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Purpose: Cancer cells rapidly adjust their balance between glycolytic and mitochondrial ATP production in
response to changes in their microenvironment and to treatments like radiation and chemotherapy. Reliable,
simple, high throughput assays that measure the levels of mitochondrial energy metabolism in cells are useful
determinants of treatment effects. Mitochondrial metabolism is routinely determined by measuring the rate of
oxygen consumption (OCR). We have previously shown that indirect inhibition of plasma membrane electron
transport (PMET) by the mitochondrial uncoupler, FCCP, may also be a reliable measure of mitochondrial energy
metabolism. Here, we aimed to validate these earlier findings by exploring the relationship between stimulation
of oxygen consumption by FCCP and inhibition of PMET.

Methods: We measured PMET by reduction of the cell impermeable tetrazolium salt WST-1/PMS. We charac-
terised the effect of different growth conditions on the extent of PMET inhibition by FCCP. Next, we compared
FCCP-mediated PMET inhibition with FCCP-mediated stimulation of OCR using the Seahorse XF96e flux ana-
lyser, in a panel of cancer cell lines.

Results: We found a strong inverse correlation between stimulation of OCR and PMET inhibition by FCCP. PMET
and OCR were much more severely affected by FCCP in cells that rely on mitochondrial energy production than
in cells with a more glycolytic phenotype.

Conclusion: Indirect inhibition of PMET by FCCP is a reliable, simple and inexpensive high throughput assay to
determine the level of mitochondrial energy metabolism in cancer cells.

1. Introduction

The ability to rapidly adjust the balance between glycolytic and
mitochondrial ATP production is a hallmark of highly aggressive,
invasive and metastatic cancers. Bioenergetic plasticity, orchestrated
through mitochondrial-to-nuclear crosstalk [1], confers a strong sur-
vival advantage in the tumour microenvironment that contains fluctu-
ating oxygen and nutrient levels [2]. Under aerobic conditions, many
tumour cells favour glycolysis in the presence of oxygen, also referred to
as the Warburg effect [3-5]. Because oxidative phosphorylation
(OXPHOS) is much more efficient at producing ATP per glucose
consumed than glycolysis [6], tumour cells can maintain relatively low

OXPHOS rates (6% of maximum) and still obtain 50% of their energy
requirements through this pathway [7]. Traditionally, the levels of
mitochondrial energy production have been measured as oxygen con-
sumption by an oxygen electrode and more recently by the Seahorse
XF96e flux analyser. Here, we describe a quick, simple and reliable
colorimetric assay that measures the level of plasma membrane electron
transport (PMET) and can be easily adjusted to measure the level of
mitochondrial energy metabolism. This assay could be a useful addi-
tional tool, particularly in the context of chemo- and radiation therapy
resistance, which are often accompanied by shifts in energy metabolism.

Several plasma membrane electron transport (PMET) systems have
been reported for mammalian cells, with different functions including
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cellular defence against pathogens, iron uptake, cell growth, intracel-
lular redox status and cell signalling (reviewed in Ref. [8]). Our group
has described in detail a PMET system that consists of an inward-facing
NADH-oxidoreductase, CoQ and an outward-facing surface oxidase. This
PMET activity can be measured colorimetrically by reduction of the cell
impermeant tetrazolium dye, 2- (4-iodophenyl) -3- (4-nitrophenyl) -5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-1) into its
highly coloured formazan, WST-1H, in the presence of its obligate in-
termediate electron acceptor, 1-methoxy-5-methyl phenazinium meth-
ylsulphate (PMS) (see Fig. 1 and [9]). WST-1/PMS reduction occurs
extracellularly and is extensively inhibited by superoxide dismutase at
the cell surface, the flavin centre inhibitor, diphenyleneiodonium, the
NQO1 inhibitor, dicoumarol and the ubiquinone redox recycling in-
hibitors, capsaicin and resiniferatoxin [9,10]. Electrons from intracel-
lular NADH travel through this short electron transfer chain in the
plasma membrane to extracellular substrates at the cell surface. We
showed that oxygen and PMS compete with each other at the cell surface
for electrons coming through the electron chain. Strong WST-1/PMS
activity is particularly evident in purely glycolytic cancer cells that are
devoid of mitochondrial (mt)DNA (p0 cells). These cells are unable to
perform OXPHOS and are completely reliant on glycolytic ATP pro-
duction. Highly glycolytic cells maintain a favourable NAD"/NADH
ratio through strong lactate dehydrogenase activity and PMET [9-11].
Many different types of cancer strongly reduce WST-1/PMS, particularly
under hypoxic conditions [9].

