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Abstract
Apoptosis-resistance and metabolic imbalances are prominent features of cancer cells. We have
recently reported on populations of human fibroblasts that exhibit resistance to mitochondrial-
mediated apoptosis, acquired as a result of a single genotoxic exposure. The objective of the
present study was to investigate the intrinsic bioenergetic profile of the death-resistant cells, as
compared to the clonogenic control cells. Therefore, we analyzed the basic bioenergetic
parameters including oxygen consumption and extracellular acidification rates, coupling
efficiency, and spare respiratory capacity. Our data demonstrate a strong correlation between
enhanced spare respiratory capacity and death-resistance, which we postulate to be indicative of
the earliest stages of carcinogenesis
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1. Introduction
Several lines of evidence have indicated that carcinogenesis evolves from consecutive
genetic and/or epigenetic alterations that provide cellular survival advantages, ultimately
leading to the conversion of normal human cells to malignant cancer cells [for review, see
(Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011)]. As evasion of apoptosis and
unlimited replicative potential are hallmarks of cancer, two questions become inevitable
when studying death-resistance and early-stage carcinogenesis: 1) how does a cell gain
enhanced proliferative capacity, and 2) what fuels this unlimited replicative potential? In
most cells under aerobic conditions, glucose is converted to pyruvate through glycolysis,
which then enters the TCA cycle where the flavin nucleotide (FADH2) and NADH are
produced. The respective reduced equivalents are further oxidized by the mitochondrially-
localized electron transport chain (ETC), which ultimately produces ~80% of total cellular
ATP. Conversely, early studies in tumor cells have found an upregulation of glycolysis for
energy production, even in the presence of sufficient oxygen levels. This phenotype is
known as the Warburg effect, after Dr. Otto Warburg who uncovered the phenomenon
(Warburg, 1956). While the high glycolytic phenotype of cancer cells has been exploited for
clinical use (i.e. positron emission tomography), the molecular basis of the Warburg effect
remains unclear.

The bioenergetic profile of several cell types such as neurons, endothelial cells, and human
carcinoma cell lines, has been characterized in an effort to uncover alterations that may be
targeted for therapeutic purposes (Rodriguez-Enriquez et al., 2008; van der Windt et al.,
2012; Wu et al., 2007; Xun et al., 2012). Of particular interest to the present study, is the
role that spare respiratory capacity (SRC) may play in death resistance. The term, SRC,
describes the reserve capacity that enables the production of energy in response to cellular
stress (Nicholls, 2009). It has been hypothesized that in the face of oxidative stress, cell
survival can be potentiated when a maximal reserve of ATP is maintained (Choi et al., 2009;
Fern, 2003; Zhu et al., 2012).

We have previously generated sub-populations of BJ-hTERT human diploid foreskin
fibroblasts, which have acquired resistance to cell death induced by hexavalent chromium
[Cr(VI)], a broad-spectrum DNA-damaging agent (Pritchard et al., 2005). Fibroblasts are
integral to the cellular microenvironment and have been associated with pathological
conditions such as fibrosis and carcinogenesis (McAnulty, 2007; Vaheri et al., 2009). This
system is unique in that it models initial molecular events that occur in a normal cell that
survived a single, acute, initiating genotoxic challenge. While the selection model in this
study was generated by Cr(VI) treatment, it also exhibits a cross-resistance to the well-
known chemotherapeutic agent, cisplatin, as well as to H2O2 (Nickens et al., 2012). Long-
term exposure to certain forms of Cr(VI) is associated with respiratory carcinogenesis
(IARC, 1990). Our recent report investigated the death-sensitivity of subclonal populations
derived from clonogenic survivors of BJ-hTERT cells treated with Cr(VI) (DR), or selected
by dilution-based cloning without treatment (CC) (Nickens et al., 2012). Notably, our data
suggested the presence of more resilient mitochondria in DR cells, and that death resistance
can be acquired in normal human cells early after genotoxin exposure. Taken together, these
data led us to postulate that resistance to mitochondrially-mediated cell death and
mitochondrial dysregulation may be initial phenotypic alterations associated with early-stage
carcinogenesis.

