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SUMMARY: 22 
Real-time cell metabolic flux assay measures the oxygen consumption rate and extracellular 23 
acidification rate, which corresponds to mitochondrial and glycolytic adenosine triphosphate 24 
production, using pH and oxygen sensors. The manuscript explains a method to understand the 25 
energy status of osteoblasts and the characterization and interpretation of the cellular 26 
bioenergetic status. 27 
 28 
ABSTRACT: 29 
Bone formation by osteoblasts is an essential process for proper bone acquisition and bone 30 
turnover to maintain skeletal homeostasis, and ultimately, prevent fracture. In the interest to 31 
both optimize peak bone mass and combat various musculoskeletal diseases (i.e., post-32 
menopausal osteoporosis, anorexia nervosa, type 1 and 2 diabetes mellitus), incredible efforts 33 
have been made in the field of bone biology to fully characterize osteoblasts throughout their 34 
differentiation process. Given the primary role of mature osteoblasts to secrete matrix proteins 35 
and mineralization vesicles, it has been noted that these processes take an incredible amount of 36 
cellular energy, or adenosine triphosphate (ATP). The overall cellular energy status is often 37 
referred to as cellular bioenergetics, and it includes a series of metabolic reactions that sense 38 
substrate availability to derive ATP to meet cellular needs. Therefore, the current method details 39 
the process of isolating primary, murine bone marrow stromal cells (BMSCs) and monitoring their 40 
bioenergetic status using the Real-time cell metabolic flux analyzer at various stages in osteoblast 41 
differentiation. Importantly, these data have demonstrated that the metabolic profile changes 42 
dramatically throughout osteoblast differentiation. Thus, using this physiologically relevant cell 43 
type is required to fully appreciate how a cell’s bioenergetic status can regulate the overall 44 
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function. 45 
 46 
INTRODUCTION: 47 
The formation of bone by the osteoblast is accompanied by coordinated destruction or 48 
resorption of bones by osteoclasts. The balance between osteoblastic bone formation and 49 
osteoclast resorption is a coupled process describing bone turnover or remodeling, which is 50 
essential for skeletal homeostasis. Osteoblast dysfunction leads to impaired bone formation and 51 
results in various diseases, including osteoporosis1–3. Ex vivo/in vitro differentiation of bone 52 
marrow stromal stem cells (BMSCs) to osteoblast precursors and mature osteoblasts results in 53 
the formation and deposition of the mineralized bone matrix in the culture vessel over time4–6. 54 
This bone formation by the osteoblast requires a significant amount of cellular energy. 55 
Specifically, collagen synthesis and secretion have been shown to rely heavily on cellular ATP: 56 
ADP ratios, and presumably, mineralized vesicle trafficking and secretion require additional ATP7–57 
11. Many researchers have demonstrated that the process of osteoblastogenesis and osteoblast 58 
function requires an adequate supply of energy to meet the metabolic demand of bone 59 
formation12–16. Therefore, the goal of this method is to characterize the bioenergetic status of 60 
primary, murine stromal cells throughout osteoblast differentiation using the real-time cell 61 
metabolic flux analyzer. These techniques aid in developing a better understanding of skeletal 62 
homeostasis, which may ultimately lead to the development of novel therapeutic options 63 
capable of improving skeletal-related outcomes. 64 
 65 
The real-time cell metabolic flux analyzer can be used to measure the oxygen consumption rate 66 
(OCR) and extracellular acidification rate (ECAR) of live osteoblasts, which corresponds to 67 
mitochondrial and glycolytic ATP production, respectively. Fundamental to this methodology is 68 
the fact that one H+ ion per lactate is released during glycolysis in the conversion of glucose to 69 
lactate, which alters media pH reflected in the ECAR values. Conversely, during the TCA 70 
(tricarboxylic acid) cycle, oxidative phosphorylation via the mitochondria produces CO2 by 71 
utilizing or consuming oxygen, and therefore monitoring OCR is reflective of this metabolic 72 
process. The analyzer measures both OCR and ECAR in the extracellular microenvironment 73 
simultaneously and in real-time, which allows for tremendous potential when studying cellular 74 
bioenergetics6,17. Additionally, performing these assays is relatively straightforward and easily 75 
customizable depending on the experimental goal. Similar techniques have been employed to 76 
further understand T-cell metabolic regulation of the immune system18,19, cancer initiation, and 77 
progression20, along with multiple other cell types contributing to metabolic syndromes21,22. 78 
 79 
The advantages of Real-time metabolic flux analyzer over alternative techniques include (1) the 80 
capability to measure cellular bioenergetics of live cells in real-time, (2) ability to perform assay 81 
with a relatively small number of cells (requires as low as 5,000 cells), (3) injection ports to 82 
parallelly manipulate multiple treatments in a high-throughput 96-well system, (4) use of 83 
radioactive label-free automated cell imager for normalization18,23,24. The following methods aim 84 
to provide a generalized but detailed description of how to monitor cellular bioenergetics in 85 
murine BMSCs throughout osteoblast differentiation using the analyzer. It will include routinely 86 
performed assays; however, as with many techniques and methods, it is highly encouraged that 87 
individual labs determine specific details for their experiments. 88 



 

 

