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ABSTRACT

Cellular respiration is highly regulated, changes dynamically in response to the microenvironment of individual
cells and during differentiation and differs between cell and tissue types. Too little cell respiration can cause an
accumulation of reductants, leading to reductive stress, while inefficient respiration, that causes a build-up of
reactive oxygen species (ROS), can result in oxidative stress. Most of the discussion of this central redox di-
chotomy has centred around oxidative stress because the damaging effects of cellular oxidants on DNA, lipids and
proteins are well-established, and have been shown to contribute to health issues including, mitochondrial and
cardiovascular diseases, tumorigenesis, and to the effects of ageing. Much less attention has been paid to cellular
reductive stress. Nevertheless, excessive levels of key cellular reductants including NADH, NADPH and gluta-
thione, as well as an imbalance in protein thiols, and insufficient levels of ROS to maintain cell signalling
pathways, can be harmful to cells and result in poor health outcomes. Recently, cellular mechanisms that sense
and regulate cellular reductive stress associated with low ROS levels have been identified. In addition, plasma
membrane electron transport has been shown to be a key player in cellular redox homeostasis involving NAD(P)
H/NAD(P)" ratios. It is now well-established that the plasma membrane contains coenzyme Q-mediated electron
transport pathways capable of oxidizing intracellular NAD(P)H and reducing extracellular electron acceptors
such as molecular oxygen. A better understanding of the origins, cellular and subcellular compartmentalization

and regulation of cellular reductants could lead to the development of new anticancer strategies.

1. Introduction

Homeostasis is maintained by keeping all important physiological
parameters, such as oxygen, nutrient and electrolyte levels, tempera-
ture, pH, etc., within tightly defined limits to allow for optimal func-
tioning of the organism. Cellular homeostasis is governed by similar
parameters, with the ability to buffer small changes in redox status of
prime importance for cellular health.

Biochemical reduction and oxidation (redox) reactions predate
cellular life and underpin the ability of cells to harness energy from the
environment for the biosynthesis of essential metabolites and macro-
molecules required for cell growth, division and function, as well as
neutralising reactive oxygen species (ROS) produced during energy
metabolism, DNA repair and cell signalling. In these processes, electrons
flow from donors to acceptors according to their standard electron po-
tentials with glutathione (GSH), NADH or NADPH taking part in most
cellular redox reactions [1].
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Compared with the term cellular oxidative stress, which was coined
in the early 1970s, the concept of reductive stress was not introduced
until almost two decades later [2], and has accumulated only 0.15% of
the citations of its oxidative stress partner (PubMed to 2022). Even when
considered over a similar initial period of 32 years since first use, the
cumulative citation differential of these terms remains similar as there
were relatively few citations prior to 1989, and for the 2022 year, the
citation differential is only marginally higher. A review by Finkel and
Holbrook mainly focuses on oxidative stress and clearly highlights the
important role of ROS in biosignalling and cellular defence against
pathogens. Lowering ROS levels below the homeostatic set point may
interrupt the physiological role of oxidants in cellular proliferation and
lead to cell damage and diseases. This has triggered a rising interest in
investigating the shift away from homeostasis, not only in terms of
oxidative stress but also reductive stress [3].

Given the importance of maintaining redox status within a window
that balances competing demands within cells and organelles, it is
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perhaps surprising that so little attention has been paid to the damaging
effects of reductive stress on cellular function, and the enzymes that
contribute to this regulation. This suggests that research that leads to a
better understanding of the processes involved in regulating reductive
stress could be a fertile field of endeavour in the future. Indeed, circu-
lating markers of NADH-reductive stress that correlate with mitochon-
drial disease severity have been identified, using plasma metabolomic
and proteomic profiles of MELAS patients and healthy controls. MELAS
or mitochondrial encephalomyopathy lactic acidosis and stroke-like
episodes is the most commonly diagnosed mitochondrial disease, char-
acterised by respiratory chain dysfunction, leading to high NADH and
lactate levels. Sharma et al. identified 20 metabolic markers that clearly
distinguished patients from controls as well as disease severity [4].

A large family of oxidoreductase enzymes catalyse cellular redox
reactions in different biological systems that together contribute to the
maintenance of redox homeostasis. Under normal conditions, these
evolutionarily fine-tuned systems have the capacity to maintain the
redox balance within a window of competing demands. Outside this
window, where oxidative and reductive stresses exceed cellular redox
buffering capacity, damage can occur leading to metabolic dysregula-
tion, and ultimately cell death, resulting in pathological conditions such
as cardiomyopathy, obesity and diabetes [5,6] (Fig. 1).

