
REACTIVE OXYGEN SPECIES IN 
INSULIN SIGNALING

ALTHOUGH HIGH LEVELS of circulating reactive oxygen
species have been well documented to play an impor-

tant role in the pathogenesis of tissue damage in the compli-
cations of diabetes mellitus (9), senescence (23), and other
related pathophysiological processes, it has been less appreci-
ated that smaller amounts of superoxide and hydrogen perox-
ide (H2O2) are generated by insulin stimulation at the cellular
level, and play a role in facilitating normal signal transduc-
tion by insulin, as well as a variety of other hormones and
growth factors. In fact, the initial recognition that insulin can
elicit reactive oxygen species in its target cells was made over
30 years ago. Recent work has begun to elucidate at a molec-

ular level the cellular mechanisms of reactive oxygen species
generation in response to insulin, involving the NADPH oxi-
dase system, and some of the enzymatic targets regulated by
reactive oxygen species, including protein tyrosine phos-
phatases (PTPases), and potentially other enzymes that are
dependent on the reduced state of a critical thiol moiety for
their catalytic activity. 

OXIDANTS AS INSULIN MIMICKERS AND
SECOND MESSENGERS

The potential involvement of oxidant species in insulin
signaling was initially explored in the early 1970s, with the
observation by Czech and colleagues that certain metal
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ABSTRACT

Oxidants, including hydrogen peroxide (H2O2), have been recognized for years to mimic insulin action on glu-
cose transport in adipose cells. Early studies also demonstrated the complementary finding that H2O2 was
elaborated during treatment of cells with insulin, suggesting that cellular H2O2 generation was integral to in-
sulin signaling. Recently, reactive oxygen species elicited by various hormones and growth factors have been
shown to affect signal transduction pathways in various cell types. We recently reported that insulin-stimu-
lated H2O2 modulates proximal and distal insulin signaling, at least in part through the oxidative inhibition of
protein tyrosine phosphatases (PTPases) that negatively regulate the insulin action pathway. Nox4, a homo-
logue in the family of NADPH oxidase catalytic subunits, was found to be prominently expressed in insulin-
sensitive cells. By various molecular approaches, Nox4 was shown to mediate insulin-stimulated H2O2 genera-
tion and impact the insulin signaling cascade. Overexpression of Nox4 also significantly reversed the
inhibition of insulin-stimulated receptor tyrosine phosphorylation by PTP1B, a widely expressed PTPase im-
plicated in the negative regulation of insulin signaling, by inhibiting its catalytic activity. These recent studies
have provided insight into Nox4 as a novel molecular link between insulin-stimulated reactive oxygen species
and mechanisms involved in their modulation of insulin signal transduction. Antioxid. Redox Signal. 7,
1021–1031.

Forum Review

ANTIOXIDANTS & REDOX SIGNALING
Volume 7, Numbers 7 & 8, 2005
© Mary Ann Liebert, Inc.

13991C21.pgs  6/15/05  2:37 PM  Page 1021



cations interacting with albumin could transfer electrons to a
cellular target and enhance glucose utilization by adipocytes
(14–16). Livingston and colleagues also contributed to these
early observations in their studies on insulin mimickers, in-
cluding polyamines, which were also found to act via the gen-
eration of H2O2 (45). Other groups also provided similar early
observations in this area (50).

A few years later, it was also reported that the stimulation
of glucose uptake in adipose cells by insulin was accompa-
nied by sulfhydryl oxidation (51, 56, 57). As early as 1977,
some of the enzymological characterization of this process
was already being elucidated. Insulin was shown to activate a
plasma membrane enzyme system with the properties of an
NADPH oxidase, resulting in the downstream production of
H2O2 (35, 52, 55, 57). These results initiated the development
of a new regulatory mechanism for insulin signaling involv-
ing a plasma membrane oxidase stimulated by insulin that
generates superoxide and H2O2 by the action of cellular su-
peroxide dismutase. Both of these reactive oxygen species
were postulated to have regulatory effects on the insulin ac-
tion cascade.