Selection of assay and different types of assays available:  A wide variety of assay kits and 89 
reagents are available to study the bioenergetics of cells while ensuring the reliability and 90 
consistency of the experimental results. Additionally, the desktop software also offers assay 91 
templates that can be easily customized. The assay can be defined based on the user’s needs to 92 
measure different metabolic parameters. These assays can be modified in various ways based on 93 
the experimental goal and/or scientific question. For example, with four injection ports, multiple 94 
compounds can be injected into the assay media to analyze the cellular response specific to each 95 
metabolic pathway. 96 
 97 
Cell energy phenotype test: This assay measures the live cells’ metabolic phenotype and 98 
metabolic potential. This assay is also recommended as the first step to get a generalized idea of 99 
pathway-specific metabolism. A mixture of oligomycin A—an inhibitor of ATP synthase and 100 
Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)—a mitochondrial uncoupling 101 
agent is injected to understand the cell energy potential. The injection of oligomycin A inhibits 102 
the synthesis of ATP, resulting in an increase in the rate of glycolysis (ECAR) to enable the cells to 103 
meet their energy demands; on the other hand, the injection of FCCP results in higher OCR due 104 
to depolarization of the mitochondrial membrane. Essentially, this assay depicts basal metabolic 105 
respiration, and following the dual injections, pushes, or stresses, the metabolic response. Based 106 
on these parameters, the software then plots OCR and ECAR of the cells by classifying the cells 107 
as aerobic, quiescent, glycolytic, or energetic state over time25,26. 108 
 109 
ATP real-time production rate assay: This measures the cellular ATP production simultaneously 110 
from glycolysis and mitochondrial respiration. This assay quantitatively measures the metabolic 111 
shifts from the two energy pathways and provides data on the mitochondrial and glycolytic ATP 112 
production rates over time. The assay obtains basal OCR and ECAR data followed by calculating 113 
mitochondrial ATP production rate through injection of oligomycin A and glycolytic ATP 114 
production rate through injection of rotenone + antimycin A mixture (total inhibition of 115 
mitochondrial function), resulting in mitochondrial acidification17,27. 116 
 117 
Cell mitochondria stress test (or cell mito stress test): This measures the mitochondrial function 118 
through ATP-linked respiration, quantifies cellular bioenergetics, identifies mitochondrial 119 
dysfunction, and measures cells' response to stress. Various parameters, including basal and 120 
spare respiratory capacity, ATP-linked respiration, maximal respiration, and non-mitochondrial 121 
oxygen consumption, can be obtained in one assay. This assay involves serial injections of 122 
oligomycin A, FCCP (mitochondrial uncoupling agent), rotenone/antimycin A mixture inhibitors 123 
to efficiently analyze the effect of these on the mitochondrial function28. 124 
 125 
Flexibility mito fuel flex test: This measures the mitochondrial respiration rate by the oxidation 126 
of the three primary mitochondrial fuels by the presence and absence of their inhibitors. The 127 
sequential inhibition of glucose, glutamine, and fatty acids aids in measuring the dependency, 128 
capacity, and flexibility of cells and the dependency of the cells in various cellular pathways to 129 
meet the energy demand. When the mitochondria cannot meet the demands of the blocked 130 
pathway of interest by oxidizing other fuels, the cells enter a dependency state. The capacity of 131 
the cells is calculated by inhibition of the other two alternative pathways followed by the 132 



 

 

inhibition of the pathway of interest. The flexibility of cells helps in understanding the ability of 133 
mitochondria to compensate and meet the fuel needs of the inhibited pathway. It is calculated 134 
by subtracting the dependency of cells from the capacity of cells. Three different inhibitors are 135 
used independently or as a mixture of two to effectively calculate the assay parameters. 2-cyano-136 
3-(1-phenyl-1H-indol-3-yl)-2-propenoic acid (UK5099) inhibits the oxidation of glucose by 137 
blocking the pyruvate carrier in glycolysis. Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) 138 
(BPTES) ethyl sulfide inhibits the glutamine oxidation pathway, and etomoxir inhibits the 139 
oxidation of long-chain fatty acids29. 140 
 141 
[Place Figure 1 here] 142 
 143 
PROTOCOL: 144 
All the procedures were based on the guidelines and approval of the Institutional Animal Care 145 
and Use Committee at Vanderbilt University Medical center. 146 
 147 
1. Preparation of reagents and assay setup 148 
 149 
1.1. Isolation and culturing of bone marrow stromal cells (also see the previous article30). 150 
 151 
1.1.1. Prepare complete alpha minimum essential media (αMEM) cell culture media by 152 
supplementing minimum essential media with alpha modification with 10% FBS (fetal bovine 153 
serum), 100 U/mL of penicillin, and 100 µg/mL of streptomycin. 154 
 155 
1.1.2. Prepare the bone marrow collection tube by trimming the end of a 0.6 mL microcentrifuge 156 
tube so that the cells can pass through and inserting it in a 1.5 mL microcentrifuge tube containing 157 
100 µL of complete αMEM. 158 
 159 
1.1.3. Euthanize the mice using CO2 treatment as follows. Place the animal in the CO2 chamber 160 
for 2–3 min or until respiration ceases. Wait for at least 1 min after the animal becomes 161 
unconscious to remove the mice from the chamber and cervically dislocate. 162 
 163 
1.1.4. Using sterile forceps and a pair of scissors, cut open the lower abdomen of the euthanized 164 
mice to make a small incision. Isolate the long bones (femur, tibia, and iliac crest) of the mice. 165 
 166 
1.1.5. Trim the long bones to remove all soft tissue. Once the bone is cleaned, cut ~1–2 mm 167 
from the distal and proximal ends to create an opening for the marrow to flush through. 168 
 169 
NOTE: This opening should be conservative so as not to lose the marrow while allowing it to flush 170 
out. 171 
 172 
1.1.6. Place the bones in a collection tube containing 100 µL of 1x sterile PBS (phosphate-173 
buffered saline) to isolate the total bone marrow. 174 
 175 



 

 

