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Trans-Plasma Membrane Electron Transport in Mammals:

Abstract

Functional Significance in Health and Disease

Domenico Del Principe? Luciana Avigliano Isabella Savini and Maria Valeria Catani’

Trans-plasma membrane electron transport (t-PMET) has been established since the 1960s, but it has only been
subject to more intensive research in the last decade. The discovery and characterization at the molecular level of its
novel components has increased our understanding of how t-PMET regulates distinct cellular functions. This review
will give an update on t-PMET, with particular emphasis on how its malfunction relates to some diseases, such as
cancer, abnormal cell death, cardiovascular diseases, aging, obesity, neurodegenerative diseases, pulmonary fi-
brosis, asthma, and genetically linked pathologies. Understanding these relationships may provide novel thera-
peutic approaches for pathologies associated with unbalanced redox state. Antioxid. Redox Signal. 14, 2289-2318.
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I. Introduction

As EARLY AS 1925, Voegtlin et al. first postulated the
presence of a redox activity in the plasma membrane of
normal and cancer cells (304). In 1964, Rossi and Zatti de-
scribed a membrane-bound pyridine nucleotide oxidase re-
sponsible for the respiratory burst in polymorphonuclear
leucocytes (246); the presence of this enzyme was subse-
quently confirmed by Hohn and Lehrer, who found that the
oxidase was greatly reduced or absent in patients with chronic
granulomatous disease (CGD), an inherited condition in
which phagocytes are unable to express a functional respira-
tory burst (116). Later on, Crane and Low provided evi-
dence for an NADH dehydrogenase activity in liver and fat
cell plasma membranes (59), whereas Orringer and Roer
reported a vitamin C-mediated nonenzymatic reduction of
cell-impermeant anions in actively metabolizing human
erythrocytes (224). Then, the discovery of transmembranous
NADH dehydrogenase activities in several cell types opened
a new perspective about the existence of an electron trans-
port across the plasma membrane (102, 147). Starting from
these pioneer works, ever growing evidence has firmly
demonstrated that trans-plasma membrane electron transport
(t-PMET) occurs in all types of organisms, including bacteria,
yeast, plants, and animals (61, 247).

It is now generally agreed that t-PMET allows reduction of
extracellular oxidants at the expense of intracellular reducing
equivalents; in this way, cells can respond to changes in the
redox microenvironment, regulating a variety of biological
functions, including cell metabolism, proton pumping, ac-
tivity of ion channels, growth, and death (110, 158, 177).

In this review, we will describe the individual entities
involved in this electron flow and their physiological rele-
vance, as well as the pathological conditions arising from
perturbations of this potential plasma membrane redox
controller.

Il. Measurements of Electron-Transfer Reactions

Different strategies can be employed for identifying the
components responsible for electron transport in viable cells
or in isolated plasma membranes. In general, they are aimed
at (i) monitoring the disappearance of the electron donor
[namely, NAD(P)H] (152), (ii) measuring the reduction of
artificial electron acceptors (20, 28, 33, 281), (iii) measuring
oxygen consumption (109, 112), (iv) determining the amount

of superoxide formation (213, 264), (v) measuring ubiquinone
reduction, or (vi) hydroquinone oxidation (152).

Ferricyanide, which is devoid to move across cell membranes
because of its net negative charge, has been commonly used as
electron acceptor in assays performed with intact cells (espe-
cially erythrocytes); ferricyanide is converted to ferrocyanide by
one-electron reduction, and the rate of this reduction can be
monitored spectrophotochemically or by '*C nuclear magnetic
resonance spectroscopy (NMR); in particular, the latter is a
novel approach allowing real-time, noninvasive investigation of
extra- and intracellular events simultaneously (115).

Different tetrazolium salts have also been employed as
tools in cell biology; in particular, the second generation of
tetrazolium dyes [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide, 3-(4,5-dimethylthiazol-2-yl)-
5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-
2-(4-sulfophenyl)-2H-tetrazolium and sodium 5-(2,4-disulfo-
phenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2H-tetrazolium
inner salt (WST-1)] (Fig. 1), carrying one or more sulfonate
groups giving them neutral or net negative charge, are largely
cell-impermeant and produce water-soluble, colored for-
mazans (32). WST-1 has been widely used to measure su-
peroxide formation during the respiratory burst in activated
neutrophils (281), as well as to study cell surface and trans-
membrane NAD(P)H oxidase activities in whole cells (28, 30,
283, 284). WST-1 reduction is sensitive to ubiquinone redox
inhibitors (such as capsaicin); moreover, this inhibition is
greater in p° cells (devoid of mitochondrial DNA, thus being
unable of mitochondrial respiration); these findings suggest
that dye reduction occurs at the level of the plasma membrane
and involves membrane ubiquinone redox cycling (29,
32). The intermediate electron carrier 1-methoxy-5-methyl-
phenazinium methyl sulfate (Fig. 1) is usually used in con-
junction with tetrazolium salts (especially WST-1), as it en-
ables low and high potential electrons to be picked up from
the cell surface oxidoreductases: without 1-methoxy-5-meth-
yl-phenazinium methyl sulfate only superoxide, which has
high potential electrons, is detected (32, 281). This interme-
diate electron carrier picks up electrons at the cell surface,
forms a radical intermediate, and, finally, reduces the dye by
two single-electron reduction steps (Fig. 2). Other frequently
used cell-impermeant indicators are ferricytochrome ¢ and
dichloroindophenol (177, 203).

Finally, the use of specific inhibitors can allow discrimi-
nation between the different enzymatic activities responsible
for t-PMET (see below).
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FIG. 1. Chemical structures of the second generation of

tetrazolium dyes (XTT, MTS, and WST-1) and the interme-
diate electron acceptor mPMS. mPMS, 1-methoxy-5-methyl-
phenazinium methyl sulfate; MTS, 5-[3-(carboxymethoxy)
phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-2H-
tetrazolium; XTT, sodium 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium
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lll. Components of the t-PMET

Due to the action of t-PMET, electrons coming from cytosolic
donors flow outward to reduce extracellular molecules; this
trans-plasma membrane flow may occur by enzyme-mediated
and/or shuttle-based electron transfer (Fig. 3) (87, 157, 158).

Several components have been identified in the last two
decades and some of them have been characterized at the
molecular and biochemical level. Some are ubiquitously ex-
pressed and others are present only in certain cell types; some
utilize only a subset of electron donors or acceptors, whereas
others are even less specific (177). Unfortunately, enzymes
and mechanisms involved remain still largely ill-defined and
a better understanding of how the single entities work (alone
or in concert) to regulate cellular functions is now needed.

A. Electron donors

Intracellular reducing equivalents may derive from NADH
or NADPH; the first coenzyme is produced during cata-
bolic reactions, whereas the NADPH/NADP™ system is
involved in the synthesis of fatty acids and cholesterol, as
well as in hydroxylation and detoxification reactions. As the
NAD"/NADH and NADP*/NADPH ratios can affect nu-
merous biological functions (121, 317), several methods (bio-
luminescence, chromatographic techniques, and cycling
assays) have been developed to determine the changes of
these ratios under both physiological and pathological
conditions. However, technical problems may arise during
extraction of pyridine nucleotides, as living cells contain en-

inner salt; WST-1, sodium 5-(2,4-disulfophenyl)-2- zymes able to hydrolyze them, and the different methods all
(4-iodophenyl)-3-(4-nitrophenyl)-2H-tetrazolium inner have some limitations, especially concerning sensitivity, re-
salt. producibility, and interference with other reducing com-
pounds present in the assay buffer (323).
03'
oxidized S0,
WST-1
\
N _( 803' | 3
\N’ /N Q,-
NH
reduced
WST-1
FIG. 2. Reduction of WST-1
by the intermediate electron
acceptor mPMS and forma- OCHs OCH, NO
. 2
tion of the reduced formazan. N
AN
@ ~
| |
reduced CHs CHj oXidized
m >_< m
NAD* NADH + H*



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3247&iName=master.img-000.jpg&w=238&h=239
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3247&iName=master.img-001.jpg&w=362&h=272

2292 DEL PRINCIPE ET AL.
outside
Shuttle
electrontransfer Enzyme-mediated electrontransfer
| [ |
Asc 0"
G i cu* H,0
F93 -Cit FFﬂ -Cit FE(CN}62+ 255 Feit 02
Fe3* -
Asc LZ- DHA FE(CN}G;‘*Z 5 ENOX 0, L0
Vad "
N\ ytb
e D‘: . e @ NAD(P)H +H*
; i NADH % Asc NADH+H* \ NAD(PH+H* NAD(P)*
oX. red.
NAD* NAD(P)*
NAD* AFR
inside

FIG.3. Key components of t-PMET. Intracellular electron donors, provided by NAD(P)H or vitamin C (Asc), flow outward
to reduce extracellular acceptors (oxygen, AFR, ferric, or cupric ions). This flow across the plasma membrane is allowed by
either enzyme-mediated and/or shuttle-based electron transfer. Several enzymes contribute to t-PMET; some of them are
located at the cytosolic side of the plasma membrane, including NQO1 and cyt bs red., others are transmembrane proteins
(such as VDAC, Dcytb, and members of the Nox family), whereas ENOX proteins are enzymes located at the external side of
the plasma membrane. CoQ is a mobile component, acting as electron shuttle located in the hydrophobic phospholipid
bilayer. In Asc/DHA shuttling, Asc acts as a reducing agent in the extracellular space, forming DHA that is, subsequently,
imported into the cell. Extracellular Asc is regenerated for further reduction events by intracellular reduction of DHA to Asc
(at the expense of different redox couples ox./red.), followed by release of Asc. Fe’ —Cit = ferric citrate. AFR, ascorbyl free
radical; Asc, ascorbate; CoQ, coenzyme Q; cyt bs red., cytochrome bs reductase; Dcytb, duodenal cytochrome b; DHA,
dehydroascorbate; ENOX, disulfide-thiol exchanger; Nox, NADPH oxidase; NQO1, NAD(P)H:quinone oxidoreductase 1; t-
PMET, trans-plasma membrane electron transport; VDAC, voltage-dependent anion-selective channel.

Other known intracellular substrates are some flavonoids
and ascorbate (Asc), which have been shown to protect cells
from extracellular oxidant stressors. In particular, they appear
to be crucial substrates for t-PMET activity of red blood cells,
where they have been particularly well studied; indeed, in the
bloodstream, erythrocytes encounter a variety of oxidants
that may exert detrimental effects. Quercetin and myricetin,
flavonoids abundantly present in fruits and vegetables, are
taken up by erythrocytes and actively promote t-PMET ac-
tivity; their ability to act as electron donors is strictly linked to
their structure, as the catechol structure in the B ring appears
to be necessary for the reducing activity of these molecules
(86). The dependence of red blood cells on intracellular Asc
levels arises from the observation that the treatment of
erythrocytes with the nitroxide-free radical Tempol (2,2,6,
6,-tetramethyl-4-hydroxypiperidine-N-oxyl) leads to deple-
tion of endogenous Asc (without affecting glutathione or o-
tocopherol content) (191), as well as 80% inhibition of the
basal rate of ferricyanide reduction observed in untreated
cells (193, 194). A similar situation was recently shown for
astrocytes, where the Asc-dependent t-PMET appears to be
far more important than the NADH-dependent t-PMET (159).
Asc contributes to t-PMET through two main mechanisms: (i)
enzyme-mediated electron transport, where Asc is the elec-
tron donor for transmembrane oxidoreductases, and (ii)

nonenzymatic electron transfer, where Asc is released from
cells and directly acts as reducing agent, thus being oxidized
to dehydroascorbate (DHA) wvia the intermediate ascorbyl
free radical (AFR) (158, 160, 299). DHA is then imported and
reduced back to Asc at the expense of reducing equiva-
lents coming from cellular metabolism (Fig. 3) (114, 157, 158).
This transmembrane metabolite shuttling/cycling mecha-
nism seems to be a more generalized phenomenon involving
other redox couples, including superoxide/dioxygen (98,
220), dihydrolipoic acid/a-lipoic acid (134, 192), and reduced
glutathione/cysteine (81); nonetheless, the exact contribution
of each system to t-PMET remains to be fully elucidated.