Here we report on the bioenergetic profile of the DR and CC subclonal cell lines. By
employing the Seahorse Bioscience XF Extracellular Flux Analyzer, we simultaneously
measured glycolysis by assessing the extracellular acidification rate (ECAR), as well as the
rate of oxidative phosphorylation by measuring the cellular oxygen consumption rate (OCR)
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(Eklund et al., 2004). We tested the hypothesis that survival after genotoxic stress may
involve the selection of cells with intrinsically altered bioenergetic regulation. Our data
show that while there is no difference in basal ATP content, ECAR, or OCR, there is an
increase in the SRC of the DR cells, as compared to the CC cells. Taken together, the
present data show that a greater intrinsic SRC is coincident with death-resistance in our
model system. Moreover, this enhanced capacity may be a mechanistic step in the
acquisition of death resistance, which in turn may potentially foster neoplastic progression.
Importantly, we show that the intrinsically enhanced SRC was observed in diploid human
cells that have acquired a death resistant phenotype following only a single exposure to a
carcinogen.

2. Materials and Methods
2.1. Subcloning, cell lines, and culture parameters

Subclonal populations were derived as previously described (Nickens et al., 2012). The cell
lines used in the present study include untreated clonogenic control cell lines, CC1 and CC2,
as well as clones derived from clonogenic survivors of Cr(VI) exposure, DR1, DR2, DR3,
and DR4, which display an apoptosis resistant phenotype. As previously reported, all CC
and DR cell lines were derived from human foreskin fibroblasts transfected with the hTERT
gene (BJ-hTERT; Geron Corp.), and further subcloned (at passage 138) into both CC and
DR cell lines (Nickens et al., 2012; Pritchard et al., 2005). The original hTERT-
immortalized foreskin fibroblast cell line, BJ-5ta, was derived by transfecting the BJ
foreskin fibroblast cell line with the pGRN145 hTERT-expressing plasmid (ATCC
MBA-141) (Bodnar et al., 1998). The population doubling time of the respective death
resistant and death sensitive sub-populations is similar, at around 22–26 h. For the present
study, cells were passaged at 80% confluence, and were only used for 10 passages, before a
fresh vial was selected.

All cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen
Corporation, Carlsbad, CA), containing Medium 199 (Invitrogen Corporation) (4:1), 10%
fetal bovine serum (Hyclone Laboratories, Inc., Logan, UT), 5 μg/ml gentamicin (Life
Technologies, Gaithersburg, MD), and 0.75 μg/ml fungizone antimycotic (Invitrogen
Corporation; DMEM complete). The hTERT transgene was selected for by the addition of
10 μg/ml hygromycin B (Life Technologies) to the medium. All cell lines were incubated in
a 95% air and 5% CO2 humidified atmosphere at 37°C, and the medium was replaced every
48 h.

2.2. ATP content
Cells were seeded at a density of 4 × 105/60 mm dish and incubated at 37°C for 24 h prior to
analysis. Following incubation, the cells were rinsed with 5 ml PBS and removed from the
dish by gentle scraping in 60 μl of CHAPS cell lysis buffer (Cell Signaling Technology,
Danvers, MA) containing 50 mM PIPES/HCl (pH 6.5), 2mM EDTA, 0.1% CHAPS, 20 μg/
mL leupeptin, and 10 μg/mL aprotinin; supplemented with 50 mM NaF, 1 mM Na3V04, and
1 mM PMSF. The cells were lysed on ice, and the lysates were centrifuged at 14,000 rpm
for 12 min at 2–8°C. A luciferin-luciferase based bioluminescent ATP determination kit
(Molecular Probes) was used to analyze ATP content (Ahn et al., 2008), according to the
manufacturer’s instructions. Briefly, ATP standards ranging from 0.5 to 25 μM were
prepared from a 5 mM ATP stock solution in dH2O. Duplicate aliquots of standards and
samples were pipetted into a flat-bottom black polystyrene 96-well assay plate (Corning
Incorporated, Corning, NY). The reaction was started immediately before analysis by the
addition of the standard reaction solution containing 20 X Reaction Buffer, 0.1 M DTT, 10
mM D-luciferin, and 5 mg/mL firefly luciferase. Luminescence was measured after a 200
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ms integration time using 485 nm excitation and 538 nm emission wavelengths on the
Fluoroskan Ascent FL (Thermo Fisher Scientific, Waltham, MA), followed by analysis
using the Ascent Software. Background luminescence was subtracted from the generated
values using wells containing only the standard reaction solution. Luminescence was
normalized to protein content which was assessed using the BCA protein assay kit (Thermo
Fisher Scientific).