Three major cellular redox couples, NAD"/NADH, NADP/NADPH
and GSSG/GSH act as electron acceptors/donors in energy generation
(NAD(P)"/NAD(P)H), free radical neutralization (GSH and NADPH) and
biosynthesis of fatty acids and nucleic acids (NADPH) and redox sig-
nalling through NADPH oxidase (ROS signalling) [7]. Reductive stress is
defined simply as an excess of reductants. There are two main pathways
that result in a build-up of reductants. The first pathway is low mito-
chondrial electron transport (MET) activity that occurs under hypoxia
and with low ATP synthase activity [8]. The second is prolonged anti-
oxidant signalling that occurs in cells that do not shut down this
pathway after redox balance has been restored or following high expo-
sure to antioxidants [9]. Both conditions can lead to ROS levels falling
below their signalling threshold, and low ROS levels are often used as a
measure of reductive stress. However, low MET and ATP production in
coupled mitochondria can also induce high mitochondrial membrane
potential that drives reverse electron transport and ROS production,
although the physiological relevance of this remains unclear [8].

Recently, Manford and colleagues [5] described a transcriptional
sensing mechanism for reductive stress where myoblast differentiation is
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dependent on reactive oxygen species (ROS) levels, in particular, HyO5.
They identified the E3 ligase, CUL2"EM!B and folliculin-interacting
protein 1 (FNIP1), its partner and mitochondrial gatekeeper substrate,
as core components of the reductive stress response caused by prolonged
antioxidant signalling or inadequate MET activity. FNIP1 contains three
highly conserved cysteine residues, which are reversibly reduced under
low ROS conditions [5]. CUL2FEMIB binds to reduced FNIP1, causing its
ubiquitylation and proteasomal degradation, restoring mitochondrial
respiratory function and redox homeostasis. The CUL2FEMB
redox-sensing system is inhibited by BEX (brain expressed and X-linked)
proteins, which act as pseudo substrates, binding to FEM1B in CUL2-
FEMIB and thus inhibiting binding of reduced FNIP1. Their results show
that reductive stress senses lack of mitochondrial activity via a
ubiquitin-dependent rheostat that tunes MET activity to redox re-
quirements. In this model of development, metabolic control orches-
trates stress signalling [5]. Remarkably similar mechanisms involving
Cullin-3-E3 ligase (CRL) family members have been described for
other cellular stress responses including hypoxia via HIFl-a ubiq-
uitinylation [10,11] and oxidative stress via Keapl preventing NRF-2
ubiquitinylation [12]. Manford et al. went on to elucidate the struc-
tural basis of this regulation by identifying zinc as the molecular glue
involved in recruiting FNIP1 and restoring ROS production and redox
homeostasis [13].

Metabolic responses to reductive stress in mammalian cells in the
context of the three major redox couples, cellular compartmentalization,
and redox networks have been reviewed recently [6], as has the role of
reductive stress in cancer development, progression and treatment
resistance [14]. In addition, reductive stress in inflammation and
following antioxidant use has also been reviewed [15].

Here, we consider the role of trans-plasma membrane electron
transport (tPMET) as a potential high capacity, real time regulator of
cellular reductive stress caused by compromised NAD(P)H recycling
pathways, including inadequate MET activity (Fig. 2). We intend to
highlight a knowledge gap that might lead to a better understanding of
the regulation of reductive stress in the context of health and disease.

2. Plasma membrane electron transport
2.1. Origins of PMET systems

Prokaryotic microorganisms constitute the vast majority of the
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Fig. 1. A simplified overview of REDOX homeostasis. Redox reactions are an integral part of life. The challenge for a cell is to balance the many oxidants and
reductants in different compartments of the cell. Balance is maintained within certain boundaries which differ for each redox couple within different compartments.
A build-up of oxidants or reductants outside of these boundaries leads to oxidative and reductive stress respectively. When oxidant levels exceed the antioxidant
defences of the cell, this can lead to oxidative damage of macromolecules, affecting a multitude of metabolic pathways. An increase in reductants beyond the cell’s
capacity to mitigate can lead to a cessation of energy generation, cell signalling and other metabolic pathways. Extreme oxidative and reductive stress can lead to

cell death.
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Fig. 2. Reductive stress caused by compromised NAD(P)H recycling pathways. A. NAD(P)* levels directly affect energy metabolism as an electron acceptor for
continued glycolysis and tricarboxylic acid (TCA) cycle activity. The vast majority of cellular NAD(P)" is continuously regenerated during mitochondrial electron
transport (MET), lactate dehydrogenase (LDH) activity and tPMET. NAD(P) " is also a cofactor for the SIRTUIN family, which act as metabolic sensors and epigenetic
regulators [16] and a substrate for the Poly(ADP-ribose) polymerase 1 (PARP1), a DNA damage sensor involved in DNA repair [17]. However, NAD" can be also
synthesized de novo from the precursors tryptophan, nicotinic acid, or from nicotinamide and nicotinamide riboside, using salvage pathways [7]. B. When a decrease
in MET or LDH or tPMET results in a build-up of NAD(P)H, the resulting reductive stress causes a decrease in glycolysis, TCA cycle and pentose phosphate pathway

activities, as well as compromising the SIRTUIN and PARP-1 pathways.

