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Abstract 

Background  Mitochondria are known to synthesize adenosine triphosphate (ATP) through oxidative phosphoryla-
tion. Understanding and accurately measuring mitochondrial ATP synthesis rate can provide insights into the func-
tional status of mitochondria and how it contributes to overall cellular energy homeostasis. Traditional methods 
only estimate mitochondrial function by measuring ATP levels at a single point in time or through oxygen consump-
tion rates. This study introduced the relative mitochondrial ATP synthesis response against inhibiting and stimulating 
substrates (MitoRAISE), designed to detect real-time changes in ATP levels as the cells respond to substrates.

Methods  The sensitivity and specificity of the MitoRAISE assay were verified under various conditions, includ-
ing the isolation of mitochondria, variations in cell numbers, cells exhibiting mitochondrial damage, and heteroge-
neous mixtures. Using peripheral blood mononuclear cells (PBMCs), we analyzed MitoRAISE data from 19 patients 
with breast cancer and 23 healthy women.

Results  The parameters observed in the MitoRAISE data increased depending on the quantity of isolated mito-
chondria and cell count, whereas it remained unmeasured in mitochondrial-damaged cell lines. Basal ATP, rotenone 
response, malonate response, and mitochondrial DNA copy numbers were lower in PBMCs from patients with breast 
cancer than in those from healthy women.

Conclusions  The MitoRAISE assay has demonstrated its sensitivity and specificity by measuring relative ATP synthesis 
rates under various conditions. We propose MitoRAISE assay as a potential tool for monitoring changes in the mito-
chondrial metabolic status associated with various diseases.
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Background
Mitochondria control biological processes that occur 
in almost all cells of the human body, such as synthe-
sis of iron-sulfur clusters, apoptosis, cell signaling, 
maintenance of calcium homeostasis, and mainte-
nance of reactive oxygen species levels [1]. The clas-
sic role of mitochondria is oxidative phosphorylation 
(OXPHOS), a metabolic pathway that produces ATP 
by utilizing the energy released during nutrient oxi-
dation [2]. The first OXPHOS pathway involves com-
plexes I, III, and IV using electrons from NADH, 
whereas the second pathway involves complexes II, III, 
and IV using FADH2 [3]. The continuous pumping of 
protons increases the hydrogen ion concentration and 
reduces pH, eventually generating a membrane poten-
tial. This membrane potential is utilized by complex V 
(ATP synthase) to produce ATP [4–6].

Although the OXPHOS pathway is a major source 
of ATP in cells, its function in cancer has been over-
looked because it was previously presumed that cancer 
cells predominantly utilize aerobic glycolysis as their 
main energy synthesis process [7]. Accordingly, multi-
ple studies have shown a correlation between reduced 
OXPHOS activity and cancer malignancies [8]. How-
ever, there are also numerous contradictory studies 
demonstrating that cancers rely heavily on OXPHOS 
and that there is heterogeneity in cellular metabo-
lism [9–11]. The mitochondrial ATP synthesis rate 
through the OXPHOS system can no longer be over-
looked, even in cancer, because it is representative of 
mitochondrial metabolism. The correlation between 
oxygen consumption and mitochondrial metabolism is 
well established. In this regard, the oxygen consump-
tion rate (OCR) assay is one of the most widely used 
methods for real-time measurement mitochondrial 
metabolic status [12]. Another assay for real-time 
measurement simultaneously analyzes ATP produc-
tion and oxygen consumption using a device that com-
bines respirometry with fluorescence signal detection. 
The ATP/O ratio analyzed by this assay indicates the 
efficiency of the cellular respiratory process [13, 14].

In this study, we designed a new technique called the 
relative mitochondrial ATP synthesis response against 
inhibiting and stimulating substrates (MitoRAISE) 
assay to measure the relative rate of ATP synthesis and 
investigated its potential clinical usefulness. First, we 
validated the MitoRAISE assay under various condi-
tions using isolated mitochondria and cell lines. Sub-
sequently, we explored the clinical significance of the 
MitoRAISE results in clinical samples.

Methods
Reagents
The mitochondrial assay solution (MAS) buffer was pre-
pared according to the manufacturer’s protocol (Agilent 
Technologies, Santa Clara, CA, USA) using 220  mM 
mannitol, 70  mM sucrose, 10  mM KH2PO4, 5  mM 
MgCl2, 2  mM HEPES, 1  mM ethylene glycol tetraacetic 
acid, and 0.2% bovine serum albumin (BSA) (pH 7.4). The 
plasma membrane permeabilizer (PMP) was purchased 
from Agilent Technologies (Santa Clara, CA, USA). P1, 
P5-Di (adenosine-5′) pentaphosphate pentasodium salt 
(Ap5A; D4022), ADP, L-glutamic acid, L(-) malic acid, 
sodium succinate dibasic hexahydrate (succinate), rote-
none, and sodium malonate dibasic (malonate) were 
purchased from Sigma-Aldrich ( St. Louis, MO., USA). 
2-(2-(3-Chlorophenyl)hydrazinylyidene)propanedini-
trile (CCCP) and Carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone (FCCP) were purchased from Abcam 
(Abcam, Cambridge, MA, USA).