2.3. Metabolic flux analysis
Cells were seeded in triplicate in 100 μl DMEM complete medium at a density of 1 × 104/
well in XF24 24-well V7 cell culture plate (Seahorse Bioscience, North Billerica, MA),
leaving appropriate temperature control wells empty, and incubated at 37°C for 1 h.
Following cell attachment, an additional 150 μl of medium was added to each well, and
incubated at 37°C overnight. The XF24 sensor cartridge (Seahorse Bioscience) was prepared
by incubation of each sensor pair in 1 ml of Seahorse Bioscience XF24 Calibrant pH 7.4
(Seahorse Bioscience) at 37°C without CO2 for 24 h. Prior to analysis, the medium was
gently removed from the adherent cells and the wells were washed with 1 ml of pre-warmed
specially formulated Seahorse DMEM (Seahorse Bioscience) supplemented with 25 mM
glucose (assay medium). A final volume of 450 μl assay medium was added to each well
and the plate was incubated at 37°C without CO2 for 1 h. Either 1.5 μM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) or 5 μM oligomycin (Sigma-Aldrich, St. Louis,
MO) was added to injection port A of the XF24 sensor cartridge in assay medium and
equilibrated at least 15 min prior to analysis at 37°C without CO2. The XF24 sensor
cartridge was calibrated in the Seahorse XF24 analyzer (Seahorse Bioscience), which was
pre-warmed to 37°C. Following calibration, the cell culture plate was placed in the analyzer
and the extracellular acidification rate (ECAR) and the oxygen consumption rates (OCR)
were simultaneously measured via the following protocol: three cycles of mix (2 min), delay
(2 min); seven cycles of measure (4 min), mix (2 min), delay (2 min); port A injection; six
cycles of mix (2 min), delay (2 min), measure (4 min). After the final measurement the assay
medium was removed from each well and the cells were washed twice with warm PBS then
incubated at 37°C without CO2 in 4 μM calcein AM (BD Biosciences, San Jose, California)
in PBS for 40 min. Fluorescence was measured by using 485 excitation and 530 nm
emission wavelengths on the Microplate Reader-Infinite® M1000 (Tecan Group Ltd.,
Männedorf) followed by data collection on the Tecan i-control software (Tecan Group Ltd.).
ECAR and OCR rates were normalized to cell number as assessed by calcein AM
fluorescence. Basal values were taken from the last measurement prior to drug injection and
the post-drug injection values were from the first measurement after injection. Post-drug
injection values were normalized to respective basal value and expressed as either mpH/min/
104 cells (ECAR) or pmoles/min/104 cells (OCR). Cell number was determined by calcein
AM incorporation (Zhang et al., 2012).

2.4. Statistical analysis
To determine differences among experimental groups, statistical analyses were performed
using GraphPad Prism version 4.00 (San Diego, CA). A one-way analysis of variance and
either a Tukey or Bonferroni post test was used for multiple sample comparisons. For all
experiments, results are presented as the mean ± standard error of the mean and for all
statistical tests, p < 0.05 was considered to be statistically significant.