TYROSINE PHOSPHORYLATION OF THE
INSULIN RECEPTOR AND ACTIVATION OF

DOWNSTREAM INSULIN SIGNALING

Understanding the molecular mechanisms of insulin sig-
naling laid the foundation for determining the mechanism by
which cellular reactive oxygen species might modulate the in-
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sulin action cascade (Fig. 1). The insulin receptor was identi-
fied as a ligand-activated tyrosine kinase (20, 70) that under-
went autophosphorylation and catalyzed the tyrosine phos-
phorylation of its cellular substrate IRS proteins (31, 67). The
activation of the intracellular tyrosyl-specific protein kinase
domain of the insulin receptor is essential for virtually all of
insulin’s growth-promoting and metabolic effects (63). In-
sulin binding elicits the rapid autophosphorylation of specific
tyrosine residues as a cascade (24, 74). In the receptor kinase
domain, two of the three regulatory tyrosyl residues become
rapidly phosphorylated upon receptor activation, followed by
phosphorylation of the third tyrosyl residue, which leads to
full activation of the receptor kinase toward exogenous sub-
strates. Thus, at the very least, the transition between the bis-
and tris-phosphorylated forms of the receptor regulatory do-
main serves as a discrete molecular “switch” that determines
the overall degree of insulin receptor kinase activation (30).
This rapid reversibility of receptor phosphorylation is a key
feature that helps to determine the level of activation of in-
sulin signaling in the cell.

The prototypic IRS protein, IRS-1, and the other members
of the IRS family contain multiple tyrosyl residues that are
efficiently phosphorylated by the receptor kinase (73). The
IRS proteins act as adapter or “docking” scaffolds for the
binding of a several downstream proteins that transmit the in-
sulin signal by forming tight but noncovalent associations via
their Src homology 2 (SH2) domains with the phosphotyrosyl
side chains of IRS, including, for example, the p85 subunit of
phosphatidylinositol (PI) 3�-kinase, the SH2/SH3 adapter
proteins growth receptor bound protein 2 (Grb2) and Nck,
and an intracellular PTPatase, SHP-2 (Fig. 1). Once bound,
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FIG. 1. Potential sites of action for reactive oxygen species in the regulation of the insulin signaling pathway. This simpli-
fied scheme shows the major pathways of insulin signaling, involving activation of the receptor tyrosine kinase cascade leading
initially to the tyrosine phosphorylation of the receptor and its cellular substrate IRS proteins and Shc (63). The steady-state level
of tyrosine phosphorylation of these proteins is regulated by PTPases, a family of enzymes that constitute one of the key targets of
regulation by reactive oxygen species in the cell. Additional thiol-sensitive regulatory proteins that strongly impact on the insulin
action cascade include PTEN, PP2A, and MKP-1. See text for discussion and additional references. GSK3, glycogen synthase ki-
nase 3; PDK, phospholipid-dependent kinase; PKC, protein kinase C.
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these proteins are activated by conformational changes and
the subcellular compartmentalization resulting from this in-
teraction (63). PI 3-kinase, activated by the docking of its p85
subunit to phosphorylated IRS-1, is linked to the activation of
glucose transport, p70 S6 kinase activation, and nuclear DNA
synthesis and gene expression. PI 3-kinase is also linked to
activation of the protein kinase Akt (protein kinase B) and
further downstream responses involving glucose transporter 4
(GLUT4) vesicle translocation and glucose transport activa-
tion. Binding of SHP-2 to IRS-1 activates its intrinsic PTPase
activity, which is involved in mitogenic signaling. Grb2 links
IRS-1 phosphorylation to the Ras pathway via SOS (son of
sevenless protein), which stimulates p21ras activation. Alter-
natively, insulin-stimulated tyrosine phosphorylation of Shc
enables it to bind Grb2, which can then also activate Ras.
Downstream of Ras, insulin signaling is coupled to mitogen-
activated protein (MAP) kinase kinase (MEK), which acti-
vates the MAP kinase pathway.

REVERSIBLE TYROSINE
PHOSPHORYLATION IN THE

REGULATION OF INSULIN SIGNALING

As purified insulin receptors retain their autophosphoryla-
tion state even after insulin is removed from the ligand bind-
ing site (29, 34), it has been recognized that cellular PTPase
activity plays a pivotal role in the down-regulation of receptor
kinase activity and the insulin action cascade. Given the mul-
tisite phosphorylation of various tyrosine residues on the in-
sulin receptor and its substrate proteins, different PTPases, or
mechanisms that regulate their interaction with specific phos-
photyrosine sites on various IRSs, may play an important reg-
ulatory role in differentially affecting postreceptor insulin
signaling (27).