B. Electron acceptors

The most important extracellular acceptor is molecular
oxygen, which can be fully reduced to water or, otherwise,
subjected to partial reduction with the generation of reactive
oxygen species (ROS), including superoxide (O,") and hy-
drogen peroxide (H,0O,), which modulate specific cellular
functions and signal transduction pathways (88).

Other putative physiological substrates are AFR, reduced
back to Asc as described above (299), and ferric ion, which is
reduced to ferrous ion (196). The latter reduction acquires
particular importance in the proximal small intestinal epi-
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thelium; here, iron is taken up by enterocytes, but it must be
reduced before being transported across the membrane. Al-
though the requirement for ferrireduction is well known, the
mechanism of reduction is still unclear. Most models propose
that intestinal iron absorption is facilitated by the presence of
a membrane-bound ferric reductase on the brush border of
duodenal mucosa (196), but Gunshin et al. found that loss of
the putative ferrireductase in mice has no impact on body iron
stores, even in the setting of iron deficiency (106). Further, a
nonenzymatic ferrireduction by endogenous reductants (such
as Asc) has been proposed by Lane and Lawen; indeed, they
demonstrated that, in K562 cells, DHA uptake and release of
Asc are sufficient for extracellular ferrireduction (160).

C. Intermediate electron carriers

Several intermediate electron acceptors, including b cyto-
chromes, flavin, and vitamin E, have been described so far.
However, the most widely used electron shuttle is ubiquinone
(or coenzyme Q [CoQ]) (Fig. 3). Indeed, being able to move
between the membrane bilayers, it links the inside and outside
of cells (12).

Ubiquinone is synthesized through a complex process
involving the participation of at least 10 gene products
(COQ1-COQ10) (290); nonetheless, the exact order of reac-
tions remains to be fully elucidated. The enzymes involved
in the last steps of the biosynthetic pathway are exclusively
located in the inner mitochondrial membrane; then, ubiqui-
none uses the endo-exocytic pathway to distribute among
cell membranes moving from and to mitochondria through
mitochondria-associated membranes, and reaching the plasma
membrane (85). Therefore, changes of ubiquinone concentra-
tion in plasma membranes may arise either from biosynthesis
or translocation from intracellular reservoirs, such as the en-
doplasmic reticulum and mitochondria (257). Further, the
amount of ubiquinone in membranes is also dependent on
dietary vitamin E, selenium, and ubiquinone (162, 216).

Once translocated into the plasma membranes, ubiquinone
cycles between reduced and oxidized states. In particular, it
can accept one or two electrons, thus producing either the
ubisemiquinone radical (CoQ"") or hydroquinone (CoQH, or
ubiquinol). The reduction of mitochondrial ubiquinone is ac-
complished by different oxido-reductases, located either in
the cytosol (such as thioredoxin reductase and glutathione
reductase) (35) or in the plasma membrane (such as cyto-
chrome bs reductase and NAD(P)H:quinone oxidoreductase)
(Fig. 4).

The ability of ubiquinone to accept either one or two elec-
trons from internal donors may explain its dual function, since
it exerts antioxidant or pro-oxidant activity, depending on the
redox state of the cell. Indeed, it is located in proximity to
unsaturated lipid chains; therefore, one of its main functions
is to act as a scavenger of free radicals, thus protecting
membranes from lipid peroxidation. Indeed, the amount of
ubiquinone in many membranes is up to 30 times their to-
copherol content (64). In addition, the reduced hydroquinone
form regenerates a-tocopherol by reducing its phenoxyl rad-
ical (136) or Asc by reducing AFR (100). On the other hand,
ubiquinone, through the formation of the semiquinone radi-
cal, has been shown to be associated with generation of su-
peroxide anion and hydrogen peroxide in cellular membranes
(64) (Fig. 4).
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FIG. 4. The redox quinone cycle. Ubiquinone can be
transformed to the ubisemiquinone radical or to hydroqui-
none, depending on the membrane enzyme involved (such
as the NADH:cytochrome bs reductase or the NQO1) and
electrons transferred. It should be recalled, however, that
NQOIL1 can also generate radicals (dashed arrow) with some
quinones, such as menadione (see text for details). The ubi-
semiquinone radical can lead to generation of reactive oxy-
gen species, which are important signal transducers, whereas
hydroquinone is responsible for antioxidant defense.

D. Enzymes

1. NADPH oxidases. The family of superoxide-generating
NADPH oxidases, also named Nox or phox (phagocytic oxi-
dase), is the best characterized class of enzymes belonging to
t-PMET and includes at least seven proteins (Nox1 to Nox5,
Duox1, and Duox2). The first recognized and most extensively
studied member is Nox2, expressed in mammalian profes-
sional phagocytes and responsible for superoxide production
during engulfment of invading microbes (49, 279). All mem-
bers of this family are now recognized to have specific cellular
and sub-cellular localizations, thus serving a variety of bio-
logical functions, including signal transduction, host defense,
development, angiogenesis, blood pressure regulation, and
biosynthetic processes (96, 215). They catalyze the monoelec-
tronic reduction of external oxygen using NADPH as an in-
ternal electron donor, thus producing superoxide anions;
superoxide can then dismute (spontaneously or with super-
oxide dismutase [SOD]) to hydrogen peroxide and oxygen, the
former of which acts as a second messenger molecule.

a. Structure and mechanism of action. On the basis of their
structures, the Nox enzymes are classified into three func-
tional groups: (i) Nox 1-4, (ii) Nox5, and (iii) Duox1 and
Duox2 (Table 1). Below, an update of the current knowledge
about the mechanism of action of all members of this family is
given.

(1) Nox 1—4.  The prototype of the first group is Nox2, as
many molecular and biochemical data on its structure and
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TaBLE 1. CHARACTERISTICS OF HUMAN NADPH Oxipase FAMILY MEMBERS

Locus Chromosome Exons Amino acids References
p22phox CYBA 16q24 5 195 232
gp91ph°X CYBB Xp21.1 13 570 232
Nox1 NOH-1 Xq22 13 564 50, 97
Nox3 NOX3 6q25.1 12 568 294
Nox4 NOX4 11q14.2 18 578 265
Nox5 NOX5 15923 — 737 23,24
Duox1 DUOX1 15q15.3 35 1551 227
Duox2 DUOX?2 15q15.3 34 1548 227
p47ph‘”‘ NCF1 7ql11.23 11 390 278
Nox organizer 1 NOXO1 16p13.3 8 371 50, 97, 48
p67phOX NCF2 1925 16 526 292
Nox activator 1 NOXA1 9q34.3 14 476 50, 97, 149
p40ph°x NCF4 22q13.1 10 339 56, 322

Nox, NADPH oxidase.

function are now available. The catalytic part of Nox2 is cy-
tochrome b558, a heterodimer composed of two subunits,
namely, p22P"** (light chain) and gp91P"** (heavy chain) (Fig.
5) (232). The genes encoding both subunits have been local-
ized and characterized (Table 1). Mutations in the CYBA gene
for p22ph°" lead to an autosomal form of CGD, whereas mu-
tations in the CYBB gene for gp91P"° account for all cases of
X-linked CGD (79, 80); enhanced susceptibility to microbial
infections and recurrent inflammation are the main hallmarks
of this pathology (273). The nonglycosylated integral mem-
brane protein p22P"** is required for the correct folding of the
complex: its C-terminal domain contains a proline-rich region
serving as an anchoring site, thereby juxtaposing gp91P"*
and its regulatory proteins (see below). The catalytic core is
represented by gp91P"*, which is a membrane-bound gly-
coprotein with six o-helical transmembrane segments in the
N-terminus and a cytoplasmic domain in the C-terminal
portion. NADPH- and FAD-binding sites are located in the C-
terminal domain, whereas the transmembrane region con-
tains two hemes; the third and fifth helices each contain two
histidine residues, which represent the axial and distal ligands
for the two iron ions, so that one heme group is placed toward
the cytoplasmic face and the other toward the outer face of the
plasma membrane. The way this complex is formed, there-
fore, allows a two-step electron flow, first from NADPH to
FAD and then to the heme group; finally, electrons move from
heme to molecular oxygen with the generation of superoxide
anions.

Nox2, usually inactive in resting cells, becomes activated
during phagocytosis of invading microbes, as a result of
membrane translocation of a ternary regulatory complex,
formed by p47P"*%, p67P"°%, and p40P"°* subunits, as well as of
the small GTPase Rac (Fig. 5) (56). The molecular and bio-
chemical features of genes encoding the three subunits are
shown in Table 1 (2, 322). The p47P" organizer protein
contains two SH3 domains, which cooperatively interact with
the proline-rich-domain of p22ph°", thus promoting mem-
brane translocation and oxidase activation (278). In resting
cells, the two SH3 domains are masked by intramolecular
interaction with an auto-inhibitory region. Upon cell stimu-
lation, serine residues located in this region are phosphory-
lated, thus unmasking the SH3 domains. The p67P"*
“activator” protein contains four important and conserved

domains: (i) a C-terminal SH3 domain, which mediates
membrane translocation through binding to the proline-rich
region present in the p47P"* tail, (ii) an N-terminal domain
containing four tetratricopeptide repeat motifs interacting
with the GTP-bound form of Rag, (iii) an activation domain
able to act on p91P"** and (iii) a PB1 domain interacting with
p40P", the third protein of the ternary complex (292). Bind-
ing of Rac is essential for oxidase activation, as it induces a
conformational change in p67P", thus allowing activation
domain to interact with the catalytic core of Nox2. In contrast,
the PB1 domain is dispensable for oxidase activation, but is
necessary for oxidase assembly, as it enhances p67°"** and
p67P" recruitment to the membrane (especially to the pha-
gosomal membrane).

Other members of this group are all homologs of the
gp91P"°* subunit of Nox2 (Table 1 and Fig. 5) (146). Nox1 is
primarily expressed in colon epithelial cells, but it has also
been detected in vascular smooth muscle cells, uterus, and
prostate (277). Like Nox2, Nox1 associates with p22P" and
requires both organizer (namely, NoxO1l) and activator
(namely, NoxA1) proteins, as well as Racl, for its superoxide-
generating activity (50, 97). Nox1 enzyme activity is finely
regulated through phosphorylation of organizer and activa-
tor proteins (37). Unlike p47P", NoxO1 lacks the internal
auto-inhibitory region and, therefore, does not require the
phosphorylation-dependent conformational changes for ac-
tivation (48). On the other hand, NoxA1l appears to be regu-
lated by cAMP-dependent protein kinase (PKA)-mediated
phosphorylation of Ser172 and Ser461. This phosphorylation
of NoxAl facilitates its binding to 14-3-3 proteins, which se-
quester it from the plasma membrane, and thus prevent its
interaction with NoxO1 and Rac1 (149). PKA itself is activated
by low levels of ROS, but is inhibited by strong oxidizing
conditions. Thus, we can imagine a self-limiting feedback
mechanism in which Nox1 activity initially produces suffi-
cient ROS to enhance PKA activity, which, in turn, will limit
Nox1 activity and ROS output (37).

Nox3 mRNA has been detected in several foetal tissues,
including kidney, liver, lung, and spleen (49, 146), but its
particular localization is in the inner ear. Although it can
associate with p22P", it does not necessarily require an
organizer and/or activator protein for its enzymatic ac-
tivity (294).
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FIG. 5. Schematic model of the structure of Nox 1-4,
Nox5, and Duox enzymes. Cylinders represent trans-
membrane domains. AD, activation domain; AIR, auto-
inhibitory region; EF, calcium-binding erectile function-hand
domain; Fe, heme group; PB1, Phox/Beml domain; PRR,
proline-rich region; SH3, Src homology 3 domain; TPR, tet-
ratricopeptide repeat motifs. (To see this illustration in color
the reader is referred to the web version of this article at
www liebertonline.com/ars).