In this manuscript we will refer to WST-1/PMS reduction as a mea-
sure of PMET activity simply as dye reduction. Reducing equivalents are
produced in both the cytoplasm and the mitochondrial matrix and
shuttle between both compartments through, for instance, the malate-
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aspartate shuttle. In this way, NADH generated during glycolysis can
be recycled through mitochondrial electron transport (MET) and under
hypoxic conditions, mitochondrially-generated NADH can be recycled
through increased LDH and PMET activity (Fig. 1).

We previously measured oxygen consumption, using a Clark oxygen
electrode, in a panel of 19 murine and human cancer cell lines. Total
oxygen consumption was divided into mitochondrial oxygen consump-
tion (inhibited by the respiratory complex IlI-inhibitor, myxothiazol),
cell surface oxygen consumption (inhibited by extracellularly applied
NADH) and basal oxygen consumption (not inhibited by either myx-
othiazol or NADH). Basal oxygen consumption is caused by the action of
a number of oxygen consuming enzymes that are not part of the
OXPHOS and PMET systems, such as the monoamine oxidases, the prolyl
hydroxylase domain enzymes, the cyclo-oxygenases and many peroxi-
somal enzymes. Basal oxygen consumption rates vary between different
cell types but is never affected by FCCP. Cell surface oxygen consump-
tion, but not mitochondrial oxygen consumption or basal oxygen con-
sumption, correlated closely with dye reduction, with very similar
inhibitor profiles [9]. In the presence of the protonophore, FCCP, the
inner mitochondrial membrane becomes permeable to protons, abol-
ishing the mitochondrial membrane potential, an absolute requirement
for OXPHOS [12]. In response to FCCP, cells rapidly increase mito-
chondrial oxygen consumption in an attempt to rebuild the mitochon-
drial membrane potential. This depletes cellular NADH levels, resulting
in decreased dye reduction and cell surface oxygen consumption
(Fig. 1).

In this paper, we revisit FCCP-mediated inhibition of dye reduction
in more detail using the metastatic murine breast cancer 4T1 and 4T1
00 cells and different conditions that affect the level of mitochondrial
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Fig. 1. Diagram of cellular energy production and NADH recycling. NADH is produced during glycolysis, oxidation of pyruvate to acetyl-CoA and during the
Krebs cycle. Under optimal conditions, mitochondrial NADH production accounts for 80% of total NADH production (10NADH/glucose). Re-oxidation of NADH
occurs during mitochondrial electron transport (MET), plasma membrane electron transport (PMET) and through the activity of lactate dehydrogenase (LDH). MET
consists of 4 respiratory complexes, CoQ and CytC. PMET consists of an inward-facing NADH-oxidoreductase (i), CoQ and an outward-facing surface oxidase (ii) and
can be measured by reduction of the water-soluble cell-impermeant tetrazolium salt, WST-1 in the presence of its obligate intermediate electron acceptor, PMS. The
malate-aspartate shuttle transports reducing equivalents between the cytoplasm and the mitochondrial matrix in both directions and is inhibited by aminooxyacetate
(AOA). The protonophore, FCCP, increases mitochondrial oxygen consumption to maintain the mitochoindrial membrane potential. This increases mitochondrial
NADH recycling and decreases the amount of NADH available for recycling by PMET and LDH.Ac-CoA: acetyl-CoA, AOA: aminooxyacetate, Cit: citrate, CytC: cyto-
chrome C, CoQ: coenzyme Q10, FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, Fum: fumarate, Glu: glucose, GLUT: glucose transporter, IMM: inner mito-
chondrial membrane, Isocit: isocitrate, aKG: a-ketoglutarate, Lac: lactate, LDH: lactate dehydrogenase, Mal: malate, MCT: monocarboxylate transporter, MET: mitochondrial
electron transport, OMM: outer mitochondrial membrane, OAA: oxaloacetate, PM: plasma membrane, PMET: plasma membrane electron transport, PMS: 1-methoxy-5-methyl
phenagzinium methylsulphate, Pyr: pyruvate, Succ: succinate, WST-1: 2- (4-iodophenyl) -3- (4-nitrophenyl) -5- (2,4-disulfophenyl) -2H- tetrazolium monosodium salt.
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metabolism. In addition, we compare the extent of FCCP-mediated in-
hibition of dye reduction with the extent of FCCP-mediated stimulation
of mitochondrial oxygen consumption, using the Seahorse XF96e flux
analyser, in a number of different cancer cell lines.