CANDIDATE PTPASES FOR THE
REGULATION OF INSULIN SIGNALING

The family of PTPase enzymes is extensive, and various
homologues are involved in a variety of signal transduction
pathways. In insulin signaling, evidence from a variety of lab-
oratories has demonstrated a regulatory role for the intracel-
lular enzyme protein tyrosine phosphatase 1B (PTP1B) (26,
68), and to a lesser extent other homologues, including the
transmembrane receptor-type enzyme LAR (leukocyte anti-
gen related) (27, 39, 59, 77), and more recently, the intracel-
lular enzyme TC-PTP (T-cell phosphatase) (25). The consid-
erable data implicating PTP1B as a negative regulator of the
insulin action pathway have included manipulation of PTP1B
expression, or expression of recombinant, inactive PTP1B
constructs that demonstrate effects on insulin action, as well
as a physical association between PTP1B and the autophos-
phorylated insulin receptor (for recent reviews, see 26, 68).
The most compelling evidence for PTP1B in insulin signaling
stems from studies in two independently derived lines of
transgenic mice showing that PTP1B is a key regulator of in-
sulin action in vivo (21, 33). Although the PTP1B knockout
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mice had no obvious disease phenotype and normal fetal via-
bility, they exhibited a heightened level of insulin sensitivity
with enhanced glucose and insulin tolerance. The mechanism
of improved insulin responsiveness was related to an en-
hancement of insulin receptor autophosphorylation that oc-
curred in a tissue-specific fashion, with enhanced insulin re-
sponsiveness in skeletal muscle and liver that was relatively
unchanged in adipose tissue.

PTPASES ARE THIOL-DEPENDENT
ENZYMES REGULATED BY THE

CELLULAR REDOX STATE

A key feature of PTPases in the regulation of the insulin
action pathway is tied in with the recognition that these en-
zymes are regulated by alterations of the redox state of the
PTPase catalytic center. As an enzyme family, the PTPases
share a common catalytic motif, a conserved ~230 amino acid
domain that contains an 11-residue signature sequence con-
sisting of (I/V)HCXAGXXR(S/T/G) (1, 27, 69). This se-
quence includes the cysteine residue required to catalyze the
hydrolysis of protein-phosphotyrosine residues by the forma-
tion of a cysteinyl-phosphate intermediate (4, 18). The reac-
tivity of the catalytic thiol residue is determined by hydrogen
bonding in the three-dimensional structure of the enzyme that
lowers its pKa and favors a relatively ionized state of the cys-
teinyl hydrogen (61).

The stepwise oxidation of the catalytic cysteine residue of
PTPases by reactive oxygen species to more inert forms has
been recognized to be a major source of their enzymatic regu-
lation in vivo (17, 22, 43, 53) (Fig. 2). Initially, the catalytic
cysteine thiol is oxidized to the sulfenic (�SOH) form, which
is a reversible alteration, amenable to reduction by cellular
enzymatic mechanisms or with reducing agents in vitro,
which restores the catalytic thiol group (13, 19). Further se-
quential steps of oxidation, to sulfinic (–SO2H) and sulfonic
(�SO3H) forms, can lead to irreversible PTPase inactivation
(5). Additionally, PTPases can undergo disulfide conjugation
in the cell with glutathione, forming an inactive glutathio-
lated form, which is also potentially reversible by specific
cellular reductases (6). This general scheme appears to con-
stitute a major regulatory mechanism for PTPases within the
cellular environment and directly impacts on their effects on
signal transduction.

Recent work has also identified additional novel means by
which the activity of partially oxidized protein thiol side-
chains can be regenerated (61). A novel class of ‘sulfiredoxin’
enzymes capable of reducing protein cysteine-sulfinic acid in
yeast has been recognized (7). This sulfiredoxin reaction re-
quires ATP and magnesium, and its mechanism involves acti-
vation by phosphorylation followed by a thiol-mediated reduc-
tion step. The rapid reduction of the sulfinic form of
peroxiredoxin I to the catalytically active thiol form has also
been demonstrated, consistent with a new type of cyclic modi-
fication by which the enzymatic function of these redox-sensi-
tive proteins is regulated (75). It remains to be demonstrated
whether PTPases oxidized to the sulfinic form are amenable to
reduction and regeneration by this novel mechanism.
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The sulfenic acid intermediate produced by mild oxidation
of PTP1B has also recently been shown to be rapidly con-
verted to a previously unknown sulfenyl-amide species, in
which the sulfur atom of the catalytic cysteine is covalently
linked to the main-chain nitrogen of an adjacent residue (62,
72). Oxidation of PTP1B to the sulfenyl-amide form is ac-
companied by large conformational changes in the catalytic
site that inhibit substrate binding. This novel structure ap-
pears to be a stabilizing modification that protects the active-
site cysteine from further irreversible oxidation to sulfonic
acid and at the same time serves to regulate the enzyme by
promoting its reversible reduction by thiols. A novel regula-
tory scheme has thus been developed whereby this intermedi-
ate can be reversed by thiol conjugation with glutathione or
other thiol reactive groups in the cell (62, 72).