3. Results and Discussion
Two death-resistant cell lines (DR1, DR2), as well as a death-susceptible clonogenic control
line (CC1) were the focus of a recently published report from our laboratory (Nickens et al.,
2012). Our data showed that, as compared to the death-susceptible cells, the DR cells were
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resistant to apoptosis as indicated by lack of cleaved caspase 3 expression following
exposure to both Cr(VI) and cisplatin. The mitochondrial-mediated pathway of apoptosis
was inhibited in the DR cell, as indicated by the lack of both mitochondrial-membrane
depolarization and cytochrome c release, as well as attenuated/abrogated release of SMAC/
DIABLO following Cr(VI) treatment. Moreover, we observed a marked increase in Bcl-2
protein expression upon Cr(VI) exposure in the DR cells, which was significant in the DR1
cells. Furthermore, our data uncovered an intrinsic alteration in the incidence of mtDNA
damage, as the DR1 cells displayed significantly less basal mtDNA damage than that of the
CC1 cells (Nickens et al., 2012). To ensure that any alterations in bioenergetic parameters
observed in our model system were consistent with the generation of death-resistant
survivors following a single genotoxin exposure, we included the additional subclonal cell
lines, DR3 and DR4 derived from the B-5Cr cells, as well as an additional clonogenic
control cell line, CC2, in the present study. While the DR3 and DR4 cell lines are not as
extensively characterized as the DR1 and DR2 cells, they do exhibit resistance to Cr(VI)-
induced cleaved caspase 3-mediated apoptosis, similar to the DR1 and DR2 cell lines
(Supplemental Figure 1).

Escape from or resistance to apoptosis or terminal growth arrest has been shown to be a
requirement for cells with limitless replicative potential (Hahn and Weinberg, 2002).
Moreover, the selection of cells with the ability to survive after exposure to apoptogenic
levels of a DNA damaging agent may yield a precursor pool of cells from which neoplastic
variants may emerge. Furthermore, the dysregulation of mitochondrially-mediated cellular
mechanisms, such as apoptosis and energy metabolism are observed in malignant tumors,
highlighting a connection between mitochondria, death-resistance and carcinogenesis
(Hasenjager et al., 2004; Warburg, 1956). Mitochondria control cellular energy production
and bioenergetics. These functions can be altered by mtDNA damage, and our previous
report suggests their involvement in our death-resistant model system (Nickens et al., 2012).
Therefore, we proposed that intrinsically dysregulated cellular bioenergetics may also
correlate with the observed death-resistant phenotype.

Mitochondria produce approximately 80% of cellular ATP, and play a critical role in
cellular energy metabolism. Therefore, we measured total basal ATP content using a
luciferin-luciferase based bioluminescent assay in each cell line. We found that there was no
difference in total basal ATP content among the cell lines (Figure 1).

It has been suggested that an alteration in cellular bioenergetics is an important factor in
carcinogenesis [for review, see (Brand and Nicholls, 2011; Weinberg and Chandel, 2009)].
Moreover, genotoxic stress has been associated with cellular energy crisis [for review, see
(Surjana et al., 2010)]. The two primary ATP generating processes of the cell are glycolysis
and oxidative phosphorylation. Therefore, to assess the potential contribution of altered
cellular bioenergetics to death-resistance, we investigated both processes. The extracellular
acidification rate (ECAR) was used as an indicator of glycolytic rate, and the oxygen
consumption rate (OCR) as an indicator of oxidative phosphorylation/mitochondrial
respiration (Choi et al., 2009; Fern, 2003; Gohil et al., 2010; Nicholls, 2009; Qian and Van
Houten, 2010; Yadava and Nicholls, 2007). It is worth noting that ECAR is an indicator of
lactate production, which is produced from excess pyruvate generated from glycolysis, but
can also be generated from cellular processes such as fatty acid oxidation and the Krebs
cycle. ECAR and OCR were measured simultaneously using the Seahorse XF24 metabolic
flux analyzer. Our data show that basally, the ECAR (Figure 2A) and OCR (Figure 2B) were
similar among all cell lines studied, with the DR1 cells showing a slight, but not significant,
increase in OCR as compared to the other cell lines. These results correlated with the lack of
alteration in basal ATP content among all of the cell lines studied. It has been well accepted
that many tumor cells exhibit enhanced glycolysis, due to an increase in glucose uptake, and
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this indicator has been successfully correlated with malignancy, tumor stage, and
progression (Bellance et al., 2009; Pedersen, 2007; Pelicano et al., 2006; Warburg, 1956; Zu
and Guppy, 2004). The data from the present study suggest that basal differences in
glycolysis and oxidative phosphorylation are not markers of death-resistance in our cellular
model system.