Cell lines
All the cell lines used in this study were purchased from 
either the American Type Culture Collection (Manas-
sas, VA, USA) or the Korean Cell Line Bank (Seoul, 
Korea). A549-Rho-0 cells were purchased from Kera-
fast, Inc. (Boston, MA, USA). Multiple breast cancer cell 
lines: BT-20, BT-474, BT-549, HCC1428, MCF7, MDA-
MB-231, ZR-75–1, from mammary glands were tested 
as well as HeLa cell line from the uterus, and BEAS-2B 
and A549 cell lines from the lung. All cells tested negative 
for mycoplasma, and cell lineages were confirmed using 
short tandem repeat analysis.

MitoRAISE assay
Samples were prepared in mitochondrial assay solu-
tion (MAS; 220  mM mannitol, 70  mM sucrose, 10  mM 
KH2PO4, 5  mM MgCl2, 2  mM HEPES, 1  mM EGTA, 
and 0.2% fatty acid-free BSA, pH 7.4). The XF plasma 
membrane permeabilizer (PMP) was purchased from 
Agilent Technologies (Santa Clara, CA, USA). P1, P5-Di 
(adenosine-5′) pentaphosphate pentasodium salt (Ap5A; 
D4022), ADP, L-glutamic acid, L(-) malic acid, sodium 
succinate dibasic hexahydrate (succinate), rotenone, and 
sodium malonate dibasic (malonate) were purchased 
from Sigma-Aldrich (St. Louis, MO., USA). 2-(2-(3-Chlo-
rophenyl)hydrazinylyidene)propanedinitrile (CCCP) and 
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP) were purchased from Abcam (Abcam, Cam-
bridge, MA, USA). The MitoRAISE method is described 
in detail in Sect. 3.1.
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Mitochondrial isolation
Mitochondria were isolated as previously described 
[15]. Briefly, cells were harvested from culture dishes in 
5 mL homogenizing buffer. A 200-µL solution of subtili-
sin A (4 mg/mL) was added to the buffer, and the solu-
tion was drawn into a 22G syringe 20 times on ice. The 
homogenized solution was then centrifuged at 9,000 × g 
for 10  min at 4  °C. The pellet was collected in 500 µL 
of ice-cold respiration buffer and quantified using the 
Pierce BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA).

PBMC isolation
Nineteen patients with breast cancer and twenty-three 
healthy women were recruited at the Samsung Medical 
Center (SMC), Seoul, South Korea, between October 
2021 and November 2022. Whole blood (10  mL) was 
extracted after obtaining informed consent from the 
participants with the approval of the SMC Institutional 
Review Board (IRB No. SMC 2019–08-119, SMC 2021–
08-063). All blood samples were subjected to Ficoll-Paque 
Plus (Cytivia, Marlborough, MA, USA) gradient-based 
PBMC isolation within two hours of sample collection. 
The resulting PBMC pellet was washed again with eBio-
science 1X RBC lysis buffer (Invitrogen, Waltham, MA, 
USA), according to the manufacturer’s protocol. The cell 
pellet was resuspended in MAS buffer after removal of 
the supernatant.

Cellular plasma membrane permeabilization
Cells or peripheral blood mononuclear cells (PBMCs) 
were treated with 5–10 nM XF PMP (Agilent Technolo-
gies, Santa Clara, CA, USA) and incubated at room tem-
perature for 10  min. Membrane permeabilization was 
measured as the percentage of trypan blue-stained cells, 
using a Countess automated cell counter (Thermo Fisher 
Scientific, Waltham, MA, USA). Further experiments 
were performed only when more than 90% of PMP-
permeabilized cells were stained. PMP cytotoxicity was 
measured using an EZ-Cytox assay (DoGenBio, Seoul, 
South Korea).

Total ATP level measurement
Total ATP was measured using the ATPlite Lumines-
cence ATP Assay System (PerkinElmer, Waltham, MA, 
USA), following the manufacturer’s protocol. Briefly, 
standard ATP and samples were seeded into a 96-well 
white plate, and up to 50 µL of lysis solution was added, 
followed by shaking for 2  min. Subsequently, 50 µL of 
ATPlite solution was added and shaken for 10 min in the 
dark. ATP level was measured using a Mithras LB 943 
Monochromator Multimode Reader (Berthold Technolo-
gies GmbH and Co., Wildbad, Germany).

