST2 cells at molecular weights of approximately 100, 80, 60, 55, 50 and 30 kDa. 

It is work noting that Akt-dependent phosphorylation of mitochondrial proteins of the same molecular 

weights was described previously in mouse isogenic hepatocytes (28). While BMP2 appeared to have the 

strongest impact on increased band intensity, all three methods of osteoinduction showed increases over 

control. Densitometry histograms for each lane are shown to the right of each anti-phospho-Akt substrate 

blot. Such Akt-mediated phosphorylation of various mitochondrial targets is well documented to 

stimulate mitochondrial OxPhos activity [(27,29)]. These data indicate that all three methods of 

osteoinduction converge on Akt at the signaling level leading to Akt stimulatory effect on mitochondria. 

We next asked whether an Akt inhibitor could block the increased mitochondrial OCR observed in cells 

incubated in OBM. Osteoinduction of cells in the presence of a pan-Akt inhibitor completely and 

persistently blocked mitochondrial activation in both ST2 and MC3T3-E1 cells following osteoinduction 

so that there was no significant change in any mitochondrial bioenergetic parameter (Figure 6A). 

Importantly incubation of cells with a pan Akt inhibitor completely abrogated Akt activation, as 

evidenced by decreased phosphorylated-Akt signal (Figure 6B, C). This demonstrates that osteoinduction 

acts through Akt to promote mitochondrial bioenergetics. Finally, Akt inhibition prevented ST2 and 

MC3T3-E1 differentiation by OBM, and Wnt3a as evidenced by decreased ALP staining. Akt inhibition 

also prevented differentiation of ST2 cells by BMP2 and partially decreased MC3T3-E1 response to 

BMP2 (Figure 6D, E). Taken together our data demonstrate a model in which osteoinduction both via 

standard ascorbate/BGP treatment and physiologic signaling through BMP2 or Wnt3a results in activation 

of Akt, and increased Akt-mediated phosphorylation of mitochondrial proteins. Concurrently 

osteoinduced cells exhibit an Akt-dependent increase in mitochondrial bioenergetic parameters ultimately 

facilitating differentiation along the osteoblast lineage (Figure 7). 

Discussion 

The role of cellular metabolism during osteogenic differentiation is a topic of debate in the field. While it 

is routinely reported that various somatic stem cells rely on glycolysis for energy prior to differentiation 

and on the mitochondrial process of OxPhos during and after differentiation (4), the data regarding 

metabolism of osteoprogenitors remains controversial. Methodologic differences including 

supraphysiological levels of glucose and glutamine used in culture media to stimulate BMSC expansion 
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have the potential to influence cell metabolism. The presence of extracellular pyruvate in metabolic 

assays could bypass any constraints that specifically affect OxPhos and artificially increase oxygen 

consumption in undifferentiated cells impeding the detection of change in OxPhos during differentiation. 

Furthermore, the presence of ascorbate in conventional media could prime osteogenic programming for 

activation and account for the alternate outcomes observed in reports which demonstrate increased OCR 

(10,11), and those that did not see changes on OCR (12,15,17). 

In the current study, our experimental model used cells grown in minimal media lacking ascorbate and 

containing physiologic (1 g/L = 5 mM) glucose and heat inactivated FBS to best approximate physiologic 

conditions and to maintain cells in a true uninduced state. OCR and ECAR measures were performed in 

the absence of added pyruvate and with physiologic glucose and glutamine (1 mM). Additionally, the 

inclusion of the glutaminase inhibitor BPTES did not impact OCR or ECAR levels in a separate 

experiment (data not shown), indicating that glutamine is not a significant fuel source in pre-OB cells in 

this acute time frame following osteoinduction. Increased mitochondrial function can be a result of 

changes in the dynamic network of mitochondria within cells, changes in mitochondrial coupling, or 

activation of mitochondrial biogenesis. We chose time points on a short enough time scale to allow us to 

focus on changes in existent mitochondrial function rather than biogenesis of new mitochondrial protein 

machinery (30–32). Using these techniques, we observed rapid and consistent increases in basal 

mitochondrial OCR, mitochondrial directed ECAR (i.e. aerobic glycolysis), and respiratory capacity in 

both ST2 and MC3T3-E1 cells following addition of OBM, BMP2, or Wnt3a, as well as a consistent 

increase in proton leak. The method of osteoinduction resulted in distinct changes in different metabolic 

parameters with OBM and Wnt3a triggering an increase in ATP production while BMP2 did not. 

