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Abstract

Regulation of hormonal, insulin/IGF-1 (Ins/IGF-1) signaling activities, and pathways of the intrinsic
generation of reactive oxygen species (ROS) play a role in aging and longevity determination. In this
review we discuss the cross-talk between these pathways as mechanisms of signaling that may be
important factors in the regulation of aging and longevity. The balance of physiological processes
controlling the rate of aging and longevity in several mouse mutants suggests the involvement of
cross-talk mechanisms of regulation of the insulin/IGF1 signaling pathway vs. the ROS signaling
pathways. In mice, modulation of the Ins/IGF-1 signaling pathways resulting from the Prop19f,
Pit19 and Igf1 receptor mutations exemplify the hormonal pathways associated with aging and
longevity determination. These pathways are also targets of the ROS-mediated redox pathways.
Similarly, the Klotho and p665"® mutants link regulation of ROS signaling pathways to aging and
longevity determination. Both of these models also display altered insulin signaling activity, a
characteristic associated with longevity. The Ins/IGF-1 signaling pathway is of particular interest
because of its decreased activity due to genetic manipulation vs. its responsiveness to ROS levels.
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1. Introduction

The striking similarity of the molecular and physiological processes of aging and longevity
determination are tightly conserved throughout evolution and involve the insulin-like hormone
receptor and its downstream effector molecules. Similarly, the activities of certain signaling
pathways that regulate the intrinsic generation of reactive oxygen species (ROS) also play a
major role in determination of aging and longevity. Integration of the insulin/IGF-1 (Ins/IGF-1)
signaling pathway and the second messenger ROS-mediated redox signaling pathways involve
regulatory cross-talk processes between these pathways. The molecular mechanisms of
signaling via cross-talk may play an important role in the mechanisms of regulation of aging
and longevity. Those mouse models of interest include the hypopituitary dwarf mice (Snell
and Ames dwarf mice) both of which have altered insulin and IGF-1 levels, the Klotho and
p665NC mutants which serve as examples of the role of redox signaling in aging and longevity
determination. A common physiological characteristic shared by these genetic models of
delayed aging and extended lifespan includes increased resistance to oxidative stress which
suggests the potential importance of cross-talk signaling between these pathways.
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The balance of physiological processes controlling the rate of aging in mammals, e.g.,
development, growth, reproduction, metabolism and resistance to oxidative stress, involves
the crosstalk mechanisms of regulation of the Ins/IGF-1 signaling pathway vs. the regulation
of ROS signaling pathways (Clancy et al., 2001; Holzenberger et al., 2003; Kenyon, 2005;
Tatar et al., 2003). In mice, modulation of the Ins/IGF-1 signaling pathways resulting from the
Prop19, Pit19%, and Igf1 receptor mutations exemplify the major hormonal pathways that play
an important role in aging and longevity determination (Brown-Borg et al., 1996; Coschigano
et al., 2000; Flurkey et al., 2001, 2002; Hsieh et al., 2002a,b). These mutations affect the
activities of the multiple components of these signaling pathways, i.e., phosphatidylinositol-3-
phosphate (PI3K), Akt and Forkhead proteins (Bluher et al., 2003; Holzenberger et al., 2003)
which are also targets of the ROS-mediated redox pathways.

On the other hand, the Klotho and p66Sht mutants link the role of oxidative stress and regulation
of ROS signaling pathways to aging and longevity determination. For example, overexpression
of Klotho in mice extends lifespan and displays decreased insulin signaling activity, a
characteristic associated with longevity (Kurosu et al., 2005). In contrast, deletion of Klotho
results in a phenotype suggestive of accelerated aging, which includes increased oxidative
stress that adversely affects the Ins/IGF-1 signaling pathway. Overexpression of klotho extends
lifespan suggesting that this gene functions as a suppressor of aging in mammals (Kurosu et
al., 2005). Klotho decreases insulin signaling activity by suppressing tyrosine phosphorylation
of the insulin and IGF-1 receptors. This reduces IRS protein association with PI3K, thereby
inhibiting insulin and IGF-1 signaling. Klotho-induced inhibition of Ins/IGF-1 signaling is also
associated with increased resistance to oxidative stress which potentially contributes to its anti-
aging properties. The mechanism of this resistance to oxidative stress involves: (a) binding of
Klotho to cell-surface receptor; (b) signaling the inhibition of FOXO phosphorylation which
provides the nuclear localization of this transcription factor; (c) FOXO binds to the MnSOD
promoter which induces its expression and enhances the removal of ROS; (d) this confers
resistance to oxidative stress (Yamamoto et al., 2005). Targeted disruption of the p665"¢ gene,
which results in a 30% increase in lifespan also confers an increased resistance to exogenous
oxidative stress and lowers the level of oxidative burden in vivo (Migliaccio et al., 1999;
Nemoto and Finkel, 2002; Trinei etal., 2002). The p66° protein belongs to a family of adaptor
molecules that regulate protein—protein interaction for a number of cell surface receptors,
including the insulin receptor (IR). This is based on its regulation of mammalian Forkhead
transcription factor activation that in turn may lead to increased anti-oxidant activities such as
catalase and superoxide dismutase (Kops et al., 2002; Nemoto and Finkel, 2002). Some of the
physiological characteristics of the long-lived mice lacking p66°1° correlate with decreased
mitochondrial function that includes mitochondrial generated ROS (Giorgio et al., 2005). This
is based on the observation that p665"° is a redox enzyme that generates ROS (H,05) as
signaling molecules for apoptosis (Giorgio et al., 2005). The mechanism of this function
invokes the use of reducing equivalents of the mitochondrial electron transport chain (ETC)
through the oxidation of cytochrome c. Thus, the p6651°¢ system provides an alternative redox
process associated with mitochondrial ETC function at complex 11l which generates
proapoptotic ROS in response to stress signals. Importantly initiation of p665n° activity is
linked to the IRB-subunit via the JM domain, the details of which are discussed in Section 8.
Thus, in the animals whose aging and longevity are altered by genetic manipulation of ROS
production, the Ins/IGF-1 pathway also appears to be affected.