Mitochondrial DNA copy number
The mitochondrial DNA copy number (mtDNA-CN) 
was determined using real-time quantitative polymerase 
chain reaction (qPCR) on the PRISM® 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA, 
USA). Primer sequences (Cosmo Genetech, Daejeon, 
South Korea) are listed in Supplementary Table  1. The 
mtDNA-CN was calculated by adjusting the standard 
curve of a plasmid calibrator that contained exactly one 
copy of mtDNA and one copy of nuclear DNA.

Validation of A549‑Rho‑0 cells
To validate the missing mtDNA in A549-Rho-0 cells, 
we tested a total of 1000  ng of RNA from the cell lines 
to synthesize the cDNA and tested designed primers for 
mitochondrially encoded NADH dehydrogenase 1 (mt-
ND1) gene on 1% agarose (Affymetrix, Santa Clara, CA, 
USA) gel. The designed primers are shown in Supple-
mentary Table 2.

Imaging of mitochondrial membrane potential
5 × 104 cells were seeded in a 6-well plate and grown for 
two days. FCCP and CCCP was treated and after 30 min 
incubation, 50  nM of MitoTracker Red CMXRos (Ther-
mofisher Scientific, Waltham, MA, USA) was treated for 
10 min. After washing, cells were observed under a fluo-
rescence microscopy (10X, 1.5X crop). Images from the 
fluorescence microscope was then analyzed with ImageJ 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
The unpaired Student’s t-test was used to evaluate dif-
ferences between groups. Pearson’s correlation analysis 
was used to investigate the association between clinical 
information and experimental data. Data are shown as 
the mean values ± SD of at least three independent exper-
iments. All statistical experiments were two-sided, and 
p-values < 0.05 were considered statistically significant. 
GraphPad Prism software (version 9.5.1; San Diego, CA, 
USA) was used for all statistical analyses. Data were pro-
cessed and figures were generated using RStudio (https://​
www.​rstud​io.​com), Microsoft Excel, and GraphPad 
Prism.

Results
Development of MitoRAISE and its workflow
The MitoRAISE assay was designed to measure real-time 
relative ATP synthesis rate (ASR) in response to sub-
strate stimulation and inhibition. To investigate ASR, we 
first prepared PMP-permeabilized cells using 5–10  nM 
XF PMP. PMP causes less damage to both the cell and 
mitochondrial membranes than detergent-based rea-
gents such as digitonin or saponin [16]. Since trypan blue 

https://www.rstudio.com
https://www.rstudio.com
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passes through both PMP-permeabilized and dead cells, 
the cells were stained to quantify the labeled cells before 
and after permeabilization. The MitoRAISE assay was 
performed when fewer than 10% of the labeled cells were 
observed before permeabilization, and more than 90% of 
the labeled cells were observed after permeabilization.

PMP-permeabilized cells were seeded in a 96-well 
white plate, and MAS containing the adenylate kinase 
inhibitor, Ap5A (final concentration: 200  μM), was 
added up to 50 μL, and the mixture was shaken for 
2  min in the dark. Subsequently, 50 µL of the ATPlite 
solution with 100 μM ADP was added, and the mixture 
was again shaken for 2 min in the dark. After a 10-min 
incubation, luminescence was measured at 2-min 
intervals over a 10-min period. Before each of the five 
measurements, the plate was shaken for 5  s. The aver-
age value of the luminescence signals represented the 
amount of ATP, which was referred to as Basal ATP. 

Next, 10 µL of stimulating substrates were added, and 
luminescence was measured every 2- min over a 10-min 
period, with the plate being shaken for 5 s before each 
measurement. The rate of increase in luminescence sig-
nals represents the relative ATP synthesis rate induced 
by the stimulating substrates, referred to as stimulating 
substrate-induced ASR. Finally, 10 µL of inhibiting sub-
strates were added, and luminescence was measured 
every 2-min over a 10-min period, with the plate being 
shaken for 5  s before each measurement. The rate of 
decrease in the luminescence signal, compared to ASR 
induced by stimulating substrates, represents the rela-
tive ATP synthesis rate inhibited by substrates, referred 
to as the inhibiting substrate-repressed ASR. All lumi-
nescence signals were calibrated to the ATP levels at 
each time point against real-time quantitative ATP 
standard curves using ATP standard solutions (Fig. 1).