1.1.7. Flush the marrow by centrifugation at 10,000 x g for 15–20 s at room temperature. 176 
Marrow cells pellet at the bottom of the tube. 177 
 178 
1.1.8. Repeat centrifugation until the bone cavity appears white and devoid of most marrow 179 
elements. Resuspend the mixed population of bone marrow by gently pipetting up and down. 180 
 181 
1.1.9. Culture the cells from one animal (both femur and tibia) in a 75 cm2 cell culture flask in 182 
10 mL of cell culture media and incubate at 37 °C in a cell culture incubator with 5% CO2. If pooling 183 
cells from 2–3 animals, use a 150 cm2 cell culture flask (recommended). 184 
 185 
1.1.10. Following 24–48 h of incubation of the mixed population, aspirate the non-adherent 186 
hematopoietic cell population contained within the culture media and wash the adherent cells 187 
with 1x PBS. 188 
 189 
1.2. Cell seeding from BMSCs and osteoblast differentiation 190 
 191 
1.2.1. Trypsinize the adherent cells by adding enough 0.25% trypsin- EDTA (approximately 3–4 192 
mL) to slightly cover the flask surface, followed by a 3 min incubation at 37 °C. 193 
 194 
1.2.2. Add 6–7 mL of complete αMEM to the flask/trypsin to resuspend the adherent BMSCs by 195 
carefully pipetting up and down. Transfer BMSC suspension to a conical centrifuge tube. 196 
 197 
1.2.3. Remove a 50 µL aliquot of the BMSC suspension and add 50 µL of trypan blue (1:1 dilution) 198 
to it. Count the total number of viable cells that exclude the dye by pipetting 10 µL of this mixture 199 
onto a hemocytometer and observing it under the microscope. Do not count any dead or 200 
unhealthy cells that appear blue-colored (<10% cells). 201 
 202 
1.2.4. Based on the cell count, calculate the volume of cell suspension in complete αMEM 203 
needed for a final concentration of 2.4 x 106 cells/mL for a total volume of at least 10 mL per 204 
plate. 205 
 206 
[Place Figure 2 here] 207 
 208 
1.2.5. Centrifuge the cells in the conical tube at 1,000 x g for 5 min and resuspend the cells to 209 
the desired final concentration of 2.4 x 106 cells/mL. 210 
 211 
1.2.6. Transfer the cell suspension to a reservoir and, using a multichannel pipet, carefully 212 
resuspend the cells to ensure a homogenous mixture of cells. 213 
 214 
1.2.7. Seed 2.5 x 104 cells per well in the 96-well cell culture microplate with 80 μL of complete 215 
αMEM. Do not seed cells in the background correction wells (A1, A12, H1, H12); instead, just add 216 
the medium in these four wells. 217 
 218 
NOTE: BMSCs for the assays are plated in 96-well cell culture microplate designed for the analyzer 219 



 

 

in conjunction with the sensor cartridges. The surface area of these plates is different from a 220 
regular 96-well plate. The surface area of each well in the plate is 0.106 cm2, which is 221 
approximately 40% of the typical 96-well plate area. Optimal cell seeding density is chosen based 222 
on the cell type. Typically, the analyzer can detect between 0.5–4 x 104 cells per well. Osteoblasts 223 
need to be in contact to differentiate effectively; for this purpose, plating between 2.0 x 104–3.0 224 
x 104 BMSCs/well in 80 μL of complete αMEM has been selected. 225 
 226 
1.2.8. Gently agitate the plate to ensure the even distribution of cells in the wells and incubate 227 
at 37 °C, 5% CO2. Check the growth of the cells and cell confluency under the microscope after 228 
48 h. Change the cell culture media if required. 229 
 230 
1.2.9. Depending on the goal of the assay, when BMSCs are 60%–80% confluent (typically 48–231 
72 h), initiate osteoblast differentiation by changing the cell culture media to osteoblast 232 
differentiation media (complete αMEM supplemented with 5 mM β-glycerol phosphate and 50 233 
µg/mL of L-ascorbic acid). 234 
 235 
1.2.10. If undifferentiated stromal cells (Day 0) are to be analyzed, maintain cells under complete 236 
αMEM. 237 
 238 
1.2.11. Change the osteoblast differentiation media every other day and visualize the cells under 239 
the microscope to ensure they are healthy until the day of the assay. Preferably, 24 h before the 240 
scheduled assay, change the media and maintain a consistent medium change schedule 241 
(recommended). 242 
 243 
NOTE: Carefully change the media by slightly tilting the plates at an angle; this avoids accidental 244 
contact of pipette tips to the cell culture plates and disruption of the monolayer of cells. 245 
 246 
2. Preparation of sensor cartridge for extracellular flux calibration 247 
 248 
2.1. Hydrate the sensor cartridges from the extracellular assay kit prior to the day of the assay. 249 
Remove the sensor cartridges (green plate) and place the sensors upside down. 250 
 251 
2.2. Using a multichannel pipet, add 200 μL of H2O to each well of the utility plate. Carefully 252 
place the sensor cartridges back on the utility plate and incubate the plate overnight at room 253 
temperature. 254 
 255 
NOTE: The manufacturer recommends incubating the sensor cartridges in a non-CO2 37 °C 256 
incubator overnight. However, significant evaporation of the sensor cartridges can occur. If this 257 
happens, sensor cartridges can be incubated at room temperature. These plates should be 258 
incubated for a minimum of 4 h and a maximum of 72 h. 259 
 260 
2.3. On the day of the assay, discard the H2O from the utility plate and add 200 μL of calibrant. 261 
Incubate the utility plate for at least 1 h before the assay. 262 
 263 



 

 