Interestingly, the Ins/IGF-1 signaling pathway initiated by ligand—receptor complex formation
can be bypassed by ROS (Balaban et al., 2005), a response that mimics the downstream
targeting of the ligand—receptor activation, suggesting that ROS are potential physiological
factors that may influence longevity determination vs. acceleration of aging. The cross-talk
resulting from specific levels and duration of exposure to ROS may play a critical role in the
nature of the response to ROS, i.e., a balance between the delay vs. acceleration of the
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development of aging characteristics. In this context, the levels and source of radical ROS
activities of redox-sensitive signaling pathways are an integral part of both normal
physiological as well as pathological processes (Droge, 2005a,b). The Ins/IGF-1 signaling
pathway is of particular interest because of its decreased activity due to genetic manipulation
vs. its responsiveness to ROS levels, i.e., is there a difference between the insulin-IR/IGF-1-
IGF-1R-activation vs. the ROS-mediated bypass activation.

2. Cross-talk between Ins/IGF-1 and ROS-redox pathways in Snell and Ames
dwarf mice

Mutation analyses in the Snell (Pit-19%/d%) and Ames (Prop197df) Jong-lived mice have
identified signaling pathways that regulate longevity via hormone signal transduction (Bartke
etal., 1998; Brown-Borg et al., 1996; Coschigano etal., 2000; Flurkey et al., 2001, 2002; Hsieh
et al., 2002a,b). In these mice the GH deficiency alters the levels of circulating insulin and
IGF-1 thereby resulting in decreased activity of their pathway. Thus, the reduction-of-function
of the Ins/IGF-1 signaling pathway is an important physiological characteristic associated with
extended lifespan.

3. Redox modulation of Ins/IGF-1 signaling

The preliminary response to the IR-mediated activation stimulates ROS production in a variety
of cell types (Fig. 1). In adipocytes, it induces NAD(P)H oxidase activity that generates
H,0, (Droge, 2005a,b;Goldstein et al., 2005;Mahadev et al., 2001a,b). This activation of
endogenous H,05 plays a role in the autophosphorylation of the insulin receptor B-subunit
(IRB). There are both positive and negative autoregulatory roles of ROS in the regulation of
Ins/IGF-1 signaling. The positive autoregulatory mechanism implicates the NAD(P)H oxidase
system, which is the target of insulin-stimulated cellular H,O, production (Droge, 2005a,b).
The negative regulation involves the inhibition of response to insulin.

3.1. The autoregulatory loop—the primer effect

Mild intracellular oxidative conditions enhance the activation of the IRB-subunit, suggesting
that optimal insulin responsiveness involves a “redox priming” of the B-subunit (Goldstein et
al., 2005; Schmid et al., 1998, 1999). Thus, the cross-talk between Ins/IGF-1 and ROS signaling
is initiated by the insulin-mediated generation of low levels of endogenous H>O5 (Mahadev et
al., 2001a,b). This is essential for initial tyrosine phosphorylation of the IR and insulin receptor
substrate (IRS) protein(s) due to its reversible oxidative inhibition of protein tyrosine
phosphatase which enables IRB-subunit phosphorylation and facilitates insulin signaling
(Mahadev et al., 2001a,b; May et al., 1979; Meng, 2002). This level of cross-talk is the normal
physiological process (Fig. 2).