We analyzed ECAR and OCR after injection of 5 μM oligomycin, an ATP synthase
inhibitor. Oligomycin blocks the Fo proton channel of ATP synthase, and prevents state 3
(phosphorylation) respiration. In our intact cellular model system, oligomycin treatment
reveals the quantity of oxygen consumption needed for ATP synthesis and the quantity of
oxygen consumption needed to surmount the naturally occurring proton leak across the inner
mitochondrial membrane (Nicholls et al., 2010). . Following oligomycin treatment, and
consequent inhibition of ATP synthesis via oxidative phosphorylation, the cells met their
energy demand by tapping into glycolysis. This was demonstrated by an increase over
baseline control in ECAR among all cell lines. Each cell line exhibited different percentages
of ECAR post-oligomycin injection; however, while these data did not correlate with death
sensitivity, they did reveal an intact response of the glycolytic pathway to the cellular energy
demand. Specifically, the CC1 cells displayed a significant 1.8-fold increase, while the CC2
cells displayed a 1.2-fold increase in ECAR as compared to respective control, which was
not significant. The DR1, DR2 and DR4 cell lines displayed statistically significant 1.7 to
1.8-fold increases in ECAR as compared to respective controls, while the DR3 cells
exhibited a 1.4-fold increase, which was not significant (Figure 3A). Moreover, there were
no differences in OCR when all cell lines were compared to each other. A significant 70%
decrease in OCR as compared to the respective control was observed in each cell line as
expected in response to an inhibition of ATP synthesis via oxidative phosphorylation,
indicating that approximately 70% of oxygen consumption in this fibroblast model is
coupled to ATP production (Figure 3B).

Studies in neurons have implicated the involvement of mitochondrial metabolic dysfunction
in the pathogenesis of age-related neurodegenerative disease, particularly oxidative stress
and bioenergetic deficit (Yadava and Nicholls, 2007). It has been hypothesized that in the
face of oxidative stress, neuronal cell survival can be potentiated when a maximal reserve of
ATP is maintained. This concept has been coined as the “spare respiratory capacity” (SRC)
or the “spare electron transport chain complex capacity” (Choi et al., 2009; Fern, 2003).
Therefore, we measured the intrinsic SRC of the CC1, CC2, DR1, DR2, DR3, and DR4
cells. The SRC of cells can be quantified by measuring the percentage change between basal
OCR and the maximal uncontrolled OCR following treatment by a respiratory chain
uncoupling agent such as carbonylcyanide p trifluoromethoxyphenylhydrazone (FCCP).
FCCP disrupts ATP synthesis by diverting hydrogen ions from the proton channel of ATP
synthase and shuttling them across the mitochondrial membrane. The expected response to
FCCP treatment is rapid energy consumption, resulting in an increase in both OCR and
ECAR in order to maintain the cellular energy balance (Nicholls et al., 2010). Our data show
that the ECAR post-1.5 μM FCCP injection was significantly increased in all cell lines as
compared to respective pre-FCCP injection controls, but did not correlate with death
sensitivity. The CC1 and CC2 cells exhibited 2.1 and 1.5-fold increases, respectively; while
the DR1, DR2, DR3 and DR4 cells exhibited respective 1.7, 2.1, 1.8 and 2.0-fold increases
as compared to control (Figure 4A). These results are in keeping with an anticipated increase
in glycolytic function in order to compensate for the malfunction in energy production via
oxidative phosphorylation (Stockl et al., 2007). Furthermore, our data show that
immediately following FCCP injection, the CC1 and CC2 cells displayed a slight increase in
OCR as compared to pre-FCCP injection basal controls, which was not significant.
However, all DR cells exhibited a significant 1.3 to 1.5-fold increase as compared to their
respective pre-FCCP injection controls (Figure 4B). Notably, the DR1 cells demonstrated
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the greatest SRC, which may also be reflected in the incremental trend in the basal OCR of
these cells (Figure 2B). The difference in SRC observed in each cell line following FCCP
treatment may be due to various bioenergetic factors, such as the capability of the cell to
provide substrates to the mitochondria for energy production, and the functionality of
enzymes involved in the electron transport chain (Nicholls et al., 2010).