earth’s biomass, and were the only cellular life forms in the oxygen poor
atmosphere from about 4.5 to 2.8 billion years ago. At this time, pri-
mordial eukaryotic cells, that were capable of using toxic atmospheric
oxygen to generate chemical energy in the form of ATP arose by archaeal
cells endocytosing o-proteobacteria [18]. The plasma membrane of
prokaryotes contains electron transport systems that support cellular
bioenergetic function, with those of some proteobacteria more closely
resembling mitochondrial electron transport systems of eukaryotes.
Plasma membrane electron transport systems have been identified in
all organisms including bacteria, archaea, yeasts, plants and animals. In
this perspective article we will focus on the three-component enzyme-
mediated transfer of electrons from cytosolic NAD(P)H to plasma
membrane coenzyme Q (CoQ) via oxidoreductase enzymes at the inner
surface of the plasma membrane, and the subsequent movement of these
electrons to extracellular electron acceptors including oxygen, via cell

surface-associated oxidoreductases including NAD(P)H oxidoreductase
(ENOX) enzymes [19](Fig. 3). Other tPMET systems have been reviewed
elsewhere [20,21] and include the ascorbate shuttle and
ascorbate-driven reduction of extracellular oxidants by a family of cy-
tochrome b561 reductases, NADH-mediated reduction of extracellular
oxidants via VDACI (22), and production of extracellular superoxide by
the NOX family of NAD(P)H oxidases, including the so-called oxidative
burst of phagocytic cells.

2.2. Engyme-dependent coenzyme Q-mediated tPMET

Although highly specialized tPMET systems that characterise the
oxidative burst of polymorphic leukocytes have been known since the
1960s, the presence of distinct NAD(P)H dehydrogenase enzymes on the
inside and outside of erythrocyte ghosts, that together constitute

o,

Extracellular space

H,0

—

Surface oxidoreductase

QH,

Plasma membrane

Q Q cycle — tPMET

Cytoplasm

Inner mitochondrial membrane

Mitochondrial matrix

NAD(P)H———— NAD(P)*
LDH

Internal oxidoreductase

-

Fig. 3. A basic overview of CoQ-mediated tPMET and the relationship between tPMET and other NAD(P)H recycling strategies: MET and LDH. tPMET consists of an
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another type of tPMET system involving CoQ as an intermediate electron
carrier, was first demonstrated in the laboratory of Fred Crane in 1982,
using the cell-impermeable electron acceptor, ferricyanide [23]. Inter-
estingly, Crane is best known for his discovery of CoQ/ubiquinone, a key
mediator of electron transfer in the mitochondrial electron transport
chain, a quarter of a century earlier [24]. Subsequently, CoQ was shown
to be a key component of one type of tPMET.

This discovery was soon followed by the demonstration of similar
systems embedded in the plasma membrane of liver cancer cells and
HelLa cells [25]. Crane’s view that ‘this redox system may be an energy
source for control of membrane function’ [23] remains an open question
to this day. Although the role of extracellular ATP and its metabolites in
regulating physiological processes via purinogenic receptors at the cell
surface is well established, a role for this ATP as an energy source in
controlling membrane function has not been demonstrated. However,
the possibility that tPMET may play a significant role in regulating
intracellular reductive stress has been suggested previously [26,27] and
inhibitors of tPMET have been proposed as a potential antileukemic
strategy [28].

2.3. Water-soluble tetrazolium dyes: game-changers in real time
measurement of enzyme-dependent, CoQ-mediated tPMET

Ferricyanide, a cell-impermeable electron acceptor was the method
of choice for measuring electron transport across the plasma membrane
until the discovery of the water-soluble tetrazolium dye, WST-1 [29].
When used in conjunction with the intermediate one electron acceptor,
1-methoxy phenazine methosulfate (1-mPMS), WST-1 was shown to
provide a real time, microplate-based measurement of tPMET activity
with superior absorption properties to ferricyanide. Not only was WST-1
considerably more sensitive than ferricyanide, but it also exhibited low
background absorption in the visible range [30-33]. This methodolog-
ical advance greatly accelerated research on tPMET and has become a
gold standard for measuring cellular metabolic activity driven by cyto-
solic and mitochondrial NAD(P)H flux. 1-mPMS has the ability to accept
low potential electrons from CoQ and pass them on directly to WST-1 or,
to a much smaller extent, to oxygen to generate superoxide that in turn
reduces WST-1 to its radical indirectly [34]. This radical can then accept
another electron from 1-mPMS or superoxide to become fully reduced to
its water-soluble formazan with the overall reduction process being
80-90% inhibited by super oxide dismutase (SOD) [30,33], indicating
extracellular superoxide involvement in WST-1 reduction. In metaboli-
cally active cells, most WST-1 reduction occurs in the presence of
1-mPMS [31], whilst the NOX family of enzymes (e.g. NOX2, the
oxidative burst oxidase of neutrophils) reduces WST-1 in the absence of
1-mPMS, indicating a distinct mechanism of action. The Winterbourn
laboratory then showed that reduction of WST-1 to its soluble formazan
by the superoxide radical could be utilized as a highly sensitive micro-
plate measure for superoxide dismutase, using xanthine oxidase/hy-
poxanthine as a superoxide generator [35], a major improvement on the
classic SOD assay [36] that produced a water-insoluble nitroblue
tetrazolium di-formazan product.