3.2. Potential redox targets in Ins/IGF-1 signaling—the effects of exogenous ROS

Using rat adipocytes in culture it has been shown that exogenous H,0O,, modulates insulin
signaling by stimulation of IR phosphorylation and tyrosine kinase activity. This response to
H»>05 is not a direct effect on the ligand binding domain of the receptor, but mimics the
physiological responses to insulin, such as glucose transport (Hayes and Lockwood, 1987),
glycogen synthesis (Lawrence and Larner, 1978), lipogenesis (May and de Haen, 1979)
lypolysis (Little and de Haen, 1980) and phosphoenolpyruvate carboxykinase gene expression
(Sutherland et al., 1997). On the other hand, long-term exposure to exogenous H,O- exerts an
inhibitory effect on insulin action by decreasing insulin-induced glucose transportand GLUT-4
translocation (Rudich et al., 1998). This is achieved by the phosphorylation of specific serine
residues of IRS-1 and IRS-2, a mechanism that attenuates the activation of PI3K and Akt, and
may be a part of the mechanism of insulin resistance (Werner et al., 2004; White, 2003). These
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studies suggest that low levels of endogenously generated H,O5 function as an initiator or
“primer” of IRB-subunit tyrosine phosphorylation (Mahadev et al., 2001a,b; May and de Haen,
1979; Schmid et al., 1998), and subsequent downstream signaling, whereas higher
concentrations and longer exposure to exogenous H,O, attenuate the insulin response (Gardner
et al., 2003; Potashnik et al., 2003; Rudich et al., 1998). These observations suggest that the
differences in the chronic age-associated exposure to increased endogenous oxidative stress
(H20,) may affect the activity of the Ins/IGF-1 pathway, as does the genetically mediated
down-regulation associated with longevity. However, the mechanism of attenuation of the
pathway by oxidative stress involves specific phosphorylation of the IRB-subunit and IRS
proteins and is often associated with pathological conditions while the genetic manipulation,
such as those of the dwarf mice, involves attenuation of the Ins/IGF-1 pathway activity which
is associated with longevity.

3.3. Differences in regulation of Ins/IGF—possible acceleration of aging characteristics

The IRB-chain contains multiple sites of tyrosine phosphorylation, i.e., at Tyr1158 Tyr1162 gnqd
Tyrl163 that are targets of oxidants such as H,O5, and the tyrosine phosphatase inhibitors,
vanadate and pervanadate, which exert insulin-like effects in the absence of insulin (Droge,
2005a,b). This enhancement is mediated by two different mechanisms shown in Fig. 2. One
of these mechanisms involves the direct enhancement of IR tyrosine kinase activity by insulin,
while the second involves the activation that bypasses insulin-IR binding that triggers tyrosine
phosphorylation (Fig. 2). Both of these actions are mediated by the oxidative inhibition of
tyrosine phosphatases, which function as negative regulators. The redox regulation of the
tyrosine phosphatases involves the reversible oxidation of the cysteine residue in the catalytic
site to sulfenic acid and sulfenylamide derivatives. Furthermore, H,O, interacts directly with
the redox-sensitive cysteine of the IR kinase domain and modulates its kinetic properties; this
involves the bypassing interaction that occurs independently of insulin-receptor ligand
formation (Droge, 2005a,b).

Redox-sensitive cysteine and tyrosine residues of signaling proteins play a major role in the
mechanism of redox-sensitive signaling, which enable a response to changes in ROS via the
status of the thiol/disulfide redox-cycle machinery (Droge, 2005a,b). The Ins/IGF-1 signaling
pathway is of particular interest because of the changes in its responsiveness to the ROS
environment. Thus, the lower levels of ROS activate while higher ROS levels inhibit its
signaling processes. This raises the question of whether the age-associated increase in
endogenous ROS production, which enhances aging characteristics is a consequence of altered
Ins/IGF-1 signaling. For example, the level of H,O5 impairment of insulin-induced receptor
autophosphorylation and down-regulation of target activities (PI3K, Akt, Forkhead
transcription factors and GLUT4 translocation) may all be consequences of age-associated
elevated intrinsic ROS levels. The ROS-mediated switching of tyrosine vs. serine
phosphorylation of IRS-1/IRS-2 in aged tissues may play a significant role in delayed vs.
accelerated aging (Gardner et al., 2003). Clearly, the multiple sites of regulation at the IRp-
chain and/or the IRS proteins suggest a sensitive balance between activation of the pathway
by tyrosine phosphorylation vs. delay or inhibition of the pathway by serine phosphorylation.