The intracellular circuits that regulate the catalytic activity
of the PTP1B are consistent with studies demonstrating that
the activity of PTP1B (and other PTPases) assayed in vitro
can be dissociated from their tissue protein mass (8, 12). As
the assay of PTPases from tissues and cell lysates is typically
performed under conditions of strong biochemical reduction,
the mild levels of enzyme oxidation that might occur in the
intact cells can be overcome in vitro. Using a controlled
anaerobic environment for enzyme assays (78), we reported
that the endogenous PTPase activity in omental adipose tis-
sue was more than two-fold higher than the activity in paired
samples of subcutaneous adipose tissue (76). A substantial
fraction of PTPase activity in human adipose tissue was also
found to be present in a latent, oxidized form that can be reac-
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tivated to various degrees by biochemical reduction in vitro,
confirming that reversible oxidation serves as an important
means of PTPase regulation in vivo (78).

INSULIN RECEPTOR ACTIVATION AS A
POTENTIAL SITE OF REDOX

MODULATION

Novel evidence for redox modulation of insulin signaling
was also reported in a series of articles by Schmid et al. (64,
65), who showed that antioxidant treatment of cells inhibits
insulin responsiveness. Conversely, creating mildly oxidative
intracellular conditions decreased the sulfhydryl content of
the insulin receptor �-chain and enhanced the activation of
the receptor by insulin. Kinetic analysis of the receptor kinase
activation suggested that optimal insulin responsiveness in-
volved a process of “redox priming” of the �-subunit. Further
studies suggested that phosphocreatine in combination with
H2O2 may serve as an alternative phosphate donor for the in-
sulin receptor at a distinct binding site from ATP.

ADDITIONAL POTENTIAL REDOX
TARGETS IN INSULIN-SENSITIVE CELLS

Several additional enzymes that regulate downstream
components in the insulin signaling cascade are also potential

FIG. 2. Regulation of PTPase catalytic activity by oxidation, conjugation, and reduction of the catalytic cysteine residue.
A key feature of PTPases in the regulation of signal transduction is the modulation of their activity by alterations of the oxida-
tion–reduction state of the enzyme catalytic center. The catalytic cysteine of the PTPases is especially reactive because of the low
pKa of the sulfhydryl that favors a relatively ionized state of the cysteinyl hydrogen (61), and stepwise oxidation of the catalytic
cysteine residue of PTPases by reactive oxygen species to more inert forms is a major source of enzymatic regulation in vivo (17,
23, 53). Oxidation of the catalytic thiol to the sulfenic (�SOH) form is reversible. Higher order oxidation to sulfinic (�SO2H)
and sulfonic (�SO3H) forms can lead to irreversible PTPase inactivation. Mildly oxidized PTPases can undergo disulfide conju-
gation in the cell with glutathione (6). A novel sulfenyl-amide derivative of PTP1B has been shown to undergo GSH conjugation
or direct biochemical reduction with DTT (62, 72). Active enzyme can be regenerated from glutathiolated enzyme by cellular
GSH reductases. Whereas the sulfonic-acid derivative of the active site cysteine is felt to be irreversible, the sulfinic-acid deriva-
tive may be reduced by a novel class of recently described sulfiredoxin enzymes (7) to a conjugated form that precedes the regen-
eration of the active enzyme. These mechanisms of PTPase regulation are an active area of current research. See text for further
discussion and references.
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targets of redox regulation (Fig. 1). For example, the serine
protein phosphatase PP2A, which has been implicated in the
negative regulation of Akt by dephosphorylation of Ser-473,
has a redox-sensitive cysteine residue that is potentially sus-
ceptible to inhibition by H2O2 (28). The dual-specificity
(tyr/ser) phosphatase MAP kinase phosphatase 1 (MKP-1),
which attenuates insulin-stimulated MAP kinase activity
(40), is also dependent on a reduced thiol for activity. As an
immediate-early gene, MKP-1 mRNA expression is also in-
creased in a variety of cell types by reactive oxygen species
(32). The tumor suppressor PTEN (phosphatase and tensin
homologue), which dephosphorylates the 3�-phosphate of in-
ositol phospholipids generated by PI 3�-kinase, can modulate
downstream signaling by insulin and a number of other
growth factors (58). PTEN is inactivated by exposure to oxi-
dant molecules, which cause a disulfide linkage between two
essential cysteine residues in its active site (44). Subsequent
reduction of H2O2-oxidized PTEN in cells appears to be me-
diated predominantly by thioredoxin, suggesting that this reg-
ulatory system provides a novel means of controlling the ac-
cumulation of 3�-phosphorylated phosphoinositides in the
cell (44).

