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Involvement of plasma membrane redox systems 
in hormone action 

Sandra Incerpi, Anna Maria Fiore, Paolo De Vito and Jens Z. Pedersen 

Abstract 

Reactive oxygen species (ROS) is the common name used to describe the partially reduced forms of
molecular oxygen that may be generated in cells during oxidative metabolism. They are normally
considered to be toxic, and cells possess various defence systems to protect themselves including
antioxidant enzymes and low molecular weight antioxidants like vitamin C and vitamin E. However,
it is now clear that small amounts of ROS also act as messenger molecules in cell signal transduction
pathways; the plasma membrane of eukaryotic cells in particular contains a variety of different ROS-
producing oxidases and reductases, of which the best characterized are the superoxide-producing
NADPH oxidases. It has been known for many years that membrane redox activity can be changed
rapidly by various hormones and growth factors, but the molecular mechanisms involved and the
physiological importance of this phenomenon have only recently begun to be unveiled. This review
summarizes the state of the art on plasma membrane-based ROS signalling in the pathways of insu-
lin, steroid and thyroid hormones and growth factors. The apparent paradox of ROS being essential
biomolecules in the regulation of cellular functions, but also toxic by-products of metabolism, may
be important for the pharmacological application of natural and synthetic antioxidants. 

The good and the bad of oxygen 

Higher eukaryotic organisms cannot exist without oxygen, but oxygen is also dangerous to
their life, a situation often referred to as the ‘Oxygen Paradox’. The ‘bad side’ of oxygen
relates to the fact that each oxygen atom has one unpaired electron in its outer valence shell,
and molecular oxygen has two unpaired electrons; therefore both atomic oxygen and molec-
ular oxygen are radicals. The bulk of the oxygen consumed during metabolism is accounted
for by the respiratory electron transport chain in the mitochondria. The reduction of oxygen
to produce water in the final step of this process is considered to be a relatively safe process;
however, the incomplete reduction of oxygen generates reactive intermediates. The reduc-
tive intracellular environment provides a variety of possibilities for oxygen to undergo par-
tial reduction, resulting in the formation of the superoxide anion radical (O2

−), hydrogen
peroxide (H2O2) or the very reactive hydroxyl radical (HO•). These compounds, all com-
mon products of the everyday life in an aerobic environment, are collectively known as
reactive oxygen species (ROS) and are responsible for oxygen toxicity (Davies 1995). To
survive in such an environment all aerobic organisms are endowed with a variety of water-
and lipid-soluble antioxidant compounds, together with specialized antioxidant enzymes
whose role is to detect and eliminate the different types of ROS. If the oxidative status in the
cell exceeds the capacity of the antioxidant defence to neutralize the reactive species pro-
duced, a situation of acute oxidative stress occurs, which, if not counteracted, leads to dam-
age to the cell structures and molecules such as lipids, proteins and nucleic acids. However,
it is also possible that this type of damage develops even under normal circumstances; O2

−

or H2O2 are in fact produced by various enzymes under physiological conditions, and much
evidence now indicates that ROS are not only noxious by-products of cellular metabolism,
but also essential participants in cell signalling and regulation (Dröge 2001; Halliwell &
Gutteridge 2007). Transient bursts of small amounts of O2

− or H2O2 can be detected follow-
ing stimulation with a variety of growth factors and hormones, and these ROS can subse-
quently trigger reactions elsewhere in the cell, behaving as true second messengers. This
obviously requires that these species must be able to survive inside the cell, if only for a
very short time and at very low concentrations, in spite of all the antioxidant mechanisms
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involved in preventing or counteracting the oxidative dam-
age. Therefore a basal low level of intracellular oxidative
stress is likely to be inevitable, and under certain conditions
the damage caused may accumulate with time, even over
years, until it eventually manifests as some kind of disease. It
is currently believed that oxidative damage may be involved
in the development of age-related pathologies such as athero-
sclerosis and neurodegenerative disorders (Dai et al 2006). 

A very hot topic in this context is the role of natural anti-
oxidants in the diet, which may counteract the reactive oxygen
species produced by our cells. The importance of the quintes-
sential antioxidants vitamins C and E has long been beyond
discussion, but the functions of the myriad of natural polyphe-
nol antioxidants, particularly in fruits and vegetables, have
turned out to be much less clear-cut to interpret. Although
many of these compounds show excellent antioxidant proper-
ties in-vitro, they also give rise to a plethora of unexpected and
seemingly unrelated effects in cells and tissues, and in many
cases these effects cannot be connected to an antioxidant
response. One possible explanation could be that these com-
pounds not only act against the oxidative stress induced by
ROS, but also interfere with the signalling mechanisms medi-
ated by superoxide and hydrogen peroxide, particularly the
ones involving redox enzymes of the plasma membrane. 

Plasma membrane redox systems 

Plasma membrane redox enzymes have been found in all cell
types, but in most cases their physiological function has not been
well established (Crane etal 1985; Bedard & Krause 2007). In
response to hormones, growth factors or other physiopathologi-
cal stimuli, these enzymes transfer electrons from reducing
agents in the cytoplasm (normally NADPH or NADH) to exter-
nal oxidants such as molecular oxygen, ferricyanide, ascorbyl
radicals or other suitable electron acceptors (Crane etal 1991).
Plasma membrane redox activity is known to be important for
several cell functions, including the control of cell growth, iron
uptake, and defence against bacteria, and it is now becoming
increasingly clear that hormone effects at the plasma membrane,
but maybe also at the nuclear level, are related to that redox
activity. This review deals with such systems found in the
plasma membranes of animal cells, mainly the nucleophil and
non-nucleophil NADPH oxidases, but including a summary of
other oxidoreductase enzyme activity, for which solid and
detailed information has finally become available after decades
of a shadowy existence as hypothetical players. 

NADPH oxidases 

The NOX family of NADPH oxidases are a family of
enzymes that catalyse the formation of superoxide from oxy-
gen and NADPH, according to the reaction: 

NADPH + 2O2 ⇒ NADP+ + H+ + 2O2
− 

To date seven members of the NADPH oxidase family have
been identified, five named NOX1 to NOX5 and two some-
what different enzymes called DUOX1 and DUOX2. They
are all transmembrane redox complexes that connect the elec-
tron donor NADPH on the cytoplasmic side of the membrane

with the electron acceptor oxygen on the outer side. The most
famous and best characterized member of the family is NOX2
(previously called gp91phox), which produces large amounts
of superoxide in phagocytic cells as an efficient cell defence
system against microorganisms. Four homologues of the
cytochrome b component gp91phox of the phagocyte NADPH
oxidase, called NOX1 and NOX3–NOX5, have been found in
different tissues (for a very recent and comprehensive review
on the NOX family see Bedard & Krause (2007)). These
enzymes produce superoxide in much smaller amounts, to be
used as a signal system. The ROS generated by NADPH oxi-
dases also include H2O2 formed by dismutation of superox-
ide, either spontaneously or through the intervention of a
superoxide dismutase (Fridovich 1975): 