3.4. Insulin-ROS cross-talk at the insulin receptor

The insulin receptor contains information necessary to engage multiple signaling pathways

that can be differentially activated (Sattar et al., 2007). For example, insulin activation of the
IR-kinase leads to phosphorylation of the p5251¢ isoform, which is a splice variant of p665ht
and one of two cytoplasmic adaptor proteins (p525n¢/p465hc) involved in the intracellular ROS
production via signaling from activated tyrosine kinases to Ras (Pelicci et al., 1992). Although
p66°Nc has the same modular structure as p525n¢/p465hc, p52ShC js involved in Ras regulation
whereas p66°" regulates ROS metabolism and apoptosis (Migliaccio etal., 1997, 1999; Trinei
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et al., 2002). The phosphorylated p52ShC binds to the juxta membrane (JM) domain of IRB-
subunit that contains Tyr%72 (Gustafson et al., 1995; Sasaoka et al., 1994a,b). Deletion of
NPEY?72 in the JM domain of the p-subunit prevents phosphorylation of p5251¢, i.e., this
mutant shows a loss of insulin-mediated stimulation of p52Sh¢ phosphorylation (Sattar et al.,
2007). This suggests that the tyrosine residue of this motif is important for p525hc
phosphorylation (Berhanu et al., 1997). On the other hand, the JM domain-specific amino acids
of hIR do not play a critical role in IRS-1 phosphorylation as indicated by the activation of the
downstream Akt signaling molecule in the absence of the JM domain. Interestingly, the JM
domain separates insulin-stimulated ROS metabolism, and insulin stimulated IRS-1/IRS-2
activation. Both are discrete pathways that play a role in the regulation of aging and longevity.

3.5. Effects of exogenous ROS

At least three downstream components of the insulin signaling pathway are also potential
targets of redox regulation: (1) serine protein phosphatase (PP2A), which mediates the negative
regulation of Akt by dephosphorylation of Ser*’3, a redox-sensitive residue that is sensitive to
H»0o; (2) MAP kinase phosphatase-1 (MKP-1), which attenuates insulin-stimulated MAP
kinase activity, is dependent on reduced thiol for activity (Kusari et al., 1997). In addition,
MKP-1 mRNA is increased by ROS (Keyse, 1998); (3) phosphatase and Tenasin homologue
(PTEN), which dephosphorylates the 3'-phosphate of inositol phospholipids generated by
PI13K, modulates insulin signaling (Renetal., 1998). PTEN is inactivated by oxidant molecules,
which cause a disulfide linkage between two essential cysteine residues in its active sites (Lee
et al., 2002). Reduction of H,0,-oxidized PTEN is mediated by thioredoxin, which suggests
a mechanism by which the accumulation of 3’-phosphorylated phosphinositides is controlled
(Lee et al., 2002).

4. Redox-sensitive sites of the Ins/IGF-1 signaling pathways at IRS-1/IRS-2

Activation of the Ins/IGF-1 signaling pathway involves rapid autophosphorylation of two of
three regulatory tyrosine residues of the IRB kinase domain (Erbina et al., 1985; Saltiel and
Kahn, 2001; White and Kahn, 1994). This is followed by phosphorylation of the third tyrosyl
residue that determines the overall level of IR kinase activity (Hubbard, 1997).
Autophosphorylation of the IR tyrosine residues stimulates the docking of proteins of the IRS
family at these phosphorylated sites. Thus, phosphorylation of multiple tyrosyl residues of
IRS-1/IRS-2 sets up the activation of multiple downstream signaling targets of the pathway
(White, 2002).

4.1. The negative regulation of IRS-1/IRS-2 by ROS

Serine phosphorylation is part of the mechanism that involves the ROS-mediated negative
regulation of IRS signaling. Although there are over 70 potential serine phosphorylation sites
on IRS-1/IRS-2, hyperphosphorylation stimulated by ROS is associated with insulin resistance.
These phosphorylations occur at Ser302, Ser307, Ser612 and Ser832 (Furukawa et al., 2005;
Hirosumi et al., 2002; Kim et al., 2004; Um et al., 2004; Yu et al., 2002). The mechanism of
serine phosphorylation-mediated inhibition of IRS-1/IRS-2 is based on its ability to stimulate
dissociation between IRB-IRS-1 and/or IRS-1-PI3K, thus preventing activation of the
downstream PI3K, possibly increasing degradation of the IRS proteins (Egawa et al., 2000;
Lietal., 1999; Moeschel et al., 2004; Mothe and Van Obberghen, 1996). This represents
another mechanism of regulation of the IRS-1/IGF-1 signaling activity that may involve the
decrease in pool levels of specific signaling protein(s).

A similar mechanism occurs in the liver where accumulation of intracellular lipid metabolites
activate a serine kinase cascade leading to decreased IR kinase activity that results in (1) lower
insulin-stimulated IRS-2 tyrosine phosphorylation; (2) lower IRS-2-associated PI3K activity;
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(3) lower Akt activity (Hsieh et al., 2002a; Samuel et al., 2004). This results in decreased
phosphorylation of FOXO, which allows it to translocate to the nucleus where it activates the
transcription of redox enzymes such as MnSOD and rate-controlling enzymes of
gluconeogenesis. In general, studies of longevity in Ames and Snell mice and of rodent insulin
resistance indicate decreased insulin pathway activity. A difference, however, lies in the level
of serine phosphorylation of specific signaling proteins and the consequences of these
phosphorylations on pathway activity.