ROLE OF INSULIN IN THE GENERATION
OF CELLULAR REACTIVE OXYGEN

SPECIES

In recent studies, we have attempted to link the observa-
tions that a “burst” of intracellular reactive oxygen species
resulting from cellular insulin stimulation may be associated
with reversible oxidative inhibition of cellular PTPase activ-
ity (and potentially other cellular targets) that could modulate
insulin signaling. Consistent with the prior work in this area
cited above, we demonstrated that insulin stimulation gener-
ated a cellular oxidant signal in 3T3-L1 adipocytes loaded
with a redox indicator dye based on 2�,7�-dichlorodihydro-
fluorescein (DCF) that is trapped intracellularly after cleav-
age by cellular esterases [5(and 6)-chloromethyl-2�,7�-
dichlorodihydrofluorescein diacetate] (47). Following stim-
ulation of 3T3-L1 adipocytes with 100 nM insulin, a strong
oxidant signal was detected by DCF fluorescence within 1
min, peaked at 5 min, and began to dissipate by 10 min (Fig.
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3). The oxidant generated was shown to be H2O2, because
preincubation of the cells with catalase eradicated the fluo-
rescent signal, although it is also likely that the cellular H2O2

is derived from superoxide by dismutation in the cell. A dose-
response study using insulin exposure for 5 min showed that
H2O2 production was detectable between 0.1 and 1 nM and
was maximal at 10 nM. Similar results were observed in
human HepG2 hepatoma cells, with an insulin-stimulated
H2O2 signal evident at 1 min that increased through 10 min of
incubation and was also completely blocked by catalase
preincubation.

EFFECTS OF INSULIN-STIMULATED
REACTIVE OXYGEN SPECIES ON INSULIN

SIGNALING

The insulin-stimulated oxidant signal significantly en-
hanced the level of tyrosine phosphorylation of the insulin re-
ceptor and IRS proteins in 3T3-L1 adipocytes (47). Catalase
treatment had no effect on basal tyrosine phosphorylation,
but reduced the insulin-stimulated autophosphorylation of
the insulin receptor and the IRS proteins by ~48% and ~43%,
respectively. These data suggested that the insulin-stimulated
oxidant signal impacts early events in insulin action, po-
tentially by the oxidative inhibition of negatively regulatory
PTPases.

Looking into more distal signal interactions with the cellu-
lar oxidant-generating system, we used diphenyleneiodonium
(DPI), an inhibitor of cellular NADPH oxidase activity, which
blocked the insulin-stimulated cellular production of H2O2.
Cellular treatment with DPI completely inhibited the activa-
tion of PI 3�-kinase activity by insulin and reduced the in-
sulin-induced activation of the serine kinase Akt by up to
49% (46). The H2O2-induced activation of Akt was entirely
mediated by upstream stimulation of PI 3�-kinase activity, be-
cause treatment of 3T3-L1 adipocytes with the PI 3�-kinase
inhibitors wortmannin or LY294002 completely blocked the
subsequent activation of Akt by exogenous H2O2. Interest-
ingly, the effects we observed of H2O2 on downstream insulin
signaling in the adipocyte model were similar to observations
in other cell types, including fibroblasts, embryonic kidney
cells, and vascular smooth muscle cells, where activation of