2O2
− + 2H+ ⇒ O2 + H2O2 

The structure of a NADPH oxidase is quite complex and no
crystal structures have been described so far. In phagocytes
the resting enzyme exists as a dimer of the two intrinsic mem-
brane proteins NOX2 and p22phox. Activation initiates by
phosphorylation of a cytosolic factor, p47phox, which after
binding to two other cytosolic proteins, p67phox and p40phox,
migrates to the cell membrane and binds to the NOX2–
p22phox dimer. Final activation requires binding of the
GTPase Rac to NOX2/ p67phox in a GTP-dependent process
(Babior 2004; Opitz et al 2007). The phosphorylation of
p47phox probably involves protein kinase C (PKC) (Iaccio
et al 2007), whereas the effect of Rac may depend on the
release of a guanine nucleotide dissociation inhibitor, that
prevents the exchange of guanine nucleotides from Rac
(Schalk et al 1996). Also NOX1 and NOX3 are believed to be
activated through the assembly of the complete enzyme at the
membrane, but the cofactors involved and the details of the
process vary. Rac is required for activation of NOX1 and pos-
sibly also NOX3, whereas NOX4 only requires p22phox but
no other cytosolic factors. The most recently discovered iso-
form NOX5 apparently does not depend on other proteins for
activity, but seems to be activated through binding of Ca2+

with a classic EF-hand mechanism (Bedard & Krause 2007).
(The EF hand is a calcium-binding helix-turn-helix structural
motif in proteins, consisting of two alpha helices approximately
perpendicular to one another and linked by a short loop.)
PKC-mediated phosphorylation of NOX5 increases the affinity
for Ca2+ and greatly enhances its activity (Jagnandan etal 2007). 

To a large extent our current understanding of NADPH
oxidases is modelled on the behaviour of the NOX2 enzyme,
but it is clear from what is written above that the mechanisms
controlling the activity may vary considerably among the dif-
ferent isoforms. Activation of NADPH oxidases depends on a
complex pattern of highly specialized redox-dependent sig-
nalling. It is likely that much of this complex pattern of acti-
vation depends on specific interaction of the NOXs with
various regulatory proteins, which associate to give rise to the
active enzyme. Some of these regulatory subunits have been
identified as ‘Activators’ or ‘Organizers’ (Opitz et al 2007).
Activators are proteins such as p67phox, an essential compo-
nent of NOX2, and NOXA1, an essential component of NOX
1 and perhaps also of NOX3; these two proteins share
approximately 28% amino acid identity but show different
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tissue distribution (Bedard & Krause 2007). After binding to
Rac the activator subunit migrates to the plasma membrane
(with the involvement of an Organizer subunit) and docks the
NOX protein, this leads to a conformational change and pro-
duction of ROS. The two Organizer proteins known so far are
p47phox that binds to NOX2, and NOXO1 that binds to NOX1
and NOX3. These two Organizer subunits share approxi-
mately 25% sequence identity; they have different tissue dis-
tribution and are involved in targeting both an Activator to
NOX, and NOX to different subcellular compartments
(Bedard & Krause 2007). NOX2 was first identified in neu-
trophils and macrophages, but has later been found in several
nonphagocytic tissues. It is possible that the activator protein
NOXA1 may substitute the essential regulatory function of
p67phox in nonphagocytic cells or that the NADPH oxidase in
nonphagocytic cells does not require such Activator and
Organizer proteins, and therefore the whole modulation of
this enzyme may be different from the phagocytic counterpart
(Opitz et al 2007). 

In addition to the five NOX isoforms, the NADPH oxidase
family also comprises DUOX1 and DUOX2, that apart from the
superoxide-producing NOX core region also contain a large
ectofacing peroxidase-like domain, which however does not
appear to have peroxidase activity (Bedard & Krause 2007).
DUOX1 and DUOX2 are found abundantly in the thyroid,
where they are believed to supply the H2O2 required for the
activity of thyroid peroxidase, but they are also widely
expressed on tissue surfaces exposed to infection, in particular
in air epithelia and throughout the gastrointestinal tract. It has
been suggested that their role here is to provide the H2O2 neces-
sary for the antimicrobial activity of lactoperoxidase, which
generates antimicrobial agents such as hypothiocyanate rather
than hypochlorite; hypothiocyanate is considered to be less
toxic for the host tissue (Slungaard & Mahoney 1991; Geiszt
etal 2003). As in the case of NOX5, the two DUOX enzymes
appear to be regulated by Ca2+ but otherwise do not depend on
the presence of cytosolic factors (Bedard & Krause 2007). 

NADPH oxidase, growth factors and hormones 

Growth factors 
A role for cell membrane redox systems in growth control
and development was suggested in a seminal paper by Crane
et al (1985) and has been confirmed many times later (Crane
et al 1991; Bedard & Krause 2007). The group of Crane gath-
ered a pool of interesting observations from the beginning of
the ’80s showing that external ferricyanide could stimulate
the growth of melanoma cells (Ellem & Kay 1983). Analo-
gously, other oxidants were shown to be able to stimulate
growth in fibroblasts and sea urchin eggs. These observa-
tions, combined with the fact that some anticancer drugs can
inhibit the plasma membrane redox systems, indicated that
the redox system might be an important modulator of cell
growth, apparently at variance with the fact that ROS are also
considered at least partly responsible for senescence (Harman
2003). The mechanism by which ferricyanide could control
growth was at that time still to be established, but was related
to several mechanisms proposed for growth control: increase
of intracellular pH, mobilization of Ca2+ ions, turnover of
phosphatidylinositol, and changes in the ratio of cyclic nucle-

otides (Crane et al 1985). The hormones found to affect the
redox systems and cell growth were mainly triiodothyronine,
insulin and growth factors. What is the state of the art of this
very stimulating topic 20 years later? 

The production of ROS by NADPH oxidase isoforms in
nonphagocytic cells plays a role in signal transduction, and in
many cases Rac1 is involved in the activation of NADPH oxi-
dase activity (Bokoch & Knaus 2003). Several growth factors
have been reported to give rise to ROS production in non-
phagocytic cells after binding to membrane receptors; this
ROS production can mediate a positive effect on signal trans-
duction from receptors to intracellular signalling and the
physiological response. A role for ROS has been shown for
nerve growth factor (NGF) in nerve cells (Suzukawa et al
2000), for epidermal growth factor (EGF) in epidermoid car-
cinoma cells (Bae et al 1997), for platelet-derived growth fac-
tor (PDGF) and also vascular endothelial growth factor
(VEGF) in endothelial cells (Bae et al 2000; Ushio-Fukai
2006). All these growth factors give rise to ROS production
through the Rac1 protein. 