2.4. Molecular oxygen is an extracellular acceptor for CoQ-mediated
tPMET

Evidence that mammalian cellular tPMET involves oxygen con-
sumption at the cell surface was first shown using the human B-lym-
phoblastoid cell line, Namalwa [37]. Treatment with low dose ethidium
bromide over 5 weeks resulted in progressive depletion of mtDNA,
mitochondrial respiration and oxidative phosphorylation, generating
p° cells. Oxygen consumption, measured in a Clarke oxygen electrode,
declined to about 10% that of untreated parental cells. In support of this,
cyanide resistant non-mitochondrial oxygen consumption remained
constant throughout ethidium bromide treatment. Mitochondrial DNA
was undetectable after 5 weeks, and reduction of ferricyanide, which is
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cell-impermeable and therefore a measure of tPMET, increased 4.6-fold
suggesting upregulation of tPMET activity over this timeframe. Also, the
cell-impermeant sulfhydryl blocking agent, pCMBS, was shown to
inhibit the growth of Namalwa cells and to compromise the viability of
Namalwa po cells. Later, the voltage-dependent anion channel, VDACI,
was shown to be present on the plasma membrane of Namalwa cells and
to have NADH-ferricyanide reductase activity [22]. Similar cell surface
oxygen consumption results have been obtained for hepatoma Hep3Bp®
cells [38] and for lymphoblastic leukemia Molt—4p0 cells [39].

Cell surface oxygen consumption has also been investigated in pro-
myelocytic HL60 cells and HL60p? cells [40] and in a panel of 19 human
and mouse cell lines including 143Bp°, HeLap® HL60p and HeLaS3p°
cells [34]. In these studies, 1 mM NADH, which is not taken up by cells
over the short timeframe of the experiment, was added to cells to block
cell surface oxygen consumption by reducing CoQ through reverse
electron flow through the NADH oxidoreductase, and myxothiazol was
used to block mitochondrial respiration at respiratory complex III. Ox-
ygen consumption by p° cells was 87-90% inhibited by NADH, but only
1-2% inhibited by myxothiazol. Across the panel, a small percentage of
oxygen consumption (3-11%) was resistant to both inhibitors and was
referred to as basal oxygen consumption. Compared with p° cells devoid
of mitochondrial oxygen consumption, cell surface oxygen consumption
as a percentage of total oxygen consumption varied between 1 and 3%
for HL60, HeLa, 143B and U937 cells, to 80% for mouse macrophage
J774 cells. With HeLap®, HL60p® and 143Bp° cells, cell surface oxygen
consumption increased 15-30-fold compared with parental cells [34]. In
addition, cell surface oxygen consumption by HL60p? cells was partially
inhibited by the flavin centre inhibitor, diphenyleneiodinium (DPI)
(41%), the CoQ binding site inhibitors capsaicin and resiniferatoxin
(54% and 53%), and the NQO1 inhibitor dicoumarol (35%), suggesting
mixed oxidoreductase enzyme involvement at the cytoplasmic and
extracellular surface of the plasma membrane in these cells. Interest-
ingly, NADH and NADPH were equally effective at inhibiting cell surface
oxygen consumption (94%) while NAD' was only slightly inhibitory
(4%), confirming the selective effect of reduced pyridine nucleotides on
cell surface oxygen consumption over a 20-30 min timeframe [40].

Across our panel of human and mouse cell lines that exhibited sig-
nificant levels of cell surface oxygen consumption, surface oxygen
consumption was directly proportional to WST-1/1-mPMS reduction.
Reduction of WST-1/1-mPMS at the cell surface of HL60 and HL60p°
cells was inhibited by oxygen in a concentration dependent manner and
increased 3-4-fold under hypoxic conditions. Michaelis-Menten kinetic
analysis showed that the competition between oxygen and 1-mPMS was
competitive, indicating that these two substrates bind at the same site
and directly compete for electrons transported across the plasma
membrane from cellular NAD(P)H via CoQ10 to the external oxidore-
ductase from this tPMET system [40].

Inhibition of WST-1/1-mPMS reduction by the uncoupler, carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), was inversely
proportional to stimulation of mitochondrial oxygen consumption by
FCCP in respiring cells [34]. FCCP sensitivity of dye reduction was then
validated as a simple indirect colorimetric measure of the level of
mitochondrial energy metabolism using a different panel of 12 mouse
and human tumor cell lines [41]. This study included the effects of FCCP
on oxygen consumption, using the SeahorseXF96e extracellular flux
analyser, and WST-1/1-mPMS reduction by p° cells from metastatic
mouse breast cancer (4T1) cells as well as the mouse glioblastoma
(GBM) cell line, GL261, and the human GBM line, LN18. Previous
studies have shown that, at high concentrations, FCCP depolarizes the
plasma membrane potential by activating both proton and Na* currents
in bovine aortic epithelial cells [42], while others have shown FCCP
selectivity for mitochondrial membrane potential in cultured neurons
[43]. In our hands, 2 pM FCCP has never shown any toxicity in our
primary and tumour cell lines [34].