2. Materials and methods
2.1. Cell lines and cell culture techniques

The GBM cell line, LN18, and the metastatic triple negative cell line,
4T1, were obtained from the American Type Culture Collection; the
human pancreatic cancer cell line, PaTu8902, was obtained from the
German Collection of Microorganisms and Cell Cultures GmbH (Leipniz
Institute); the mouse glioma cell line, GL261 was obtained from the NCI
tumour-cell-line repository (Frederick, MD, USA); the murine mastocy-
toma cell line P815 was a kind gift from Dr. John. Marbrook (University
of Auckland, NZ). All mammalian cell lines were grown in RPMI-1640
medium or DMEM medium supplemented with 10% (v/v) fetal bovine
serum, GlutaMAX-1 (2 mM), penicillin (100 U/mL) and streptomycin
sulfate (100 pg/mL). Media was supplemented with uridine (50 pg/pL)
and pyruvate (1 mM) for all p0 cells which were derived from their
parental strains by long-term culture (6-12 weeks) with 50 ng/mL filter-
sterilized ethidium bromide (EtBr) according to the protocol of King and
Attardi [13]. The p° status of all p° cell lines was verified by PCR to
confirm the absence of mtDNA. Cells were maintained at 37 °C and 5%
CO» in a humidified incubator.

3. Materials

Unless otherwise noted, tissue plasticware was purchased from Nunc
(ThermoFisher Scientific, Auckland, New Zealand); all cell culture re-
agents were from Gibco BRL (Invitrogen, Auckland, New Zealand). WST-
1 (2-(4-iodophenyl) -3- (4-nitrophenyl) -5- (2,4-disulfophenyl) -2H-
tetrazolium mono sodium salt) and PMS (1-methoxy- phenazine
methosulfate) were purchased from Dojindo Laboratories (Kumamoto,
Japan). Unless otherwise stated all other reagents were from Sigma
Chemical Company (St. Louis, MO., U.S.A.).

3.1. WST-1/PMS reduction

WST-1/PMS reduction rates were measured in a microplate format as
described previously [9]. Briefly, exponentially growing cells were
centrifuged at 130xg for 5 min, washed and resuspended in HBSS buffer.
For each assay, unless specified differently, 50 pL of a 2 x 10° cells/mL
cell suspension was pipetted into microplate wells containing 50 pL of
the inhibitor/buffer solution (10 pL of the 10x stock solution added to
40 pL of HBSS buffer), resulting in a final concentration of 1 x 108
cells/mL. Dye reduction was initiated by adding 10 pL of a 10x stock
solution of WST-1/PMS in milliQ water (final concentrations of 500 pM
WST-1 and 20 pM PMS). WST-1 reduction was measured in real time at
450 nM over 30-60 min in a Tecan plate reader. Inhibition of
WST-1/PMS reduction by FCCP was determined by measuring
WST-1/PMS reduction in the presence and absence of 2 pM FCCP, unless
stated differently. Percentage control was calculated as (A450/min with
FCCP divided by A450/min without FCCP)x100. Percentage FCCP in-
hibition was calculated as 100-% control.