Furthermore, ST2 cells responded to osteoinduction early, with much of the maximal increase occurring 

in the first hour post-induction. In contrast MC3T3-E1 cells responded less rapidly, with the largest 

increase in metabolic parameters occurring at the 12-hour time points (compare Figures 3&4). Finally, 

ST2 cells overall fold increase in metabolic parameters while rapid, was smaller than the final increases 

observed in MC3T3-E1 cells. Taken together, ST2 and MC3T3-E1 cells appear to occupy distinct 

metabolic spaces both pre- and post-osteoinduction despite responding similarly to induction. 

Additionally, BMP2 and Wnt3a trigger metabolic activation of these cells with subtle differences that 

overlap with the response to OBM. This activation of mitochondrial parameters early in osteoinduction is 

essential and these cells are unable to tolerate even mild inhibition of mitochondrial electron transport 

chain complexes or ATP-synthase during this transition (Figure 1C, D). Interestingly mild uncoupling 

using FCCP did not negatively impact these cells. Mild uncoupling has been investigated as a therapeutic 

strategy in improving metabolic health and could be acting by a similar mechanism in osteoinduction as 

well (33).  

A number of signaling pathways including Wnt3a and BMP2 are known to regulate osteoinduction of 

BMSCs into OBs (34). Our data demonstrate that Wnt3a and BMP2 can trigger an acute activation of 

mitochondrial OCR; and that interventions that block mitochondrial activation, prevent osteoinduction 

(Figure 1, 6). This agrees with the understanding of Wnt3a/β-catenin and BMP signaling as early 

signaling mechanisms during stem cell commitment stage (35). Additionally, post-translational 

modification of β-catenin modulates its activity. Active Wnt signaling initiates hypo-phosphorylation of 

β-catenin and decreased ubiquitination resulting in stabilization of the Wnt protein and ultimately the 

activation of expression of the canonical Wnt target genes. Phosphorylation promotes β-catenin 

degradation and is in competition with acetylation for amino acids in Wnt, which impacts the 
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ubiquitination status of the protein. (36). Acetyl CoA (Ac-CoA) is a mitochondrially generated substrate 

for protein acetylation reactions by acetyltransferases. Thus, mitochondrially derived Ac-CoA may 

provide a link between cellular bioenergetic and differentiation pathways. Additionally acetylation has 

been shown to stabilize and promote activities of other key osteogenic factors, Runx2 and Osterix (37,38). 

Osteoinduction has been previously reported to involve both a Wnt/Akt, and Bmp/Akt signaling axis, 

however these reports did not investigate mitochondrial parameters (39,40). Additionally, Akt has been 

shown separately to be an stimulator of mitochondrial function and an upstream regulator of the 

formation of mitochondria-associated membranes (26,29). Our data indicate Akt signaling as absolutely 

essential for the acute stimulation of mitochondrial OCR during the process of Wnt- and BMP-mediated 

osteoinduction. 

It is interesting to note that while both ST2 and MC3T3-E1 cells had similar responses in our hands, their 

specific time to maximal response and the overall degree of mitochondrial activation were different. ST2 

cells showed a rapid and large activation while MC3T3-E1 cells demonstrated a slower and more modest 

activation. As these cell lines are derived from osteoprogenitor cells of different embryonic origins, this 

difference in metabolic activity is not surprising and has also been observed in previous studies (14).  

In conclusion, we found that: i) activation of mitochondrial OxPhos is achieved rapidly following 

induction of the osteogenic program in both long bone- and calvarial bone-derived osteoprogenitor cells; 

ii) mitochondrial respiratory activity is required for successful transition into the osteogenic program; and 

iii) activation of mitochondria using these methods is dependent upon active Akt signaling (Figure 7). 