Finally, Nox4 is highly expressed in kidney and vascular
endothelial cells (5, 269). It is able to form a functional dimer
with pZZP}“’X, but, like its congener Nox3, it can also consti-
tutively produce superoxide anions without the intervention
of organizer and/or activator proteins (265).

(2) Nox5. Nox5 was originally found in testis, but it is
also expressed in T- and B-lymphocytes (23). This oxidase is
more distantly related to the other members of the family, as it
shows an overall homology to gp91P" of only about 27%
(23). In addition, it differs from other Nox isoforms in that its
activity does not require the presence of accessory proteins
and is fully dependent on elevation of the intracellular cal-
cium concentration. The main structural characteristic of
Nox5 is an N-terminal extension carrying three canonical and
one noncanonical Ca”—binding EF-hands motifs (24) (Fig. 5);
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binding of Ca”" to these domains leads to conformational
changes, thus promoting enzyme activation (24). Calcium
sensitization is achieved via two main mechanisms: the first
one involves the protein kinase C-dependent phosphorylation
of Thr494 and Ser498 present in the FAD-binding domain
(130), whereas the second one involves a calmodulin-binding
site present in the NADPH-binding domain (286).

(3) Duox 1-2.  Dual oxidases are mainly expressed in the
membrane of thyroid glands (70). They are unusual, in that
they produce H,O, rather than O,". Nonetheless, they have
the basic structure of gp91P"™ enzymes (Table 1) (227); there-
fore, they are expected to produce superoxide anions, which
are rapidly converted to H,O, via intramolecular dismutation.
According to the proposed mechanism, Duox1 and Duox2
possess an additional N-terminal peroxidase-like domain, lo-
cated on the outer side of the membrane, where superoxide is
usually released. This ecto-domain is separated from the
gp91P"-like portion by an additional trans-membrane seg-
ment and two EF-hands (Fig. 5). Therefore, Duox oxidases are
also calcium responsive enzymes (10). Unlike Nox5, the two
EF-hand motifs represent an auto-inhibitory domain: indeed,
proteolytic removal of this region renders Duox enzymes fully
Ca2+—independent and irreversibly active. Thus, it is conceiv-
able that, in vivo, calcium binding may induce reversible con-
formational changes that remove the auto-inhibitory domain
from the active site (24).
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b. Biological functions. Since distinct Nox isoforms show a
tissue-specific distribution and cellular compartmentaliza-
tion, they mediate distinct and specific functions. A detailed
description of biological roles played by phox oxidases is
given elsewhere and can be found in several recent reviews
(42, 215); here, only a short summary of current knowledge
is given.

Two main roles have been proposed for Noxl: immune
defense and cell proliferation. Indeed, Nox1 appears to be up-
modulated in guinea pig gastric pit cells in response to Helico-
bacter pylori lipopolysaccharides. Therefore, Noxl-mediated
ROS release may serve for innate immune responses of gastric
mucosa (139). Nox1 has also been implicated in hypertrophy,
cell proliferation, and migration. In vascular smooth muscle
cells, angiotensin Il selectively activates Nox1 and, subsequently,
the phosphatase SHP-2 and the kinase Akt, thus regulating
vascular function (280). Migration in response to fibroblast
growth factor (258) or platelet-derived growth factor (165) is
impaired in Nox1 knock-out mice, thus providing evidence that
Noxl1 is a central mediator for smooth muscle cell migration.

Nox2 signaling has been extensively studied, given its
physiological relevance in immune defense. Along with its
well-established role in immune function, Nox2 has also been
shown to be activated in endothelial cells by several stimuli,
including vascular endothelial growth factor and thrombin,
thus implicating Nox2 in new blood vessel formation (296,
297). Recently, Nox2 and other Nox isoforms have been
shown to be involved in tumor cell proliferation (42, 137, 239).

Because of its typical expression in the inner ear, the
most important function of Nox3 is to participate in normal
vestibular functions. Indeed, mice with mutations in the gene
coding for Nox3 show balance defects due to altered mor-
phogenesis of otoconia, tiny biominerals required for the
perception of motion and gravity (228).
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By immunohistochemical and in situ hybridization, Nox4
has been found to localize primarily to the kidney, where it
appears to play a role in oxygen sensing and regulation of
erythropoietin synthesis. Further, by releasing ROS into the
glomerular filtrate, it may act as an antimicrobial system or be
involved in detoxification of urine wastes (167).

In testis, Nox5 may function to promote oxidative changes
associated with sperm capacitation and acrosome reaction
17).

Finally, Duoxl and Duox2 are needed for thyroxine
synthesis; indeed, loss of functional Duox2 is linked to the
pathogenesis of congenital hypothyroidism (202). Duox1 and
Duox2 supply H,O, for the iodination step and cross-linking
of thyroglobulin tyrosine residues, essential for synthesizing
active thyroid hormones. Accordingly, Duox enzymes colo-
calize with thyroperoxidase in the plasma membranes of
human thyrocytes, thus minimizing H,O, leakage and opti-
mizing working efficiency (272). In nonthyroid tissues, Duox
proteins aid in defense and inflammation processes: in air-
ways, they may supply H,O, for lactoperoxidase-mediated
generation of hypothiocyanite, a potent antimicrobial agent
(87).

2. NAD(P)H:quinone oxidoreductase 1. The NAD(P)H:
ubiquinone oxidoreductase (NQO1, EC 1.6.99.2), also named
DT-diaphorase or QR1, is a cytosolic, homodimeric flavo-
protein, which is overexpressed and translocated to the
plasma membrane under oxidative conditions (127, 216).

a. Structure and mechanism of action. The human NQOI1
gene, located on chromosome 16, is ~20kb in length and
possesses six exons and five introns (131).

Crystallographic studies, performed on rat, mouse, and
human NQO1, demonstrated that it consists of two identical
subunits, each having a molecular weight of 30,000. The cat-
alytic site forms a pocket at the dimer interface and the FAD
prosthetic group is bound to each subunit (34). The shape
of the catalytic site is such that it accomodates different
ring-containing compounds, a characteristic shared by those
enzymes that can metabolize a broad range of substrates.
The electron donor (NADH or NADPH) and acceptor (quinone)
share the same site, so that nicotinamides are bound and released
during catalytic cycling, to allow substrate binding (34).

NQOIL catalyzes the obligatory two-electron reduction of
quinones to hydroquinones, through a ping-pong mecha-
nism. In particular, the reaction consists of a two-step hydride
transfer, first from NAD(P)H to FAD and then from FADH, to
the quinone (Fig. 6) (34, 170).

Kinetic analysis of NQO1 activity shows a substrate pref-
erence. Indeed, NQO1 has a similar V., for both NADH and
NADPH, but the K, for NADH is twice that of NADPH (172).
Nonetheless, in p° cells, where mitochondrial respiration is
impaired and activity of t-PMET is enhanced (164, 255), the
NADH/NADPH ratio is higher than that found in parental
cells, thus raising the possibility that NADH is the major
source of reducing cofactor for NQO1 (234).

NQOT1 activity is efficiently inhibited by dicoumarol [3,3'-
methylene-bis(4-hydroxycoumarin)] and dicoumarol analogs,
which compete with NAD(P)H for binding to the enzyme (118).
Being a selective inhibitor, dicoumarol has been widely used to
measure specific NQOI activity. These inhibitors are currently
under investigation for their ability to suppress the malignant
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FIG. 6. Schematic model for the reduction of CoQ by
NQO1.

phenotype of pancreatic cancer cells, where NQO1 expression
is upregulated (67, 219).

b. Biological functions. NQOL1 is a key enzyme involved in
cellular defense against ROS, as the obligatory two-electron
transfer avoids production of semiquinone, thus preventing
the generation of superoxide and hydrogen peroxide (172).
Further, it also possesses an NAD(P)H-dependent superoxide
scavenging activity; thus, any potential radical produced by
auto-oxidation of hydroquinones would be scavenged at its
site of generation (261). In this way, NQO1 participates in
t-PMET, facilitating the ubiquinone cycle and in-out transfer
of electrons (301). It should be recalled, however, that, de-
pending on the ring substituents of quinones, NQO1 activity
may also result in production of redox-labile hydroquinones,
which can undergo autoxidation to yield free radical species
(284). For example, the NQO1-mediated reduction of mena-
dione (2-methyl-1,4-naphthoquinone) has been shown to
produce hydroxyl radicals and to induce single- and double-
strand DNA breaks in human MCF-7 cells; this effect was
reversed by the selective NQO1 inhibitor dicoumarol (221).
Therefore, the protective functions of NQO1 cannot be viewed
in a simplistic manner and its overall biological activity
should be considered within complex metabolic pathways.

A second function ascribed to NQO1 is to act as a chemo-
protective enzyme. Since it can reduce quinone-imines, nitro-,
and azo-compounds, it participates in detoxification of
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xenobiotics, which may otherwise promote cytotoxic and
carcinogenic effects (170).

Third, NQO1 has the ability to modulate oncoprotein
stability. Indeed, a regulatory role on the proteosomal deg-
radation of proteins controlling cell growth, differentiation,
and death (including p53, p73« and ornithine decarboxylase)
has recently been demonstrated (13, 14). NQO1 knockdown
with a specific siRNA or its inhibition with dicoumarol re-
duces p53 levels in human colon carcinoma cells. The ob-
servation that proteasome inhibitors prevent this effect
suggests that p53 levels diminish because of increased deg-
radation. Moreover, NQO1-overexpressing cells are resis-
tant to dicoumarol-triggered degradation of p53, thus
indicating a direct involvement of NQO1 in p53 stabiliza-
tion. Hence, inhibition of NQO1 and induction of p53 deg-
radation protect cells from apoptosis (14). These data may
explain why individuals expressing a polymorphic inactive
NQOT1 are more susceptible to tumor development.

3. Disulfide-thiol exchangers. Disulfide-thiol exchangers
(ENOXs) are a family of cell surface proteins exhibiting a
putative time-keeping hydroquinone (NADH) oxidase activ-
ity and a protein disulfide-thiol interchange activity (206).

They are referred to as ENOX proteins because of their
localization on the outer side of the plasma membrane (206)
and to distinguish them from the phox-Nox proteins of host
defense. This external location of ENOX proteins has been
demonstrated both in plant and animal tissues. Much of the
work on ENOXs was carried out by Morré and colleagues,
who, in human cervical carcinoma (HeLa) cells, first de-
scribed an NADH oxidase activity efficiently inhibited by
the cell-impermeant antitumor agent, sulfonylurea, N-(4-
methylphenylsulfonyl)-N'-(4-chlorophenyl)urea (211). Later
on, they provided other experimental data supporting this
external localization, including immuno-histochemistry (51),
inhibition by specific antibodies (51), and direct enzymatic
assays performed on intact plant and animal tissues (113, 148),
as well as on right side-out plasma membrane vesicles iso-
lated from HeLa cells (113, 148). These proteins are not ex-
clusively associated with the plasma membrane, but instead
can be released into the extracellular space. Indeed, soluble
isoforms have been shown to be shed into culture medium
conditioned by the growth of HeLa cells (311). They have also
been detected in biological fluids, including sera (305), saliva
(204), and urine (316).

a. Structure and mechanism of action. At least three members
of this family have been described so far: (i) the constitutive
NADH oxidase (ENOX1 or cNOX), expressed in normal cells
and located on chromosome 13q14.11 (133), (ii) the tumor-as-
sociated NADH oxidase (also known as ENOX2 or tNOX),
found on the surface of invasive cancer cells and located on
chromosome Xq25-q26.2 (52), and (iii) the age-related NADH
oxidase (also named arNOX), which seems to be related to the
aging process, as it is present only in individuals after the age of
30, in late passage cultured cells and in senescent plants (213).
This last activity has been detected in skin, the buffy coat
fraction of blood, serum, saliva, sweat, and urine from aged
patients. The first two isoforms have been cloned in the last
decade (GenBank accession no. EF432052 and AF207881, for
ENOX1 and ENOX2, respectively) and partially characterized,
whereas the third one is an ENOX-like activity, whose se-
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quence has not yet been identified (213). In particular, human
ENOX1 shares 64% identity and 80% similarity with ENOX2;
both proteins contain an NADH-binding site, a disulfide-thiol
interchange site and potential copper-binding sites (133).

