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Evaluating cell metabolism is crucial during pluripotent stem cell (PSC) differentiation and somatic cell reprogramming 
as it affects cell fate. As cultured stem cells are heterogeneous, a comparative analysis of relative metabolism using existing 
metabolic analysis methods is difficult, resulting in inaccuracies. In this study, we measured human PSC basal metabolic 
levels using a Seahorse analyzer. We used fibroblasts, human induced PSCs, and human embryonic stem cells to monitor 
changes in basal metabolic levels according to cell number and determine the number of cells suitable for analysis. We eval-
uated normalization methods using glucose and selected the most suitable for the metabolic analysis of heterogeneous PSCs 
during the reprogramming stage. The response of fibroblasts to glucose increased with starvation time, with oxygen con-
sumption rate and extracellular acidification rate responding most effectively to glucose 4 hours after starvation and declining 
after 5 hours of starvation. Fibroblasts and PSCs achieved appropriate responses to glucose without damaging their metabolism 
2∼4 and 2∼3 hours after starvation, respectively. We developed a novel method for comparing basal metabolic rates of 
fibroblasts and PSCs, focusing on quantitative analysis of glycolysis and oxidative phosphorylation using glucose without 
enzyme inhibitors. This protocol enables efficient comparison of energy metabolism among cell types, including un-
differentiated PSCs, differentiated cells, and cells undergoing cellular reprogramming, and addresses critical issues, such as 
differences in basal metabolic levels and sensitivity to normalization, providing valuable insights into cellular energetics.
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Introduction 

  Studying cellular energy metabolism can help identify 
the biochemical pathways that produce and consume ad-
enosine triphosphate (ATP), and intermediate metabolites 
and elucidate the interconnected processes and changes in 
cellular signal control mechanisms. Metabolic flux changes 
distinctly and dynamically during early human embryonic 
development, human pluripotent stem cell (hPSC) differ-
entiation, and fibroblast reprogramming, with metabolic 
levels varying depending on the tissue (1-6). The metabol-
ic dynamics of these stem cells indicate that cell metabo-
lism is important in supporting energy demands and is 
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closely related to cell identity, function, gene expression, 
phenotype, and epigenetic factors (7-14). Particularly, con-
trolling the glucose metabolic pathway during stem cell 
differentiation or reprogramming regulates or increases the 
efficiency of these mechanisms (15, 16).
  Following cellular uptake, glucose enters the glycolysis 
pathway to produce ATP and pyruvate, which is converted 
into two acetyl-coenzyme A (acetyl-CoA) molecules that enter 
the mitochondria or lactate and excreted from the cell via 
the monocarboxylate transporter in the plasma membrane 
(17). The two acetyl-CoAs produced by pyruvate go through 
the tricarboxylic acid (TCA) cycle to provide energy prod-
ucts to the electron transport chain for cellular respiration 
within the mitochondrial matrix, with the mitochondria 
using oxygen to produce ATP (18). Intermediate metabo-
lites generated during pyruvate production are used to 
synthesize nucleotide precursors via the pentose phosphate 
pathway (PPP) (19-21). Therefore, glucose metabolism is 
important in producing both cellular energy and the vari-
ous precursors required in cellular homeostasis, thus deli-
cately regulating the maintenance of cell properties and 
fate (13, 22, 23). Additionally, quantitative measurement 
of metabolic levels is important for evaluating cellular 
functions, characteristics, and cell fate.
  Pluripotent stem cells (PSCs), which can differentiate in-
to various cells and proliferate indefinitely via self-renewal, 
include human embryonic stem cells (hESCs) derived from 
fertilized eggs and human induced pluripotent stem cells 
(hiPSCs) generated by introducing four genes into fibro-
blasts (24, 25). Cell differentiation into various target cells 
by an appropriate induction factor in vitro and mainte-
nance of the newly acquired cell characteristics require a 
shift in energy metabolism (26-28). PSCs and differentia-
ted fibroblasts exhibit different energy metabolism charac-
teristics (7). PSCs, which have less-mature mitochondria 
than differentiated cells, more actively produce ATP via 
glycolysis, which is less efficient for energy production than 
oxidative phosphorylation (OXPHOS, i.e., mitochondrial 
function) (5, 7, 13, 29, 30). This is because PSCs, which 
proliferate faster than fibroblasts, require active nucleotide 
and lipid biosynthesis, resulting in an increased flux via 
the PPP (7, 31).
  To measure cellular metabolic characteristics and activity, 
the oxygen consumption rate (OCR) and extracellular acid-
ification rate (ECAR) are measured using the Seahorse 
XF96 Extracellular Flux Analyzer (Seahorse Bioscience), 
which quantifies glycolysis and OXPHOS by inhibiting 
the functions of glycolytic and mitochondrial enzymes (32, 
33). Oligomycin (complex V inhibitor), FCCP (trifluoro-
methoxy carbonylcyanide phenylhydrazone, carbonyl cya-