We, therefore suggest the scenario wherein the osteoprogenitor mitochondria are rapidly activated 

following Akt phosphorylation of mitochondrial targets allowing for the subsequent activation of the 

osteogenic program. 

Materials and Methods  

Cell Culture 

Mouse long bone-derived ST2 cells were a gift from Dr. Clifford Rosen. Mouse calvarial bone-derived 

MC3T3-E1 cells were acquired from ATCC. Cells were expanded in sterile conditions and maintained in 

a 370C incubator at 5% CO2 in MEM media (Gibco A10490-01) containing physiologic 1 g/L (i.e. 5 

mM) glucose, 0.3 g/L (i.e. 1 mM) L-glutamine, ribonuclesides (0.01 g/L each), deoxyribonucleosides 

(0.01 g/L each), no ascorbic acid, 10% FBS (Gibco 10437-028) heat inactivated for 30 minutes at 55 

degrees C, and 0.1 % Penn/Strep (Gibco 15140-122). Cells were maintained at passage numbers < 20 as 

recommended by the supplier and from previous handling experience.  

Osteoinduction and detection by cell staining 

The addition of 50 μg/mL ascorbate (Sigma A4544) and 2.5 mM β-glycerol phosphate (USB Corp 

Cleveland, OH, 21655), 25 ng/mL BMP2 (R&D systems 355-BM-050/CF),  25 ng/mL Wnt3a (R&D 

systems 5036-WN-010), 5 ng/mL IGF1 (Sigma 13769-50UG), 0.2 ng/mL TGFβ (R&D systems 240-B), 

or 1 ng/mL PTH aa1-34 (R&D systems 3011/1) to αMEM media induced osteogenesis. To confirm 

osteogenesis, cells were stained with OB-specific ALP-specific stain (Thermo NBT/BCIP 1-step 34042) 

and with 0.5 % CV (Sigma C3886) to determine total cell count as previously described (13). For 

metabolic inhibitory studies, cells were incubated with either 0.1 μg/mL Oligomycin (Oligo, Sigma 
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75351),  0.1 μM Antimycin A (AA, Sigma A8674), 0.1 μM Rotenone (ROT, Sigma R-8875), or 0.2 μM 

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, Sigma C2920) for 48 hours prior to 

osteoinduction, and inhibitors were present during the entire time course of induction. For Akt signaling 

studies, cells were incubated with 10 μM Akt1/2 inhibitor (Sigma A6730) for 24 hours prior to 

osteoinduction (or as indicated for time course studies) and were present during the period of 

osteoinduction.  

Metabolic profiling 

OCR and ECAR were measured using Seahorse XF96 (Seahorse Bioscience). Cells were plated on 

Seahorse 96-well plates 48 hours before the experiment at a density of 15,000 cells/well. Cells were 

incubated in media containing control, OBM, BMP2 or Wnt3a to induce osteogenesis for 1, 6, or 12 

hours. Immediately before the experiment, medium was replaced with unbuffered DMEM (Sigma D5030) 

medium containing 1 mM glutamine (Gibco 25030-081), 5 mM glucose (Sigma G8270), appropriate 

osteogenic inducer, and no pyruvate (pH 7.4). A baseline measurement of OCR and ECAR was taken, 

and then an inhibitory analysis was performed using serial injections of 1 μg/mL Oligo, 2 μM FCCP, and 

simultaneous addition of 1 μM each of AA and ROT. A parallel experiment was run with the following 

injections of Oligo+FCCP followed by 15 mM 2-deoxyglucose (Sigma D-3179). The following OxPhos 

and glycolytic indexes were calculated: basal respiration (OCRpre-Oligo − OCRpost-AntA), ATP-linked 

respiration (OCRpre-Oligo − OCRpost-Oligo), spare respiratory capacity (OCRpost-FCCP − OCRpre-Oligo), proton 

leak (OCRpost-Oligo − OCRpost-AA/ROT), basal glycolysis (ECARpre-Oligo), and glycolytic flux (ECARpost-

Oligo/FCCP – ECAR pre-oligo/FCCP). 