3. Real-time cell metabolic flux analyzer media preparation 264 
 265 
3.1. Use the DMEM media with a pre-adjusted pH of 7.4 (recommended) to run the assay with 266 
BMSCs. 267 
 268 
3.2. Prepare 80 mL of assay media by supplementing DMEM media with 1 mM sodium 269 
pyruvate, 2 mM glutamine, 10 mM glucose, 200 nM insulin, 50–200 μM oleic acid BSA. 270 
 271 
3.3. Incubate the complete assay media at 37 °C in a water bath. 272 
 273 
4. Preparation of compounds for the sensor cartridges 274 
 275 
4.1. Thaw oligomycin A, rotenone, and antimycin A on ice. Pipette up and down to solubilize 276 
the compounds before use. 277 
 278 
4.2. Add 3 mL of prepared assay medium to each tube, followed by the addition of the 279 
respective compound—tube A: 26.4 μL of 2.5 mM oligomycin A; tube B: 3.1 μL of 12.67 mM 280 
rotenone + 4.1 μL of 9.4 mM antimycin A + 30 μL Hoechst stain.  281 

 282 
4.3. Load a 10x concentration of these inhibitors in the corresponding port. The final 283 
concentration of injection solutions needed is 2 μM of oligomycin A, 1 μM of rotenone, and 4.1 284 
μM of antimycin A. 285 
 286 
NOTE: Hoechst is added to the final injection port for fluorescently staining the nuclei for imaging 287 
and normalization purposes. These concentrations can be optimized based on the cell type. 288 

 289 
4.4. Load 20 µL of these compounds into the cells in 180 µL of assay media. 290 
 291 
5. Prepare cell culture microplate for assay 292 
 293 
5.1. Remove the cell culture microplate from the 37 °C incubator and observe the cells under 294 
the microscope. 295 
 296 
5.2. Remove the assay medium from the water bath. 297 
 298 
5.3. Gently wash the cells with 200 μL of assay medium twice and add 200 μL of assay media 299 
per well. 300 
 301 
NOTE: Once the final assay media is added to the cells, the time until the plates get into the 302 
analyzer is crucial. Therefore, do not begin replacing the media until the following steps are 303 
performed within 1 h. 304 
 305 
5.4. Check the cells under the microscope to ensure that the cells remain adhered to the wells. 306 
 307 



 

 

5.5. Ensure cells in D5 and E8 are adhered with a consistent monolayer and were not washed 308 
away during the washing step. Cell imaging software uses these two wells for setting the 309 
autofocus and autoexposure. 310 
 311 
NOTE: The manufacturer recommends incubating the plate in a non-CO2 37 °C incubator for 1 h; 312 
this step can be skipped if automated imaging is preferred. For example, the microplate imager 313 
maintains the same conditions in a closed chamber, and cells can be imaged under a brightfield. 314 
 315 
6. Setting up the assay and imaging 316 
 317 
[Place Figure 3 here] 318 
 319 
6.1. Open the desktop software in the computer next to the equipment. 320 
 321 
6.2. Check the connection status in the lower-left corner of the controller software. 322 
 323 
6.3. Go to Templates and select the XF ATP Rate Assay template file or appropriate assay 324 
template. 325 
 326 
6.4. Select Group Definitions on the top of the screen and define the groups. 327 
 328 
6.5. Select the Plate Map Layout and assign the wells depending on the groups defined. 329 
 330 
6.6. Verify the instrument protocol, ensure that the compounds added are correctly listed, 331 
and include the project information for future references. 332 
 333 
6.7. Click on Run Assay; this will prompt the selection of the result file storage location. 334 
 335 
6.8. Select the location to save the result file. 336 
 337 
6.9. Save the file with the date of assay and click on Start Run. 338 
 339 
6.10. Place the sensor cartridge and the utility plate on the tray and click on I'm Ready to initiate 340 
the calibration. 341 
 342 
6.11. Before starting the calibration, ensure the cartridge lid is removed, and the sensor 343 
cartridge is placed in the correct orientation on the utility plate. This step will take 10–20 min, 344 
and once complete, the software will display the Load Cell Plate dialog box. 345 
 346 
7. Obtain brightfield images 347 
 348 
NOTE: This step is optional. If no imaging equipment is available, skip to step 8. 349 
 350 
[Place Figure 4 here] 351 



 

 

 352 
7.1. Open the cell imaging software on the computer. 353 
 354 
7.2. Make sure that the microplate imager is turned on and the ports are connected to the 355 
computer. 356 
 357 
7.3. Check the status bar in the bottom left of the screen to ensure that the temperature is 358 
set to 37 °C and that the connection status should be highlighted in green as ready. 359 
 360 
7.4. Scan the plate barcode to initiate the imaging process. 361 
 362 
7.5. Provide a name to the cell plate and hit Save (This is the name where both bright field 363 
and fluorescent images will be saved). Click on Perform Brightfield Scan. 364 
 365 
7.6. The next screen, plate, and scan menu, show the options for imaging. Before the assay, 366 
select Start Brightfield Scan. 367 
 368 
7.7. Place the cell culture microplate along with the plate cover/lid on the tray holder and 369 
align well A1 with the A1 Mark. Click on Close Tray. 370 
 371 
7.8. The next screen, brightfield image acquisition, with a plate map appears. Click on Scan All 372 
Wells, which initiates the system initialization process followed by 30 to 35 min of a scan. 373 
 374 
7.9. After the brightfield scan, remove the cell culture microplate and place it in the analyzer 375 
to perform the assay. 376 
 377 
8. Running the assay 378 
 379 
8.1. Once the calibration is completed, the software displays the Load Cell Plate dialog box. 380 
 381 
8.2. Click on Open Tray to replace the utility tray with a cell culture microplate. Ensure that 382 
the lid is removed and the A1 of the plate fits in the correct orientation. 383 
 384 
8.3. Then, click on Load Cell Plate to initiate the assay. The sensor cartridge will remain inside 385 
the analyzer for the assay injections. 386 
 387 
8.4. Wait until the assay starts and displays the estimated time of completion. 388 
 389 
8.5. Upon completion of assay, the software displays Unload Sensor Cartridge dialog box. 390 
Click on Eject and remove the cell culture microplate from the analyzer. 391 
 392 
8.6. Carefully remove the sensor cartridge and replace the cell plate lid. The cells are ready for 393 
fluorescent imaging and cell counting. 394 
 395 