nide 4-(trifluoromethoxy)phenylhydrazone, ATPase inhi-
bitor), antimycin A (complex III inhibitor), and rotenone 
(complex I inhibitor) measure mitochondrial respiration 
(32, 33). Metabolic level differences between somatic cells 
or within cell lines can be efficiently evaluated in this way. 
However, as PSCs and reprogrammed somatic cells are 
highly heterogeneous compared with other animal cells 
and form colonies, it is difficult to precisely describe their 
metabolic characteristics (33). Metabolic analysis using the 
Seahorse XF96 analyzer fails to adequately represent the 
characteristics of various cell types, including stem cells, and 
can sometimes disrupt mitochondrial respiratory function 
or, particularly in the case of sensitive cells, such as PSCs, 
induce metabolic stress and cell death when conventional 
mitochondrial inhibitors are used (33-35). Furthermore, 
optimizing inhibitor concentrations and processing times 
can be challenging, especially when assessing cellular met-
abolic rates in heterogeneous cell populations, such as those 
undergoing reprogramming or differentiation (33-35). There-
fore, a novel analysis method is required. To address this, 
we developed a novel method for measuring stem cell en-
ergy metabolism using metabolic substrates, tested the 
method under starvation conditions, and developed novel 
normalization methods.

Materials and Methods

Maintenance of hPSCs and fibroblasts
  To compare the metabolic differences between PSCs 
and somatic cells, hESCs (H1 and H9; WiCell Research 
Institute), hiPSCs (CMC-hiPSC-003 and CMC-hiPSC-009; 
(National Center for Stem Cell and Regenerative Medi-
cine) and fibroblast cell lines (BJ1 and MRC5) were used. 
This study was approved by the Institutional Review Board 
(IRB No: P01-202309-03-001). These PSCs were maintained 
in complete TeSR-E8 Medium (STEMCELL Technologies) 
as the glucose-free culture. Cells were cultured on Vitronectin 
XF-coated plates (STEMCELL Technologies) and dissociated 
by incubation with TrypLE Express (Gibco) at 37℃  for 
3 minutes. The fibroblast cell lines, BJ1 and MRC5, were 
maintained in Dulbecco’s modified Eagle medium (high- 
glucose DMEM; Corning Life Sciences) supplemented 
with 10% fetal bovine serum (FBS; Corning Life Sciences) 
and 100× penicillin-streptomycin (Corning Life Sciences). 
hESCs and hiPSCs were routinely passaged every 3 days 
using TrypLE Express, whereas fibroblasts were passaged 
every 3∼5 days using 0.05% trypsin-ethylenediaminetetra-
acetic acid. All cells were maintained in an incubator at 
37℃  and 5% CO2.
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Fig. 1. Optimization of cell number is essential for the Seahorse cell metabolic assay. (A) Standard curves of oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR) according to cell number. (B) The appropriate number of cells is represented by a constant 
OCR/ECAR ratio. iPSC: induced pluripotent stem cell.