Real-time RT-PCR 

Total RNA was isolated using the RNeasy kit (Qiagen 74106) and reverse transcribed into cDNA using 

the qScript cDNA synthesis kit (Quanta 95048-500). cDNA was subjected to real-time RT-PCR. The 

primer pairs used for genes of interest are outlined in Table 1. Real-time RT-PCR was performed in the 

RotorGene system (Qiagen) using SYBR Green (Quanta 95072-012). The expression of genes of interest 

was normalized to expression of beta-2 microglobulin (B2m). 

Table 1 

Primer  Sequence 5’-3’ Tm 

Mouse beta-2 microglobulin (B2m) forward AATGGGAAGCCGAACATAC 59.9 

Mouse beta-2 microglobulin (B2m) reverse CCATACTGGCATGCTTAACT 60.1 

Mouse bone sialoprotein (Ibsp) forward AATGGAGACGGCGATAGT 60.2 

Mouse bone sialoprotein (Ibsp) reverse GAGTGCCGCTAACTCAAA 59.6 

Mouse osteocalcin (Bglap) forward GACCTCACAGATGCCAAG 59.5 

Mouse osteocalcin (Bglap) reverse CAAGCCATACTGGTCTGATAG 59.7 

 

Western blotting 

Cells were lysed with lysis buffer containing protease inhibitors and subjected to 4–12% SDS-PAGE 

followed by transfer to polyvinylidene difluoride membranes (PVDF) and blocking in 5% dry milk. For 

Akt detection, blots were probed total Akt antibody (Cell Signaling 92728) at a concentration of 1:2000 
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For phosphorylated Akt detection, blots were probed with mouse monoclonal phospho serine 473 Akt 

(Cell Signaling 4060S) at a concentration of 1:1000. Akt substrates were detected using p-Akt Substrate 

RXXS*/T* (Cell Signaling 110B7E) at 1:2000. Loading controls were detected using antibodies against: 

1:2000 Mitofusin 1 (Abcam Ab57602), 1:20,000 -actin (Invitrogen Cat-15). Following wash of primary 

antibody, blots were incubated with either horseradish peroxidase (HRP)–conjugated goat anti-mouse 

antibody (Bio-Rad 170-6516) or HRP–conjugated goat anti-rabbit antibody at a concentration of 1:5000. 

Antibody detection was developed with West Femto Substrate (Thermo Scientific 34095). Densitometry 

was preformed using Fiji software “gel analysis” plug-in. 

Mitochondrial Isolation 

Cells were grown on 15cm plates until confluency and treated for 48 hours with osteogenic media. Cells 

were rapidly transferred to cold PBS containing phosphatase inhibitors by scraping (all following steps 

contain phosphatase inhibitors). Cells were spun down at 3,500 rpm then resuspended in MannPrep buffer 

(Mannitol at 195 mM, Sucrose at 65 mM, HEPES at 2 mM, KH2PO4 at 0.05 mM, EGTA at 0.05 mM, 

MgCl2 at 0.01 mM; pH 7.4 at 4o C). Cells were broken up by homogenizing them in glass homogenizer 

with teflon pestle and 35 passes. Crude precipitate and nuclear material was removed by spin at 3,500 

rpm for 5 min at 4o C in benchtop centrifuge. Supernatant was removed and spun at 12,000 rpm for 9 min 

at 4o C in benchtop centrifuge to pellet mitochondria. Crude mitochondrial pellet was resuspended in 0.02 

ml protein lysis buffer. 

Statistical analysis 

Mean values and standard deviation were calculated, and the statistical significance (p < 0.05) was 

established using either Student's t-test when two variables were compared or one-way analysis of 

variance (ANOVA) with post hoc Bonferroni correction when more than two variables were compared 

based on normal spread of our data as indicated in the figure legends. Principle component analysis 

(PCA) and heat map were performed using open access ClustVis software (41,42).  
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FOOTNOTES 

Funding was provided by the National Institute of Health grant to R.A.E. (R01 AR072601).  