The IRS-1 and IRS-2 proteins, through their docking to activated InsRp (DuPont et al., 1998;
Shimomura et al., 2000; Whitehead et al., 2000), serve as a major crossroads that mediate the
downstream signaling cascade via the p85a regulatory and p110a/p110p catalytic subunits of
PI3K, and Akt (Nakae et al., 1999; Sun et al., 1995) that links the Ins/IGF-1 signaling to the
regulation of Forkhead transcription factors (AFX, FKHR and FKHRL1). These regulate such
biological processes as carbohydrate metabolism, cell cycle and apoptosis (Biggs et al.,
1999; Cahill et al., 2001; Kops et al., 1999; Rena et al., 1999;), the Ins/IGF-1 downstream
targets whose activities regulate lifespan in the long-lived dwarf mice (Bartke et al., 1998;
Brown-Borg et al., 1996; Coschigano et al., 2000; Flurkey et al., 2001, 2002).

5. Multiple pathways of PI3K subunit signaling

Genetic experiments in Caenorhabditis elegans, Drosophila and mice clearly implicate
phosphatidylinositol 3-kinase (P13K) as a key component of the Ins/IGF-1 signaling pathway
that regulates metabolism, cell growth and aging. Class 1A, PI3K, is a heterodimer composed
of one of three p85 regulatory subunits (p85a, p85p, and p85y); the p85a subunit binds to IRS-1
and IRS-2. The PI3K heterodimers also consist of the p110 catalytic subunits that bind to the
downstream AKT/PKB in the process of signal transduction (Engelman et al., 2006). The p85
regulatory subunits that complex with the p110 catalytic subunits to form the PI3K heterodimer
play a unique role in the multiplicity and diversity of the insulin signaling pathway: (a) they
serve as a bridge between the catalytic p110 isoforms and tyrosine-phosphorylated IRS proteins
(Figs. 1 and 2); (b) they regulate p110 catalytic activity which transduces the IR signal to the
downstream AKT/PKB protein; (c) as monomers, they serve to negatively regulate PI3K by
competing with p85—p110 for binding to IRS proteins, and (d) the regulatory p85 subunit can
down-regulate Ins/IGF-1 signaling by complexing to IRS-1/IRS-2 as a monomer (Ueki et al.,
2002). Thus, the magnitude of PI3K-dependent signaling is determined by the balance between
positive signals derived from p85—p110-IRS complex formation which transduces the signal
to its downstream substrate (Akt/PKB) or, the level of negative signaling derived from the
p85—-IRS complex which prevents transduction of the signal further downstream (Fig. 3).

The p85 monomer plays a novel role as a critical cross-roads site downstream of IRS-1/IRS-2,
by providing both the positive (PI3K activation) and negative (p85 feedback) regulation critical
in insulin signaling. These differential roles are supported by the improved insulin response
that occurs by deletion of p85 or by p85 deficiency which results in insulin hypersensitivity
(Fig. 3B). Monomeric p85 inhibits PIP3 production by competing with the PI3K heterodimer
for binding to IRS proteins or by altering the subcellular localization of the PI3K signaling
complexes. This mechanism prevents the localization of PI3K where its substrate, PI-4,5-P,
resides. Either directly or indirectly, p85 regulates the activity of PTEN in vivo in the liver.
Although it is not clear how the regulation occurs, the likely mechanism is that p85a enhances
PTEN function by modulating some post-translational modification or altering its subcellular
localization (Luo et al., 2005; Taniguchi et al., 2006a,b).

5.1. The negative regulation of IRS-1/IRS-2 by p85

The ROS-mediated differential phosphorylation of serine residues is part of the mechanism of
regulation of IRS-1/IRS-2 signaling. Another mechanism of regulation of the IRS signaling is
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mediated by binding of the p85 monomeric subunit to IRS-1. This complex blocks the
activation of the downstream pathway, i.e., Akt/PKB, since activation of PI3K requires the
binding of p85-p110 complexes to IRS-1/IRS-2 (Fig. 3). In this mechanism it is the abundance
of p85 regulatory monomers compared to the levels of the p110 catalytic monomers that confer
the negative regulatory function of p85. These monomers, upon binding to IRS proteins
interfere with the binding of p85-p110 heterodimers to phosphorylated IRS proteins (Mauvais-
Jarvis et al., 2002;Ueki et al., 2002). This negative regulatory function inhibits insulin action
and the physiological processes that decrease the monomeric p85 pool level thus enhancing
insulin signaling (Fig. 3). For example, mice lacking either the p85a or p85p regulatory
subunits exhibit increased insulin sensitivity (Brachmann et al., 2005). Thus, in the insulin
sensitive tissues of the p85a 7/~ animal there are decreased p110a and p110p catalytic subunits
and in p110a*/~ and p110p*/~ heterozygotes there is ~50% decrease in p85 expression in liver
and muscle. The knockdown of p110 by RNA interference also resulted in loss of p85 proteins
and is attributed to the decreased stability of the monomeric proteins. These studies suggest
that insulin sensitivity is regulated by a balance between p85 and p110 monomeric pool levels
and the level of the heterodimeric p85—p110 pool. Thus, p85 subunits play a negative role in
insulin signaling that is independent of their p110 subunit activation, and the ratio of p85 to
p110 plays a critical role in insulin sensitivity in vivo (Fig. 3). It is interesting that the ROS-
stimulation of phosphorylation of serine residues inactivate IRS-1/IRS-2, thus raising the
question of whether this serine modification and p85 binding to IRS-1/IRS-2 are interrelated.
Furthermore, the levels of monomeric p85 and dimeric p85—p110 in animals that age normally
and in the long-lived Snell, Ames and IGF-1R mutants, that are resistant to oxidative stress,
may play a key role in the level of activity of the Ins/IGF-1 pathways.