Fig. 1  Workflow of the MitoRAISE assay. a Cells and peripheral blood mononuclear cells (PMBCs) were harvested from a culture plate or isolated 
from whole blood samples, respectively. b Cells were treated with XF Plasma Membrane Permeabilizer (PMP). c PMP-permeabilized cells were 
seeded in a 96-well white plate. d Mitochondrial assay solution (MAS) buffer with Ap5A and ADP was added to the wells, followed by the addition 
of ATPlite solution. The luminescence is then measured. e Stimulating substrates are added to induce the ATP synthesis reaction. Then, 
the luminescence was measured. This was followed by the addition of inhibiting substrates to repress the ATP synthesis reaction, after which 
the luminescence was measured again. f The luminescence was calibrated to ATP levels and then the MitoRAISE data, such as basal ATP, 
substrate-induced ASR, and substrate-repressed ASR, were calculated
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Validation of MitoRAISE using isolated mitochondria 
and viable cells
To validate the sensitivity and specificity of the Mito-
RAISE assay, we used mitochondria isolated from A549 
cells via dissociation and differential filtration as pre-
viously described [15]. Quantification of the isolated 
mitochondria was performed using a BCA protein 
assay. Depending on the amount of isolated mitochon-
dria, there was an increase observed in both glutamic 
acid with malic acid (GM)-induced ASR (21.71 nM/min, 
51.24  nM/min, 107.06  nM/min), associated with mito-
chondrial complex I, and succinate (S)-induced ASR 
(37.25  nM/min, 91.89  nM/min, 210.60  nM/min), asso-
ciated with mitochondrial complex II. The addition of 
the inhibiting substrates rotenone (Rot) and malonate 
(Mal) resulted in a reduction of approximately 90% in the 
ASR induced by GM and S, representing Rot- and Mal-
repressed ASR (Fig.  2a and Supplementary Fig.  1a). No 
change in ASR was observed when distilled water was 
used instead of the substrate (Supplementary Fig.  2a). 
To determine whether ASR reading corresponded to a 
false-positive signal resulting from nonspecific interfer-
ence by materials, we conducted the MitoRAISE assay 
using a blank sample consisting of MAS buffer only. No 
non-specific interference was observed at the appropriate 

concentrations of the material used in the experiment 
(Supplementary Fig. 2c). These results indicate that ASR 
values are derived from mitochondrial ATP synthesis.

We further validated the results of the MitoRAISE 
assay at the cellular level. To measure ASR in living cells, 
the permeabilization process is crucial to allow the sub-
strates to enter and react within the cells. A549 cells 
were treated with the XF PMP at concentrations ranging 
from 0 to 10 nM. PMP (5 nM) was sufficient to fully per-
meabilize the membranes of A549 cells (Supplementary 
Fig.  3a). Compared with the ASR of A549 cells treated 
with 5  nM PMP, A549 cells that did not undergo com-
plete permeabilization with 2 nM PMP exhibited a lower 
ASR. Conversely, in A549 cells treated with 10 nM PMP, 
ASR values were similar (Supplementary Fig. 3b and c). 
No change in ASR was observed when distilled water was 
used instead of the substrate (Supplementary Fig.  2b). 
These data suggest that PMP does not affect the mito-
chondrial membrane and that the MitoRAISE assay is 
capable of measuring ASR at the cellular level.

To evaluate the sensitivity and specificity of the Mito-
RAISE assay at the cellular level, we analyzed ASR under 
various conditions, including varying cell numbers, cells 
with mitochondrial damage, and heterogeneous mix-
tures. Initially, we measured ASR using varying numbers 

Fig. 2  Validation of the MitoRAISE assay using isolated mitochondria and viable cells. Dot plots of the real-time accumulation of ATP level from (a) 
isolated mitochondria, (b) varying cell numbers, (c) cells with mitochondrial damage, and (d) heterogeneous mixtures. Bar graphs of the basal ATP 
levels, the change in the slope of relative ATP synthesis rate after succinate injection (S-induced), the change in the slope of relative ATP synthesis 
rate after malonate injection (Mal-repressed), and the mal-repressed of S-induced ratio (Mal Response). The green triangle indicates the time 
at which succinate was injected, while the red triangle indicates the time at which malonate was injected
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of A549 cells. The parameters of the MitoRAISE assay, 
such as Basal ATP, and S- and GM-induced ASR, exhib-
ited an increase corresponding to the cell number (Fig. 2b 
and Supplementary Fig. 1b). Additionally, the MitoRAISE 
assay was validated using mtDNA-depleted A549 cells 
(A549-Rho-0). Gel electrophoresis showed that A549-
Rho-0 cells lacked mitochondrial DNA (Supplementary 
Fig.  4a). Furthermore, A549 cells treated with CCCP or 
FCCP were confirmed to have damaged mitochondrial 
membrane potentials using MitoTracker Red CMXRos 
staining (Supplementary Fig.  4b). No response to the 
activation or inhibition of substrates was observed in 
A549 cells with mitochondrial damage (Fig. 2c and Sup-
plementary Fig. 1c). To further evaluate the specificity of 
MitoRAISE assay, we prepared heterogeneous mixtures 
of PMP-permeabilized and intact cells at ratios of 1:9, 1:3, 
5:5, and 10:0 (Supplementary Fig. 1e). As the proportion 
of PMP-permeabilized cells in the mixture increased, the 
ASR induced by GM and S also showed a corresponding 
increase (Fig.  2d and Supplementary Fig.  1d). Overall, 
these results indicate that the MitoRAISE assay demon-
strates sensitivity and specificity for PMP-permeabilized 
cells with intact mitochondria, enabling real-time meas-
urement of relative mitochondrial ATP synthesis rate.