FIG. 3. Insulin-stimulated production of
H2O2 in 3T3-L1 adipocytes. Differentiated
3T3-L1 adipocytes were serum-starved over-
night prior to stimulation with insulin as shown.
Intracellular H2O2 production was detected by
preloading the cells with DCF (Molecular
Probes) and detecting the fluorescent signal in
situ by confocal microscopy. (A) Insulin time
course performed using 100 nM insulin. (B) In-
sulin dose response performed with insulin
stimulation for 5 min [modified from Mahadev
et al. (47)].
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Akt by H2O2 is also abrogated by inhibition of PI 3�-kinase
(66, 71). These important findings suggest that cellular PI 3�-
kinase is a critical upstream mediator of Akt activation by ox-
idative molecules in a variety of signaling pathways, includ-
ing insulin action.

Preventing oxidant generation with DPI also blocked in-
sulin-stimulated glucose uptake and GLUT4 translocation to
the plasma membrane, providing further evidence for an oxi-
dant signal in the regulation of the distal insulin-signaling
cascade (46). Insulin stimulated a mean 3.7-fold increase in
glucose uptake in 3T3-L1 adipocytes that was completely ab-
rogated by prior incubation of the 3T3-L1 adipocytes with
DPI. Similar results were obtained using a plasma membrane
sheets assay, which assesses GLUT4 translocation to the
plasma membrane.

ROLE OF INSULIN-STIMULATED H2O2 IN
MAP KINASE ACTIVATION

Although blocking the insulin-induced rise in H2O2 with
DPI strongly attenuated the activation of the PI 3�-kinase
pathway by insulin, this treatment paradoxically led to an in-
crease in the activation of p42/p44 MAP kinase (49). DPI in-
hibited insulin-stimulated receptor and IRS-1/2 tyrosine
phosphorylation, and also reduced the association of Grb2
with IRS-1, suggesting that the effect of DPI on MAP kinase
activation occurred downstream of the insulin receptor and
IRS proteins. As DPI enhanced basal Grb2–SOS binding and
reduced the effect of insulin to potentiate the dissociation of
the Grb2–SOS complex, the effect of DPI was apparently me-
diated upstream of Raf-1 (Fig. 1). These studies revealed that
the insulin-stimulated oxidant signal may differentially affect
the two major downstream components of the insulin signal-
ing pathway, involving PI 3�-kinase and MAP kinase.

EFFECTS OF INSULIN-STIMULATED
REACTIVE OXYGEN SPECIES ON PTPASE

ACTIVITY

Considering the sensitivity of cellular PTPases to oxidiz-
ing molecules, and their relevance to the regulation of insulin
signal transduction, we explored how insulin stimulation
leads to alterations in total PTPase activity, as well as specifi-
cally of PTP1B, a major candidate PTPase for the regulation
of insulin action (26). We used a novel approach that involves
sample handling and analysis under anaerobic conditions to
preserve the endogenous activity of PTPases as isolated from
the cultured cells and avoid oxidation and artifactual enzyme
inhibition that occurs on exposure to air (78). Treatment of
HepG2 cells with 100 nM insulin for 5 min resulted in a
32–52% reduction in overall PTPase activity in the cell ho-
mogenate, the cytosol, and the solubilized particulate frac-
tion. Biochemical reduction of the enzyme samples with
dithiothreitol (DTT) prior to PTPase assay had no significant
effect on the control samples prior to insulin treatment, but
fully restored the reduced PTPase activity of the insulin-
treated samples, indicating that they had been reversibly oxi-
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dized and inactivated by insulin exposure. A similar but more
striking effect was observed using 3T3-L1 adipocytes, where
insulin treatment caused a 62% drop in PTPase activity in the
cell lysate, which was restored to within control levels by
treatment of samples with DTT prior to enzyme assay (47).

To determine the role of insulin-induced H2O2 in the oxida-
tive inhibition of cellular PTPase activity, cells were preincu-
bated with catalase prior to insulin stimulation and PTPase
assay (47). Catalase had no significant effect on the basal
level of PTPase activity. However, the presence of catalase
blocked the reduction of PTPase activity in the 3T3-L1
adipocyte cell lysate induced by insulin to a level that was not
significantly different from the control samples. This impor-
tant finding indicated that H2O2 mediated the oxidative inhi-
bition of cellular PTPase activity (47).