In summary, cell surface oxygen is the terminal electron acceptor for
a physiologically relevant pathway of electron transport across the
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plasma membrane. Cell surface oxygen consumption increases in cells
with compromised respiration and increased levels of reductive stress.
Under hypoxic conditions, reduction of WST-1 in the presence of 1-
mPMS is enhanced 3-4 fold to combat reductive stress. Because extra-
cellular oxygen and 1-mPMS bind at the same site of the surface oxidase,
surface oxygen consumption and WST-1/1-mPMS most likely share the
same tPMET pathway (Fig. 4).

2.5. Cytosolic NAD(P)H-CoQ reductases that associate with the inner
surface of the plasma membrane

NAD(P)H reductases associated with the inner surface of the plasma
membrane such as cytochrome b5 (Cytb5) reductase and NAD(P)H-
quinone oxidoreductase (NQO1) donate electrons to plasma mem-
brane CoQ [21,44].

Cytb5 reductase, encoded by the CYB5R3 gene, is a flavoprotein that
catalyzes the one electron reduction of ferricytochrome b5, a member of
the heme-containing cytochrome P450 monooxygenase family encoded
by 57 genes in humans. This enzyme involves two coupled one electron
transfers to the flavin ring of FAD via hydride transfer, followed by
transfer of these electrons to two molecules of Cytb5. In this way, Cytb5
reductase readily reduces ubiquinone in the plasma membrane avoiding
lipid peroxidation. The reductase has a free cytoplasmic form and a
membrane bound form that can associate with endoplasmic reticulum
and mitochondria, as well as the nucleus and plasma membrane [45].

NAD(P)H-quinone oxidoreductase (NQO1), also called DT-
diaphorase, is an inducible homodimeric flavoprotein that can asso-
ciate with the plasma membrane under oxidative conditions. It catalyzes
two electron reduction of CoQ via hydride transfer to FAD, and is
selectively inhibited by dicoumarol [46].

2.6. Plasma membrane coenzyme Q

Coenzyme Q (CoQ) or ubiquinone is an essential membrane-
associated enzyme cofactor synthesized in respiring eukaryotes and in
most bacteria. It is composed of a benzoquinone head group with methyl
and methoxy substitutions, and a tail group consisting of 6-10 isoprene
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units. Humans have 10, rats 9, and mice a mixture of 9 and 10 isoprene
units. While best known for its role as an intermediate electron carrier in
mitochondrial electron transport at the inner mitochondrial membrane,
located just prior to respiratory complex III, CoQ is also present in other
cellular membranes including Golgi, lysosomes, endoplasmic reticulum,
and plasma membrane [47]. In rat liver, about 30% of CoQ is
non-mitochondrial, with 8% being in the plasma membrane where it is
involved with plasma membrane electron transport [48]. CoQ has 3
redox states; oxidized ubiquinone, partially reduced ubisemiquinone
and fully reduced ubiquinol, with both 1 and 2 electron reduction being
central to its electron carrier role at the interface of the membrane
bilayer, and as a radical scavenging antioxidant.

2.7. NAD(P)H and hydroquinone oxidoreductases at the outer surface of
the plasma membrane

Most of the characterization of ENOX proteins, described by the
Morré group and reported below, is based on cell surface proteins eluted
from HeLa cells, or purified ENOX1 and ENOX2 proteins from microbial
expression vector systems rather than cell culture systems. These two
cell growth-associated extracellular NAD(P)H oxidase enzymes at the
outer surface of the plasma membrane, ENOX1 and ENOX2 (HUGO
Genome Nomenclature Committee), also exhibit protein disulfide-thiol
exchange activity. Both encode proteins of about 34 kDa containing 2
molecules of copper essential for enzyme activity, and 2 molecules of
zinc. They form dimers and have CoQ and NAD(P)H binding sites, but do
not have flavin moieties, heme, or iron-sulfur centres. Both are involved
in electron transport across the plasma membrane [19,49]. The two
activities oscillate synchronously with a periodicity of 22-24 min and
may play a role in controlling ultradian cellular biological clock activity.
Both enzymes are protease resistant and exhibit prion-like properties,
including formation of protein aggregates [19].

The ENOX1 gene is located on human chromosome 13 (chromosome
14 in mice), is widely expressed across tissues, has multiple transcripts
and encodes a cell surface protein of 643 amino acids. The isolated
protein is sensitive to growth factors, does not have a drug binding
motif, and is resistant to sulfonylurea drugs (e.g. LY181984), the
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vanilloid, capsaicin, and retinoids [19,49].

The ENOX2 gene is located on the X chromosome in humans and
mice, is tumor-associated and has in excess of 20 transcripts in humans.
It is predicted to encode proteins of between 579 and 678 amino acids,
and the gene is widely expressed in normal human tissues (2018; n = 95,
27 tissues) [50]. ENOX2 is expressed constitutively on many tumor cells
and is inhibited by the antitumor sulfonylurea, LY181984, the vanilloid,
capsaicin, and retinoids. It does not have a GPI anchor, is shed from the
cell surface and has been proposed as a serum marker for advanced
cancers. Unlike isolated ENOX1 protein, isolated ENOX2 is blocked by
vanilloid quinone site inhibitors, such as capsaicin and resiniferatoxin
[19,49].