 

 

8.7. After removing the cell plate and sensor cartridge, the Assay Complete dialog box 396 
appears. 397 
 398 
8.8. Click on View Results to open the assay result file and normalize the data immediately or 399 
click on Home. 400 
 401 
9. Obtain fluorescence images and normalize 402 
 403 
NOTE: This step is an optional but preferred method for the normalization of BMSCs and 404 
osteoblasts. If no imaging equipment is available, another normalization method needs to be 405 
performed, such as protein or DNA isolation and quantification. 406 
 407 
[Place Figure 5 here] 408 
 409 
9.1. After the assay completion, scan the plate barcode with the handheld barcode reader. If 410 
the plate has already been imaged, it will not require a new name. 411 
 412 
9.2. Select Fluorescence & Cell Count, place the cell plate on the tray holder, and click on 413 
Close Tray. 414 
 415 
9.3. In the image acquisition window, select Scan All Wells to begin imaging. Fluorescence 416 
imaging takes about 15–20 min to scan the entire plate. Observe the green tick mark denoting 417 
that the scan has been completed. 418 
 419 
9.4. Review the fluorescent images and cell counts in the imaging and cell imaging application 420 
by randomly clicking on a couple of the wells. 421 
 422 
NOTE: There is an option to view counted cells on the bottom right of the screen. This option 423 
shows a masked image, highlighting the objects that were counted. 424 
 425 
9.5. Once the fluorescence imaging is complete, export the images for additional references. 426 
 427 
9.6. Once the imaging and cell count is complete, open the Results file and click on Normalize. 428 
The normalization screen will give the plate layout and an option to import the cell count. 429 
 430 
9.7. Click on Import and select Apply for the desktop software to normalize the assay with cell 431 
count automatically. 432 
 433 
REPRESENTATIVE RESULTS: 434 
 435 
[Place Figure 6 here] 436 
 437 
The protocol describes a generalized description of how the extracellular flux assays aids in 438 
understanding the cellular bioenergetics of osteoblasts derived from murine BMSCs. We have 439 



 

 

detailed these routinely performed assays and important notes to be considered before, during, 440 
and after the assay. The two major ATP production pathways, glycolysis, and mitochondrial 441 
oxidative phosphorylation, are widely discussed to better understand the capability of cells to 442 
interchange between the pathways, thereby meeting the energy demands of the cells. Once the 443 
assay is complete, the assay results are normalized based on the cell count and exported to the 444 
respective assay report generator file. The report generator automatically calculates the assay 445 
parameters and provides a summary report of the assay. Figure 6 illustrates the representative 446 
results of routinely performed assays to better understand how mature osteoblasts control 447 
versus treatment groups react when different inhibitors are injected. 448 
 449 
Generic, representative images of possible expected results are shown in Figure 6. For example, 450 
in Figure 6A, the cell energy phenotype monitors the OCR vs. ECAR by calculating the cells' 451 
baseline phenotype, stressed phenotype, and metabolic potential. The injection of the 452 
oligomycin A and FCCP stressor mix increases the control group's baseline activity (open symbols) 453 
by increasing the utilization of both pathways. In response to the stressors, a significantly high 454 
energy level is noticed in the control and treatment 1 group (closed symbols). On the other hand, 455 
treatment 2 had a comparatively lower baseline activity, and the cells became more aerobic. This 456 
assay aids in understanding the bioenergetics of the cells in response to different stressors. 457 
 458 
Real-time ATP rate assay calculates the total cellular ATP production rate based on the sum of 459 
glycolytic and mitochondrial ATP production rates. 460 
 461 
ATP Production Rate (pmol ATP/min) = glycoATP Production Rate (pmol ATP/min) + mitoATP 462 
Production Rate (pmol ATP/min). 463 
 464 
Figure 6B indicates that both the control and treatment groups produce more ATP through 465 
glycolysis compared to that of oxidative phosphorylation. While the treatment group exhibits 466 
significantly higher total ATP production, the cells have consistently shifted from glycolytic to 467 
oxidative metabolism. This comparison of the control and treatment group indicates that this 468 
specific treatment exhibits a different bioenergetic profile compared to the control group. 469 
 470 
Figure 6C is an example of the mitochondrial respiration rate over time, which is detailed. The 471 
basal respiration rate in the treatment group is comparatively less than in the control group. The 472 
respiration and ATP production rates in both groups are decreased along with the proton leak 473 
followed by an oligomycin A injection. The respiration rates of the cells rise back again to their 474 
maximal respiration after the injection of FCCP. The final injection of rotenone/antimycin A 475 
decreases the OCR again, resulting in spare respiration, which is measured by the differences in 476 
maximal and basal respiration. After the third injection, the mitochondrial respiration is shut 477 
down by the combination of rotenone/antimycin A, which targets and inhibits the electron 478 
transport chain (ETC) complex I and III, thereby enabling us to calculate the non-mitochondrial 479 
respiration. Compared to the control group, both the basal and maximal respiration in the 480 
treatment groups is relatively lower; this suggests that the treatment could affect the 481 
mitochondrial respiration of osteoblasts. 482 
 483 