Insulin-stimulated generation of H2O2 also affected the
specific activity of PTP1B as isolated from intact cells (47).
We immunoprecipitated PTP1B from snap-frozen HepG2 cell
lysates under anaerobic conditions and assayed its activity
within the anaerobic chamber. Following insulin treatment
for 2–5 min, the activity of immunoprecipitated PTP1B was
reduced to 46% and 29% of control, respectively. In the con-
tinued presence of insulin, this effect was sustained for at
least 10 min. In 3T3-L1 adipocytes, insulin treatment also po-
tently reduced the activity of immunoprecipitated PTP1B to
12% of control, which was reversible to 72% of control by
preincubation of the immunoprecipitated enzyme with DTT
prior to PTPase assay (47). Catalase pretreatment also abol-
ished the insulin-induced inhibition of PTP1B. These find-
ings provided support for the hypothesis that the insulin-stim-
ulated H2O2 signal enhances the insulin-stimulated cascade
of tyrosine phosphorylation by oxidative inactivation of
PTP1B and possibly other tyrosine phosphatases.

EVIDENCE THAT THE NADPH OXIDASE
HOMOLOGUE NOX4 MEDIATES INSULIN-

STIMULATED GENERATION OF H2O2

The large amount of cellular reactive oxygen species elab-
orated by hematopoietic phagocytic cells in the process of
host defense in bactericidal killing is generated by an
NADPH oxidase complex that has been extensively charac-
terized (2). The phagocytic oxidase complex consists of six
subunits, including two plasma membrane-associated pro-
teins, gp91phox (the catalytic subunit, now also designated as
Nox2) and p22phox, which comprise flavocytochrome b558,
and four cytosolic factors, p47phox, p67phox, p40phox, and rac
(2). With the recognition that low levels of oxidant production
are coupled to cellular growth factor and insulin stimulation
(36, 37, 46, 47, 53, 60), Lambeth and colleagues recently
identified a small family of five homologous Nox (NADPH
oxidase) enzymes that are variably expressed in non-
hematopoietic tissues (11, 41).

To determine which of the five members of this family may
have a role in the insulin action pathway, we used RT-PCR,
combined with northern and western blot analysis, and found
that Nox4, a homologue of gp91phox, is highly expressed in in-
sulin-sensitive adipose and liver cells (48). We then explored
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the potential role of Nox4 in the generation of H2O2 by in-
sulin stimulation and in the regulation of cellular insulin ac-
tion using overexpression of wild-type Nox4, as well as two
dominant-negative constructs lacking binding domains for
NADPH or FAD/NADPH by adenovirus-mediated gene de-
livery in differentiated 3T3-L1 adipocytes. Overexpression
of Nox4 increased insulin-stimulated H2O2 generation by
21%, as assessed by DCF fluorescence. Importantly, both
deletion constructs acted in a dominant-negative fashion and
markedly attenuated insulin-stimulated H2O2 generation by
75%. Insulin-stimulated tyrosine phosphorylation of the in-
sulin receptor and IRS proteins was not significantly changed
in cells overexpressing wild-type Nox4, but was decreased by
as much as 56% and 58%, respectively, in cells expressing the
dominant-negative Nox4 deletion constructs (48).

Complementary studies with an RNAi approach to reduce
the protein mass of Nox4 by up to ~50% in 3T3-L1
adipocytes decreased insulin-stimulated receptor tyrosyl
phosphorylation by as much as 64% and decreased Akt phos-
phorylation up to 48% compared with cells transfected with a
scrambled control small inhibitory RNA (48). Overall, these
data provide strong evidence that Nox4 plays an important
role in the regulation of the insulin signaling pathway.

ROLE OF NOX4 IN THE MODULATION OF
INSULIN RECEPTOR TYROSINE
PHOSPHORYLATION BY PTP1B

To determine if Nox4 influenced the effect of PTP1B on
insulin signal transduction, we cotransduced two recombinant
adenoviruses to increase the level of expression of both
PTP1B and wild-type Nox4 or the dominant-negative FAD-
NADPH Nox4 deletion construct (48). As expected, over-
expression of PTP1B alone reduced the insulin-stimulated
autophosphorylation of the insulin receptor by 67%. Coex-
pression of Nox4 along with PTP1B significantly diminished
the effect of PTP1B alone on insulin receptor autophosphory-
lation by 46%. This effect was due to the catalytic activity of
Nox4, because expression of the FAD-NADPH deletion con-
struct had no effect on the inhibition of insulin-stimulated re-
ceptor autophosphorylation induced by PTP1B overexpres-
sion. These findings suggest that the effect of PTP1B to
inhibit insulin signal transduction can be blocked by the gen-
eration of reactive oxygen species by Nox4.