To investigate the relationship between cell surface ENOX enzyme
activity and the cell surface oxidoreductase involved in WST-1 reduction
in the presence of 1-mPMS, we used human osteosarcoma 143B cells
[51]. Purified plasma membranes, solubilized with 0.9% Triton X-100
and separated by anion-exchange chromatography showed
NADH-dependent WST-reducing activity that was associated with
ENOX1-containing fractions as determined with an antibody against
ENOX1 (provided by Prof. James Morre) - antibodies against ENOX2
were not available at that time. Blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) and in gel enzyme staining for dye reduction
showed a high molecular weight complex of 300 kDa sensitive to the
thiol blocking agent, pCMBS. When eluted and run on an SDS-PAGE gel
this complex comprised the 70 kDa dimer of ENOX1 and a 96 KDa
protein shown to be gp96 (GRP94) with both proteins being induced in
143Bp0 cells [51]. ENOX1 expression was shown to increase in HL60p0
cells, and both WST-1/1-mPMS activity and cell surface oxygen con-
sumption increased markedly in both 143Bp° and HL60p° cells,
compared with parental cells [40,52]. However, cell surface oxygen
consumption and WST-1/1-mPMS reduction was significantly inhibited
by capsaicin and resiniferatoxin, suggesting that perhaps both ENOX1
and ENOX2 are present on the surface of cancer cells and that both may
be involved in tPMET activities.

2.8. NAD(P)H oxidases (NOX) and aquaporins

Among the systems that allow electron flux across the plasma
membrane, NAD(P)H oxidases (NOX) must be taken into consideration.
The seven members belonging to the NOX family (NOX 1-5 and DUOX 1-
2) are evolutionarily conserved multi-subunit transmembrane enzymes,
comprising membrane and cytosolic components, with various cellular/
tissue distributions and different activation mechanisms. The superoxide
produced by phagocytic cells is involved in antimicrobial defence and
could play a role in autoimmune diseases, is also responsible for the two
electron reduction of WST-1 in the absence of an intermediate electron
acceptor and is SOD-sensitive [53], due to the high amount of ROS
produced in the oxidative burst. NOX2 and NOX4 have been shown to be
present on CD34" hematopoietic stem cells [54] but unlike neutrophils
and macrophages, these cells were unable to be activated by the
oxidative burst activator, PMA.

The existence of multi-enzyme complexes that produce ROS in
response to different cellular conditions, corroborates the role of ROS in
cellular biosignalling. ROS are critical for maintaining cellular homeo-
stasis and function when produced within physiological ranges and the
role of NOX-mediated ROS in regulating a variety of biological processes
is well known [55]. NOX enzymes transfer an electron from intracellular
NAD(P)H across the cell membrane to molecular oxygen to generate O3~
in the extracellular space. Extracellular O3~ is reduced by SOD to Hy0o,
which is brought back into the cytosol via specific aquaporin channel
proteins (also referred to as “peroxyporins”), ready to act as a second
messenger in various redox signalling pathways [56]. For instance,
NOXs are released in thyroid tissue to generate extracellular O3~, which
is brought back into the cell as hydrogen peroxide required for thyroid
hormone synthesis and normal thyroid function [57].

In contrast, DUOX1-2 produce Hy0; directly at the cell surface, for
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instance in response to neuronal activation during nervous system
development in Drosophila larvae [58].

Here, we have chosen to focus on 3 component CoQ-mediated tPMET
systems because unlike NOX, the ENOX isotypes are widely expressed on
normal tissues with ENOX1 being inducible and sensitive to growth
factors and ENOX2 constitutively expressed on many tumor types. Both
isotypes are acutely sensitive to changes in cellular NAD(P)H levels,
fulfilling properties desirable for real-time regulation of reductive stress.
Thus, the NOX family of multicomponent trans-plasma membrane
oxidoreductase enzymes will not be considered further here, although
some have been shown to play a role in regulating reductive stress in
certain cells [59].