 

 

The mito fuel flex test measures the potential of mitochondria to oxidize the three different 484 
mitochondrial fuels, glucose, glutamine, and fatty acids. The cell’s dependency, flexibility, and 485 
capacity on different pathways that fuel the mitochondrial respiration are calculated based on 486 
the oxidation of the respective mitochondrial fuel. Figure 6D shows that the control group is 487 
highly dependent on the glucose pathway. At the same time, the treatment enhanced the 488 
capacity of glucose oxidation of the cells to meet the fuel needs of the inhibited pathway actively. 489 
On the other hand, the oxidation of glutamine was efficient in the control group, resulting in 490 
comparatively higher dependency of cells to that of the treatment group, thereby increasing the 491 
overall capacity of the control group. The fatty acid pathway shows that the treatment has 492 
increased the overall capacity of the cells due to the higher dependency on mitochondrial fuel 493 
while compensating the fuel needs. 494 
 495 
FIGURE AND TABLE LEGENDS: 496 
Figure 1: Schematic representation of the methodology for culturing and preparing osteoblasts 497 
for analysis. Murine BMSCs are isolated from long bones, cultured, and seeded in 96-well plates 498 
at 25,000 cells/well density. When the cells are 80%–100% confluent, the cells are differentiated 499 
with osteoblast-specific media. The assays are performed at different stages of differentiation. 500 
The cartridge plates are hydrated 1 day prior to the assay. On the day of assay, different inhibitors 501 
are injected in the ports of the sensor cartridges based on the assay requirements, and a 502 
calibration buffer is added to the 96-well calibration plate. After calibration, the real-time cell 503 
metabolic flux assay is performed, followed by imaging the cell culture microplate using the 504 
microplate imager to normalize real-time cell metabolic flux analyzer data with cell count. 505 
 506 
Figure 2: The cell culture microplate, specifically designed for the analyzer. (A) The four 507 
background correction wells, A1, A12, H1, H12, are highlighted. These wells only contain assay 508 
media without any cells. (B) The barcode on the side of the plate to scan the plate using the 509 
imaging reader and analyzer. 510 
 511 
Figure 3: The controller software. To verify the equipment is connected and is set to 37 °C. The 512 
template files for different assays that can be performed with the extracellular flux analyzer can 513 
be selected to customize the assay further based on the experimental goals. 514 
 515 
Figure 4: The cell imaging software communicates to the imaging reader through the computer. 516 
The cells in the microplate can be imaged before and after the assay, and the cell count/well is 517 
obtained after the assay to normalize the data. 518 
 519 
Figure 5: Representative images from the imaging software used for normalization of data from 520 
the assay. (A) Stitched bright field image showing the cell confluence throughout the entire well. 521 
(B) Stitched fluorescence image showing Hoechst-stained nuclei of osteoblasts used for counting 522 
cell numbers to normalize the assay results. These are osteoblasts after 7 days of differentiation. 523 
Figure 6: Representative graphs for routinely performed assay to understand the cellular 524 
bioenergetic profile of control vs. treatment group with their respective standard errors. (A) 525 
The cell energy phenotype test. The plot represents the glycolysis (ECAR) vs. mitochondrial 526 
respiration (OCR) of the control vs. two treatment groups (n = 3). The injection of oligomycin A 527 



 

 

and FCCP stressors elevates the baseline activity, indicated by open symbols, and closed symbols 528 
indicate the response of cells to different stressors. (B) The real-time ATP rate assay. The ATP 529 
rate assay indicates that both the control and treatment groups (n = 2) produce more ATP 530 
through glycolysis compared to that of oxidative phosphorylation. (C) The mito stress test. The 531 
mito stress test provides the mitochondrial respiration rate of control vs. treatment cells (n = 2) 532 
over time and the effect of inhibitors on the cells after their respective injections. (D) The mito 533 
fuel flex test. The mito fuel flex test measures the percentage oxidation of control and treatment 534 
groups (n = 2) with respect to glucose, glutamine, and fatty acid pathways and the dependency 535 
and flexibility of the cells on these mitochondrial fuels. 536 
 537 
DISCUSSION: 538 
The real-time cell metabolic flux analyzer can be used to explore cellular energetics under 539 
different conditions. The protocol illustrates the efficient isolation of BMSCs, culturing cells in 540 
appropriate cell culture plates, and their differentiation to mature osteoblasts, which can be used 541 
for various assays using the extracellular flux analyzer. Further, the critical steps of real-time cell 542 
metabolic flux assay, including hydration of sensor cartridges, loading of the injection ports, 543 
performing the assay, normalization of the data, and data analyses, are also explained in detail. 544 
This assay evaluates the response of osteoblasts to different mitochondrial and glycolytic 545 
inhibitors to understand the bioenergetics of the cells. This protocol is optimized specifically for 546 
osteoblasts based on the cell type, and this method offers a more robust and precise guide 547 
compared to the manufacturer's standard protocol. Several parameters in this protocol, including 548 
the cell seeding density, the concentration of the compounds, addition of exogenous substrate 549 
to the media, buffering capacity, need to be optimized based on the specific cell type and its 550 
background. 551 
 552 
The extracellular flux analyzer provides quick and reliable measures of cellular metabolic 553 
functions in ex vivo cultured cells. Compared to other biological assays, the total assay time is 554 
typically between 60 to 120 min. The equipment maintains normal cellular and physiological 555 
conditions by maintaining the preset temperature of 37 °C, facilitating efficient and reproducible 556 
assay results with reduced complexities. Typically, baseline OCR and ECAR are recorded three to 557 
four times before adding inhibitors. The inhibitors and treatments are also sequentially injected, 558 
facilitating the cell's metabolic response measurement over time. The analyzer allows 559 
researchers to achieve standardized results under optimized conditions. The analyzer also offers 560 
the ability to inject different compounds during the assay to observe real-time changes in the 561 
respiration of cells. For example, for ATP rate assay, use a 2 μM oligomycin A and 1 μM 562 
rotenone/1 μM antimycin A mixture as the default compound injected—Port A: 2 μM Oligomycin 563 
A; Port B: 1 μM Rotenone/1 μM Antimycin A. 564 
 565 
The assay media is different from the typical growth media by a few factors, including the 566 
absence of bicarbonate to better detect changes in pH, the absence of glucose, glutamine, and 567 
pyruvate supplements allows the experimenter to customize the exogenous substrates added, 568 
and the media does not contain phenol red to precisely calculate the pH values. 569 
 570 
Glucose, L-glutamine, and sodium pyruvate are the most used exogenous substrates. The use of 571 