NGF is a growth factor essential for the maturation and
growth of neurons (Levi-Montalcini 1987). It has been
reported that NGF, through the TrkA receptor, gives rise to
ROS production by activation of Rac1/NADPH oxidase path-
way; the increase in ROS, in turn, is a prerequisite for the
activation of the MAPK pathway, essential for the mediation
of the NGF-induced neuronal differentiation and also pain
perception in the sensory neurons. Pain perception is regu-
lated by TRPV1 expression in sensory neurons and the
authors speculate that the modulation of the expression of
these TRPV1 receptors through ROS and activation of the
p38 MAPK pathway is a unifying model to control both dif-
ferentiation and inflammation combined with pain perception
(Puntambekar et al 2005). Very recently ROS have been
shown to function also as signalling molecules in angiogen-
esis. VEGF is a key angiogenic factor and stimulates prolifer-
ation and migration of endothelial cells through VEGF-
mediated receptor type 2. The first event after the binding of
ligand is autophosphorylation of VEGFR2, resulting in acti-
vation of downstream signalling ERK1/2, Akt, and eNOS
(NOS3), leading to angiogenesis stimulation. The ROS derive
from NADPH oxidase and the activation process involves
Rac1 (Ushio-Fukai 2006). 

To summarize, there are now various examples of growth
factors that give rise to ROS production in nonphagocytic
cells, through activation of their corresponding membrane
receptors. This ROS production can mediate a positive feed-
back effect on signal transduction, since ROS production in
turn enhances the intracellular signalling. The molecular
details of these oxidative activation mechanisms are still far
from being elucidated (Dröge 2001). 

Insulin: signal mechanisms 
Insulin is at present the hormone that appears to be most con-
nected to ROS, and both its release and its physiological
responses have been related to ROS production. Insulin
action is initiated by binding to the plasma membrane recep-
tor endowed with tyrosine kinase activity, essential for insu-
lin’s growth promoting activity and its metabolic effects. The
targets of the tyrosine kinase activity are the different insulin
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receptor substrates, IRS-1 and IRS-2. The phosphorylated pro-
teins serve as docking scaffolds for binding and activation of a
variety of signals linked to the activation of several insulin
responses, including glucose transport, DNA synthesis and
gene expression. Insulin is a pleiotropic hormone, since it gives
rise to a variety of responses that are extremely differentiated in
time onset and quality (Saltiel & Pessin 2002, 2003). 

In the classical target cells, e.g. liver, skeletal muscle and
adipose tissue, insulin controls many important physiological
functions, including glucose transport into the cell, intracellu-
lar glucose metabolism, lipid metabolism, and protein synthe-
sis at transcriptional and translational levels. Insulin is a
special hormone in many other respects. From the discovery
of cAMP and up to now, practically all second messengers
have at some point been considered potential second messen-
gers of insulin action. This was reflected in the Black Box
concept shown in a very famous cartoon in Trends in Bio-
chemical Sciences (Figure 1; Kahn (1979)); despite the
wealth of discoveries and data that have been poured into that
box ever since, we still do not have a much improved picture
when it comes to ROS production. Insulin was the first hor-
mone for which a role of the redox state and H2O2 as second
messenger was reported (Czech etal 1974; Hayes & Lockwood
1987); the authors concluded that “These data represent sub-
stantial evidence for the concept that oxidation of fat key cell
sulphydryl in response to insulin-receptor interaction plays a
role in mediating the activation of glucose transport” (Czech
et al 1974). The insulin-like effects of H2O2, pervanadate and
thiol reactive agents were found to involve insulin-independ-
ent tyrosine phosphorylation of the insulin receptor b chain.

The effect of hydrogen peroxide in the millimolar range may
be explained, at least in part, by inhibition of tyrosine
phosphatases. Lower concentrations of H2O2 are not able to
trigger autophosphorylation of the insulin receptor in the
absence of insulin, but potentiate the response to 100 nM

insulin, suggesting that the redox signal may contribute to
insulin receptor activation under physiological conditions.
Hydrogen peroxide production can also be induced by insulin
(May & de Häen 1979; Krieger-Brauer et al 1997), therefore
the redox effect appears to be part of a positive feedback
mechanism, in analogy to what has been found for growth
factors (Dröge 2001). 

The above quoted sentence from the paper by Czech et al
(1974) refers to the redox modulation of one of the most stud-
ied and recognized responses of insulin: the activation of glu-
cose transport. Thirty years later this response is still one of
the most known and studied, also with respect to its ROS
modulation (Figure 2). The major physiological activators of
glucose transport are insulin, exercise/contraction, and
hypoxia, and in all three cases a role for ROS has been sug-
gested, even though the mechanisms are still poorly under-
stood, and in particular for physical exercise the role of ROS
is widely debated (Katz 2007). In skeletal muscle and adi-
pocytes glucose uptake is mediated by the insulin-sensitive
glucose transporter 4 (GLUT4). The identification of NOX4
as a component in the insulin signal transduction pathway
suggests that this NADPH oxidase may be the source of the
insulin signalling-generated ROS (Mahadev et al 2004),
though it has recently been reported that insulin-induced ROS
production by NOX3 mediates the expression of VEGF in

Figure 1 The classic cartoon by Chuck showing the insulin transduction mechanism as a ‘black box’. Reprinted from Trends in Biochemical Sci-
ences, Vol. 4, C. R. Kahn, What is the molecular basis for the action of insulin?, pp N263–N266, Copyright (1979), with permission from Elsevier. 
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HepG2 cells (Carnesecchi et al 2006). Insulin signalling is a
complex process involving multiple pathways and phosphor-
ylation events. The activation system switched on by the
phosphorylation of tyrosine kinase is switched off by protein
tyrosine phosphatases (PTPs). The pathway currently sug-
gested involves inhibition of the protein tyrosine phos-
phatases by ROS, via progressive oxidation of their catalytic
cysteine thiol moieties, resulting in prolonged activation of
insulin signalling (Chiarugi & Cirri 2003; Goldstein et al
2005). This pathway may represent an interesting occasion
for therapeutic application in the case of insulin-resistance
state diseases. Activation of phosphoinositide 3-kinase (PI3-K)

and protein kinase B (Akt) is a key step in skeletal muscle,
leading to translocation of GLUT4 from intracellular com-
partments to the plasma membrane (Stokoe et al 1997;
Stephens et al 1998), whereas in adipocytes the relative roles
of PI3-K and Akt are debated (Goldstein et al 2005). At the
same time insulin also activates Rac1, which is required for
GLUT4 translocation, although it is not clear whether Rac1 is
an effector of NOX4 in insulin-sensitive cells, and whether it
is dependent on Akt activity (Goldstein et al 2005; JeBailey
et al 2007). Little is known about specific insulin effects on
NOX2, but it seems likely that the activation of PI3-K also
may stimulate the PKC-mediated activation of p47phox. 
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Figure 2 Activation of the different NADPH oxidases giving rise to production of reactive oxygen species in muscle cells after stimulation with
insulin or binding of an integrin ligand. NOX1, NOX2, NOX4 and NOX5 are all present in smooth muscle, while only NOX4 and NOX2 have been
found in skeletal muscle. Panel A: Resting state before hormone/ligand binding. Most of the protein factors involved are dispersed in the cytosol, but
the GLUT4 transporter and the insulin receptor (IR) substrate IRS-1 are bound to internal membranes. Panel B: Insulin-induced activation of IR tyro-
sine kinase activity leads to IRS-1 migration and phosphorylation, and to phosphatidyl inositol 3-kinase (PI3-K)/Akt-mediated activation of Rac1 and
Rac2, which migrate to NOX1 and NOX2 at the plasma membrane, together with other cytosolic components of the NADPH oxidases; in addition
NOX2 also requires phosphorylation by PKC. Activation of the NADPH oxidases gives rise to production of O2