MECHANISM OF INSULIN-INDUCED H2O2

Cellular H2O2 generated by platelet-derived growth factor
(PDGF) stimulation of HepG2 cells expressing recombinant
PDGF receptors was shown to require PI 3�-kinase activation
(3). In contrast, we found that H2O2 production in response to
insulin in 3T3-L1 cells was not sensitive to PI 3-kinase in-
hibitors, suggesting that this process may bypass a key
postreceptor regulatory pathway for insulin’s metabolic ef-
fects (46). Detailed studies need to be done, however, to char-
acterize how activation of the insulin receptor may be cou-
pled to the NADPH oxidase complex.
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Small GTP-binding proteins, including Rac-1, have been
shown to be involved in the activation of NADPH oxidase in
response to growth factor and agonist stimulation (3, 42).
This observation may be relevant to work by Krieger-Brauer
and colleagues showing that the elaboration of cellular H2O2

during physiological insulin signal transduction is generated
by a novel plasma membrane-bound Mn2+-dependent
NADPH oxidase that is coupled to G�i2 (Fig. 4) (35, 38).
Other recent work has provided further evidence in several in
vivo models that G�i2 is linked to insulin action. For example,
G�i2 deficiency in a transgenic mouse model produces in-
sulin resistance and impaired glucose tolerance (54); con-
versely, conditional expression of a constitutively active mu-
tant of G�i2 in insulin-sensitive tissues mimics insulin action
in vivo with enhanced glucose tolerance and activation of
adipocyte GLUT4 recruitment, hexose transport, and glyco-
gen synthase (10). These data support the hypothesis that
G�i2 plays a permissive role for insulin signaling, possibly in-
volving a mechanism that couples insulin signaling to the
elaboration of reactive oxygen species, although this has not
yet been directly evaluated.

HIGH GLUCOSE INCUBATION
CONDITIONS MODULATE THE INSULIN-

STIMULATED PRODUCTION OF H2O2

Finally, we have recently found that the high glucose con-
ditions characteristic of diabetes mellitus and known to be as-
sociated with increased cellular reactive oxygen species (9)
can potentiate the cellular H2O2 signal elicited by insulin
(Fig. 4) (unpublished observations). 3T3-L1 adipocytes
maintained in 25 mM glucose showed a threefold increase in
basal cellular H2O2 (assessed by intracellular DCF fluores-
cence), compared with control cells (5 mM glucose). Follow-
ing stimulation with 1 nM insulin for 5 min, intracellular
H2O2 was increased 5.4-fold in 25 mM glucose compared
with control conditions. Interestingly, at 100 nM insulin stim-
ulation, the level of DCF fluorescence was similar under both
glucose conditions, suggesting that high glucose increases
the sensitivity of the oxidant signal to insulin stimulation.
High glucose conditions also potentiated the inhibition of
total cellular PTPase activity, as well as the endogenous activ-
ity of PTP1B, assayed under an inert atmosphere, consistent
with enhanced inhibition of thiol-sensitive PTPases by in-
creased cellular reactive oxygen species. Further work will
help explore whether these cellular effects of high glucose
significantly impact on insulin signal transduction pathways
in vivo.

PERSPECTIVE

After three decades, the initial recognition that insulin elic-
its an oxidant signal in its target cells has achieved new rele-
vance to insulin signaling. The detailed characterization of the
role of reactive oxygen species in signal transduction by a va-
riety of hormones and growth factors is currently an area of
intense interest. Ongoing research is involved in characteriz-
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ing the cellular targets that are susceptible to reversible and ir-
reversible oxidation by superoxide and H2O2 elicited by vari-
ous ligands, and the consequences of these reactions. The
mechanism of coupling and regulation of the NADPH oxidase
system to receptors for growth factors and insulin is also an
area of keen interest. Further work in this area will help define
the regulation of the cycles of oxidation and reduction of cel-
lular PTPases and other regulatory enzymes that serve an im-
portant function in modulating enzymatic steps in the signal
transduction cascade for insulin and other growth factors.
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