Maintenance and reprogramming using a secondary 
reprogramming system
  hiF-T fibroblasts (Davide Cacchiarelli; Broad Institute) 
for reprogramming were cultured in an optimized DMEM/ 
F12 culture medium supplemented with 10% FBS. Repro-
gramming was performed using the KnockOut Serum Re-
placement media formulation (Invitrogen, Gibco) and dox-
ycycline hyclate (D9891; Sigma-Aldrich), according to the 
manufacturer’s instructions. hiF-T-derived hiPSCs were 
cultured in TeSR-E8 Medium containing Vitronectin XF. 

Measurement of oxygen consumption and ECARs using 
the Seahorse analyzer
  OCR and ECAR were measured using a Seahorse XF96 
Extracellular Flux Analyzer, according to the manufac-
turer’s instructions. Cells were plated into the wells of an 
XF96 cell culture microplate and incubated at 37℃ in a 
CO2 incubator for 24 hours to ensure attachment. The as-
say was initiated after cells were equilibrated for 1 hour 
in XF assay medium supplemented with 10 mM glucose, 
5 mM sodium pyruvate, and 2 mM glutamine in a non- 
CO2 incubator. Substrate-based metabolic assays were per-
formed by injecting 10 mM glucose after starvation in XF 
DMEM assay media (pH 7.4; Seahorse Bioscience). For 
starvation, the culture medium was removed at hourly in-
tervals for a total of 5 hours, washed once with phosphate- 

buffered saline, and starvation was induced by adding XF 
DMEM assay media (without glucose, pyruvate, and gluta-
mine). During the starvation process, cells were maintained 
at 37℃ in a CO2 incubator. The ATP rate assay involved 
sequential injection of 2 μM oligomycin and 0.5 μM ro-
tenone/antimycin A.

Measurement of cellular parameters for metabolic 
normalization
  Cell numbers and sizes were analyzed using an Auto-
mated Cell Counter (Countess II FL; Invitrogen). Protein 
concentration was determined using a Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific).

Statistical analysis
  All experiments were performed in triplicate. The data 
are presented as the mean±SD. Statistical significance was 
evaluated using Student’s t-tests. p＜0.05 was considered 
statistically significant. Statistical analysis was performed 
using Prism 8 (GraphPad Software).

Results and Discussion

Optimization of cell numbers for metabolic assay
  Seahorse XF96-derived OCR and ECAR measurement 
accuracy depends on probe resolution and measurement 
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Fig. 2. Determination of the appropriate starvation period. (A) Oxygen consumption rate (OCR) response to glucose after glucose starvation. 
(B) Extracellular acidification rate (ECAR) response to glucose after glucose starvation. (C) Changes in OCR and ECAR responses to glucose 
in different cell types after glucose starvation. Student’s t-test: *p＜0.05. iPSCs: induced pluripotent stem cells, hESCs: human embryonic 
stem cells.

range. These measurements require an appropriate meas-
urement range (36, 37). However, the differences between 
cell types in metabolic levels make it difficult to obtain 
accurate results, leading to a wide range of measurements. 
During PSC metabolic analysis, in particular, it is often 
necessary to compare differentiated and undifferentiated 
cells or to compare reprogrammed cells with each other. 
To address this, we used six cell lines (fibroblasts [MRC5 
and BJ1], hiPSCs [iPSC-003 and iPSC-009], and hESCs 
[H1 and H9]) to obtain the appropriate number of PSCs 
and somatic fibroblast cells for precisely analyzing stem 
cell energy metabolism. We evaluated changes in OCR 
(pmol/min), ECAR (mpH/min), and the OCR/ECAR ra-
tio according to the number of cells.