A comprehensive analysis of mitochondria in cell lines 
using MitoRAISE
To assess the potential utility of the MitoRAISE assay 
results, we conducted a comprehensive analysis of 
the Total ATP level, ASR, and mtDNA copy number 
(mtDNA-CN) in seven breast cancer cell lines and three 
additional cell lines. Total ATP levels were determined 
using a conventional luminescence-based ATP detection 
assay requiring cell lysis. mtDNA-CN was determined 
using PCR-based assays. The data, including Total ATP 
levels and ASR, exhibited variance within the cell lines 
(Supplementary Fig. 5). This variance may be caused by 
batch effects or other factors, such as changes in ATP 
synthesis regulated during cell cycle progression [17]. 
To determine whether this variance was the result of 
different batches or changes in cell metabolism, we per-
formed a correlation analysis within each cell line. Some 
cell lines (e.g., MCF7, BT-474, BT-549, A549, and BEAS-
2B) showed a positive correlation between Total ATP 
level and both GM-induced and S-induced ASR (Fig. 3a). 
MDA-MB-231, ZR-75–1, HeLa, BT-20, and HCC1428 
cells showed a negative or no correlation between Total 
ATP level and GM-induced and S-induced ASR (Fig. 3b). 
Previous studies have indicated that MCF7 and BT-474 
cells demonstrate metabolic profiles characterized by 
relatively high mitochondrial respiration and low glycoly-
sis, whereas MDA-MB-231 and BT-20 cells exhibit meta-
bolic profiles characterized by high glycolysis and low 

mitochondrial respiration [18]. These data suggest that 
the observed variances are likely to be influenced more 
by the cellular metabolism status than by batch effects.

Based on the correlation analysis, the cell lines were 
divided into two groups: one exhibiting a positive cor-
relation between Total ATP levels and substrate-induced 
ASR (PC group) and the other showing no positive cor-
relation (NC group). MCF7, BT-474, BT-549, A549, and 
BEAS-2B cells comprise the PC group, whereas MDA-
MB-231, ZR-75–1, HeLa, BT-20, and HCC1428 cells 
constitute the NC group. We performed an unpaired 
t-test to investigate the differences between these groups. 
No statistically significant differences were observed 
between the groups (Supplementary Fig.  6). Therefore, 
we performed a correlation analysis using Pearson’s cor-
relation coefficient for each group. Notably, a statistically 
significant positive correlation was observed between 
Total ATP levels and Basal ATP as well as mtDNA-CN 
in the PC group (Fig. 3c and Supplementary Fig. 7a) but 
not in the NC group (Fig. 3d and Supplementary Fig. 7b). 
Although no statistically significant correlation was 
found between Total ATP, Basal ATP, GM- and S-induced 
ASR, there appeared to be a tendency toward a positive 
correlation only in the PC group (Fig. 3c and Supplemen-
tary Fig. 7a), whereas a trend toward a negative correla-
tion appeared to be present in the NC group (Fig. 3d and 
Supplementary Fig.  7b). These data suggest that the PC 
group is more likely to be dependent on OXPHOS for 
ATP production. In summary, we propose the possibility 
that the MitoRAISE assay could potentially predict the 
cellular metabolic type of the sample.

Assessing the clinical relevance of relative mitochondrial 
ATP synthesis rate
To investigate the clinical significance of the Mito-
RAISE results, PBMCs were collected from 23 healthy 
women and 19 patients with breast cancer. Subse-
quently, the Total ATP, Basal ATP, GM- and S-induced 
ASR, Rot- and Mal-repressed ASR, and mtDNA-CN 
levels were measured (Table 1). No statistically signifi-
cant differences were noted in height, weight, or BMI 
between healthy individuals and patients with breast 
cancer, except for age (P < 0.0001) (Fig. 4a and Supple-
mentary Fig. 8a). Patients with breast cancer appeared 
to have lower Basal ATP levels compared to healthy 
individuals, though their Total ATP levels did not 
seem to be lower. Although no difference was noted in 
S-induced ASR between the groups, GM-induced ASR 
and the ratio of GM-induced ASR to S-induced ASR 
were significantly higher in patients with breast cancer 
(P = 0.0096 and P = 0.0184, respectively). Additionally, 
mtDNA-CN and the response to the inhibitors rote-
none and malonate were lower in patients with breast 
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cancer (P = 0.0002, P = 0.0030, and P = 0.0147, respec-
tively) (Fig. 4a and Supplementary Fig. 8a). These data 
indicate that the mitochondrial metabolic status of 