− and subsequently H2O2; both may
act as second messengers activating glucose transport, but also cell growth and differentiation and gene expression in the long term. Activation of the
intracellular NOX4 in the endoplasmic reticulum does not depend on cytosol proteins, with the possible exception of Rac1; the concerted action of
several of the enzymes shown results in translocation of GLUT4 to the plasma membrane. For the sake of simplicity the nucleus is not shown, only
events taking place at the plasma membrane and described in the text are included. Panel C: Interaction of a ligand with an integrin leads to activation
of phospholipase c (PLC)-g, hydrolysis of phosphatidylinositol bisphosphate (PIP2) and production of inositol 1,4,5-trisphosphate (IP3) and 1,2-diacyl-
glycerol (DAG) (not shown), mobilization of intracellular calcium and activation of NOX5 and calcium-dependent physiological responses. Integrin
signalling may also activate PKC and Rac1, thus probably stimulating the other NADPH oxidases through an alternative mechanism; direct PKC-
induced phosphorylation of NOX5 has not yet been confirmed for smooth muscle cells.
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Angiotensin II (Ang II) is an important physiological
modulator of blood pressure, cardiac function, salt and fluid
homeostasis. These effects on blood pressure and growth are
mediated by the Ang II receptor 1 (AT1R). Ang II antago-
nizes insulin effects and thus contributes to insulin resistance,
therefore treatment of hypertensive patients with angiotensin
converting enzyme inhibitors results in a smaller incidence of
Type 2 diabetes. Ang II is known to impair insulin signalling
pathways in vascular smooth muscle cells (Rask-Madsen &
King 2007). In particular, Ang II inhibits insulin-induced
tyrosine phosphorylation of IRS-1, activation of PI3-K and
Akt, and GLUT4 translocation from the cytosol to the plasma
membrane; but at the same time Ang II was found to stimu-
late NOX activity, giving rise to ROS formation in L-6 myo-
tubes. This effect was inhibited by ACE inhibitors, and
inhibitors of NADPH oxidase (Wei et al 2006). NADPH oxi-
dase is an important source of glucose-induced ROS produc-
tion in the vascular and kidney cells in the course of diabetes,
in agreement with a role of NOXs as mediators of diabetic
complications (Li & Shah 2003). It is possible that also in this
case Ang II plays a role; in fact high glucose-induced forma-
tion of ROS and p47phox phosphorylation can be blocked by
Ang II-type receptor antagonists (Wei et al 2006). The
NADPH oxidase-mediated production of ROS observed in
the vasculature and kidney in diabetes can be suppressed by
PKC inhibitors (Valko et al 2007), suggesting the involve-
ment of NOX2 or NOX5. 

The signalling mechanisms can be summarized as follows:
insulin signalling is initiated by the phosphorylation of
tyrosyl residues of the insulin receptor and IRS proteins.
Downstream signalling involves the activation of PI3-K, Akt
and Rac1, with subsequent stimulation of NOX1 assembly
and ROS production; at the same time stimulation of NOX4
with production of H2O2 leads to GLUT4 translocation and
glucose uptake. ROS production in turn leads to inhibition of
PTPs and as a consequence potentiation of tyrosine kinase
phosphorylation. Ang II on the other hand inhibits IRS-1
tyrosine phosphorylation, activation of PI3-K and GLUT4
translocation in skeletal muscle cells, but also activates NOX
activity. It is difficult to reconcile these contradictory results;
both insulin and Ang II stimulate NADPH oxidase activation
and ROS formation, but they give rise to opposite responses.
At present we have no explanation for this apparent paradox,
once more the cellular context appears to be the main deter-
minant of the physiological responses. Interestingly, it was
recently reported that insulin and Ang II synergistically stim-
ulated NADPH oxidase activity in vascular smooth muscle
cells through an increase in the NADH/NAD+ redox poten-
tial; this effect apparently did not involve PI3-K or Gi-pro-
tein-dependent pathways (Yang & Kahn 2006), confirming
the complexity of these cross-talk mechanisms. 

Insulin: from physiology to pathology 
The involvement of ROS in insulin action is in any case more
complex than the picture outlined in the previous section of
this paper. For instance it has been reported that a reduced
NOX4 mRNA content is a hallmark in adipocyte differentia-
tion (Mouche et al 2007), whereas increased whole adipose
tissue NOX4 expression has been linked to oxidative stress
and insulin resistance (Furukawa et al 2004). Endothelial

dysfunction, which is just one of the several changes induced
in the arterial wall by metabolic impairments connected with
diabetes and insulin resistance, involves production of
endothelium-derived vasodilators, with activation of eNOS
and production of NO, and factors such as endothelin 1, pros-
tacyclin and vasoconstrictor prostanoids, and these processes
can also be stimulated through NOX activity. Such complex
mechanisms involving several pathways not only at the
plasma membrane level are clearly beyond the scope of this
review; for that subject we refer the reader to a review by
Rask-Madsen & King (2007). 

Oxidative stress plays a role in the pathogenesis of b-cell
dysfunction and death, and the expression of different iso-
forms of NOX is changed in tumour pancreatic b-cells com-
pared with normal b-cells (Uchizono et al 2006). Much
evidence indicates that oxidative stress is increased in the
course of diabetes, and that hyperglycaemia alone can
directly increase ROS production. Glucose undergoes autoox-
idation to generate •OH radicals (Schultz Johansen et al
2005), and glucose can react with proteins to give rise to
Amadori products, followed by the formation of advanced
glycation end products. ROS are generated at multiple steps
during this process. Increased plasma concentration of free
fatty acids leads to intracellular lipid accumulation, which has
been suggested to play a critical role in initiating insulin res-
istance and pancreatic b-cell death (Newsholme et al 2007). It
seems plausible that activation of NOXs could contribute to
oxidative stress in these insulin-related pathologies (Wei et al
2007), but little solid information is available so far. Inspira-
tion for therapeutic intervention comes from Guo et al (2007),
where it was shown that the antioxidant N-acetyl-L-cysteine
(NAC) downregulated NADPH oxidases, antioxidant
enzymes and inflammatory markers in the hearts of diabetic
rats. The authors demonstrated that oxidative stress and anti-
oxidant defence systems were upregulated by hyperglycaemia
in diabetic rat hearts. This supports the concept that oxidative
stress contributes to the pathogenesis of the complications of
diabetes. The use of antioxidants may represent a promising
therapy to counteract these complications and pathologies
where a role for ROS has been reported (Uchizono et al
2006), even though the real benefit of antioxidants in the diet
is still widely debated (Halliwell 2007). 