 

The abbreviations used are:  

AA: Antimycin A 

ALP: Alkaline phosphatase 

BMP2: Bone Morphogenic Protein 2 

CV: Crystal Violate 

ECAR: Extracellular Acidification Rate 

FCCP: Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

OBM: Osteoblastic media a.k.a. Ascorbic acid and beta-gycero phosphate 

OBs: Osteoblasts  

OCR: Oxygen Consumption Rate 

Oligo: Oligomycin 

OxPhos: Oxidative Phosphorylation 

ROS: Reactive Oxygen Species 

ROT: Rotenone 

Wnt3a: Wingless protein 3a 

 

Table 1. Primers used for real time RT-PCR analysis. All primers written from 5’ to 3’ (left to right). 

Gene Forward Primer Reverse Primer 

B2m AATGGGAAGCCGAACATAC CCATACTGGCATGCTTAACT 

Ibsp AATGGAGACGGCGATAGT GAGTGCCGCTAACTCAAA 

Bglap GACCTCACAGATGCCAAG CAAGCCATACTGGTCTGATAG 
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Figure 1: cell differentiation in osteogenic media activates mitochondria. (A) Top: Schematic 

representation of osteoprogenitor cell differentiation to OBs. ST2 and MC3T3-E1 cells represent 

osteoprogenitor stage cells of the long bone and calvarial bone, respectively (cell images generated using 

biorender.com). Bottom: Schematic of time course. Cells grow to confluency (white bars) then are treated 

with osteoblast differentiation media (OBM, black bars) for 2, 4 or 7 days before measurements are taken 

(red arrows). (B) Expression of mRNA levels of OB markers Ibsp and Bglap relative to control B2m 

increases with differentiation. Control Crystal Violet (CV) staining and OB marker alkaline phosphatase 

(ALP) for same time points showed below. Metabolic inhibitors were added 48 hours prior to “day 0” 

time point (Antimycin A: AA, rotenone: ROT, Oligomycin: Oligo, carbonyl cyanide p-

trifluoromethoxyphenylhydrazone: FCCP). ST2 (C) and MC3T3-E1 (D) cells stained at Day 0 and Day 4 

following OBM induction and stained for CV or ALP. Data are means ± SD (n=5 for qPCR). Staining 

images are representatives of 3 replicates. 

Figure 2: Bioenergetics in osteoprogenitor ST2 and MC3T3-E1 cell lines are acutely responsive to 

osteoinduction. (A) Oxygen consumption rates (OCR) is measured as an endpoint measure of 

mitochondrial respiration shown here for cells as an acute response to OBM for ST2 (top) and MC3T3-E1 

(bottom) cells. Arrows indicate injection of metabolic modifiers to inhibit mitochondrial ATP synthesis 

(Oligo), uncouple mitochondria (FCCP), and inhibit electron transport chain (AA/Rot). (B) Extracellular 

acidification rates (ECAR) is measured as an endpoint for anaerobic glycolysis shown here for cells as an 

acute response to OBM for ST2 (top) and MC3T3-E1 (bottom) cells. Arrows indicate injection of 

metabolic modifiers to inhibit mitochondria (oligo/FCCP) and glycolysis (2-deoxyglucose: 2-DG). (C, D) 

Energy map showing baseline (B: black outlined) and maximal (U: red outlined) OCR and ECAR 

following OBM addition as fold change over uninduced ST2 (C) or MC3T3-E1 (D) cells. The four 

quadrants represent cell metabolism attributable to “Quiescent,” “Aerobic,” “Energetic,” or “Glycolytic” 

energy usage. Blue and orange colored ellipses represent the metabolic space covered by uninduced and 

induced cells, respectively. Inset shows the slope of each line generated from the xy-scatter plot. Slopes > 

1 indicate metabolic shifts towards aerobic respiration, slopes <1 indicated metabolic shits towards 

glycolysis. (E) Specific metabolic contributions to OCR were calculated as Basal OCR (Baseline minus 

AA/Rot), ATP-production (Baseline minus Oligo), Respiratory capacity (FCCP minus baseline), Proton 

leak (Oligo minus AA/Rot), and Non-mitochondrial respiration (Post AA/Rot) represented as fold change 

from uninduced controls. (F) Specific metabolic contributions to ECAR calculated as Basal ECAR 

(Baseline minus 2-DG), Glycolytic Capacity (Oligo/FCCP minus Baseline), and Non-glycolytic 

acidification (Post 2-DG) represented as fold change from uninduced controls. Data are means ± SD 

(n=15). *, p <0.05 vs uninduced control as determined by ANOVA and confirmed by post hoc Bonferroni 

correction.  