PBMCs differs between healthy women and patients 
with breast cancer. Mitochondria are also associ-
ated with aging [19]. Unfortunately, our data revealed 

Fig. 3  A comprehensive analysis of mitochondria in cell lines using the MitoRAISE assay. a Dot plots of cell lines show a positive correlation 
between total ATP levels and (upper) glutamic acid and malic acid (GM)-induced ASR, and (lower) succinate (S)-induced ASR. b Dot plots of cell 
lines show a negative or no correlation between total ATP levels and (upper) glutamic acid and malic acid (GM)-induced ASR, and (lower) succinate 
(S)-induced ASR. Pearson correlation analysis table of (c) the PC group and (d) the NC group. The PC group is defined as the group in which 
a positive correlation exists between Total ATP levels and both GM- and S-induced ASRs in the cell line. The NC group is defined as the group 
in which a negative or no correlation exists between Total ATP levels and both GM- and S-induced ASRs in the cell line



Page 8 of 12Chang et al. Cancer & Metabolism           (2024) 12:25 

age-related differences between healthy individuals and 
patients with breast cancer. To investigate whether the 
differences in the mitochondrial metabolic status of 
PBMCs between healthy individuals and patients with 
breast cancer were age-related, we conducted a corre-
lation analysis using all samples. Basal ATP, rotenone 
response, malonate response, and mtDNA-CN levels 
were negatively correlated with age (Supplementary 
Fig. 8b and 9a). These results suggest that differences in 
the mitochondrial metabolic status of PBMCs may be 
age-related or differ between patients with breast can-
cer and healthy women. Further research is needed to 
identify these differences by recruiting individuals from 
various age groups.

To further investigate the difference in the clini-
cal significance of the mitochondrial metabolic status 
between PBMCs from healthy individuals and those 
from patients with breast cancer, we conducted a cor-
relation analysis using Pearson’s correlation coeffi-
cient for each group. In the healthy individuals group, 
mtDNA-CN showed a negative correlation with age 
and BMI scores, and a positive correlation with GM- 
and S-induced ASR. No correlation was observed 
between mtDNA-CN and the other variables in patients 
with breast cancer. Notably, a positive correlation 
was observed between Basal ATP levels and GM- and 
S-induced ASR in the healthy individual group, but no 
correlation was observed in the breast cancer patient 
group (Fig. 4b and c, and Supplementary Fig. 9b and c). 
These results were similar to those of the comparison 
between the PC and NC groups in the cell line experi-
ments (Fig. 3c and d). Overall, our findings suggest that 

MitoRAISE analysis has the potential to be utilized for 
detecting the mitochondrial metabolic status.

Discussion
Since the discovery of ATP in 1929 and its function as 
an energy carrier in the late 1930s, the importance of 
ATP synthesis via OXPHOS has never been questioned 
[20, 21]. Among the co-working protein complexes in 
the mitochondria, mitochondrial complex I is the larg-
est, and its dysfunction is known to be directly linked to 
mitochondrial malfunction in multiple diseases, such as 
dementia and cancer [22, 23]. Mitochondrial complex II, 
in contrast, is the smallest protein complex involved in 
both the tricarboxylic acid cycle and OXPHOS. Compli-
cations in complex II can also lead to cancer, cell death, 
and necrosis [24, 25]. Although mitochondrial complexes 
I and II differ in their roles within the electron transport 
chain, as well as in the occurrence of diseases resulting 
from dysfunction in each complex, mitochondrial func-
tional studies utilize analyses of total ATP level or indi-
rect measurement data, such as oxygen consumption and 
mitochondrial complex enzyme activity [26, 27].