5.2. p85-mediated down-regulation of JNK activity

Another important regulatory function of the monomeric p85 is its p85-dependent, but PI3K-
independent signaling pathway that attenuates insulin-induced JNK1 activity in adipocytes and
liver (Fig. 4; Taniguchi et al., 2006a,b,2007; Terauchi et al., 1999;Ueki et al., 2002). This
mechanism involves the p85 activation of NAD(P)H oxidase-cdc42, which is an ROS
producing function. JINK1 is activated in p85~~ cells by expression of p85c and p85f
independently of levels of PI3K activity. Furthermore, the expression of p85a. restores insulin-
induced JNK activity. Thus, the mechanism of insulin induced activation of JNK occurs via
the p85-mediated activation of NAD(P)H oxidase-cdc42, without PI3K involvement. This
function is localized to the N-terminal region of p85. Although JNK1 down-regulates insulin
sensitivity by phosphorylation of Ser397 in IRS-1, decreased JNK1 activity does not increase
or prolong tyrosine phosphorylation of IRS-1 (Aguirre et al., 2002;Lee et al., 2003;Hirosumi
et al., 2002).

The mechanism of regulation of JINK1 activation by p85 does not involve direct interaction
between these two proteins. This cascade does, however, lie downstream of Ras since a
dominant negative form of Ras completely inhibits insulin-induced JNK activity.
Alternatively, p85 negatively regulates a dual specificity phosphatase activity for JINK, and a
reduction of p85 decreases this negative regulation, thus increasing inhibition of INK activity.

5.3. p85—p110 in the Snell dwarf mutant

Studies of the Ins/IGF-1 pathway in Snell dwarf and in the long-lived, Age-1, C. elegans
(Age-1) mutant have indicated that the PI3K (p85—p110) is a significant site of down-regulation
of the pathway associated with longevity. A series of striking changes in the components of
the Ins/IGF-1 signaling pathway that affect its activity, occur in the Snell dwarf mouse liver.
These involve a dramatic decrease in the pool level of IRS-2, hyper-phosphorylation of its
tyrosine residues accompanied by decreased docking of p85a, and a severely decreased PI13K
activity. These observations suggest that these changes may be associated with the mechanism
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that decreases insulin signaling at that site in the dwarf (Hsieh etal., 2002a). Thus, the decreased
PI3K activity correlates with the decreased Ins/IGF-1 signaling in these long-lived animals.
However, the increased phosphorylation of IRS-2 does not correlate with IRS-2—p85a docking
or an associated decrease in PI3K activity. On the other hand, in normal aging mice, PI3K
activity associated with IRS-2 is also decreased even though the pool level increases. This
suggests that age-associated attenuation of PI3K may be attributed to a decreased docking
ability of interacting components. The changes in pool level and tyrosine phosphorylation of
aged control vs. dwarf suggest a decrease of IRS-2 activity, but by different mechanisms. In
the aged control group the high pool level and low phosphorylation are consistent with
decreased protein signaling activity; in the dwarf, although the phosphorylation level is high,
the low pool level may impose a decreased signaling activity. Interestingly, although a similar
dramatic decrease of IRS-2 pool level has been observed in insulin-resistant lipodystrophic
and ob/ob mice (Shinomura et al., 2000) and IRS-2 knockout mice (Burkes et al., 2000), the
long-lived Snell dwarf mice do not develop the acute pathological characteristics of diabetes
associated with decreased IRS-2 pool level. The low IRS-2 pool and high phosphorylation
levels are characteristics of the Pit-1 mutation and decreased signaling at this level of the IRS-1
(Ogawa et al., 1998) and IRS-2 pathways (Sun et al., 1991; White and Kahn, 1994).