These enzymes can be distinguished on the basis of their
responses to hormones, growth factors, and certain quinone-
site inhibitors (210). Unlike ENOX2, the constitutive NADH
oxidase is hormone and growth factor responsive. Indeed, rat
liver plasma membranes incubated with growth factors
(transferrin and epidermal growth factor) or hormones (in-
sulin and pituitary extract) exhibit a 2-3-fold increase in
NADH oxidase activity with respect to basal activity (41).
Another difference between ENOX1 and ENOX2 is that the
former is refractory to the quinone-site inhibitors, including
capsaicin (8-methyl-N-vanillyl-6-noneamide), as the putative
anticancer drug-binding site is absent (133). The NADH oxi-
dase activity of rat liver plasma membranes is largely unaf-
fected by capsaicin, whereas the NADH oxidase activity of
HeLa plasma membranes is strongly inhibited (210). The re-
sults suggest a difference in response to capsaicin between
the NADH oxidase activity of normal and transformed cells
and tissues that correlates with the inhibition of growth and
induction of apoptosis in transformed cells. Recently, we
showed that, in human platelets, ENOX1 expression may be
translationally modulated by capsaicin-evoked signaling:
upregulation of ENOX1 expression appears to be achieved via
activation of transient receptor potential cation channel,
subfamily V, member 1 (TRPV1) (the natural receptor for
capsaicin) and generation of ROS (253). The possibility that
ENOXT1 is a redox-sensitive protein may be of importance in
terms of electron movement during platelet activation and
cell-to-cell interactions (76).

ENOX proteins differ from all other NAD(P)H oxidases in
that they are able to reduce pyridine nucleotides in the ab-
sence of bound flavin (53). ENOX1 and 2 lack iron or iron
sulfur clusters, but sequence analysis reveals motifs that could
be potential copper binding sites, necessary for electron
transfer to external acceptors, such as molecular oxygen (133).
Finally, ENOXs have been reported to have properties of
prions, including stability, protease resistance, and ability to
form amyloid (140).

Controversial suggestions about the mechanism of action of
ENOXs have been proposed, based on results obtained with
different assays. Morré ef al. stated that the natural substrate is
plasma membrane hydroquinone rather than NADH directly
and the hydroquinone-derived electrons are used for reduction
of external oxygen to water (Fig. 7) (152). They based their
statement on the observation that (i) the NADH binding site is
on the outside of the cell where there is usually little or no
NADH, (ii) ENOX proteins in general do not carry out electron
transfer to CoQ10 even in the presence of NADH, and (iii) the
soluble form of ENOX2 seems to be a dimer containing four
coppers, thus carrying out four electron transfers to molecular
oxygen as required to form water (133, 152). On the other hand,
others have linked NADH oxidation to WST-1 reduction at the
cell surface (28), reaching different conclusions. Berridge’s
group suggested that ENOX is a single multifunctional en-
zyme, able to direct both trans and surface NADH oxidase
activities (256). They stated that ENOXs accept reducing
equivalents either from membrane-bound hydroquinone or
extracellular NADH and that these electrons, depending on the
surrounding milieu, can reduce external molecules, such as
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FIG. 7. NAD(P)H oxidase activity of ENOX proteins.
Electrons coming from NAD(P)H are donated to external
molecular oxygen;, CoQ acts as a shuttle to transport elec-
trons across the cell membrane. cyt bs red.,, NADH:cyto-
chrome bs reductase.

oxygen, and/or plasma membrane molecules, such as ubiqui-
none. This hypothesis is corroborated by the observation that
extracellular NADH can block cell surface oxygen consump-
tion (109) and can increase reduction of a cell-permeant artifi-
cial electron acceptor (166). From these findings, it appears
clear that more biochemical studies are needed to fully address
the exact functions of ENOX enzymes.

ENOXs exhibit a second catalytic activity involving protein
disulfide-thiol interchange (Fig. 8), although the CXXC motif
(common to most members of the protein disulfide isomerase
family) is missing. Although not universally accepted (256),
the two activities have been claimed to alternate with a period
length that is characteristic for each family member: ENOX2
exhibits oscillations with period lengths of about 22min,
2min shorter than those of ENOX1 and 4 min shorter than
those of arNOX (205).

The arNOX protein seems to catalyze electron transfer,
which ultimately leads to generation of superoxide. In aged
cell cultures and plasma membranes prepared from aged
plant tissues, this activity, measured by reduction of ferricy-
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tochrome c, is inhibited in the presence of SOD, thus corrob-
orating the involvement of superoxide formation in the
mechanism of action of arNOX (213). The electron donor for
the superoxide-generating activity is plasma membrane ubi-
quinone, whereas the soluble form of the enzyme appears to
use protein thiols as substrates (212). Despite the fact that this
activity may resemble that of an NADH-cytochrome b5 re-
ductase, it shares several features with known ENOX pro-
teins: it is resistant to protease digestion (proteinase K) and
heat shock (70°C-80°C); moreover, it shows the typical os-
cillation pattern of ENOXs (213). This activity is not inhibited
by capsaicin or (—) epigallocatechin gallate, but can be in-
hibited by CoQ10 (214).

b. Biological functions. Several lines of evidence underline
that ENOX1 is involved in at least two important cell func-
tions: (i) it appears to drive the enlargement phase of cell
growth and (ii) it appears to be component of a biological
clock. The protein disulfide-thiol interchange activity may be
involved in controlling cell growth. After division, the resul-
tant cells must enlarge before dividing again; a variety of
correlative and experimental data show that cell enlargement
and ENOX activity are correlated. In particular, cell enlarge-
ment requires the formation of disulfide bonds in membrane
proteins and, therefore, the disulfide-thiol interchange activ-
ity of ENOX proteins may be fundamental (308). The last bi-
ological function, mainly ascribed to ENOX]1, is the regulation
of circadian oscillatory system. The two enzymatic activities
catalyzed by ENOX1 alternate within a 24-min period: the
first activity rests after 12 min and the second one begins in a
cycle that confers a time-keeping function to the protein. This
oscillation pattern (which is also entrainable and temperature
compensated) may be clock-related. Morré and colleagues
found that cells transfected with mutated ENOX cDNAs,
which have oscillation period lengths of 22, 36, or 42min,
exhibited circadian period lengths of 22, 36, or 42h for
circadian biochemical markers (53, 207). They also found that
oscillations require bound copper and are recapitulated in
solution by copper salts (209). The finding that mutations in a
single protein (ENOXI1) change the circadian period of an
established cellular circadian marker (glyceraldehyde-3-
phosphate dehydrogenase) from 24 to 22, 36, or 42 h suggests
some relationship between ENOXs and the cellular biological
clock. Yet, the relationship to the complex architecture of the
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circadian time-keeping system and attendant net-worked in-
teractions remains to be taken into account (295).

4. Voltage-dependent anion-selective channels. Voltage-
dependent anion-selective channels (VDACs, also called
porins) represent a family of 30-35kDa integral membrane
proteins, first identified in the outer mitochondrial membrane
(57). The recent finding that VDAC1, the best-characterized
member of this family, possesses NADH-ferricyanide reduc-
tase activity (20) has led to including it among the components
of t-PMET.

a. Structure and mechanism of action. Up to now, three
highly conserved genes have been shown to encode distinct
isoforms, named VDACI (location: 5q31), VDAC2 (location:
10g22), and VDAC3 (location: 8p11.2).

The tertiary structure of human VDACT1 has recently been
solved by a hybrid approach, integrating complementary
information from NMR spectroscopy and X-ray crystallog-
raphy (26). The protein is composed of 19 f-barrel, mem-
brane-spanning strands with both the N and C termini
oriented to the same side of the barrel. In particular, the N-
terminus is a o-helix folded horizontally midway within the
pore. NMR studies also suggested that the protein may exist
in monomer/dimer equilibrium with a predominance of the
monomer in solution (26). Similar folding properties are
likely shared by other VDAC proteins, as they have >80%
sequence identity, at least in certain species, including
mammals and fungi (26).

b. Biological functions. The major function of VDAC pro-
teins is to control metabolite trafficking between the cytosol
and mitochondria (27), by forming pores freely permeable to
low molecular-weight molecules (including ADP, ATP, suc-
cinate, and citrate) (27). In addition, VDACI has been shown
to play a role in the release of apoptogenic proteins from
mammalian mitochondria (318). In the early stages of the
apoptotic process, mitochondrial permeability is disrupted,
because of the opening of the permeability transition pore
(PTP), a channel localized at the inner/outer membrane con-
tact site (40). As a result, loss of inner membrane potential,
osmotic swelling of mitochondria, and release of intermem-
brane space proteins (such as cytochrome ¢ and APAF-1)
occur, thus driving the assembly of the apoptosome in the
cytosol (4). The identity of proteins involved in PTP formation
is still uncertain and controversial (31): although several ar-
ticles pointed out the involvement of VDAC proteins in the
formation of PTP (180, 266, 267, 291), VDAC-deficient mice
have been shown to be indistinguishable from their wild-type
counterparts in the ability to undergo permeability transition
and cell death in response to different inducers of apoptosis
(16, 154). Therefore, although being dispensable in mito-
chondrial cell death, VDAC could play a role in regulating
PTP function.

Several experimental data have documented that VDAC1
is also present in the plasma membrane (20, 164, 285), thus
opening new questions on its physiological role. Gonzalez-
Gronow and colleagues (101) have demonstrated that VDAC1
is expressed on the plasma membrane of human endothelial
cells, where it functions as a receptor for human plasminogen
kringle 5, a structural domain (derived from the proteolytic
cleavage of plasminogen) involved in regulation of endothe-
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lial cell proliferation. Indeed, binding of plasminogen kringle
5 to endothelial cells can be antagonized by anti-VDAC1 an-
tibodies and, further, purified VDAC reconstituted into lipo-
somes is able to directly bind this structural domain (101). Up
to now, the most recognized function of VDACT in the plasma
membrane is as a component of t-PMET. First, inspection of
the amino acid sequence of human VDACI reveals two pu-
tative NADH binding motifs (residues 143-152 and 270-278),
whose amino acid sequence is very similar to that of the
NADH binding domain of alcohol dehydrogenase (20).
Consistent with a function as a reductase, VDAC1 also pos-
sesses two cysteine residues, which appear to be essential
for the catalytic activity, since addition of thiol chelators
inhibits ferricyanide reduction (20). In addition, purified
VDAC1 is able to reduce the cell-impermeant ferricyanide, by
using NADH (but not NADPH) as the intracellular electron
donor (20). Finally, the redox function of VDAC1 may also
occur in vivo, as the overexpression of membrane-targeted
VDAC1 leads to an enhanced rate of whole cell ferricyanide
reduction (20). However, it should be recalled that other op-
tions may exist, including the possibility that VDAC acts as a
channel directly releasing intracellular reducing equivalents
into the medium (74). Although there is now no doubt that
VDAC proteins are expressed at the plasma membrane and
that their expression is associated with ferricyanide reduction,
further research is needed to finally clarify the biological
function of plasma membrane VDACs in vivo. Indeed, the
effects attributed to VDAC may arise from VDAC itself or
from its assembly with other proteins that drive specific
functions (74).

How can a pore-forming protein (potentially lethal) be
present in the plasma membrane? One possibility is that
VDACT exerts two distinct functions on the basis of its cellular
localization, namely, anion channel activity in the mitochon-
drion and NADH:ferricyanide reductase activity in the plas-
ma membrane. In mice, this ability may rely on the finding
that VDACI exists as two different proteins, generated by the
use of alternative first exons (Fig. 9) (20, 44). Indeed, one
isoform expresses a leader peptide in its N-terminus and,
thus, is targeted to the secretory pathway, via the Golgi ap-
paratus, whereas the second one, lacking this sequence, is
directed into the mitochondrial membrane (44). However, the
human homolog of such a leader peptide has not been found
yet, although it may be not necessary for plasma membrane
targeting (74). Other explanations for two distinct functions
include (i) the protein changes its conformation when it is
targeted to the plasma or mitochondrial membrane, or (ii)
some not yet identified effector proteins control VDAC ac-
tivity. To date, the second option seems the more plausible, as
VDACL1 purified from both plasma membrane and mito-
chondria possess reductase activity in vitro (20). The finding
that VDAC1 expression shows a punctuate distribution pat-
tern in the plasma membrane suggests that this protein may
have a subdomain localization, thus preventing any harmful
function (20, 74).