The traditional ATP assay and the oxygen consump-
tion rate (OCR) assay are distinct methods, each char-
acterized by unique features and available conditions. 
Traditional ATP assays quantify ATP using the enzyme 
luciferase, which reacts with ATP to emit light. However, 
this process destroys cells, preventing the observation of 
changes over time within a cell. Nonetheless, this assay 
offers the advantage of assessing the energy level, such 
as ATP level, and is relatively simple and fast to analyze. 
The OCR assay, on the other hand, evaluates metabolic 
activity by measuring the amount of oxygen consumed by 
the cell. An advantage of the OCR assay is the ability to 
analyze live cells, facilitating the observation of changes 
over time. However, the OCR assay is an indirect meas-
ure of mitochondrial metabolism because oxygen con-
sumption is a byproduct of the electron acceptor in the 
OXPHOS pathway during ATP production. Addition-
ally, this method requires relatively expensive equipment 
and may involve complexity in data interpretation. The 
MitoRAISE assay has been modified from the traditional 
ATP assay to overcome its limitations while leveraging 
the benefits of the OCR assay. The MitoRAISE assay can 
measure relative ATP synthesis rate by serially measur-
ing substrate-induced changes in ATP level in living cells. 
Although the MitoRAISE assay cannot be conducted in 
intact cells and is exclusively performed in PMP-per-
meabilized cells, the intactness of mitochondria enables 
measurement of changes in ATP level in response to the 
reagent. For more accurate measurement of changes in 
ATP level, a luminometer with a programmable injector, 

Table 1  Clinical characteristics of the study participants

Healthy women Patients with breast 
cancer

Mean (Range) Mean (Range)

Age (years) 37.2 (24–67) 53.1 (34–68)

Height (cm) 161.6 (150.4–170.5) 158.8 (146.1–172.0)

Weight (kg) 58.1 (41.1–79.9) 60.2 (44.2–75.8)

BMI 22.3 (18.2–32.0) 23.9 (16.7–31.0)

Total ATP 1.1 (0.8–1.6) 1.2 (0.9–2.0)

Basal ATP 1.0 (0.6–2.0) 0.5 (0.2–1.3)

GM-induced 36. 6 (18.2–71.4) 48.6 (20.3–71.8)

S-induced 125.4 (63.3–188.1) 135.6 (90.7–216.4)

Rot-repressed 24.8 (8.7–50.7) 25.4 (4.7–41.7)

Mal-repressed 100.9 (36.8–170.0) 94.7 (35.6–184.6)

Rot Response 67.6 (26.5–89.1) 52.1 (18.5–69.2)

Mal Response 78.5 (58.1–94.9) 67.8 (39.3–86.8)

GM: S ratio 0.3 (0.2–0.4) 0.4 (0.2–0.6)

mtDNA CN 99.1 (45.1–158.1) 64.2 (19.3–123.2)
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repeat measurement capability, and shaking options is 
required.

Fluorescence-based approaches and MitoRAISE assay 
share similarities in measuring products of reactions 
involving ATP, enzymes, and substrates. In the fluores-
cence-based approach, ATP produced by mitochondria 
is consumed to convert glucose to glucose-6-phosphate, 
which is then converted to 6-phosphogluconolactone by 
glucose-6-phosphate dehydrogenase (G6PD). During this 
process, NADPH, which exhibits autofluorescence, accu-
mulates in proportion to ATP consumption. The rate of 
ATP production can be quantified by monitoring the flu-
orescence intensity that increases over time [13]. Another 
fluorescence-based approach measures changes in the 
fluorescence intensity of Magnesium Green (MgGr), 
which fluoresces when bound to Mg2⁺, based on the dif-
ferent dissociation constants of ADP and ATP for Mg2⁺ 
[14]. Fluorescence-based approaches have the advantage 

of being able to simultaneously measure respiratory 
consumption, but equipment capable of simultaneously 
measuring respiratory consumption and fluorescence 
is required. In MitoRAISE assay, ATP generated in the 
mitochondria catalyzes the luciferin and luciferase reac-
tion, releasing oxyluciferin, CO2, AMP, and light. The 
intensity of emitted light directly correlates with ATP 
concentration. Unlike traditional ATP assays that meas-
ure total ATP level after cell lysis, MitoRAISE assay uses 
permeabilized cells with intact mitochondria, enabling 
real-time measurement of accumulated ATP level. The 
relative rate of ATP synthesis can be easily quantified by 
monitoring the increasing intensity of emitted light over 
time in a readily available luminometer.

The MitoRAISE assay uses a nontoxic permeabiliza-
tion agent to deliver substrates directly to the mitochon-
dria within cells [28]. PMP (5 nM) was sufficient to fully 
permeabilize the cells, and higher concentrations of PMP 