3.2. Radiation treatment of GL261

Cells were seeded approximately 24h before treatment at 2-4 x 10°
cells in T25 tissue culture flasks. Cells were approximately 30%
confluent and growing exponentially on the day of treatment. Cells were
irradiated using Cesium-137 y-rays (Gammacell 3000 Elan) with 3 Gy
(GL261 3Gy). After irradiation cells were cultured for xxx.
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3.3. Temogzolomide treatment of GL261

A GL261 cell line resistant to Temozolomide (GL261_TMZ-R) was
generated by treating GL261 with increasing concentration of TMZ (10,
30, 50, 100, 150, 200, 400 pM). Cells were treated for 72 h with each
concentration and maintained in culture in TMZ 80 pM. The resistant
phenotype was confirmed by a clonogenic assay, showing that GL261
TMZR was able to form colonies after a single treatment with 400 pM
TMZ, whilst GL261 did not form any colonies after a single exposure to
400 pM TMZ.

3.4. Generation of PaTu cell lines

The human pancreatic cancer cell line PaTu 8902 with inactivated
SMAD4 (PaTu8902_SMAD4 KO), an important mediator of transforming
growth factor p pathway, was created by CRISPR/Cas9 technology.
Reconstitution of SMAD4 was performed by lentiviral transduction of
SMAD4 KO cells with hSMAD4-containing vector.

3.5. Oxygen consumption rates as measured by seahorse

The Seahorse XF96e extracellular flux analyser (Bioscience) was
used to measure cellular oxygen consumption rate (OCR) as per manu-
facturer’s instructions. Briefly, cells were seeded into Seahorse XF96 cell
culture microplates pre-coated with Cell-Tak solution (Corning)
10,000-50,000 per plate, depending on cell type, the day before the
experiment. After 24 h, the medium was replaced with Seahorse XF base
medium supplemented with 5 mM HEPES, 10 mM glucose and 1 mM
pyruvate with pH adjusted to 7.4, and the microplates were placed in
non-COy incubator for 60 min. The assay protocol consisted of four
consecutive injection steps in which 1 pM oligomycin, 2 pM FCCP and
the combination of 0.5 pM Rotenone and 0.5 pM Antimycin A were
added. Lastly, Hoechst 33342 was injected in concentration 5 pg/mL in
order to assess the number of cells present in each well. The data were
normalized to intensity of Hoechst staining determined by Tecan plate
reader absorption at A490.

4. Results

4.1. Dye reduction is fuelled predominantly by mitochondrial reducing
equivalents

Aminooxyacetate (AOA) is an inhibitor of the malate-aspartate
shuttle [14-16] that reversibly tranfers NADH reducing equivalents
across the mitochondrial membrane. The effect of different concentra-
tions of AOA on dye reduction in 4T1 cells is shown in Fig. 2A, with 2
mM AOA inhibiting dye reduction by 76 + 3%. Higher concentrations of
AOA did not completely inhibit dye reduction, indicating that although
the vast majority of NADH that fuels dye reduction originates in the
mitochondria, glycolytically produced NADH may also play a small role.

4.2. FCCP inhibits dye reduction

FCCP is used as an uncoupler of MET and OXPHOS [12] in assays that
measure OCR, such as the Oxygraph and the Seahorse XF analyser, at
concentrations between 1 and 3 pM [17]. We determined the effect of
different FCCP concentrations on dye reduction with different numbers
of 4T1 cells (Figs. 2B) and 4T1p0 cells (Fig. 2C). FCCP decreased dye
reduction in 4T1 cells in a dose-dependent manner, but did not affect
dye reduction in 4T1p° cells. Fig. 2D and E show representative primary
data for WST-1/PMS reduction for 4T1 and 4T1p° cells respectively.