5. Duodenal cytochrome b. Duodenal cytochrome b
(Dcytb, also known as Cybrd1), belonging to the widespread
cytochrome b561 family, is a novel component of t-PMET.
Both Dcytb mRNA and protein are induced in response to
hypoxia and iron deficiency, indicating an important role in
iron metabolism (196).
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Dcytb was originally identified in duodenal enterocytes as
a ferrireductase involved in dietary iron uptake (196). More
recently, it has also been identified in the plasma membrane of
other cell types, including astrocytes, erythrocytes, hepato-
cytes and epithelial cells (22, 196, 276, 293), indicating a more
general role. One of the biological functions ascribed to Dcytb
is to reduce extracellular AFR, thus maintaining ascorbic acid
in the reduced state. In particular, the plasma membrane AFR
reductase activity appears to be crucial for maintaining
physiological Asc concentrations within biological fluids (e.g.,
plasma, interstitial, and cerebrospinal fluid). This reduction is
vital in quenching free radicals at the cell surface, and, given
the role of extracellular AFR in apoptosis induction (71, 249),
the regulation of extracellular AFR concentration may also
play an important role in the control of cell growth.

a. Structure and mechanism of action. The tertiary structure
of Dcytb has not yet been solved, presumably owing to diffi-
culties related to purification of this integral membrane pro-
tein. Recently, however, an initial physical characterization of
a recombinant form of the human Dcytb has been performed;
electron paramagnetic resonance and magnetic CD confirmed
that Dcytb is a monomeric protein binding two heme groups,
as previously suggested by the phylogenetic relationship of
this protein to the cytochrome b561 family (175).

The protein is composed of 286 amino acids (molecular
weight: 32,000) and organized in six transmembrane do-
mains; it has seven histidyl residues, four of which (His50,
His86, His120, and His159) are highly conserved, thus likely
representing heme ligand candidates. The protein possesses
reductase activity, measured by both nitro-blue tetrazolium
and ferric nitrilotriacetic acid reduction assays (196).

It is now widely accepted that reduction of extracellular
AFR relies primarily on one of the t-PMET pathways, which
starts from cytosolic Asc to extracellular acceptors. AFR re-
ductase activity has been shown to be widely distributed
phylogenetically, being found in numerous plants, animals,
and protists (11). AFR reductase (EC 1.6.5.4) has been purified
from plant sources (39, 68), as well as from Neurospora crassa
(259), since there is a high concentration of the enzyme in
these cells. Mammal AFR reductase has not been purified or
fully characterized. Previously, its activity has been attributed
to the cytochrome bs/cytochrome bs reductase system (107)
and, only recently, Dcytb has emerged as the most likely
candidate for Asc-dependent transmembrane electron trans-
fer (222, 275, 276).

Modeling studies have demonstrated that Dcytb shows
partial conservation of Asc and AFR binding sites, first

identified in cytochrome b561 and shown to be necessary for
the Asc-to-AFR electron transfer in neuroendocrine secretory
vesicles (89, 275). In addition, the midpoint reduction poten-
tials of the two hemes, contained in the Dcytb protein, show
that they can be reduced by Asc, thus establishing that the
vitamin is a likely intracellular electron donor. The Asc
binding site maps to the cytosolic side of the plasma mem-
brane, whereas the AFR binding site is on the extracellular
side, thus corroborating the hypothesis that Dcytb may act as
a transplasma membrane Asc:AFR oxidoreductase (Fig. 10A)
(275). In line with this observation, animals able to synthesize
ascorbic acid do not express Dcytb on erythrocyte plasma
membranes, suggestive of an adaptation toward Asc re-
cycling, when the ability to endogenously produce the vita-
min is missing (157, 276).

Alternative electron acceptors for Dcytb are extracellular
ferric or cupric ions (Fig. 10B) (197, 314). The iron and copper
reductase activities are enhanced when cells are loaded with
DHA, which leads to increased levels of intracellular Asc, and
this effect is reverted in the presence of phloretin, a glucose
transporter inhibitor that blocks DHA uptake (314).

Finally, flavonoids, such as quercetin, have been shown to
be alternate substrates to Asc for Dcytb. Therefore, at their
physiological concentrations, they can modulate enzymatic
activity of Dcytb, thus potentially enhancing iron uptake and
also maintaining an optimal extracellular reducing potential.

b. Biological functions. Because of its expression on the
brush border of duodenal enterocytes alongside the divalent

Ascorbyl free radical Cupric, ferric or

reductase ferricyanide reductase
Cu?* Cu*
Fe3* Fe2+
AFR Asc [Fe(CN)I™  [Fe(CN)e*
Dcytb > < Dcytb
Asc AFR Asc AFR

FIG. 10. Ascorbyl free radical (A) and cupric, ferric, or
ferricyanide (B) reductase activities displayed by Dcytb.
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metal ion transporter 1, Dcytb is believed to play a primary
role in the uptake of dietary nonheme iron (196). Indeed,
transfection experiments demonstrated that overexpression
of Dcytb on plasma membrane is able to stimulate iron ab-
sorption, but the requirement for Dcytb does not appear to be
essential, since Dcytb-knockout mice do not display iron de-
ficiency (106). Overexpression of Dyctb also stimulates copper
reduction, thus suggesting its involvement in intestinal cop-
per uptake, as well.

6. Cytochrome bs reductase. Cytochrome bs reductase
(EC 1.6.2.2), also named diaphorase-1 or methemoglobin re-
ductase, catalyzes the one-electron reduction of ferricyto-
chrome bs to ferrocytochrome bs, by using NADH as the
preferred physiological electron donor (125, 233, 274).

a. Structure and mechanism of action. Cytochrome bs re-
ductase is encoded by the CYB5R3 locus (previously known
as DIA1 gene), located on chromosome 22q 13-qter (287). This
gene (32kb in length), consisting of nine exons and eight in-
trons, encodes for two isoforms of cytochrome bs reductase: a
membrane-bound (~35kDa) and a soluble (~32kDa) vari-
ant, respectively. These two isoforms share the same catalytic
domain and differ only in the N-terminal hydrophobic se-
quence. The N-terminal domain appears to be myristoylated,
thus anchoring the reductase to cellular membranes (includ-
ing endoplasmic reticulum, mitochondria, and nuclear and
plasma membranes) (226). The soluble form may be generated
either by alternative splicing or, alternatively, by post-trans-
lational processing of the membrane-bound form. Indeed, the
second exon contains the junction between the membrane-
binding domain and the catalytic domain, which might rep-
resent a site for proteolysis (287). However, an alternative first
exon, which might be directly translated into the soluble form,
has been identified in the human cytochrome bs reductase
gene (82).

Defects in either transcription or translation of the human
CYB5R3 gene lead to recessive congenital methemoglobine-
mia, a disease that may occur in two forms (type I and type II
methemoglobinemia) (235). Type I, caused by alterations in
the erythrocytic, soluble isoform of cytochrome b5 reductase,
is relatively well tolerated and primarily manifested as cya-
nosis. On the other hand, type II methemoglobinemia is
caused by defects in the membrane-associated isoform of
cytochrome b5 reductase, expressed in many somatic cells,
and represents a more severe disease, characterized by cya-
nosis, neurological, and skeletal abnormalities and premature
death (129, 260).

The tertiary structure of porcine, rat, and human cyto-
chrome bs reductases (33, 218), determined by X-ray crystal-
lography, shows that this enzyme is folded in a manner
similar to other flavin-dependent oxidoreductases, such as
ferredoxin: NADP™ reductase and phthalate dioxygenase re-
ductase (58, 138). Indeed, it is composed of two functional
lobes: an amino-terminal domain (residues 33-147) contain-
ing the FAD-binding site, and a carboxyl-terminal domain
(residues 171-300) containing the NADH binding site. The
two domains are linked by a small flexible hinge region
(residues 148-170), which is important for maintaining the
critical protein architecture required for enzyme activity.

Cytochrome bs reductase catalyzes two coupled one-elec-
tron reduction reactions, by transferring an electron pair from
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NADH to the flavine ring of the FAD prosthetic group and,
then, to two molecules of cytochrome bs (33, 150). In partic-
ular, two electrons are first transferred from NADH to FAD
by hydride transfer and, subsequently, are donated, one by
one, to cytochrome bs, which represents the one-electron ac-
ceptor; the reduction of FAD appears to be the rate-limiting
step in electron transfer (Fig. 11) (274).

b. Biological functions. The membrane associated enzyme,
expressed in almost all mammalian cells, plays key roles
in cell biology, being involved in fatty acid elongation and
desaturation (145, 225), cholesterol synthesis (241), and
hydroxylation of xenobiotics, such as hydroxylamine and
amidoxime compounds (155). In erythrocytes, cytochrome bs
and cytochrome bs reductase induce methemoglobin reduc-
tion, thus maintaining hemoglobin in its reduced state (125,
233). Finally, the enzyme also reduces AFR back to Asc (270).

In the plasma membrane, cytochrome bs reductase cata-
lyzes the reduction of ubiquinone, since the levels of cyto-
chrome bs are very low (302). Reduced CoQ directly or
indirectly (by regenerating several antioxidant molecules,
including Asc and oa-tocopherol) prevents lipid peroxidation
chain reactions and oxidative damage. In line with these
findings, vitamin E deficiency and growth factor withdrawal
increase both ubiquinone and its reductases in the plasma
membrane, and this system is also involved in healthy aging
triggered by caloric restriction and in apoptotic cell death
(217).

Synaptic plasma membranes show a high rate of mem-
brane trafficking during neuronal activity, and the elevated
frequency of membrane fusion events between presynaptic
vesicles and the neuronal plasma membrane could allow for
an enrichment of cytochrome bs reductase in these cellular
compartments. This would supply a rationale for the levels of
Asc-dependent NADH oxidase activity observed in synaptic
plasma membrane vesicles, which appear to be higher than
those reported for the plasma membrane of other mammalian
cells (187, 250). It is now accepted that cytochrome bs reduc-
tase accounts for most of this activity, as already demon-
strated in non-neuronal mammalian cells (99, 251, 302).

Cyt byR-FAD

NADH
(H- transfer)

NAD* + E‘/

Cyt bsR-FADH-NAD*

N & + H*

—— Cyt b;R-FADH-NAD*

FIG. 11. Schematic model for hydride transfer from
NADH to FAD catalyzed by Cyt bsR. At first, two electrons
are transferred from NADH to FAD by hydride (H") trans-
fer; thereafter, the reduced enzyme NAD" complex (Cyt bsR-
FADH NAD™) transfers two electrons to two one-electron
acceptors one by one, via the anionic semiquinone form (E-
FAD NAD"), and the oxidized enzyme restarts the catalytic
cycle. Cyt bsR, cytochrome bs reductase.
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Indeed, synaptic plasma membrane vesicles treated with ca-
thepsin D, which releases the membrane-bound isoform of
cytochrome bs reductase into the culture medium (38), show
decreased Asc-dependent NADH oxidase activity, to the
same extent as after treatment with anticytochrome bs re-
ductase or anticytochrome bs antibodies (251). The reductase
has been shown to be associated with specialized membrane
microdomains, termed lipid rafts, and enriched at interneu-
ronal contact sites in the neuronal soma. In the presence of
anticytochrome bs reductase antibodies, binding to raft
components is prevented. Conversely, anticaveolin-2 (a typi-
cal lipid raft marker) antibodies are able to inhibit NADH
oxidase activity of neuronal plasma membranes. Therefore,
membrane-bound cytochrome bs reductase forms redox
centers associated with the neuronal plasma membrane and
localized in the lipid rafts. The finding that this enzyme is
largely present at the interneuronal contact sites raises the
possibility that alterations of these redox centers may affect
neuron—neuron interactions and cell survival (251). Finally,
the activity of neuronal plasma membrane cytochrome bs
reductase can be modulated by changes in the cytosolic con-
tent of cytochromes bs and ¢, although it is approximately
threefold more sensitive to changes in the former. So, the re-
duction of oxidized cytochrome c (released from mitochon-
dria) by cytochrome bs reductase may account for depletion of
NADH observed at the early stages of apoptosis in cerebellar
granule neurons (186).