The results of this study provide an understanding of the basic bioenergetic profiles of the
cells in this unique death resistant model system. The data demonstrate the first direct
indication that the maintenance of SRC may be related to apoptotic death-resistance and
suggest that SRC may play a role in the enhanced survival of cells after a single, acute
genotoxic challenge. Moreover, our data suggest a strong reliance on energy production via
oxidative phosphorylation in death resistant cells, which has also been shown in metabolic
profile analysis of melanoma tumor cells (Ho et al., 2012). The apparent importance of
oxidative phosphorylation in the cell model system, while incongruent with the glyocolytic
reliance of cancer cells described as the Warburg effect, may be suggestive of metabolic
flexibility in response to cellular stress. Future studies are necessary to further investigate
the mechanism(s) responsible for the intrinsically enhanced spare respiratory capacity
observed in all DR cell lines.

It is important to note that several recent studies have demonstrated evidence that
dysregulated bioenergetics play an important role in altered cellular phenotypes. Van der
Windt et al. (2012) showed that SRC was enhanced in CD8+ memory T cells through the
IL-15 regulation of mitochondrial biogenesis and carnitine palmitoyl transferase 1a (CPT1a)
expression (a mitochondrial fatty acid oxidase enzyme). CPT1 activity may contribute to the
high energy demands of cancer cells (Linher-Melville et al., 2011). Additionally, a recent
study demonstrated the fundamental role that poly(ADP-ribose)1 (PARP1) plays in cellular
bioenergetic homeostasis (Modis et al., 2012). The PARP family of proteins is involved in
DNA damage and can trigger apoptosis. These authors show that PARP1 deficiency leads to
an increase in mitochondrial respiratory reserve capacity in both endothelial and epithelial
cell models, suggesting that cells with dysregulated cell death mechanisms may exhibit
enhanced bioenergetics. Finally, a study by Caneba and colleagues (2012) investigating the
metabolic variations among increasingly invasive ovarian cancer cell lines during
detachment showed that high SRC (via increased OCR) was directly correlated with highly
invasive ovarian cancer. Collectively, these and the present studies, underline the potential
relationship between energy metabolism, cellular phenotypic alterations, and the associated
physiological disease profiles.

In conclusion, our data suggest a strong physiologic correlation between intrinsic cellular
death-resistance and enhanced mitochondrial spare respiratory capacity, which we postulate
may represent the earliest phenotypic alterations of carcinogenesis. Taken together, these
data show that resistance to apoptosis can be acquired in diploid human cells, following only
a single exposure to a carcinogen; and that resistance to mitochondrial-mediated cell death
and intrinsic mitochondrial dysregulation may be indicative of the earliest stages of
carcinogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We have recently reported on populations of human fibroblasts that exhibit
resistance to mitochondrial-mediated apoptosis, acquired as a result of a single
genotoxic exposure.

• We investigated the intrinsic bioenergetic profile of the death-resistant cells, as
compared to the clonogenic control cells.

• We found intrinsically enhanced spare respiratory human fibroblasts that have
acquired a death resistant phenotype following only a single exposure to a
carcinogen.