  We seeded hiPSCs and hESCs at 2.5×103, 5.0×103, 
1.0×104, 2.0×104, 3.0×104, 4.0×104, 5.0×104, 6.0×104, 
7.0×104, and 8.0×104 cells/well in 96-well microplates. 
The XF DMEM assay media (pH 7.4) was replaced after 
24 hours, following washing with phosphate-buffered 
saline. We measured OCR and ECAR to perform linear re-
gression analysis and analyzed the changes in the OCR/ 
ECAR ratio (Fig. 1). In all cell types, OCR and ECAR 
increased with cell number (R2＞0.9) (Fig. 1A) at a con-
stant rate, whereas the OCR/ECAR ratio remained constant 
only in a specific cell-number range (Fig. 1B). Fibroblasts 
exhibited a constant OCR/ECAR ratio at 1.0×104 to 8.0× 
104 cells/well, whereas hiPSCs, H1, and H9 cells showed 
a consistent ratio in the ranges 2.0×104 to 8.0×104, 2.0× 
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104 to 8.0×104, and 3.0×104 to 8.0×104, respectively. Fib-
roblasts exhibited measurements at lower cell numbers 
than PSCs; however, PSC measurements were normal, with 
a consistent OCR/ECAR ratio, only when at least 2.0×104 
cells were seeded. Regardless of cell type, we detected 
measurements only in the cell number range that exhibi-
ted marginal changes in ECAR and OCR. Overall, com-
pared with fibroblasts, PSCs exhibited lower metabolic levels, 
and higher PSC cell numbers were required to detect changes 
in OCR or ECAR. These results indicate that when energy 
metabolism analysis is performed using different cell types, 
it is necessary to first consider the appropriate numbers 
of seeded cells and review the basal metabolic rates of the 
cell types. Specifically, before metabolic analysis and after 
monitoring changes in OCR and ECAR based on cell num-
ber, it is recommended to determine the appropriate cell 
number that achieves a linear increase (R2=0.9) with OCR 
or ECAR and confirm a constant OCR/ECAR ratio. Based 
on these findings, for these six cell lines, we propose using 
3.0×104 to 8.0×104 cells/well to enable the acquisition of 
consistent cellular energy metabolism values. 

Substrate-based metabolic assay
  Various stem cell types, including ESCs, are maintained 
in a heterogeneous state (38); hence, their susceptibility 
to mitochondrial enzyme inhibitors varies. To analyze their 
diverse metabolic characteristics, it is more effective to use 
glucose as a metabolic substrate to measure cellular me-
tabolism rather than using mitochondrial enzyme inhibitors. 
Furthermore, as cells cultured in heterogeneous states are 
at different cell cycle stages, their energy metabolism lev-
els differ. Therefore, glucose starvation is required to align 
their metabolic states before metabolic analysis. Depending 
on their metabolic characteristics, cells consume different 
amounts of glucose, varying in their glucose uptake and 
metabolism mechanisms and ability (39, 40). This suggests 
that induced starvation, followed by glucose supplementa-
tion, could provide a more natural method for evaluating 
the inherent metabolic ability of heterogeneous stem cell 
populations. Therefore, we compared the metabolic char-
acteristics of stem and somatic cells by applying glucose 
starvation and supplementation.
  Before this experiment, to determine the optimal starva-
tion conditions under which each cell line responds to glu-
cose, we took measurements every hour for 5 hours using 
glucose-free assay media to induce starvation, after which 
we added glucose to evaluate changes in metabolism. The 
response of fibroblasts (BJ1 cells) to glucose increased 
markedly with starvation time, with OCR and ECAR re-
sponding most effectively to glucose 4 hours after starva-