Next, we determined how different culture conditions affected the
extent of FCCP-mediated inhibition of dye reduction in 4T1 cells (Fig. 3).
Switching from RPMI (2 g/L glucose, no pyruvate) to DMEM (4.5 g/L
glucose, no pyruvate) (Fig. 3A) did not alter the FCCP effect. However,
the addition of 1 mM pyruvate to RPMI medium (Fig. 3B) decreased the
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Fig. 3. The effect of type of medium (A), glucose and pyruvate (B) and confluency (C) on inhibition of dye reduction by 2 pM FCCP in 4T1 cells. 4T1 Cells were
incubated under the conditions specified for 24-48h. Unless stated differently, cells were harvested at 40-60% confluency. The % FCCP inhibition was calculated as
100-(A450/min with FCCP divided by A450/min without FCCPx100). Experiments were carried out three times in triplicate. *: p < 0.05.

inhibition of dye reduction by FCCP by approximately 25%, which was
independent of the glucose concentration. The effect of FCCP on dye
reduction was also lower in actively growing cells compared to
confluent cells (Fig. 3C).

4.3. The effects of FCCP on dye reduction and oxygen consumption are
strongly inversely correlated

We measured inhibition of dye reduction and stimulation of OCR by
FCCP (also referred to as the Reserve Respiratory Capacity) in a number
of different cancer cell lines, using the Seahorse XF96e analyser (Fig. 4).
An annotated representative oxygen consumption profile is presented in
Fig. 4A. Representative oxygen consumption profiles for 4T1 and 4T1p°
cells are depicted in Fig. 4B. The Table in Fig. 4C lists the cell types used
and their values for % inhibition of dye reduction and OCR stimulation
by FCCP. We found that stimulation of OCR by FCCP was strongly
inversely correlated with inhibition of dye reduction (Fig. 4C and D). In
GL261 cells, the effect of FCCP on both dye reduction and OCR was
lowest in p° cells and highest in temozolomide resistant GL261 cells
(GL261 TMZR). Similarly, the effect of FCCP on dye reduction and OCR
was lower in PaTu 8902 human ductal pancreatic adenocarcinoma cells
with their SMAD4 gene deleted (PaTu8902_SMAD4_KO) compared with

their parental counterparts and PaTu 8902 SMAD4 KO cells with the
SMAD4 gene inserted (PaTu8902_SMAD4 _rec; Ezrova et al. manuscript
submitted).

5. Discussion

Most cancer cells are able to continuously adjust the contributions of
glycolytic and mitochondrial ATP production to respond to changes in
their microenvironment, such as those caused by chemo- and radiation
therapy [7]. A quick, simple and reliable initial screening assay to
measure the contribution of OXPHOS to energy metabolism would be a
useful additional tool, particularly in high throughput systems. Our
assay consists of a simple 96 well tetrazolium dye reduction
(WST-1/PMS) system. The extent of mitochondrial energy production is
represented by the level of inhibition of dye reduction by ionophore
FCCP. In this manuscript we show that the effects of FCCP on dye
reduction and mitochondrial oxygen consumption are strongly inversely
correlated (R% = 0.98), using the Seahorse XF96 extracellular flux ana-
lyser. Changes in the extent of FCCP-mediated inhibition of dye reduc-
tion gave a rapid indication of the effectiveness of treatments that
induce a glycolytic shift. For instance, radiation therapy has been shown
to make cancer cells more glycolytic by increasing the level of reactive
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oxygen species and stabilising HIF-1a [18-20]. Our results support such
a glycolytic shift as evidenced by a smaller FCCP effect in murine glioma
GL261 cells exposed to a single dose of 3Gy compared with unexposed
cells. In addition, decreasing the level of mitochondrial metabolism by
knocking out SMAD4 from human pancreatic PaTu8902 cells also
decreased the FCCP effect, which was restored to parental levels after
the SMAD4 gene was reconstituted. SMAD4 is an important mediator of
the transforming growth factor p pathway. PaTu8902_SMAD4 KO cells
have been shown to have a lower level of mitochondrial metabolism
compared with their parental cells (Ezrova et al. manuscript submitted).
In contrast, the FCCP effect was stronger in GL261 cells resistant to 400
pM temozolomide. Remodelling of mitochondrial electron transport as a
result of temozolomide resistance, resulting in increased mitochondrial
respiratory capacity has been described in temozolomide-resistant
human GBM U251 cells [21].