• We postulate that the correlation between enhanced spare respiratory capacity
and death-resistance may represent an early phenotypic alteration in the path to
neoplastic transformation.
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Figure 1. Intrinsic alterations in ATP content are not coincident with the observed death
resistant phenotype
CC1, CC2, DR1, DR2, DR3, and DR4 cells were seeded and allowed to grow for 24 h prior
to analysis, followed by total protein extraction. A luciferin-luciferase based bioluminescent
ATP determination kit was used to analyze ATP content, according to the manufacturer’s
instructions. Luminescence was measured after a 200 ms integration time using 485
excitation and 538 emission wavelengths on the Fluoroskan Ascent FL, followed by analysis
using the Ascent Software. Background luminescence was subtracted from the generated
values using wells containing only the standard reaction solution. Luminescence was
normalized to protein content.
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Figure 2. Intrinsic alterations in the extracellular acidification rate and oxygen consumption rate
are not coincident with the observed death resistant phenotype
CC1, CC2, DR1, DR2, DR3, and DR4 cells were seeded in triplicate (104 cells/well) in
XF24 24-well cell culture plates, and allowed to grow for 24 h at 37°C. Prior to analysis, the
growth medium was removed from the plate and replaced with Seahorse assay DMEM
supplemented with 25 mM glucose, and the cells were incubated at 37°C without CO2 for 1
h. The cell culture plate was placed in the Seahorse XF24 Analyzer and the ECAR was
measured. (A) ECAR and (B) OCR values were normalized to cell number as assessed by
calcein AM fluorescence. Fluorescence was measured using 485 excitation and 530
emission wavelengths on the Microplate Reader-Infinite® M1000. Data were expressed as
ECAR (mpH/min/104 cells) or OCR (pmoles/min/104 cells), cell number was determined by
calcein AM incorporation. Data are mean +/− SE of seven experiments (p < 0.05).
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Figure 3. Intrinsic alterations in coupling efficiency are not coincident with the observed death
resistant phenotype
CC1, CC2, DR1, DR2, DR3, and DR4 cells were seeded in triplicate (104 cells/well) in
XF24 24-well cell culture plates, and allowed to grow for 24 h at 37°C. Prior to analysis, the
growth medium was removed from the plate and replaced with Seahorse assay DMEM
supplemented with 25 mM glucose, and the cells were incubated at 37°C without CO2 for 1
h. 5 μM oligomycin was added to injection port A of the XF24 sensor cartridge in assay
medium and equilibrated at least 15 min prior to analysis at 37°C without CO2. The cell
culture plate was placed in the Seahorse XF24 Analyzer and the (A) ECAR and (B) OCR
values were simultaneously measured. Data post-oligomycin injection were generated from
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rate levels directly after injection. Data were normalized to cell number as assessed by
calcein AM fluorescence. Fluorescence was measured using 485 excitation and 530
emission wavelengths on the Microplate Reader-Infinite® M1000. Post-drug injection
values were normalized to respective basal value and expressed as ECAR (% of basal) or
OCR (% of basal). * indicates a statistically significant difference from control. Data are
mean +/− SE of three experiments (p < 0.05).
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Figure 4. Enhanced spare respiratory capacity is coincident with the observed death resistant
phenotype
CC1, CC2, DR1, DR2, DR3, and DR4 cells were seeded in triplicate (104 cells/well) in
XF24 24-well cell culture plates, and allowed to grow for 24 h at 37°C. Prior to analysis, the
growth medium was removed from the plate and replaced with Seahorse assay DMEM
supplemented with 25 mM glucose, and the cells were incubated at 37°C without CO2 for 1
h. 1.5 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was added to
injection port A of the XF24 sensor cartridge in assay medium and equilibrated at least 15
min prior to analysis at 37°C without CO2. The cell culture plate was placed in the Seahorse
XF24 Analyzer and the (A) ECAR and (B) OCR values were simultaneously measured.
Data post-FCCP injection were generated from rate levels directly after injection. Data were
normalized to cell number as assessed by calcein AM fluorescence. Fluorescence was
measured using 485 excitation and 530 emission wavelengths on the Microplate Reader-
Infinite® M1000. Post-drug injection values were normalized to respective basal value and
expressed as ECAR (% of basal) or OCR (% of basal). * indicates a statistically significant
difference from control. Data are mean +/− SE of three experiments (p < 0.05).
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