5.4. The signaling specificity of p110a and p110B

Although phosphorylation and pool levels are important factors in PI3K regulation, our studies
have indicated a preferential binding of p85a—p110a. to IRS-2 in aged Snell dwarfs and p850—
p110p to IRS-2 in aged controls (Hsieh et al., 2002a,b). Such specificity is seen in insulin-
mediated induction of heterodimer formation (p850—p110a and p850—p110p) that results in
marked enhancement of p110p kinase and only a very small effect on p110a kinase activity
(Asano et al., 2000). Furthermore, evidence of signaling specificity of p110a and p110p
subunits is suggested by the overexpression of p110p, which has no effect on basal glucose
transport but leads to an increase in insulin-induced glucose uptake, whereas overexpression
of p110a increased both basal and insulin-stimulated glucose uptake. Microinjection of anti-
p110p but not anti-p110a completely abolished insulin-induced translocation of GLUT4 to the
cell surface. Furthermore, p850—p110a is preferred over p850—p110p for the differential
stimulation of DNA synthesis by various growth factors (Roche et al., 1994, 1998). These
specific combinations of protein-protein interactions within the components of the Ins/IGF-1
signaling pathway may target genes that play a role in longevity determination. Further
identification of the proteins specifically targeted by these heterodimers would provide more
detailed understanding of the molecular and genetic factors of longevity. Thus, the p85a—
p110a heterodimer is the primary insulin-responsive PI3K (in cultured cells) whereas p850—
p110B is dispensable. The p110a is the critical lipid kinase required for insulin signaling in
adipocytes and myocytes while p110p and p1105 play a secondary role in insulin signaling in
these cells (Knight et al., 2006).

The complexity of the IRS-1/IRS-2 regulatory and signaling processes is indicated by the
number of amino acid sequences that define specific binding sites for a variety of signaling
pathways including cross-talk with the second messenger ROS-mediated redox pathway. Thus,
PI3K (p85—p110) links to the activation of Akt (PKB) and then to FOX O expression; Brb2
links IRS-1 phosphorylation to the Ras pathway (GTPase) and stimulation of ROS via Nox4
and p21"3s. Insulin-stimulated phosphorylation of p665N° enables it to bind to Grb2 and the
activation of Ras (GTPase), which couples insulin signaling to MKKSs and the stress response
MAPKinase pathway (Sun et al., 1991). A major signaling protein that docks to IRS-1, and -2,
PI3K belongs to a key family of “cross-roads” proteins that regulate the multiple metabolic
insulin pathways. Signaling proceeds further downstream to Akt (PKB), a serine—threonine
kinase which targets such sites as glycogen synthase kinase 3, p7056K and protein kinase-C¢
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(Shepherd et al., 1998). These signaling proteins mediate insulin-induced glucose transport,
GLUT-4 translocation, glycogen and protein synthesis (Srivastava, 2005).

In summary, p85a and p85p have multiple common functions in insulin signaling, including
stabilization of p110, bridging between p110 and phosphorylated IRS proteins, competing with
p85—p110 for binding to IRS proteins, and down-regulating PIP3 levels, independent of
regulation of PI3K. Thus, biological responses to Ins/IGF-1 mediated by PI3K is determined
by a balance between the positive effect of p85—p110-IRS complexes and the negative effects
derived from monomeric p85 (PI3K-dependent inhibition) and total p85 (PI13K-independent
inhibition). The significance of these regulatory events in aging and longevity determination
remains to be demonstrated.

messengers and mimickers of insulin

Oxidants can mimic insulin stimulation of its target cells, and mutations affecting aging and
longevity also confer resistance to oxidative stress, suggesting that a balance of ROS production
may play a role in the development of aging and longevity characteristics.

The interplay between insulin-induced ROS serves as a second messenger that facilitates
insulin signaling. The signaling proteins that participate in this function are potentially
susceptible to reversible inhibition by biochemical oxidation, e.g., the protein-tyrosine
phosphatases (PTPs), are sensitive to biological oxidation and reduction and are critical
components of the regulatory cross-talk between Ins/IGF-1- and ROS-generating pathways.
The age-associated increase in endogenous ROS production causes a stabilized, chronic
exposure to ROS that may cause reduction-of-function by PTPs, resulting in an inability to
turn off signaling.