IV. Physiological Roles of t-PMET

One of the ubiquitous functions of t-PMET is to cooperate
with intracellular redox pairs (like pyruvate and lactate) to
maintain the cytoplasmic NAD" /NADH ratio. The oxidation/
reduction cycle of pyridine coenzymes (fluctuating in re-
sponse to metabolic changes) plays a crucial role in regulating
intracellular energy levels and redox homeostasis, as well as
the redox state of the microenvironment surrounding cells
(143, 171). Indeed, the NAD*/NADH balance is required for
ensuring ATP biosynthesis. Although cellular ATP levels are
usually maintained by oxidative phosphorylation, in the
presence of mitochondrial dysfunction, compensatory mech-
anisms (such as the pyruvate/lactate couple and enhanced
t-PMET activity) are established to allow cell survival. Con-
sistently, higher activity of t-PMET can be seen in mitochon-
drial gene knock-out p° cells (161, 255), as well as in
lymphocytes derived from diabetes mellitus patients, which
lack fully functional mitochondria (168).

Besides this general function, more specific roles can be
proposed. Most of them have been described above, where we
have tried to ascribe the specific enzyme responsible for the
biological function considered. Other examples, not previ-
ously described in this review, are reported below.

A. Proton pumping

t-PMET is correlated with modulation of internal pH and
redox homeostasis, as it is able to activate proton release, a
biological function that strictly requires the presence of ubi-
quinone in the plasma membrane (65). Proton movement is
carried out by the Na*/H™ antiport, which allows Na*/H*
exchange across the membrane. This is an active process, since
Na* ions have to be pumped out of the cell by Na*/K" AT-
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Pase, which obtains energy from ATP hydrolysis. The in-
volvement of t-PMET has been established by the finding that
the Na*/H" antiport activity increases when t-PMET is acti-
vated and, on the contrary, its activity is lowered by inhibitory
CoQ analogs (62). Recently, the presence of a proton-driven
ATP synthase on the surface of the plasma membrane of
normal and tumoral cells has been reported; although yet
debated, this enzyme may contribute for controlling intra-
cellular pH changes. Indeed, Mangiullo et al. showed that H"
efflux from the cytoplasm is responsible for ectopic ATP
synthesis associated with alkalinization of the cytoplasmic
space (181). Thus, t-PMET may cause internal and external pH
alterations, as well as development of an inside negative
membrane potential; both changes then drive many cellular
functions, including cell-volume sensing and regulation,
mitogenic/apoptogenic signaling, and transport across
membranes (63).

B. Sperm maturation and fertilization

Mammalian spermatozoa show an ROS-generating activity
inversely related to their state of functional maturity. Indeed,
lucigenin-dependent chemiluminescence and WST-1 reduc-
tion have been described in sperm suspensions; the observed
activity is insensitive to mitochondprial chain inhibitors, but it
is responsive to inhibition by SOD, capsaicin, and N-ethyl
maleimide (6, 300). Although enzymes accounting for this
redox activity are still unclear, cytochrome b5-reductase and
cytochrome P450-reductase have been shown to be respon-
sible, at least in part, for the NADH- and NADPH-dependent
oxidase activities, respectively (18, 19). In addition, identifi-
cation of the Nox2 complex in mouse spermatozoa (271),
Duox in human spermatozoa (21), and Nox5 in equine sper-
matozoa (248) supports the involvement of t-PMET in sperm
functions. In particular, t-PMET appears to be physiologically
important for promoting the molecular events associated with
sperm capacitation, sperm-zona interaction, and acrosome
reaction (242). Further, since mitochondrial function is often
defective in human spermatozoa, upregulation of t-PMET
may occur to maintain an optimal NAD"/NADH ratio.

Another biological function concerns the involvement of t-
PMET in sperm-oocyte fusion during fertilization. Sea urchin
eggs have been shown to express a homolog of Duox1 (named
Udx1) at the cell surface of zygote (313). This dual oxidase
generates hydrogen peroxide, necessary for crosslinking the
fertilization envelope proteins, thus providing a structural
block to polyspermy, after fertilization (313). It is tempting to
speculate that a similar mechanism may also function in other
species.

C. Blood redox homeostasis

The activity of t-PMET is also critical for redox homeostasis
in blood, since all cellular components are affected by changes
in redox state. In particular, a close link between t-PMET and
metabolic status of erythrocytes has been reported (141, 142).
Indeed, glucose appears to be required for ferricyanide re-
duction and, moreover, the presence of ferricyanide causes
small changes in the metabolic flux of erythrocytes, especially
increasing the pentose phosphate pathway (115, 141, 183). In
addition, the glycolytic enzymes phosphofructokinase, al-
dolase, and GAPDH have been shown to bind the membrane
anion transport protein (band 3), thus being localized in the
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plasma membrane as a multimeric complex (45, 198); the as-
sembly appears to be a function of hemoglobin saturation,
since a closer association can be found in oxygenated condi-
tions (169). In deoxygenated erythrocytes, the enzymes lose
their association with band 3 so that the glycolytic flux is
enhanced; as a result, hypoxic red blood cells show reduced
ability to recycle NADPH and GSH through the pentose
phosphate pathway and, therefore, the membrane thiol pool
is depleted, leading to oxidative stress (55, 245). In hypoxic
conditions the activation of t-PMET may serve to compensate
the impaired pentose phosphate pathway, thus ensuring a
functional reducing capacity; in these conditions, t-PMET
may use Asc as electron donor, since NADH derived from
enhanced glycolysis is preferentially utilized by met-hemo-
globin reductase (245).

Erythrocyte t-PMET has been shown to be affected in
uremic patients, showing enhanced oxidative stress and
impaired antioxidant defenses. In addition, a single hemodi-
alysis session triggers a dual response: removal of toxic
compounds exerts a positive action on protein-free sulthydryl
groups, but, at the same time, it transiently reduces erythro-
cyte t-PMET and glutathione levels, as well as plasma vitamin
C content (190). Therefore, therapeutic strategies aimed at
improving erythrocyte t-PMET efficiency may be useful to
restore the reducing capacity in chronic uremia.

D. Platelet physiology

t-PMET also appears to be fundamental in platelets, as ac-
tivation of the coagulation pathways strictly depends on
membrane activities, which are also required for the cross-talk
between participating cells (platelets, monocytes, neutrophils,
and endothelium). To date, the best characterized compo-
nents of platelet t-PMET are Nox2 and ENOX1 (253, 264).
Alterations in redox-state lead to dramatic changes in platelet
functions, and thus play a key role in the pathogenesis of
several diseases, including essential hypertension, sickle cell
disease, preeclampsia, thalassemia, thrombotic vascular oc-
clusion, and cardiovascular disorders (8, 9, 15). For instance,
vitamin C has been shown to protect membrane components
susceptible to free radical damage and to regulate ROS-
mediated membrane signaling. Indeed, vitamin C down-
regulates platelet CD40L, a transmembrane pro-inflammatory
and pro-thrombotic protein implicated in the initiation and
progression of atherosclerosis, by scavenging O, generated
by Nox activation (236). Further, it has physiological rele-
vance in aggregation and postclotting events. We found that
intracellular Asc concentrations dose dependently modulate
the redox state of surface thiols, essential for activation of
allb/f3 integrin in platelets, as well as platelet-fibrin clot
strength and stability (254). Due to its relevance in platelet
physiology, vitamin C uptake is controlled through transla-
tional modulation of its carrier; moreover, the plasma mem-
brane AFR reductase activity prevents extracellular Asc
autoxidation, thus contributing to stabilization of reduced
vitamin C and, consequently, to modulation of the redox state
in the microenvironment (15).

E. Autophagy

Autophagy is an innate defense mechanism responsible for
degradation of cytoplasmic components, as well as clearance
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of aberrant proteins and invading pathogens (200). Recently,
Huang’s group reported that toll-like receptors, which are
membrane microbial sensing receptors, promote Nox2 as-
sembly on phagosomes; ROS generated by Nox2 mediate
recruitment of the autophagy machinery to phagosomes, thus
promoting their maturation and microbial killing (124). The
role played by Nox family members in regulating autophagy
has been further suggested by the findings that (i) the au-
tophagy targeting of phagosomes is impaired in Nox2-
knockout neutrophils and (ii) ROS production by other Nox
enzymes is necessary for autophagic targeting of Salmonella
Typhimurium in nonphagocytic cells (123, 124). Since several
autophagy-related genes have been found to be associated
with inflammatory bowel disease and patients with CGD
develop similar clinical and pathological features of inflam-
matory bowel disease, it should be attractive to study the
pathogenesis of these two types of diseases, to identify
probable common mechanisms.

F. Antibody control

ROS generation by the plasma membrane enzymes is also
involved in the oxidative unmasking of auto-antibodies in
healthy individuals (195). Crane and Léw proposed that
oxidative modification of antibodies can occur through the
action of both NADH and NADPH plasma membrane oxi-
dases able to generate superoxide and /or hydrogen peroxide;
for example, the peroxidase activity of Duox proteins, being
present on the outer surface of the cell, may be available to
antibodies, thus playing a regulatory role in infections of the
airway and intestinal epithelium (60). Further, redox imbal-
ance may play a role in natural killer—cell-mediated cytotoxic
activity and cytokine production, thus modulating immune
system homeostasis (303).

The influence of t-PMET on immune responses should
represent an important determinant in autoimmune diseases,
such as rheumatoid arthritis and systemic lupus er-
ythematosus, characterized by chronic overproduction of
ROS, which in turn lead to generation of neo-antigenic de-
terminants able to activate T and/or B cells (104, 182). Thus,
understanding the role of t-PMET in autoimmune diseases is a
highly attractive field of research, especially considering its
therapeutic potential.

V. Pathological Roles of t-PMET

Loss or overstimulation of t-PMET leads to distinct pa-
thologies. In the next section, literature reports suggesting the
involvement of t-PMET in various pathological conditions are
described.

A. Apoptosis

Apoptosis is a process involved in body homeostasis and
tissue development. The process must be tightly regulated,
since defective apoptotic progression has been implicated in
several diseases: excessive apoptosis causes hypotrophy,
whereas an insufficient amount results in uncontrolled cell
proliferation, such as cancer (for recent reviews, see 120, 156,
305).

To date, ever increasing evidence stresses the involvement
of t-PMET in regulating the apoptotic machinery. Inhibition
of t-PMET causes ROS generation, which in turn leads to a
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pro-oxidant environment at the plasma membrane and pro-
motes apoptosis; cells overexpressing Bcl-2 are protected from
this kind of cell death (312). In the same way, cells over-
expressing VDACI on the plasma membrane are protected
from apoptosis induced by anticancer drugs (e.g., etoposide)
or inhibitors of t-PMET (including capsaicin and resinifer-
atoxin) (164). Thus, plasma membrane VDAC1 may be tar-
geted to (or stabilized at) the plasma membrane by the action
of Bcl-2, as in the mitochondrial membrane. In line with the
involvement of plasma membrane VDACT in cell death, it has
recently been reported that both channel opening and NADH-
ferricyanide reductase activities are activated in a hippocam-
pal cell line undergoing apoptosis, thus suggesting that control
of redox homeostasis and anion efflux may be essential during
neuronal cell death (84). Further, activation of VDACI during
apoptosis appears to be related to differentiation, since it can
be observed in differentiated hippocampal neurons, but not in
embryonic neural stem cells (7). Because of its involvement in
regulating apoptosis, it is tempting to speculate that VDAC1
may be a pharmacological target, useful in treating apoptosis-
related pathologies, such as cancer (188).