 

 

these substrates is specific to cell type and experimental questions. In this context, it is 572 
recognized that these assays, while valuable, are performed using an artificial system. For 573 
example, it is recommended to use 10 mM glucose; however, this is supraphysiological levels, 574 
and researchers should consider whether other glucose concentrations would be more 575 
appropriate. To this point, it is also essential to consider whether glucose uptake in BMSCs and 576 
osteoblasts depends on insulin, and in that case, insulin should also be added. Since this remains 577 
a topic of debate within the field31,32, the inclusion of insulin is preferred. Along a similar line, if 578 
fatty acid utilization is relative to the experimental question, the assay media should be further 579 
supplemented with fatty acids. The importance of these exogenous substrates plays a critical role 580 
in the assays and data interpretation; therefore, concentrations of these substrates should be 581 
optimized based on the cell type and research question. 582 
 583 
One of the primary advantages of the extracellular flux analyzer is that it requires a minimal 584 
number of cells to run the assays, with a high n given the 96-well format. The sensor cartridges 585 
also enable the ability to inject different inhibitors and compounds through the four injection 586 
ports. The flexibility to modify the assay, to perform acute injections with additional inhibitors 587 
and treatments of interest is an added advantage of this technique. These features make the 588 
analyzer capable of doing high throughput, real-time assays on a minimal number of cells and 589 
hence preferable over the classical Clark oxygen electrode method. Although the electrode 590 
method is inexpensive and simple for measuring mitochondrial respiration, it gives far higher 591 
background noise and has a lower resolution than the analyzer24,33. 592 
 593 
Additionally, in the workflow described, the cell bioenergetic profile obtained from the analyzer 594 
can efficiently be normalized using the microplate imager by counting the cells in the microplates 595 
after the assay34. The number of viable cells may vary from well to well after the assay; use of cell 596 
count is preferable over other methods, including the protein or DNA normalization as the 597 
protein or DNA content of cells does not remain constant under different conditions or 598 
treatments for which the cellular energetics are being compared. The protein or DNA content 599 
may vary under the influence of different treatments and is a major disadvantage of 600 
normalization using this method. For example, the protein content of osteoblast changes during 601 
differentiation. As the cells mature during osteoblastogenesis, they start secreting extracellular 602 
matrix protein increasing the total cellular protein content. This can be problematic when 603 
comparing the assay results of cells under different growth phases or time points of 604 
osteoblastogenesis. 605 
 606 
Given the multitude of advantages, the analyzer to monitor cellular bioenergetics has been a 607 
tremendous addition to advancing the field. However, limitations do exist. For example, one of 608 
the major limitations of these assays is that they can only be performed at the cellular or organoid 609 
level, and the data is not sufficient to provide us with a complete idea of what would happen in 610 
vivo under different physiological conditions. As mentioned previously, the cellular environment 611 
created during the assays is also far from the original physiological niche. The artificial micro-612 
environment created by supplementing different nutrients like glucose, pyruvate, glutamine, and 613 
oleic or palmitic acid are often higher than the normal physiological levels of the osteoblasts. The 614 
addition of fatty acid as one of the nutrients for the assay is limited, as most of the higher carbon 615 



 

 

chain length fatty acids present in our body are very hydrophobic and highly insoluble. This 616 
results in technical difficulties in adding them to the assay media. The metabolic response of cells 617 
to single fatty acid like oleic or palmitic acid is different under other physiological conditions, 618 
where the cells experience a cocktail of various fatty acids and binding proteins. Finally, the 619 
measurement of ATP using this method, while arguably superior to static luminescent assays, 620 
remains indirect as this technique only measures oxygen. While it is not a direct measurement, 621 
it is true that the addition of the ATP synthase inhibitor, oligomycin A, followed by electron 622 
transport chain inhibitors while measuring OCR provides strong evidence of changes occurring in 623 
ATP. Therefore, techniques like mass spectroscopy can be used to support these data. 624 
Nonetheless, while these limitations should be carefully considered, this tool provides invaluable 625 
information relative to cellular bioenergetics. 626 
 627 
Finally, it is noted that to understand how the said alterations in bioenergetics impact cellular 628 
functionality, specifically of the BMSCs and osteoblasts, complementary experiments are needed 629 
to be included in vitro culturing followed by alkaline phosphatase (ALIP), Von Kossa, or Alizarin 630 
staining. 631 
 632 
In conclusion, the methods described above provide the basis for monitoring various metabolic 633 
pathways in osteoblasts using the real-time cell metabolic flux analyzer. Performing such 634 
experiments will lead to a deeper understanding of how cellular bioenergetics in primary, murine 635 
BMSCs throughout osteoblast differentiation can be modulated to improve skeletal-related 636 
outcomes. 637 
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DETAILED RESPONSE TO REVIEWERS: 

 

Response: Please find below comments from the reviewers, along with our response in italics. 