Figure 3: Acute activation of mitochondrial parameters is differently impacted by BMP2 and 

Wnt3a. (A) Energy map showing baseline (black outlined) and maximal (red outlined) OCR and ECAR 

as fold change over uninduced ST2 following addition of OB stimuli Wnt3a (red), IGF1 (green), BMP2 

(purple), TGFβ (blue), or PTH (aa1-34) (orange). The four quadrants represent cell metabolism 

attributable to “Quiescent,” “Aerobic,” “Energetic,” or “Glycolytic” energy usage. Blue and orange 

colored ellipses represent the metabolic space covered by uninduced and induced cells, respectively. 

Specific metabolic changes caused by BMP2 (B) or Wnt3a (C) calculated as in Figure 3 and represented 

as fold change from uninduced controls. Data are means ± SD (n=15). *, p <0.05 vs uninduced control as 

determined by ANOVA and confirmed by post hoc Bonferroni correction.  
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Figure 4: Unbiased comparison of cell type response to osteoinduction methods using key 

parameters of glycolytic and mitochondrial function as endpoints. (A) Principal component analysis 

(PCA) of metabolic parameters calculated from OCR and ECAR raw data for ST2 and MC3T3-E1 cells 

following osteoinduction with OBM, BMP2, and Wnt3a, at all four time points (0, 1, 6, 12 hours). The 

first two components show the data from the angle of most variability with PCA1 being cell type and 

PCA2 being osteoinducing factor. (B) Heatmap to visualize sample relations as a matrix. Values in the 

matrix are color coded to represent degree of difference between groups with dark red being largest 

increase and dark blue being largest decrease.  

Figure 5: Osteoinduction activates Akt and increases phosphorylation of mitochondrial proteins. (A) 

Western blots of phospho-Akt and total Akt protein following 5, 15, 30 or 60 minutes incubation with 

OBM (left), BMP2 (center), or Wnt3a (right). (B) Western blot using anti-Akt phosphorylation sequence 

(RXXSp/Tp) to detect Akt target proteins in mitochondrial protein extracts following 48 hours 

osteoinduction, with mitochondrial loading control MFN1 and total protein loading control β-actin. 

Densitometry histograms showing relative intensity of bands from control (grey), OBM, (cyan), Wnt3a 

(rose), or BMP2 (lavendar). Blots are representative images of 3 replicates 

Figure 6: Activation of mitochondrial Spare capacity by osteo-induction requires active AKT. (A) 

Energy map of ST2 (top) and MC3T3-E1 (bottom) showing baseline (B: black outlined) and maximal (U: 

red outlined) OCR and ECAR of cells incubated with Akt inhibitor (iAkt) for 24 hours then induced using 

OBM (left), BMP2 (center), or Wnt3a (right) addition. Data represented as fold change over uninduced 

control cells. (B, C) Western blots of phospho-Akt and total Akt protein following incubation with iAkt 

for 24 hours then OBM (left), BMP2 (center), or Wnt3a (right) addition for 12 hours for ST2 (B) and 

MC3T3-E1 (C) cells. (D, E) ALP stain for cells treated with or without iAkt for 24 hours prior to OB 

induction with OBM, BMP2, or Wnt3a for four days. Seahorse n=15, significance by ANOVA and 

confirmed by post hot Bonferoni correction. (*) indicate p-value <0.05 vs uninduced control. Western 

blots and stains are representative images from n=3 replicates. 

Figure 7: Schematic for Akt-dependent activation of mitochondrial function to induce osteogenic 

program. Standard acorbate/BGP treatment and physiologic signaling through BMP2 or Wnt3a results in 

activation of Akt, and increased Akt-mediated phosphorylation of mitochondrial proteins. Akt-dependent 

increase in mitochondrial bioenergetic parameters allows for differentiation along the osteoblast lineage. 

Figure generated using Biorender software: Biorender.com 
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