The vanilloids capsaicin and resiniferatoxin induce apo-
ptosis in certain cell types by a variety of mechanisms, mainly
depending on their vanillyl moiety (252). Indeed, they inhibit
mitochondrial and plasma membrane electron transport (223,
312), induce ROS generation (178), depolarize mitochondria
(75), and trigger apoptosis in transformed and activated cells
(179). Some cellular effects depend on interaction with va-
nilloid receptors (namely, the transient receptor potential
vanilloid subtype 1 or TRPV1), located on the inner side of the
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plasma membrane (135). Vanilloids/TRPV1 binding mostly
occurs in cells with high expression levels of the receptor:
killing of TRPV1-transfected cells by vanilloids is rapid and
does not induce ROS generation and disruption of mito-
chondrial membrane potential, thus supporting the notion
that it is likely to be mediated by a necrotic pathway. Con-
versely, in cells with low expression of TRPV1, vanilloids can
trigger receptor-independent death, showing the typical
hallmarks of apoptosis; in this situation, they act as ubiqui-
none analogues, thereby altering the functionality of t-PMET
(179). The potential involvement of t-PMET in cell death is
further suggested by the finding that NAD"/NADH and
CoQ/CoQH, ratios are important modulators of neutral
sphingomyelinase, which catalyzes the generation of cer-
amide from sphingomyelin (73, 184, 185). Accumulated cer-
amide molecules self-associate, forming ceramide-enriched
membrane platforms, which allow the clustering of death
receptors and transmission of an efficient death signal into
cells (Fig. 12); ubiquinone can inhibit neutral sphingomyeli-
nase, thus avoiding ceramide accumulation and cell death
(Fig. 12) (184). To date, few data about the mechanism of
sphingomyelinase inhibition are available: the inhibition may
be due to a direct effect of hydroquinone on the enzyme or to
the inhibition of lipid peroxidation, a factor indirectly in-
volved in sphingomyelinase activation (185).

B. Cancer

Normal tissues derive most of their energy by metabolizing
glucose to carbon dioxide and water, through mitochondrial
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oxidative phosphorylation. Conversely, cancer cells (as well
as normal tissues with a high proliferative rate) convert glu-
cose to lactate regardless of whether oxygen is present. This
phenomenon, described by Warburg in the early 1900s
(known as the “Warburg effect”) (309), emphasizes that can-
cer cells rely less on mitochondrial activity than their normal
counterparts. More recently, it has been proposed that the
Warburg effect is an adaptive mechanism: tumor cells re-
program themselves from oxidative to glycolytic metabolism,
to use lactate as a fuel for ensuring survival, whereas nutrients
are incorporated into the biomass (e.g., nucleotides, amino
acids, and lipids) needed to produce a new cell (263, 298). Up
to now, it is not fully understood what triggers the switch
from a mitochondrial to a glycolytic metabolism: inade-
quate oxygenation occurring within tumors and activation of
the hypoxia-inducible transcription factor (HIF) have been
implicated, as well as a more complex homeostatic system
linking signaling pathways regulating both cell proliferation
and metabolic control (262, 298).

The role of t-PMET in cancer biology relies on the obser-
vation that the metabolic changes described above may per-
turb key redox couples, including the NAD(P)H/NAD(P)*
and CoQH,/CoQ ratios, which play a pivotal role in sup-
porting cell survival, function, and growth of fast proliferat-
ing cells. Indeed, a finely tuned control of the intracellular
redox and bioenergetic state is critical for cell viability, and is
guaranteed by both the inner mitochondrial membrane,
containing the components of the respiratory chain, and the
plasma membrane, containing the components belonging to
t-PMET. Cancer cells usually exhibit elevated t-PMET activity,
although a negative correlation between tumor malignancy
and t-PMET has been described as well (78, 109). In some
tumor cell lines, involvement of the plasma membrane in
oxidation of NADH and cellular oxygen consumption has
also been reported (109, 282); blocking this pathway com-
promises the viability of rapidly proliferating cells that almost
exclusively rely on t-PMET.

It has been suggested that ENOX2 levels may be associated
with the ability of tumor cells to acquire an aggressive phe-
notype. Mouse embryonic fibroblasts derived from transgenic
mice overexpressing a truncated form of ENOX2 showed
accelerated growth rates with respect to wild-type fibroblasts
and enhanced invasiveness (315). In contrast, decreased cell
growth and migration, as well as increased cell death, are
observed when the function of ENOX2 is impaired, either by
inhibiting the catalytic activity with (3)-epigallocatechin-3-
gallate, capsaicin, phenoxodiol, or anti-ENOX2 antibodies
(47, 72, 306, 315) or by down-modulating its expression by
RNA interference (173). Morré and colleagues also viewed
ENOX2 as both (i) a noninvasive, circulating tumor marker
(based on their description of several cancer-type specific
ENOX2 isoforms) (119, 307) and (ii) a potential antitumoral
drug target, since this enzyme is blocked by quinone site in-
hibitors, which also exhibit anticancer activity (54, 119, 208).
However, it should be recalled that many of these compounds
are rather unspecific, and the primary cellular target(s) of their
action remain largely unknown; for example, phenoxodiol is
poorly water soluble and, thus, it is likely to act at the level of
plasma membrane, but it may target sites other than t-PMET.
In addition, Herst et al. refused the tumor-specific action of
phenoxodiol, but instead they stated that sensitivity to the
drug is related to dependency on t-PMET, regardless of the
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transformation status of the cell; for this reason, the authors
claim that concentrations effective in compromising the pro-
liferation of tumor cells can exert immunosuppressive effects,
as the drug is also able to inhibit growth of primary immune
cells (111).

NQOIL is also overexpressed in some tumors (such as co-
lorectal, breast, liver, and nonsmall cell lung carcinomas) and,
further, it can activate quinolic chemotherapeutic drugs (in-
cluding mitomycins and anthracyclines), thus suggesting a
potential exploitation of this enzyme as a target for develop-
ing antitumor compounds. As an example, f lapachone is a
nontoxic quinone that, once reduced and activated by NQO1,
becomes toxic to several cells (237); a synthetic analogue of f§
lapachone (ArQule 501) is currently in phase II clinical trials,
as an anticancer drug (237).

Finally, some Nox isoforms have been implicated in early
stages of carcinogenesis. For example, it has been shown that
oncogenic transformation of mammalian cells by K-Ras is
achieved via transcriptional upregulation of Nox1 (199); oxidase
activity and ROS production are, then, functionally required for
maintaining the transformed phenotype. In particular, Nox1-
generated ROS oxidize the low-molecular-weight tyrosine
phosphatase, thus impairing its activity; as a result, Rho activity
is inhibited and thereby the signaling cascade regulating actin
stress fiber and focal adhesion formation is disrupted (268). The
finding that several tumors show enhanced expression of dis-
tinct Nox isoforms supports a potential role for these enzymes
in cancer biology: up-modulation of Nox1 has been docu-
mented in human colon cancer (163), as well as in gastric neo-
plasms and transformed keratinocytes (46, 288), whereas a
potential role for Nox4 in pancreatic cancer and for Nox5 in
Barrett esophageal adenocarcinoma has recently been sug-
gested (92, 201). Intriguingly, Duox1 and Duox2 seem to act
according to a distinct mechanism, as their expression is si-
lenced in lung cancer. Since Duox enzymes are involved in
airway homeostasis and wound healing (310), their silencing
may promote carcinogenesis by exacerbating pro-inflammatory
responses and tissue injury (176).

The importance of t-PMET in cancer cell survival suggests
that its targeting may be useful for anticancer drug develop-
ment. Prata and colleagues (238) have recently reported that,
in human leukemic cells, t-PMET is a primary site of action of
new anticancer compounds [3-(2-chloro-5-methoxy-6-methyl-
3-indolylmethylene)5-hydroxy-1,3-dihydroindol-2-one, 3-[(2,
6-dimethylimidazo[2,1-b]-thiazol-5-yl)methylene]-5-methoxy-
2-indolinone and guanylhydrazone of 2-chloro-6-(2,5-dimethoxy-
4-nitrophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde] ~ with
antiproliferative activity; therefore, specific targeting of t-
PMET may be indicated for treatment of leukemia, perhaps in
combination with standard chemotherapeutic drugs. How-
ever, it should be recalled that other molecules contributing
to redox homeostasis and involved in cellular transport of
chemotherapeutic drugs (such as RLIP76) can also be viewed
as targets for cancer therapy.

C. Cardiovascular diseases

A role for the t-PMET system, and in particular the central
function of Nox-driven generation of superoxide anion, in
cardiovascular diseases, including hypertension, atheroscle-
rosis, and vascular complications of diabetes, is likely. Several
studies carried out in experimental models, as well as in
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human subjects, have addressed the involvement of vascular
and phagocytic Nox in development and progression of
hypertension. In a rat model of hypertension, obtained by
chronic infusion of angiotensin II, a positive correlation
between p22P" expression (and consequent Nox activity)
and the hypertensive phenotype was found (93). The same
association has been observed in the aorta of spontaneously
hypertensive rats, with vascular wall hypertrophy and en-
dothelial dysfunction (320). Hypertensive patients show in-
creased Nox-dependent superoxide production in vascular
smooth muscle cells, lymphoblasts, and mononuclear cells
(90, 289). In addition, silencing of p22P" by antisense tech-
nology has been shown to powerfully reduce superoxide
production and vascular smooth muscle cell hypertrophy
induced by angiotensin II (294). All these findings suggest that
modulation of p22P"** expression by humoral and hemody-
namic factors (83, 189), as well as the genetic background of
individuals (321), may be critical determinants for the sus-
ceptibility of hypertensive patients to oxidative stress.
t-PMET may also regulate atherogenesis by controlling the
redox state, and, therefore, the redox-dependent signaling
pathways, in endothelial cells. Hyperhomocysteinemia has
been proved to stimulate ferricyanide reductase activity and
cytochrome b5 reductase expression, thus providing a po-
tential link between t-PMET, oxidative stress, and endothelial
dysfunction (244); likewise, Jessup’s group found that en-
hanced t-PMET activity induces low-density lipoprotein oxi-
dation (25), thus suggesting that upregulation of t-PMET may
be numbered among atherogenic factors. Accordingly, a re-
cent article (66) showed that the beneficial effects of statins on
cardiovascular diseases may rely on their ability to reduce
expression and activity of different members of the Nox
family—Nox1, Nox2 and Nox4—thus opening new avenues
for therapeutic interventions. Regular physical exercise
training has also been shown to improve endothelium-
dependent vasodilatation, by downregulating Nox subunits,
especially gp91P"™, p22P"** and Nox4 (3). Conversely, a
potential protective role of t-PMET has been reported by Lee
and colleagues, who provided evidence that oxidized phos-
pholipids, accumulating in atherosclerotic lesions, activate t-
PMET components (NQO1 and ENOX1), which, in turn, lead
to NAD(P)H depletion and increased oxidative stress. As a
result, the redox-sensitive transcription factor nuclear factor
(erythroid-derived 2)-like 2 drives the transcription of heme
oxygenase-1 gene, a cell-protective antioxidant enzyme (166).

D. Aging

When ubiquinone-dependent electron transport is dis-
rupted, t-PMET becomes a source of ROS, triggering oxidative
stress and apoptosis; this phenomenon has been proposed to
be one of the factors responsible for onset of age-related pa-
thologies (217). At the same time, age-dependent increase
in activity of erythrocyte t-PMET has been observed (243);
although more work is needed, this finding suggests that
t-PMET may exert a protective role by maintaining optimal
levels of plasma antioxidants. In line with this hypothesis,
caloric restriction, a common intervention able to delay age-
related oxidative damage (319), increases the amounts of
CoQ10 and a-tocopherol, as well as the activity of several
NAD(P)H oxidoreductases, in the plasma membrane of aged
rats (69, 174). Hence, upregulation of t-PMET would be useful
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to decrease oxidative stress and confer an antiaging, stress-
resistant phenotype, thus extending lifespan (128).