 

Reviewer #1: 

 

Major Concerns: 

1. Protocol, line 152: 48h incubation is suggested before the removal of non-attached cells. 

Previous works indicate that such a prolonged incubation results in presence of BMSC 

population heavily contaminated with hematopoietic cells. Shorter incubation is preferable 

given that BMSCs attach within the first 3 h. 

 

Response: Thank you for the comment. We recognize that some lab-to-lab variation exists in this 

step. In our hands, this specific protocol is followed. We have performed serial timepoints and 

quantification previously to determine 48 hours does not result in profound ‘contamination’ of 

HSCs, however, going past this timepoint does. It is true that we have also used 24 hr, therefore, 

we have edited the protocol to indicate this expanded timeframe. Again, in our experience HSCs 

generally stay as suspension in the media. While it is possible that some HSCs adhere to the 

plastic, they are not readily trypsin-sensitive and require scrapping, which we do not do.  Prior 

to trypsinization we wash the cells thoroughly with PBS to get rid of the loosely adhered cells, 

thus further avoiding HSC contamination.  There are several previously published reports as 

well referring to this [1, 2], along with even longer attachment incubations times [3-5].   

2. Line 237: 10mM Glucose is supraphysiological and comparable to diabetic levels. While 10 

mM may be beneficial for cell growth and expansion, it may cause artifacts in assessing energy 

metabolism because of the possibility of the Crabtree effect, etc. Physiological 5 mM glucose is 

more appropriate 

Response: Thank you for this astute comment. We absolutely agree and appreciate the ‘artificial’ 

nature of Seahorse assays, even, ‘normal’ in vitro culturing systems. In this context, we have 

followed the manufacturer’s recommended protocol of 10 mM glucose for these Seahorse assays, 

for ease of describing the assay.  As we note multiple times, all substrates added to the Seahorse 

assay media can be altered, depending on the research question and study design.  Therefore, we 

wanted to provide a general protocol, recognizing it can be altered. Additionally, other cells 

types have reported that this concentration to be ideal for measuring metabolic activity of 

mammalian cells [6]. Another study which has used different concentrations of glucose in media 



  

 

to measure OCAR and ECAR have shown increasing the glucose concentration from 5 to 10mM 

does not have any effect [7]. However, we have emphasized this point within the manuscript text 

and note its importance. 

 

Minor Concerns: 

1. Intro, line 48: incomplete sentence "Differentiation…" 

Response: Thank you for pointing out this mistake. We have corrected the sentence now. It now 

reads “Ex vivo/ in vitro differentiation of bone marrow stromal stem cells (BMSCs) to osteoblast 

precursors and mature osteoblasts results in the formation and deposition of bone mineralized 

bone matrix with the culture vessel over time.” This is now Intro, line 49-52. 

2. Intro, line 65: correct "mitochondrial" for "mitochondria" 

Response: Thank you for pointing out this mistake. We have corrected it from “mitochondrial” 

to “mitochondria”. This is now Intro, line 69. 

Reviewer #2:  
Manuscript Summary: 

This article describe a protocole for analyzing energy metabolism using Seahorse XFe Analyzer. 

Major Concerns: 

While this subject is interesting, there are many confusions in energy metabolism and 

misinterpretations of the various analytical parameters that render this protocol unusable in daily 

practice. 

Response: We appreciate your comments and taking the time to read through our manuscript. 

While we respectfully disagree with the comment related to ‘unusable in daily practice’, we have 

tried to address your concerns.  To this end we use this current protocol daily, yielding high 

quality, repeatable, and publishable data. As we have noted, it is not possible to simply describe 

a universal protocol which will fit every lab and every research question.  Similarly, it is not 

possible to provide all potential assays/ applications of the Seahorse analyzer.  We have done 

our best to pick one and describe it sufficiently.  Researchers must consider their individual 

experiences and scientific questions. The fundamentals of the assay remain constant, the 

Seahorse analyzer measures oxygen (O2) and pH, has ability to alter metabolic exogenous 

substrates, and possibility of 4 injections. Therefore, many possible combinations exist, with the 

company providing the basics for defined assays. 

Reviewer #3: 
Manuscript Summary: 

Jayapalan et. al showed a detailed method of Using Seahorse XFe Analyzer to Monitor 

Osteoblast Bioenergetics in this manuscript. Protocol described in a detailed step by step manner. 

This article will be helpful to analyze cellular bioenergetics of osteoblast. However, I have few 

comments that authors need to address; 

 

Minor Concerns: 

1. For hydration of the sensor cartridge author used water, whereas agilent recommend specific 

calibrant solution. Provide reason for not using agilent recommended calibrant solution. 

 

Response: The company has recently updated this step (2018).  As the reviewer points out, it was 

previously recommended to use the calibrant solution throughout this hydration step, more 



  

 

recently this has been changed.  Accordingly, water is used for pre-wetting the plate the day 

prior to the assay as suggested by the manufacturer protocol. On the day of the assay, this water 

is replaced with pre-warmed calibrant solution 45-60 min prior to loading the injection ports of 

the sensor cartridge and incubated at 37°C in non-CO2 incubator.   

 

2. Figure 2, Highlighted well numbers are not in a perfect position, "A12" should be placed on 

the actual A12 well to avoid confusion. 

 

Response: Thank you for bringing this to our attention. We have now corrected this. 

 

3. Author should show representative cellular images acquired for normalization by Cytation 5 

Imaging reader. 

Response: We appreciate this suggestion and have now included these images in Figure 5. 
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