3. Relationship between cellular reductive stress and PMET

It has been proposed that tPMET is a ubiquitous regulator of intra-
cellular reductive stress [26,27]. Shifting the bioenergetic balance to-
wards glycolysis results in intracellular reductive stress caused by
ongoing production of NAD(P)H in glycolysis and the TCA cycle, and an
increase in the pentose phosphate pathway activity during anabolic
metabolism when MET activity is inadequate to re-oxidise NAD(P)H
(Fig. 5). Physiologically, this occurs when cells encounter nutrient
deprivation or hypoxia involving rapid changes in nutrient levels and
oxygen concentration, in cells with compromised mitochondrial respi-
ration, or in response to excess antioxidant signalling [6,7]. Mitochon-
drial NAD(P)H levels are closely linked to cytosolic NAD(P)H and with
tPMET via the malate-aspartate shuttle as shown by extensive inhibition
of extracellular WST-1/1-mPMS reduction by the malate-aspartate in-
hibitor, aminooxyacetate (AOA) with the shuttle transferring NAD(P)H
reducing equivalents across the mitochondrial membrane [41,60]. The
effect of switching from predominantly mitochondrial energy meta-
bolism to glycolysis and the pentose phosphate pathway on cellular NAD
(P)H levels was clearly shown in 4T1 breast cancer cells where the ratio
of NAD(P)H/NA(P)D ™" increased 2-fold in cells lacking mtDNA, and this
was accompanied by a similar increase in the CoQHs/total cellular CoQ
ratio [61]. Lactate production by lactate dehydrogenase (LDH), also
re-oxidizes NAD(P)H and contributes to continued glycolysis which is
dependent on an ongoing pool of NAD(P)"; elevated lactate levels in
highly glycolytic cells add to reductive stress (see also Fig. 2). Elevated
cellular NAD(P)H levels shown in 4T1 p0 cells and inferred in other
glycolytic tumor cells, may exceed threshold levels necessary to sustain
rapid cell proliferation, which could be negated by increased tPMET
activity. In line with this, elevated tPMET activity has been shown in
p° cells using assays that measure cellular WST-1/1-mPMS reduction
[34,40,62,63], cellular ferricyanide reduction [37] and cell surface ox-
ygen consumption [34,40].

4. Challenges in the field of tPMET research

Given fundamental differences in the origins of cells, cell lines and
tumor cell lines used within and between different laboratories involved
in the field of tPMET, it is perhaps not surprising that this field has made
little progress over the past decade. Many different assays have been
used to measure tPMET systems and enzymes involved at the inner and
outer surface of the plasma membrane in intact cells, in isolated plasma
membranes and as purified proteins confounding direct comparisons.

Oxygen is a physiological electron acceptor for both mitochondrial
electron transport and tPMET. In contrast, WST-1/1-mPMS and ferri-
cyanide are non-physiological cell-impermeable artificial electron ac-
ceptors that could potentially measure different tPMET pathways,
although the inhibitor profiles of surface oxygen consumption and WST-
1/1-mPMS reduction are remarkably similar [40,52]. The low back-
ground and high sensitivity of WST-1/1-mPMS reduction, and its use as
a simple microplate assay makes it ideal for many demanding applica-
tions, including high throughput gene expression analysis [64]. In
addition, real time electron flow across the plasma membrane, and the
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Fig. 5. tPMET as a high-capacity real time rescue pathway for reductive stress. Low MET activity can be caused by external factors such as hypoxia, low pH and
nutrient deprivation. Mutations and epigenetic changes of any of the mitochondrially-encoded and nuclear-encoded genes that affect MET activity, can also cause low
MET activity. These include genes that encode respiratory complex subunits, proteins involved in mtDNA maintenance and expression, and any of the factors that
regulate the pathways that respond to hypoxia, such as HIF-1a. Inadequate MET leads to a build-up of NAD(P)H in the mitochondrial matrix and the cytoplasm
through the malate/aspartate and the glycerol-3-phosphate shuttles, causing reductive stress and compromised mitochondrial ATP production, mtDNA repair and
compromised mitochondrial biosynthetic pathways. If sustained, reductive stress can lead to cellular damage resulting in cardiomyopathy, diabetes, obesity and
ultimately death [13], whereas redox homeostasis is restored when reductive stress is resolved. The tPMET pathway can upregulate rapidly to re-oxidise NAD(P)H to
NAD(P) ", maintaining the intracellular redox balance, to promote cellular health, growth and proliferation.

ability to distinguish this pathway from that of the NOX/phox family of
NAD(P)H oxidases adds versatility to assays that use WST-1. The
versatility of tPMET assays that employ WST-1 is further evident by their
ability to measure cell surface NAD(P)H oxidase activity, by combining
NADH or NADPH with WST-1, all of which remain extracellular over the
timeframe of this assay [62,63]. In this application, WST-1 is much more
user friendly than high resolution spectrophotometry used by others to
measure NADH and NADPH oxidation, and CoQH» reduction. On the
negative side, involvement of oxygen, 1-mPMS and WST-1 radicals in 2
electron reduction of WST-1 to its water soluble formazan appears to
have a smoothing effect on the ultradian periodicity of ENOX1 and
ENOX2 [19]. Recently, direct electrochemical detection of tPMET using
cells cultured on carbon fibre microelectrodes [65] or multi-walled
carboxyl-functionalized carbon or gold nanotubes [66] has been re-
ported, in the latter case as a possible alternative pathway for measuring
cell respiration. However, given that tPMET generates superoxide at the
cell surface, it is more likely that this assay is a measure of NAD(P)H flux
in the cytosol driven by reduced pyridine nucleotides rather than a
direct measure of cell respiration per se.

These issues and others point to the need to rationalize cellular
models used to investigate, CoQ-dependent tPMET, the assays
employed, and their physiological context. The rate of oxygen con-
sumption by mammalian cells varies widely depending on cell type and
tissue of origin, whether or not these are primary, immortalized or
tumor-derived cells, and on their activation and cell cycle status as well
as on assay conditions [67]. Taking all of these factors into account will
help address important questions of whether or not CoQ-dependent
tPMET is indeed an essential real time safety valve for intracellular
reductive stress.