tion and declining after 5 hours of starvation (Fig. 2A, 2B, 
Supplementary Fig. S1A, S1B). However, for PSCs (hiPSCs 
and H1 cells), ECAR responded the most to glucose star-
vation at 2∼3 hours of starvation, declining from 4 hours, 
with greater SDs between measurements from 4 hours on-
ward (Fig. 2B, Supplementary Fig. S1B). Consequently, 
glucose starvation for 2∼4 hours for fibroblasts and 2∼3 
hours for PSCs achieved appropriate responses to glucose 
without damaging their metabolism (Fig. 2A, 2B, Supple-
mentary Fig. S1A, S1B). 
  Cells with different cell characteristics have different 
structural systems for glucose uptake and maintenance of 
cellular homeostasis. Thus, it is preferable to measure me-
tabolism after the complete consumption of the glucose pres-
ent in cells. Accordingly, we applied glucose starvation be-
fore measuring cell metabolism. By adding glucose after 
various periods of cell starvation and analyzing cell metab-
olism, glycolysis and OXPHOS can be measured by ob-
serving glucose consumption. This protocol can be applied 
to PSCs at both extremes of differentiation from somatic 
cells and to cells during differentiation or somatic cell repro-
gramming. Although this method does not exclude non-
mitochondrial oxygen respiration and nonglycolytic acid-
ification (i.e., due to CO2 produced by the TCA cycle), it en-
ables comparison of relative metabolic capacity via analysis 
and normalization of basal metabolic rates in different cells.
  To verify the validity of this method, we examined whe-
ther we could quantitatively compare the metabolic capa-
city of cells during reprogramming by providing glucose 
following 3 hours of glucose starvation. The human secon-
dary reprogrammed hiF-T cell line (used in the dox-in-
ducible reprogramming system) (40) was subjected to dox-
ycycline treatment for 20 days to induce reprogramming, 
generating TRA-1-60 ＋ cells, which are pluripotency mar-
kers. MRC5 and H1 cells were used as positive controls 
for fibroblasts and hiPSCs, respectively. The hiF-T and 
TRA-1-60 ＋ cells were seeded at 5.0×104 cells/well and 
treated with glucose after starvation for 3 hours (Fig. 2C, 
Supplementary Fig. S1C). Following glucose starvation 
and treatment, OCR and ECAR were significantly ele-
vated in fibroblasts (MRC5 and hiF-T cells), whereas only 
ECAR was significantly elevated in PSCs (hiPSCs and H1 
cells) (Fig. 2C, Supplementary Fig. S1C). These results in-
dicated that undifferentiated cells not only have a low 
metabolic level but also depend on glycolysis. Moreover, 
we revealed that this method can effectively compare met-
abolic capacity and OXPHOS and glycolysis usage during 
cellular differentiation or reprogramming. 
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Fig. 3. Linear regression of total protein concentration and cellular metabolism according to cell number. (A) Differences in size between 
fibroblasts (MRC5 and hiF-T) and pluripotent stem cells (TRA-1-60 ＋ and human embryonic stem cells [hESCs]) (hiF-T-derived TRA-1-60 ＋
and hESCs. (B) Linear regression of protein concentration according to cell type. (C) Linear regression of oxygen consumption rate (OCR) 
and extracellular acidification rate (ECAR) according to cell number.

Limitations of metabolic normalization
  For quantitatively comparing metabolic capacity across 
cell types, performing normalization via protein quantifi-
cation or using the same cell number is common. However, 
neither approach achieves accurate normalization because, 
regardless of how accurately cell number is measured, er-
rors caused by differences in cell viability and cell-count-
ing accuracy might affect the interpretation of results. Fur-
thermore, normalization using total protein concentration 
does not reflect cell viability nor protein amount per cell, 
which varies depending on cell type (Fig. 3A, 3B). For in-
stance, besides cell size differences, the nucleus-to-cyto-

plasmic size ratio is high in PSCs but low in somatic cells 
(Fig. 3A). During reprogramming, cell protein content 
varies with cell size, with cell size and total protein con-
tent decreases (Fig. 3B). Thus, when comparing the me-
tabolism of different cell types, normalization using total 
protein content is neither suitable nor accurate. To over-
come these problems and to accurately analyze the meta-
bolic levels of undifferentiated PSCs and fibroblasts, in-
formation on the basal metabolic rate is required, which 
depends on the respiratory rate and varies between cells. 
  We conducted an interval-based assay for each cell type 
to identify their unique basal metabolic rates and deter-
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Fig. 4. Differences in the measurement of metabolic levels according to normalization method. (A) Real-time adenosine triphosphate (ATP) 
rate assay of somatic and pluripotent stem cells. (B) Non-normalized ATP production rate (pmol/min). (C) Normalized ATP production 
rate (pmol/min) by total protein, oxygen consumption rate (OCR), and extracellular acidification rate (ECAR). Student’s t-test: *p＜0.05. 
R/A: rotenone & antimycin A, hESCs: human embryonic stem cells.