The nuclear receptor hormone family 
The nuclear receptor hormone family is composed of steroid
and thyroid hormones. Both groups act through a cytoplas-
mic/nuclear receptor, giving rise to modulation of gene tran-
scription and protein synthesis. Recent studies have shown
multiple evidence for both steroid/thyroid hormone receptor-
dependent and -independent rapid nongenomic effects giving
rise to signal transduction pathways (Incerpi et al 2002;
D’Arezzo et al 2004; Bergh et al 2005; Davis et al 2005;
Wehling & Losel 2006). Since this review deals with plasma
membrane redox systems we shall focus on these rapid
effects; this of course does not exclude that ROS production
at the plasma membrane may affect gene transcription, as
reported by Sauer et al (2001). 

Steroid hormones and particularly estrogens have been
associated with the production of ROS, but normally with the
production of ROS at the mitochondrial level and are therefore
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not inhibited by the classical inhibitors of the plasma mem-
brane NADPH oxidase, diphenylene iodonium or apocynin.
Mitochondrial ROS production is inhibited instead by the res-
piratory chain inhibitor rotenone or the xanthine oxidase
inhibitor allopurinol, as shown in vascular endothelial cells
(Felty 2006). Felty et al (2005) dealt with 17b-estradiol-
induced ROS production in different human breast cancer cell
lines, and an interesting result was that physiological concen-
trations of estrogens stimulated rapid production of ROS
formation via a process that depended on the cytoskeleton
and integrins. These effects were nongenomic and were seen
also in cells devoid of the nuclear receptor (Felty et al 2005).
Many types of cytokines act through integrins (Barillari et al
2001), and it has been shown that ligand binding to integrins
at the fibroblast plasma membrane led to reorganization of
the actin cytoskeleton, activation of Rac1, and production of
ROS in fibroblasts (Kheradmand et al 1998). 

For a long time it has been known that thyroid hormones
play a role in the modulation of plasma membrane redox sys-
tems (Crane et al 1985). Triiodothyronine inhibits NADH
indophenol reductase and cytochrome c reductase activity of
isolated rat or mouse liver plasma membranes. At variance
with these data, the NADH oxidase activity of rat liver
plasma membrane is stimulated by triiodothyronine and
might be the basis for growth stimulation by triiodothyronine,
which takes place at both physiological and supraphysiologi-
cal hormone concentrations. The observation that decreasing
environmental oxygen below the normal 20% increases the
rate of cell growth dates back to the 1960s and is a well-
known phenomenon in nature (Hollenberg 1971; Sauer et al
2001; Bedard & Krause 2007). This is in line with the fact
that a redox function of the plasma membrane is connected
with amino acid transport, and thyroid hormone has been
reported to modulate amino acid transport both at genomic
and nongenomic levels (McGivan 1996; Incerpi et al 2002).
Stimulation of oxygen uptake by triiodothyronine in the pres-
ence of amino acids such as alanine and a-aminoisobutyric
acid may be based in part on the stimulation of the plasma
membrane NADH oxidase (Müller & Seitz 1983). From these
results it appears that thyroid hormone effects might indeed
be related to a redox system, but the situation today is no
clearer than it was 50 years ago. 

Other membrane redox systems 

Various other types of plasma membrane oxidoreductase
activity have been reported, but for most of these it is only in
the last few years that the corresponding enzymes have been
characterized to a certain extent. Classic membrane enzymes
such as cyclooxygenase (prostaglandin H synthase) and
lipoxygenases are not normally counted among the redox
enzymes involved in ROS metabolism and will not be consid-
ered further here. 

A diaphorase is the common name for an enzyme that car-
ries out two-electron reduction of quinones and similar sub-
strates, normally using NADH as an electron donor.
Diaphorases are mainly cytosolic enzymes, but a plasma
membrane DT-diaphorase has been found in a neuroblastoma
cell line. It has been shown to modulate cell growth and dif-
ferentiation; the enzyme activity varies according to the

stages of the cell cycle (Zurbriggen & Dreyer 1994, 1996).
One role of this enzyme could be to maintain plasma mem-
brane coenzyme Q in its reduced antioxidant state (ubiqui-
nole). This membrane quinone compound is mainly known
for being a component of the respiratory electron transport
chain in the inner mitochondrial membrane, but it is also
found in the plasma membranes of animal cells and its role
there is far less characterized (Villalba et al 1995). It has been
reported that the cell plasma membrane may account for
approximately 30% of the total cellular diaphorase activity,
but it is not known whether a single enzyme is responsible for
the bulk of this activity. 

One possible source of H2O2 at the cell surface is the
membrane amine oxidase. It was recently discovered that this
enzyme is identical to the vascular adhesion protein-1 (VAP-
1); it belongs to the group of copper amine oxidases and is
believed to have a reaction mechanism similar to that of the
soluble copper amine oxidases (Boomsma et al 2005). These
enzymes produce H2O2 directly without releasing a superox-
ide intermediate, and may have a wide range of potential sub-
strates, including polyamines. The physiological role of
peroxide production by VAP-1 is not known; both insulin and
thyroid hormones have been suggested to regulate enzyme
activity and expression but little convincing evidence is avail-
able so far (Boomsma et al 2005). However, in contrast to
other cell membrane redox systems it should be relatively
easy to study the role of VAP-1 because a large number of
mechanism-specific inhibitors have already been developed
for copper amine oxidases (Padiglia et al 1999). 

A special case is represented by the thyroid peroxidase,
which is directly involved in the biosynthesis of thyroid hor-
mones (Ruf & Carayon 2006). This enzyme is located on the
apical plasma membrane in the functional unit of the thyroid:
the follicular cell. The haeme-containing thyroid peroxidase
uses H2O2, probably obtained from DUOX1 and DUOX2 as
mentioned above, to oxidize iodide and produce iodinated
tyrosine and thyronines. Clinical problems involving defec-
tive peroxidase function are among the most frequent heredi-
tary defects of thyroid hormone formation. Thyroid
peroxidase is typically elevated in thyroid tissue from hyper-
thyroid patients, and frequently diminished in patients with
Hashimoto’s thyroiditis (Ruf & Carayon 2006). 