As well as being able to produce superoxide, arNOX ac-
tivity may also be a crucial player in the onset of aged-related
pathologies. Indeed, aged individuals expressing arNOX
show increased production of ROS, which can propagate the
aging cascade to adjacent cells and blood components. For
example, arNOX-derived ROS can induce oxidative changes
in circulating lipoproteins and cell membranes, thus leading
to atherosclerosis and cell damage (144, 204). Superoxide-
generating activity displaced by arNOX can be efficiently
lowered by CoQ10 supplementation (180 mg/day for 28 days)
and this inhibition correlated with subject age, being greatest
between ages 60 and 65 (214). The mechanism whereby
CoQ10 blocks arNOX-mediated generation of superoxide is
unclear, although a specific effect on superoxide formation is
suggestive. Indeed, CoQ10 does not inhibit either protein
disulfide-thiol interchange activity or hydroquinone oxidation
(212). The finding that arNOX activity is efficiently inhibited by
CoQ10 provides a rational basis for developing new antiaging
drugs, especially in highly susceptible tissues (144, 213).

E. Obesity, metabolic syndrome, and diabetes

Obesity represents a worldwide nutritional problem, as it
dramatically increased during the past 20 years and, more-
over, it is often accompanied by an increased risk of mortality
and morbidity. An unbalanced redox state has been impli-
cated as one of the key factors leading to obesity-associated
complications, such as the metabolic syndrome and diabetes.
Thus, obesity may be viewed as a state of chronic oxidative
stress, characterized by enhanced levels of ROS and impaired
antioxidant defenses. t-PMET is likely to participate in the
chronic oxidant/antioxidant unbalance during hyperglyce-
mia and hyperinsulinemia observed in the context of meta-
bolic syndrome (105). Indeed, Nox1, Nox2, and /or Nox4 have
been shown to be implicated in pathways leading to steatosis
and insulin resistance in the liver, as well as to pancreatic
f-cell dysfunction, thereby allowing progression from the
metabolic syndrome to type 2 diabetes (105). Accordingly,
activity and expression of Nox2 increase in subjects with the
metabolic syndrome, thus suggesting that this enzyme also
contributes to inflammation leading to hepatic and pancreatic
damage (91). In addition, hyperglycemia leads to accumulation
of advanced glycation end products, which, in turn, drive in-
tracellular signaling that activates Nox2, further enhancing
ROS production (103). Studies carried out in obese mice dem-
onstrated that inhibition of Nox activity reduces adipokine
deregulation in adipose tissue, hepatic steatosis, and diabetes,
thereby opening new avenues for therapeutic approaches (94).

NQOT expression levels are also positively correlated with
adiposity, insulin sensitivity, and markers of liver dysfunc-
tion. Indeed, a study conducted on 24 obese subjects showed
that upregulation of NQO1 expression occurs in human adi-
pocytes and that this modulation is correlated with the size of
adipocytes (229). In addition, during diet-induced weight
loss, NQO1 mRNA levels significantly decrease and parallel
changes in anthropometric measurements of obesity, mea-
surements of glucose tolerance, and markers of hepatic stea-
tosis (229). These data are in line with studies carried out on
NQO1 knockout mice that demonstrated a role for this en-
zyme in fat storage and metabolism (95).
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In those tissues involved in energy metabolism (liver,
muscle, and fat tissue), NQO1 expression levels are also re-
lated to ROS production, which usually occurs in obesity and
diabetic conditions. The promoter of the NQO1 gene contains
an antioxidant response element sequence, to which the
transcription factor nuclear factor (erythroid-derived 2)-like 2
binds in response to ROS signaling (122). Studies performed
in diet-induced obesity (DIO) and ob/ob mice showed that
p-lapachone, a high-affinity substrate of NQOI1, leads to
higher NAD" /NADH ratio and increased mitochondrial fatty
acid oxidation (126).

Although attractive, a clear cause—effect relationship be-
tween t-PMET and obesity-related pathologies is lacking.
Moreover, metabolic syndrome and diabetes are multifacto-
rial pathologies strictly related to individual biological pro-
files, so that targeting of a single factor may be insufficient to
reach a positive result.

F. Neurodegenerative diseases

Progressive and irreversible loss of cognitive function is
one of the most common manifestations characterizing neu-
rodegenerative disorders in the elderly. The earliest clinical
symptoms of disease onset are a mild cognitive impairment,
usually associated with increased oxidative stress in affected
brain regions.

Much experimental evidence suggests that some superoxide-
generating Nox isoforms may be involved in the pathogene-
sis, as well as in clinical progression, of neurodegeneration
(36). For instance, in the brain of patients affected by Alzhei-
mer’s disease membrane localization of p47P" is increased
and, at the same time, amyloid-f peptides can enhance Nox
activity (132). Consistently, antisense knockdown of p22P"°*
inhibits amyloid-f peptides-induced neuronal apoptosis,
whereas genetic deletion of gp91P"> counteracts cognitive
decline characterizing transgenic mice overexpressing the
amyloid precursor protein (132, 231). Bruce-Keller and col-
leagues (43) have recently demonstrated that Nox expression
and activity are specifically upregulated in vulnerable brain
regions of subjects affected by mild cognitive impairment,
a preclinical manifestation of Alzheimer’s disease. Para-
doxically, other studies reported that deficiency in Nox activity
is associated with impaired cognitive function and memory.
This phenomenon has been documented in patients and in
mouse models of CGD (153, 230). This could be explained as-
suming that increased Nox activity may represent a compen-
satory mechanism to preserve cognitive functions. However,
an abnormal activity of Nox may result in an opposite effect,
leading to memory impairment and dementia (43).

G. Pulmonary fibrosis

About 5 million people worldwide are affected by pulmo-
nary fibrosis, a disease characterized by replacement of nor-
mal lung parenchyma with fibrotic tissue, as a result of failed
tissue regeneration and epithelial repair. The incidence of the
disease is usually age dependent as patients are commonly in
their forties and fifties when diagnosed (240). It is a weaken-
ing disease, since thickening of tissue causes an irreversible
decrease in oxygen diffusion capacity.

Recently, the Nox4 isoform has been shown to be involved in
tissue repair functions and fibrogenesis. Indeed, transforming
growth factor-f1 (TGF-f1), a typical pro-fibrogenic mediator,
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up-modulates Nox4 expression and activity in lung mesen-
chymal cells; Nox4 is also upregulated in injured lungs of mice
and in humans affected by idiopathic pulmonary fibrosis (108).
Nox4-mediated production of H,O, is necessary for TGF-f1-
induced myofibroblast differentiation, synthesis of extracellu-
lar matrix proteins (such as fibronectin and pro-collagen I) and
contractility, as Nox4 knock-down by RNA interference is able
to abrogate all TGF-f1-triggered effects (108). Finally, in mu-
rine models of lung injury, genetic, or pharmacologic targeting
of Nox4 exerts a powerful antifibrotic effect (108). Therefore,
this study proposed a central role for Nox4 during tissue fi-
brogenesis, so that targeting this enzyme may represent a
therapeutic approach to treat human fibrotic disorders.

H. Asthma

Asthma is a multifactorial disease characterized by in-
flammation of the airways that has been linked to increased
ROS production by inflammatory cells, such as neutrophils,
eosinophils, and macrophages, as well as by epithelial and
endothelial cells. A large body of evidence suggests that Nox
enzymes are the major source of ROS during inflammatory
conditions, in airway and pulmonary artery smooth muscle
cells (151). For example, Nox activity is necessary for eosin-
ophil recruitment and infiltration in the lung, in experimental
models of asthma (1). Moreover, a case—control study, con-
sisting of 305 patients with clinically manifested asthma and
311 healthy subjects, showed a significant association be-
tween asthma and the specific CYBA haplotype for p22P",
denoted CYBA; (—930G/242T/640A) (117). How genetic
variability in the CYBA gene might be related to susceptibility
to bronchial asthma (or its related phenotypes) remains to be
elucidated.

VI. Conclusions

Cell plasma membranes have complex signaling systems
for regulating cellular metabolism. In particular, t-PMET can
be seen as a crucial component supporting energy generation.
Its upregulation maintains optimal levels of NAD™, required
for glycolytic ATP production under conditions of lowered
mitochondrial respiratory activity (as it occurs during aging
or in respiratory deficient p° cells) (161). In addition, increased
activity of t-PMET may produce superoxide anions and/or
hydrogen peroxide, which act as signaling molecules regu-
lating cell growth. Many of the enzymes belonging to t-PMET
are inducible systems, activated by a variety of extracellular
effectors (such as growth factors, cytokines, and hormones),
so that ROS production oscillates in response to the needs of
different tissues. In addition, it is now recognized that many
components of t-PMET are linked to cell metabolism. ENOX1
expression and activity are regulated by redox changes in
human blood platelets (253), whereas the activity of erythro-
cyte t-PMET appears to be associated with the activity of
glycolytic enzymes. Intracellular pH has also been shown to
modulate t-PMET activity. Indeed, pharmacological blockade
of Na"/H" exchangers has been shown to inhibit the Asc-
stimulated t-PMET activity in both erythrocytes and astro-
cytes (159).

Although many investigations have been carried out in the
last decades, more information about specific signaling
pathways remains to be elucidated. In particular, oxygen
consumption at the cell surface raises some questions about
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the molecular nature and the exact mechanism of action of
the involved enzymes. As an example, cell surface superox-
ide production may not derive from the action of any of the
Nox isoforms, at least in some cell types. In addition, non-
mitochondrial oxygen consumption has been shown to be
inhibited by extracellular NADH in several glycolytic cancer
cell lines (109), whereas the oxygen burst observed in acti-
vated platelets and leukocytes was demonstrated to be stim-
ulated by the presence of exogenous NADH (77). Superoxide
production may occur via selective activation of different
t-PMET components or another unrelated t-PMET pathway,
as well as through one-electron leakage from a cell surface
oxidase during surface oxygen consumption. Crane and Low
(60) have also suggested that ENOX proteins, possessing
protein disulfide isomerase activity and copper binding mo-
tifs, may be involved in conversion of any superoxide formed
by the transmembrane oxidases into hydrogen peroxide.
Given involvement of t-PMET in several pathological condi-
tions, it is mandatory to understand, in the future, the relative
contribution of each oxidase system to ROS generation; this
will be useful to design novel therapeutic approaches.
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Abbreviations Used

AD = activation domain
AFR = ascorbyl free radical
AIR = auto-inhibitory region
arNOX = age-related NADH oxidase
Asc = ascorbate
CoQ = coenzyme Q
Dcytb = duodenal cytochrome b
DHA = dehydroascorbate
ENOX1 = disulfide-thiol exchanger 1
HeLa =human cervical carcinoma
mPMS = 1-methoxy-5-methyl-phenazinium
methyl sulfate
MTS = 5-[3-(carboxymethoxy)phenyl]-3-(4,5-
dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-
2H-tetrazolium inner salt
Nox=NADPH oxidase
NoxA1 =Nox activator 1
NoxO1 = Nox organizer 1

NQO1 = NAD(P)H:ubiquinone oxidoreductase
PKA = cAMP-dependent protein kinase
PRR = proline-rich region
PTP = permeability transition pore
ROS = reactive oxygen species
SOD = superoxide dismutase
Tempol = 2,2,6,6,-tetramethyl-4-hydroxypiperidine-N-oxyl
TGF = transforming growth factor
t-PMET = trans-plasma membrane electron transport
TPR = tetratricopeptide repeat motifs
TRPV1 = transient receptor potential cation
channel, subfamily V, member 1
VDAC =voltage dependent anion selective channel
WST-1 =sodium 5-(2,4-disulfophenyl)-2-(4-
iodophenyl)-3-(4-nitrophenyl)-2H-
tetrazolium inner salt
XTT =sodium 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium inner salt
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