PMET, measured as WST-1/PMS dye reduction, is highly active in
glycolytic cells [9]. Here, we show that mitochondrially generated
NADH is a major contributor to dye reduction at the cell surface, as
evidenced by a 80% recrease in dye reduction in the presence of 2 mM
AOA, a malate-aspartate inhibitor [14-16]. FCCP inhibits dye reduction
at the cell surface by removing available reducing equivalents through
an increase in OCR (Fig. 1). We show that growth conditions that affect
the level of mitochondrial metabolism also affect the extent of
FCCP-mediated inhibition of dye reduction. As expected, FCCP had no
effect in purely glycolytic p° cells that are incapable of OXPHOS. Most
rapidly proliferating cancer cells strongly depend on glycolysis even in
the presence of oxygen (“Warburg effect”) for their energy re-
quirements. These cells use glucose, nucleotides, amino acids, and lipids
as anabolic resources to create more biomass, in preference to gener-
ating ATP more efficiently in pathways that generate CO, instead of
biomass. Contact-inhibited confluent cells proliferate more slowly, if at
all and thus have lower anabolic needs than rapidly proliferating cells.
Therefore, confluent cells rely more on mitochondrial OXPHOS for ATP
production [4,5]. The higher glycolytic activity of actively growing 4T1
cells in our assays was mirrored by a smaller FCCP effect compared with
confluent 4T1 cells. Adding extracellular pyruvate saturates pyruvate
dehydrogenase activity, leaving excess pyruvate to generate lactate and
cytoplasmic NAD™ [4], which decreases the cell’s reliance on mito-
chondrial electron transport to generate NAD" and thus decreases the
FCCP effect. The fact that additional pyruvate decreased the FCCP effect
on PMET could be relevant as dye reduction assays were done in HBSS
without pyruvate and OCR experiments were done in RPMI with

pyruvate. Had all PMET assays been done in RPMI rather than HBSS, the
FCCP effect would have been smaller in all instances and this would
have flattened the correlation graph in Fig. 4D to some extent, but would
have had little effect on the strength of the correlation itself.

We believe that PMET may be an evolutionary remnant of ancestral
eukaryotes and will be found in the cell membrane of all cells, cancer
and non-cancerous. We have previously found robust PMET activities in
a panel of 19 human and murine cancer and non-cancer cell lines,
several of whom had very strong OXPHOS activity [9]. We have also
shown strong PMET activities in primary immune cells, WI38 fibroblasts
and HUVECGCs [22]. However, it is important to note that this assay is
limited to dilute cell suspensions and to metaboliocally active cells. We
did successfully use FCCP-inhibition of PMET on bone marrow samples
of leukemic patients and demonstrated that patients with highly
glycolytic blasts had a better prognosis [23]. Tissues other than blood,
lymph and bone marrow would need to be macerated and treated with
enzymes that digest the extracellular matrix, cell to cell junctions etc. to
produce cell suspensions and this could affect metabolic activity. This is
unfortunately a limitation of many advanced analytical techniques such
as the Seahorse Extracellular flux analyser and techniques using flow
cytometry.

Another limitation of this dye reduction assay is that it uses FCCP as a
mitochondrial uncoupler which has off-target effects such as plasma
membrane depolarisation, which is potentially an issue with an assay
that requires an intact plasma membrane and metabolically active cells.
Low concentrations (1-2 pM) of FCCP were found not to be toxic and
only transiently decreased the plasma membrane potential in L6 myo-
blasts, whilst higher concentrations (10 pM) of FCCP decreased the
plasma membrane potential substantially [24]. In our hands, 2 pM FCCP
has not shown any toxicity with the cell lines and primary cells we have
used, but if FCCP toxicity is of concern, other mitochondrial uncouplers
that do not have these off-target effects may be an option [24].

In conclusion, we contend that the extent of FCCP-mediated inhibi-
tion of reduction of the cell-impermeant tetrazolium dye, WST-1/PMS, is
a reliable, fast and easy assay to measure the level of mitochondrial
energy metabolism. We envisage that the assay described here will be
used as an initial screening assay to quickly assess leves of mitochondrial
metabolism. However, results of this assay need to be validated by ox-
ygen consumption measurements using oxygen electrodes such as the
Oxygraph, or platforms such as the Seahorse Extracellular flux analyser.
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