5. Concluding remarks

The three component tPMET system involving CoQ is a versatile,
evolutionarily conserved buffer against cellular reductive stress, pri-
marily involving NAD(P)H. NAD" serves as an electron acceptor to
support glycolysis and TCA cycle activity. NADH, produced during
glycolysis and in the TCA cycle, provides electrons for mitochondrial
oxidative phosphorylation (OXPHOS) and NADPH produced in the
pentose phosphate pathway, which is a major electron source for
reductive biosynthesis of fatty acids and nucleic acids.

The physiological demands of many cells as well as the composition
of their microenvironment change constantly, making the ability to
adapt quickly and effectively to changes in redox status mandatory for
their survival. Cells mainly affected by this necessity include

cardiomyocytes, neurons, glial cells and hepatocytes and cells in fast
changing micro-environments, such as circulating immune and tumor
cells, as well as cells in primary and secondary tumors with disordered
and often compromised blood supply. Therefore, a strong case can be
made for cells needing a universal ‘safety valve’ to mitigate extreme
reductive stress that would otherwise compromise survival. One such
pathway senses ROS levels, a direct consequence of MET activity. This
pathway uses proteasomal removal of reduced FNIP1, when ROS levels
are too low for signalling pathways, which increases MET activity. On
the other hand, when ROS levels are high, FNIP1 is stabilized and de-
creases MET activity over time [5].

We propose that tPMET can act as an immediate safety valve in case
of significant reductive stress caused by high NAD(P)H levels. Consid-
erable evidence supports the view that tPMET can act as such a safety
valve in real time. The fact that CoQ and ENOX1 cell surface NAD(P)H
oxidase are constitutively expressed in the plasma membrane of cells of
all complex organisms, and by many microbes, suggests a fundamental
role in the real time regulation of NAD(P)H levels that exceed homeo-
static levels. Cells under reductive stress due to hypoxia or compromised
MET for instance, increase their tPMET activity 3-4 fold and their cell
surface oxygen consumption. In addition, tPMET activities are linked
through mitochondrial NAD(P)H levels providing further evidence of
the responsiveness of tPMET to changes in cellular NAD(P)H, as
demonstrated by the inverse correlation between increased mitochon-
drial oxygen consumption and decreased tPMET activity by the iono-
phore, FCCP, and the strong inhibition of tPMET by the mitochondrial
malate/aspartate shuttle inhibitor AOA. Several lines of evidence sup-
port the view that oxygen is a physiologically relevant electron acceptor
for tPMET. The fact that tPMET, as determined by WST-1/1-mPMS
reduction, increased 3-4-fold under hypoxic conditions and that this
inhibition was of a competitive nature, indicates that 1-mPMS and ox-
ygen compete for electrons from tPMET. This demonstrates that WST-1/
1-mPMS reduction is closely linked to physiologically relevant cell
surface oxygen consumption.

We look forward to the next instalment of this engaging story about
the acute and transcriptional regulation of reductive stress, and to the
development of reductive stress-targeted therapeutics with the potential
to alleviate disease, improve health and reduce the impact of ageing.
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Preamble or Postscript

This Special Issue of Redox Biochemistry and Chemistry is dedicated
to Christine Winterbourn who completed an undergraduate degree in
Chemistry at Auckland University in 1963, and MSc in 1964, followed
by a PhD in Biochemistry from Massey University in 1967, the year I
graduated with a BSc in Chemistry from Auckland University. I (MVB)
remained at Auckland University in the newly formed Department of
Microbiology located off campus at Plant Diseases, DSIR, Mt Albert,
which became Cell Biology in 1969, the year I obtained an MSc with a
PhD in 1971. I first became aware of Christine’s research at a scientific
meeting on Serpins at Hanmer Springs, North Canterbury, organised by
Prof Robin Carrell several years after I returned from London in 1976.
Use of phenylhydrazine to investigate lipid peroxidation in red blood
cells was linked to our use of this compound to induce anaemia and
erythropoiesis in a project investigating stem cell commitment to
erythropoiesis. Christine went on to establish her own highly productive
Biomedical Research Unit in Pathology at the newly established Uni-
versity of Otago Clinical School of Medicine in Christchurch, then set up
the Free Radical Research Group, now the Centre for Redox Biology and
Medicine. To become better informed about tetrazolium dye reduction
by cellular reductants, I joined the Society for Free Radical Research
Australasia early in the 1990s, soon after its formation by leading re-
searchers in the field in Australia and New Zealand, including Christine.
This led to ground-breaking research into the extracellular reduction of a
cell-impermeable, water soluble tetrazolium dye by cytosolic reductants
and a better understanding of plasma membrane electron transport,
proposed here to be a safety valve for intracellular reductive stress, the
subject of our contribution to this Special celebratory issue. Christine
took a keen interest in this research which led her and a postdoctoral
fellow to development of a sensitive microplate assay for superoxide
dismutase that has been highly cited.
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