mine the cell numbers required for analysis. This assay 
is based on the premise that when cell number increases 
at a constant rate, each cell type will exhibit a unique and 
constant increase in metabolic level. Fibroblastic hiF-T 
cells, reprogrammed hiF-T cells (TRA-1-60 ＋), fibroblasts 
(MRC5), and PSCs (H1) were diluted two-fold starting 
from 1.0×108 cells and were seeded in a 96-well plate. The 
increase in OCR and ECAR was then analyzed using the 
Seahorse XF96 analyzer. We analyzed the linear correlation 
between cell number and respiration rate to quantify the in-
crease in metabolism with cell number.
  OCR and ECAR were more highly correlated in fibro-
blasts (including fibroblastic hiF-T cells) than in PSCs 

(Fig. 3C). The cell types exhibited unique OCR and ECAR 
intervals according to their metabolic characteristics. Sim-
ilar to previous findings (16), cellular metabolic levels de-
creased during reprogramming, whereas glucose metabo-
lism increased. After calculating the differences in the num-
bers of respiring cells by substituting the OCR and ECAR 
values into the standard curve for each cell type, the rela-
tive differences in cell numbers were used to normalize 
the obtained values. As this normalization method provides 
a standard curve based on the change in cell number and 
metabolic level, it appears to be more accurate than the 
protein content-based method. Comparison of the basal met-
abolic rate via interval-based assays, followed by cell num-
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ber normalization using the standard curve, might be use-
ful for comparing the basal metabolic characteristics of 
differentiated or reprogrammed cells.

Differences in metabolic levels according to 
normalization method 
  To confirm the validity of our normalization method, we 
conducted a real-time ATP rate assay and analyzed the re-
sults according to the calibration method used. The real- 
time ATP rate assay is the only assay that quantifies the 
live-cell rate of ATP production from glycolysis and mito-
chondria using label-free technology. We seeded the same 
number of MRC5, hiF-T, TRA-1-60 ＋, and hESCs (8.0×104 
cells/well each) and performed a real-time ATP rate assay. 
OCR (Fig. 4A) and ECAR (Fig. 4B) changed more dynam-
ically in fibroblasts than in hPSCs, indicating significantly 
higher ATP production in fibroblasts. After correcting these 
values using the total amount of protein or respiratory rate, 
we analyzed the differences in ATP production rates accord-
ing to the normalization method used (Fig. 4C). Normalization 
using total protein produced a lower ATP production rate 
than normalization using the respiratory rate. Total protein- 
based normalization produced a significantly lower ATP pro-
duction rate in reprogrammed cells and PSCs than in so-
matic cells, whereas this difference was not detected using 
respiratory rate-based normalization (Fig. 4C). This indi-
cates that total protein-based normalization might over-cor-
rect the metabolic values for PSCs.
  Our study presents a novel method for comparing the 
basal metabolic rates of fibroblasts and PSCs, focusing on 
quantitative analysis of glycolysis and OXPHOS using glu-
cose without enzyme inhibitors. We successfully determi-
ned the optimal cell number for the metabolic analysis of 
undifferentiated stem cells, compared metabolic capacities 
following glucose supplementation after starvation, and 
verified the applicability of this approach by determining 
basal metabolic levels. This protocol enables efficient com-
parison of energy metabolism among different cell types, 
including undifferentiated PSCs, differentiated cells, and 
cells undergoing cellular reprogramming. Moreover, it ad-
dresses critical issues, such as differences in basal meta-
bolic levels and sensitivity to normalization, providing val-
uable insights into cellular energetics.
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