There is much evidence that plasma membrane oxidore-
ductase activity may lead to activation of the Na/H antiport or
exchanger, a ubiquitous plasma membrane protein exchang-
ing Na+ and H+ ions according to the concentration gradient
and the main modulator of intracellular pH (Putney et al
2002). This is not surprising since a transmembrane one- or
two-electron transfer is different from a simple hydride trans-
fer and actually corresponds to the generation of a proton gra-
dient, in analogy with the process that occurs in the
mitochondrial electron transport chain. It has been suggested
that the transplasma membrane NADH oxidoreductases could
affect intracellular pH through the Na/H exchanger activity,
leading to cell proliferation via a pathway involving kinases
(Rufini et al 1999). The Na/H exchanger is in fact activated
by kinases and calcium ions (D’Arezzo et al 2004), and all
hormones and growth factors acting through kinases could, at
least in principle, change the Na/H exchanger activity.
Intriguingly, the extracellular ferricyanide reduction by

JPP59(12).book  Page 1717  Wednesday, November 7, 2007  3:48 PM



1718 Sandra Incerpi et al 

membrane oxidoreductases is known to be inhibited by ami-
loride, a specific inhibitor of the Na/H antiport, although it
should be remembered that amiloride also inhibits copper
amine oxidases like VAP-1 (Padiglia et al 1999). Various
redox enzymes have been suggested to participate in this type
of membrane redox processes, perhaps the most surprising
being the mitochondrial porin isoform 1 (VDAC1). This volt-
age-dependent anion channel is the major protein in the outer
mitochondrial membrane, but it is also found in the plasma
membrane where it has a second career acting as a transmem-
brane NADH-ferricyanide reductase (Baker et al 2004). Other
NADH oxidases, the so-called ECTO-NOX proteins, are
located on the external surface of the cell membrane, but may
receive electrons from a NADH-quinone reductase at the
cytosolic side of the membrane, with coenzyme Q mediating
the transport across the membrane: a complete plasma mem-
brane electron transport chain (Morré & Morré 2004; Scarlett
et al 2005). There has been much progress in the characteriza-
tion of these various redox enzymes in the last few years;
however, their physiological importance is still uncertain, and
the possible regulatory roles of hormones and other factors
are still far from being elucidated. 

Conclusions 

It is now convincingly documented that reactive oxygen spe-
cies have important physiological functions as participants in
signalling transduction pathways and regulators of cell mech-
anisms, but at the same time the ROS inevitably generated as
a by-product of an oxygen-based metabolism are highly
toxic. Cells have to live with this paradox; they have to elimi-
nate dangerous levels of ROS, without interfering with the
subtle systems by which a variety of hormones and other bio-
active factors trigger transient bursts of small amounts of
ROS. Evidently the cellular antioxidant defence is capable of
maintaining that delicate equilibrium and removing excessive
amounts of ROS without removing too much. However, the
existence of this complex and finely tuned mechanism may
also explain why treatments with natural or synthetic antioxi-
dants often produce unpredictable effects in-vitro and in-vivo
(Dröge 2001; Valko et al 2007). To develop efficient antioxi-
dant therapy for the future it is necessary to appreciate both
the good and the bad side of reactive oxygen species. 

Babior, B. M. (2004) NADPH oxidase. Curr. Opin. Immunol. 16: 42–47 
Bae, Y. S., Kang, S. W., Seo, M. S., Baines, I. C., Tekle, E., Chock,

P. B., Rhee, S. G. (1997) Epidermal growth factor (EGF)-induced
generation of hydrogen peroxide. J. Biol. Chem. 272: 217–221 

Bae, Y. S., Sung, J. Y., Kim, O. S., Kim, Y. J., Hur, K. C., Kazlaus-
kas, A., Rhee, S. G. (2000) Platelet-derived growth factor induced
H2O2 production requires the activation of phosphatidylinositol 3-
kinase. J. Biol. Chem. 275: 10527–10531 

Baker, M. A., Lane, D. J. R., Ly, J. D., De Pinto, V., Lawen, A.
(2004) VDAC1 is a transplasma membrane NADH-ferricyanide
reductase. J. Biol. Chem. 279: 4811–4819 

Barillari, G., Albonici, L., Incerpi, S., Bogetto, L., Pistritto, G.,
Volpi, A., Ensoli, B., Manzari, V. (2001) Inflammatory cytokines
stimulate vascular smooth muscle cells locomotion and growth by

enhancing a5b1 integrin expression and function. Atherosclerosis
154: 377–385 

Bedard, K., Krause, K.-H. (2007) The NOX family of ROS-generat-
ing NADPH oxidases: physiology and pathophysiology. Physiol.
Rev. 87: 245–313 

Bergh, J. J., Lin, H.-Y., Lansing, L., Mohamed, S. N., Davis, F. B.,
Mousa, S., Davis, P. J. (2005) Integrin aVb3 contains a cell sur-
face receptor site for thyroid hormone that is linked to activation
of mitogen-activated protein kinase and induction of angiogenesis.
Endocrinology 146: 2864–2871 

Bokoch, G. M., Knaus, U. G. (2003) NADPH oxidase: not just for
leukocytes anymore! Trends Biochem. Sci. 28: 502–508 

Boomsma, F., Hut, H., Bhaggoe, U., van der Houwen, A., van den
Melracker, A. (2005) Semicarbazide-sensitive amine oxidase
(SSAO): from cell to circulation. Med. Sci. Monit. 11: RA122–126 

Carnesecchi, S., Carpentier, J.-L., Foti, M., Szanto, I. (2006) Insulin-
induced vascular endothelial growth factor expression is mediated
by the NADPH oxidase NOX3. Exp. Cell. Res. 312: 3413–3424 

Chiarugi, P., Cirri, P. (2003) Redox regulation of protein tyrosine
phosphatases during receptor tyrosine kinase signal transduction.
Trends Biochem. Sci. 28: 509–514 

Crane, F. L., Sun, I. L., Clark, M. G., Grebing, C., Löw, H. (1985)
Transplasma-membrane redox systems in growth and develop-
ment. Biochim. Biophys. Acta 811: 233–264 

Crane, F. L., Sun, I. L., Barr, R., Löw, H. (1991) Electron and proton
transport across the plasma membrane. J. Bioenerg. Biomembr.
23: 773–803 

Czech, M. P., Lawrence, J. C. Jr., Lynn, W. S. (1974) Evidence for
the involvement of sulfhydryl oxidation in the regulation of fat
cell hexose transport by insulin. Proc. Natl. Acad. Sci. USA 71:
4173–4177 

Dai, Q., Borenstein, A. R., Wu, Y., Jackson, J. C., Larson, E. B.
(2006) Fruit and vegetable juices and Alzheimer’s disease: the
Kame Project. Am. J. Med. 119: 751–759 

D’Arezzo, S., Incerpi, S., Davis, F. B., Acconcia, F., Marino, M.,
Farias, R. N., Davis, P. J. (2004) Rapid nongenomic effects of
3,5,3′-triiodothyronine on the intracellular pH of L-6 myoblasts
are mediated by intracellular calcium mobilization and kinase
pathway. Endocrinology 145: 5694–5703. 