Fig. 4  Assessing the clinical relevance of r ATP synthesis rate. a Scatter dot plot of MitoRAISE data comparing healthy participants with patients 
with breast cancer. Pearson correlation analysis table of (b) healthy women and (c) patients with breast cancer. p-values are denoted as follows: * 
for P < 0.05, ** for P < 0.01, and *** for P < 0.001
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did not harm the cells in terms of ATP synthesis rate 
(Supplementary Fig.  3). Other plasma membrane per-
meabilizers such as saponin and digitonin exhibited cell 
toxicity even at low concentrations, whereas PMP did 
not show cytotoxicity (Supplementary Fig. 10). The Mito-
RAISE assay can provide more informative insights into 
the current status of mitochondria. It not only quantifies 
the amount of ATP (Basal ATP) but also demonstrates 
changes in ATP levels when mitochondria are stimulated 
by substrates (substrate-induced ASR) and the response 
to inhibitory substrates (substrate-repressed ASR). A 
slight difference was noted between the Total ATP level 
measured using the conventional ATP detection kit and 
the Basal ATP level measured using the MitoRAISE 
assay. Conventional ATP detection kits measure ATP 
levels extracted by cell lysis, which may include nuclear, 
cytosolic, and mitochondrial ATP. In contrast, the Mito-
RAISE assay measures the ATP levels in cells after per-
meabilization, primarily by capturing cytosolic ATP. 
Until now, it was unknown whether luciferin was trans-
ported to the nucleus and mitochondria.

The phosphate to oxygen ratio (P/O ratio) is a critical 
metric in bioenergetics that measures the efficiency of 
oxidative phosphorylation in mitochondria. It represents 
the number of ATP molecules synthesized per atom of 
oxygen reduced, a pivotal ratio for understanding how 
effectively mitochondria convert substrates into ATP 
[29]. In vivo mouse studies have shown that the P/O ratio 
decreases with age and that reactive oxygen species exac-
erbate this decrease. This decrease is more pronounced 
in older mice, and research suggests that it is associated 
with a reduction in mitochondrial ATPase activity [30]. 
However, there are reports indicating that the P/O ratio 
is not a reliable indicator of mitochondrial function in 
cancer, as the metabolic nature of cancer allows ATP to 
be synthesized via alternative pathways [31]. Despite the 
controversy regarding the association between disease 
and changes in the P/O ratio, it remains an accurate indi-
cator of oxidative phosphorylation efficiency. MitoRAISE 
assay provides a relative rate of ATP synthesis by measur-
ing the changing level of ATP in response to a substrate. 
To find the absolute rate of ATP synthesis, it is necessary 
to measure the rate of oxygen consumption to ensure 
that the correct P/O ratio is produced.

The MitoRAISE assay offers the advantage of utiliz-
ing cell suspensions, such as PBMCs. PBMCs are read-
ily available sources of patient samples and are currently 
receiving attention for their potential use as predictive 
biomarkers for multiple diseases [32]. Several studies 
have shown the use of PBMCs as potential tools to deter-
mine the inflammatory and metabolic status in various 
disease states, including chronic fatigue syndrome and 
type 2 diabetes [33, 34].

The findings of this study indicate that PBMCs from 
patients with breast cancer show lower Basal ATP, rote-
none response, malonate response, and mtDNA copy 
numbers than PBMCs from healthy individuals (Fig. 4a). 
As mitochondria are known to be associated with the 
aging process, we carried out a correlation analysis using 
a mixed sample of healthy individuals and patients with 
breast cancer. The analysis revealed a negative correlation 
between age and Basal ATP levels, rotenone response, 
malonate response, and mtDNA copy number (Supple-
mentary Fig. 7b). Regretfully, patients with breast cancer 
were older than the healthy participants (Fig. 4a) There-
fore, further research is needed to confirm whether these 
differences are attributable to age or disease.

The major limitation of this study is that further vali-
dation is needed to confirm it yields an accurate P/O 
ratio to ensure the MitoRAISE data accurately repre-
sents the absolute rate of ATP synthesis. Additionally, the 
cells were not synchronized when conducting correla-
tion analyses between total ATP levels and ASR induced 
by GM and S using cell lines. More detailed studies 
are required to investigate mitochondrial metabolism 
according to the cell cycle accurately. Furthermore, the 
relationship between aging and mitochondrial metabo-
lism is intimate. However, the assessment of the clini-
cal relevance of mitochondrial metabolism status lacked 
consideration of age disparities among groups. Future 
investigations will address this gap by recruiting young 
breast cancer patients or older healthy participants, facil-
itating a more precise examination of the variations in 
clinical significance associated with mitochondrial meta-
bolic status. Despite these limitations in the utilization of 
the MitoRAISE assay, our data demonstrate that Mito-
RAISE analysis can sensitively and specifically measure 
the relative ATP synthesis rate.

Conclusions
In this study, we demonstrated the feasibility of using the 
MitoRAISE assay as a method in mitochondrial research 
for the real-time measurement of relative mitochondrial 
ATP synthesis rate. Additionally, these findings suggest 
that MitoRAISE analysis has the potential to be utilized 
for monitoring changes in the mitochondrial metabolic 
status related to various diseases, such as aging, cancer, 
chronic fatigue syndrome, and type 2 diabetes.
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