Davies, K. J. A. (1995) Oxidative stress: the paradox of aerobic life.
In: Rice-Evans, C., Halliwell, B., Lunt, G. G. (eds) Free radicals
and oxidative stress: environment, drugs and food additives,
London: Portland Press, pp 1–31 

Davis, P. J., Davis, F. B., Cody, V. (2005) Membrane receptors mediat-
ing thyroid hormone action. Trends Endocrinol. Metab. 16: 429–435 

Dröge, W. (2001) Free radicals in the physiological control of cell
function. Physiol. Rev. 82: 47–95 

Ellem, K. A. O., Kay, G. F. (1983) Ferricyanide can replace pyruvate
to stimulate growth and attachment to serum restricted human
melanoma cells. Int. Rev. Cytol. 85: 39–61 

Felty, Q. (2006) Estrogen-induced DNA synthesis in vascular
endothelial cells is mediated by ROS signaling. BMC Cardiovasc.
Disord. 6: 16 

Felty, Q., Xiong, W. C., Sun, D., Sarkar, S., Singh, K. P., Parkash, J.,
Roy, D. (2005) Estrogen-induced mitochondrial reactive oxygen
species as signal-transducing messengers. Biochemistry 44: 6900–
6909 

Fridovich, I. (1975) Superoxide dismutase. Ann. Rev. Biochem. 44:
147–159 

Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y.,
Nakajima, Y., Nakayama, O., Makishima, M., Matsuda, M.,
Shimomura, I. (2004) Increased oxidative stress in obesity and its
impact on metabolic syndrome. J. Clin. Invest. 114: 1752–1761 

Geiszt, M., Witta, J., Baffi, J., Lekstrom, K., Leto, T. L. (2003) Dual
oxidases represent novel hydrogen peroxide sources supporting
mucosal surface host defense. FASEB J. 17: 1502–1504 

References 

JPP59(12).book  Page 1718  Wednesday, November 7, 2007  3:48 PM



Plasma membrane redox systems and hormones 1719

Goldstein, B. J., Mahadev, K., Wu, X. (2005) Insulin action is facili-
tated by insulin-stimulated reactive oxygen species with multiple
potential signaling targets. Diabetes 54: 311–321 

Guo, Z., Xia, Z., Jiang, J., McNeill, J. H. (2007) Downregulation of
NADPH oxidase, antioxidant enzymes, and inflammatory markers
in the heart of streptozotocin-induced diabetic rats by N-acetyl-L-
cysteine. Am. J. Physiol. 292: H1728–H1736 

Halliwell, B. (2007) Dietary polyphenols: good, bad, or indifferent
for your health? Cardiovasc. Res. 73: 341–347 

Halliwell, B., Gutteridge, J. (2007) Free radicals in biology and
medicine. 4th edn, Oxford University Press, Oxford 

Harman, D. (2003) The free radical theory of aging. Antiox. Redox.
Signal. 5: 557–561 

Hayes, G. R., Lockwood, D. H. (1987) Role of insulin receptor phos-
phorylation in the insulinomimetic effects of hydrogen peroxide.
Proc. Natl. Acad. Sci. USA 84: 8115–8119 

Hollenberg, M. (1971) Effect of oxygen on growth of cultured myo-
cardial cells. Circ. Res. 28: 148–157 

Iaccio, A., Collinet, C., Gesualdi, N. M., Ammendola, R. (2007) Pro-
tein kinase C-a and -d are required for NADPH oxidase activation
in WKYMVm-stimulated IMR90 human fibroblasts. Arch. Bio-
chem. Biophys. 459: 288–294 

Incerpi, S., De Vito, P., Luly, P., Spagnuolo, S., Leoni, S. (2002)
Short-term effects of thyroid hormones and 3,5-diiodothyronine
on membrane transport systems in chick embryo hepatocytes.
Endocrinology 143: 1660–1668 

Jagnandan, D., Church, J. E., Banfi, B., Stuehr, D. J., Marrero, M. B.,
Fulton, D. J. R. (2007) Novel mechanism of activation of NADPH
Oxidase 5. Calcium sensitization via phosphorylation. J. Biol.
Chem. 282: 6494–6507 

JeBailey, L., Wanono, O., Niu, W., Roessler, J., Rudich, A., Klip, A.
(2007) Ceramide- and oxidant-induced insulin resistance involve
loss of insulin-dependent rac-activation and actin remodeling in
muscle cells. Diabetes 56: 394–403 

Kahn, C. R. (1979) What is the molecular basis for the action of
insulin? Trends Biochem. Sci. 4: N263–N266 

Katz, A. (2007) Modulation of glucose transport in skeletal muscle
by reactive oxygen species. J. Appl. Physiol. 102: 1671–1676 

Kheradmand, F., Werner, F., Tremble, P., Symons, M., Werb, Z.
(1998) Role of Rac1 and oxygen radicals in collagenase-1 expres-
sion induced by cell shape change. Science 280: 898–902 

Krieger-Brauer, H., Medda, P. K., Kather, H. (1997) Insulin-induced
activation of NADPH-dependent H2O2 generation in human adi-
pocyte plasma membranes is mediated by Gai2. J. Biol. Chem.
272: 10135–10143 

Levi-Montalcini, R. (1987) The nerve growth factor 35 years later.
Science. 237: 1154–1162 

Li, J. M., Shah, A. M. (2003) ROS generation by nonphagocytic
NADPH oxidase: potential relevance in diabetic nephropathy. J.
Am. Soc. Nephrol. 14: S221–S226 

Mahadev, K., Motoshima, H., Wu, X., Ruddy, J. M., Cheng, G.,
Lambeth, J. D., Goldstein, B. J. (2004) The NAD(P)H oxidase
homolog Nox4 modulates insulin-stimulated generation of H2O2
and plays an integral role in insulin signal transduction. Mol. Cell
Biol. 24: 1844–1854 

May, J. M., de Häen, C. (1979) Insulin-stimulated intracellular
hydrogen peroxide production in rat epididymal fat cells. J. Biol.
Chem. 254: 2214–2220 

McGivan, J. (1996) Mammalian amino acid transporters and their
regulation. Biochem. Soc. Trans. 25: 837–839 

Morré, D. J., Morré, D. M. (2004) Plasma membrane electron trans-
port. A metabolic process deserving of renewed interest. BioFac-
tors 20: 183–187 

Mouche, S., Mkaddem, S. B., Wang, W., Katic, M., Tseng, Y.-H.,
Carnesecchi, S., Steger, K., Foti, M., Meier, C. A., Muzzin, P.,
Kahn, C. R., Ogier-Denis, E., Szanto, I. (2007) Reduced expression

of the NADPH oxidase NOX4 is a hallmark of adipocyte differen-
tiation. Biochim. Biophys. Acta 1773: 1015–1027 

Müller, M. J., Seitz, H. J. (1983) Interaction of thyroid hormones and
cAMP in the stimulation of hepatic gluconeogenesis. Biochim.
Biophys. Acta 756: 360–368 

Newsholme, P., Haber, E. P., Hirabara, S. M., Rebelato, E. L.,
Propcopio, J., Morgan, D., Oliveira-Emilio, H. C., Carpinelli,
A. R., Curi, R. (2007) Diabetes associated cell stress and dysfunc-
tion – role of mitochondrial and non-mitochondrial ROS produc-
tion and activity. J. Physiol. 583: 9–24.

Opitz, N., Drummond, G. R., Selemidis, S., Meurer, S., Schmidt,
H. H. H. W. (2007) The ‘A’s and ‘O’s of NADPH oxidase regula-
tion: a commentary on ‘Subcellular localization and function of
alternatively spliced Noxo1 isoforms’. Free Rad. Biol. Med. 42:
175–179 

Padiglia, A., Medda, R., Lorrai, A., Murgia, B., Pedersen, J. Z.,
Finazzi Agrò, A., Floris, G. (1999) Interaction of pig kidney and
lentil seedling copper-containing amine oxidases with guanidin-
ium compounds. J. Enzyme Inhib. 15: 91–100 

Puntambekar, P., Mukherjea, D., Jajoo, S., Ramkumar, V. (2005)
Essential role of Rac1/NADPH oxidase in nerve growth factor
induction of TRPV1 expression. J. Neurochem. 95: 1689–1703 

Putney, L. K., Denker, S. P., Barber, D. L. (2002) The changing face
of the Na+/H+ exchanger, NHE1: structure, regulation and cellular
actions. Ann. Rev. Pharmacol. Toxicol. 42: 527–552 

Rask-Madsen, C., King, G. L. (2007) Mechanisms of disease:
endothelial dysfunction in insulin resistance and diabetes. Nat.
Clin. Pract. Endocrinol. Metab. 3: 46–56 

Ruf, J., Carayon, P. (2006) Structural and functional aspects of thy-
roid peroxidase. Arch. Biochem. Biophys. 445: 269–277 

Rufini, S., De Vito, P., Balestro, N., Pescatori, M., Luly, P., Incerpi, S.
(1999) PLA2 stimulation of Na+/H+ antiport and proliferation in
rat aortic smooth muscle cells. Am. J. Physiol. 277: C814–C822 

Saltiel, A. R., Pessin, J. E. (2002) Insulin signaling pathways in time
and space. Trends Cell Biol. 12: 65–71 

Saltiel, A. R., Pessin, J. E. (2003) Insulin signaling in microdomains
of the plasma membrane. Traffic 4: 711–716 

Sauer, H., Wartenberg, M., Hescheler, J. (2001) Reactive oxygen
species as intracellular messengers during cell growth and differ-
entiation. Cell. Physiol. Biochem. 11: 173–186 

Scarlett, D.-J.G., Herst, P. M., Berridge, M. V. (2005) Multiple pro-
teins with single activities or a single protein with multiple activi-
ties: the conundrum of cell surface NADH oxidoreductases.
Biochim. Biophys. Acta 1708: 108–119 

Schalk, I., Zeng, K., Wu, S.-K., Stura, E. A., Matteson, J., Huang, M.,
Tandon, A., Wilson, I. A., Balch, W. E. (1996) Structure and
mutational analysis of Rab GDP-dissociation inhibitor. Nature
381: 42–48 

Schultz Johansen, J., Harris A. K., Rychly, D. J., Ergul, A. (2005)
Oxidative stress and the use of antioxidants in diabetes: linking
basic science to clinical practice. Cardiovasc. Diabetol. 4: 5 

Slungaard A., Mahoney, J. R. Jr. (1991) Thiocyanate is the major
substrate for eosinophil peroxidase in physiologic fluids. Implica-
tions for cytotoxicity. J. Biol. Chem. 266: 4903–4910 

Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H.,
Painter, G. F., Holmes, A. B., Gaffney, P. R., Reese, C. B.,
McCormick, F., Tempst, P., Coadwell, J., Hawkins, P. (1998) Pro-
tein kinase B kinases that mediate phosphatidylinositol 3,4,5-tri-
sphosphate-dependent activation of protein kinase B. Science 279:
710–714 

Stokoe, D., Stephens, L. R., Copeland, T., Gaffney, P. R., Reese, C.
B., Painter, G. F., Holmes, A. B., McCormick, F., Hawkins, P. T.
(1997) Dual role of phosphatidylinositol-3,4,5-trisphosphate in the
activation of protein kinase B. Science 277: 567–570 

Suzukawa, K., Miura, K., Mitsushita, J., Hirose, K., Crystal, R.,
Kamata, T. (2000) Nerve growth factor-induced neuronal

JPP59(12).book  Page 1719  Wednesday, November 7, 2007  3:48 PM



1720 Sandra Incerpi et al 

differentiation requires generation of Rac1-regulated reactive
oxygen species. J. Biol. Chem. 275: 13175–13178 

Uchizono, Y., Takeya, R., Iwase, M., Sasaki, N., Oku, M., Imoto, H.,
Iida, M., Sumimoto, H. (2006) Expression of isoforms of NADPH
oxidase components in rat pancreatic islets. Life Sci. 80: 133–139 

Ushio-Fukai, M. (2006) Redox signaling in angiogenesis: role of
NADPH oxidase. Cardiovasc. Res. 71: 226–235 

Valko, M., Leibfritz, D., Moncol, J., Cronin, M., Mazur, M., Telser, J.
(2007) Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 39: 44–84 

Villalba, J. M., Navarro, F., Cordoba, F., Serrano, A., Arroyo, A.,
Crane, F. L., Navas, P. (1995) Coenzyme Q reductase from liver
plasma membrane: purification and role in trans-plasma membrane
electron transport. Proc. Natl. Acad. Sci. USA 92: 4887–4891 

Wehling, M., Losel, R. (2006) Non-genomic steroid hormone
effects: membrane or intracellular receptors? J. Steroid. Biochem.
Mol. Biol. 10: 180–183 

Wei, Y., Sowers, J. R., Nistala, R., Gong, H., Uptergrove, G. M.-E.,
Clark, S. E., Morris, E. M., Szary, N., Manrique, C., Stump, C. S.

(2006) Angiotensin II-induced NADPH oxidase activation impairs
insulin signaling in skeletal muscle cells. J. Biol. Chem. 281:
35137–35146 

Wei, Y., Whaley-Connell, A. T., Chen, K., Habibi, J., Uptergrove,
G. M., Clark, S. E., Stump, C. S., Ferrario, C. M., Sowers, J. R.
(2007) NADPH oxidase contributes to vascular inflammation,
insulin resistance, and remodeling in the transgenic (mRen2) rat.
Hypertension 50: 384–391 

Yang, M., Kahn, A. M. (2006) Insulin-stimulated NADH/NAD+
redox state increases NAD(P)H oxidase activity in cultured rat
vascular smooth muscle cells. Am. J. Hypertens. 19: 587–592 

Zurbriggen, R., Dreyer, J. L. (1994) An NADH diaphorase is located
at the cell plasma membrane in a mouse neuroblastoma cell line
NB41A3. Biochim. Biophys. Acta 1183: 513–520 

Zurbriggen, R., Dreyer, J. L. (1996) The plasma membrane
NADH-diaphorase is active during selective phases of the cell
cycle in mouse neuroblastoma cell line NB41A3. its relation to
cell growth and differentiation. Biochim. Biophys. Acta 1312:
215–222 

JPP59(12).book  Page 1720  Wednesday, November 7, 2007  3:48 PM