High endogenous levels of ROS play a key role in accelerating the development of senescence
characteristics (Finkel, 2003). Interestingly, low endogenous levels of superoxide and H,0,
generated by insulin stimulation are important factors in regulating normal insulin signaling
(Fig. 2). The mechanism of insulin-stimulated ROS production involves the NADPH oxidase
system (NOX 4), the protein tyrosine phosphatases (PTPases) and certain enzymes whose
activities depend upon the reduced state of critical thiol residues for their catalytic activity.
These observations suggest that the age-associated increase in endogenous ROS generated by
mitochondrial dysfunction may affect the activity of the insulin/IGF-1 signaling pathway. More
specifically, is there a physiological difference between the level of Ins/IGF-1 signaling activity
in young tissues compared to the signaling activity of aged tissues whose elevated endogenous
ROS levels are stabilized and serve as a continuous stimulus to the ROS-sensitive components
of the Ins/IGF-1 pathway. The fact that prolonged exposure to exogenous ROS factors
(H205) causes insulin/IGF1 signaling abnormalities strongly suggests that age-associated
alterations or abnormalities of this pathway may be due to the increased endogenous level of
ROS production. Thus, the reduction-of-function of the Ins/IGF-1 signaling pathways in the
long-lived mouse mutants may be a factor that decreases the ROS-mediated abnormalities of
Ins/IGF-1 signaling, a factor that might also involve resistance to oxidative stress. We propose
that: (1) while the endogenous levels of oxidants that serve as second messengers are within a
range that mediates normal signaling; (2) the increased levels of endogenous oxidants and
chronic overexposure to extrinsic oxidative stress may be the basis for Ins/IGF-1 signaling
abnormalities that occur in aging tissues; (3) such an increase in ROS production in long-lived
mouse models may be attenuated by the decreased activity of the Ins/IGF-1 pathway; (4) this
suggests that the levels of second messengers that mimic insulin may play a role in the
progression and determination of aging and longevity.
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6.1. The ROS-mediated regulation of Ins/IGF-1 signaling via phosphoprotein phosphatases

Cellular phosphotyrosine phosphatases (PTPases) play a central role in the down-regulation
of IR kinase activity and its downstream cascade (Goldstein, 2003). An important feature of
this negative regulation of insulin signaling relies upon the sensitivity of the catalytic sites to
the endogenous redox state of the cell. The PTPases contain a conserved ~230 amino acid
domain consisting of an 11-residue signature sequence that includes a cysteine residue that is
required to catalyze the hydrolysis of protein phosphotyrosine residues (Andersen et al.,
2001; Tonks and Neel, 2001). The cysteine residue of the catalytic site is oxidized in a stepwise
manner by ROS, thereby decreasing their activity (Fig. 5; DeGnore et al., 1998; Finkel,
2003; Lee et al., 1998; Meng et al., 2002). The initial oxidation produces the sulfenic (—SOH)
form, a modification that inactivates the enzyme but can be reversed by either enzyme activity
or reducing agents (Claiborne et al., 1999; Denu and Tanner, 1998). Further oxidation to the
sulfinic (—SO,H) and sulfonic (—SO3zH) forms results in irreversible inactivation of PTPases
(Barrett et al., 1999a,b). A reversible inactivation of PTPases can also be accomplished by
forming a glutathiolated form that is reversed by a specific reductase (Barrett et al., 1999a,b).
This mechanism represents the direct link of intracellular ROS levels to the insulin signaling
pathway activity and raises the questions of whether age-associated and stabilized increase in
endogenous ROS production plays a role in this regulation.

There is considerable evidence that the protein tyrosine phosphatase 1B (PTB1B) plays a major
role in the negative down-regulation of the insulin signaling pathway in vivo (Elchebly et al.,
1999; Galic et al., 2003; Klaman et al., 2006). This is supported by the enhancement of insulin
receptor autophosphorylation in the PTP1B knockout, and insulin responsiveness in skeletal
muscle and liver is indication of the absence of negative regulation by the PTB1B action.

7. The Klotho mutant—increases resistance to oxidative stress

The klotho gene encodes a single-pass transmembrane protein detected mainly in distal
convoluted tubules of the kidney and choroid plexus in the brain. Over expression of the gene
extends lifespan by ~20-30% in males and 18-19% in females whereas mutation of the gene
(KL™) leads to premature aging and death at ~2 months of age, suggesting that this gene
functions as a suppressor of aging in mammals (Kuro-o etal., 1997; Kurosu et al., 2005). Klotho
is a circulating peptide hormone that suppresses insulin signaling by attenuating tyrosine
phosphorylation of the insulin and IGF-1 receptors. This reduces the IRS protein association
with P13K, thereby decreasing insulin and IGF-1 signaling. The Klotho mutant (KL ") exhibits
accelerated age-dependent loss of function in multiple age-associated traits. Thus, klotho is an
aging suppressor gene whose product functions as a hormone that inhibits intracellular insulin
and IGF-1 signaling (Kuro-o et al., 1997; Takahashi et al., 2000).

7.1. Klotho inhibits intracellular insulin and IGF-1 signaling

The extracellular soluble Klotho peptide, comprised of 952 amino acids, is detected in blood
and cerebrospinal fluid in wild type mice but not in KL~ mice (Imura et al., 2004; Takahashi
et al., 2000). There is clear evidence that Klotho does not inhibit ligand binding to IR and that
its action involves suppression of the ligand stimulated autophosphorylation of IR and IGF-1R.
Consequently, downstream signaling events, i.e., activation of phosphorylation of IRS-1-and
IRS-2—p85 docking sites are also attenuated; previously activated IR is also inactivated by
Klotho. A similar effect occurs with IGF-1R autophosphorylation. In general, klotho inhibits
activation of IR and IGF-1R and represses activated receptors suggests that the cross-talk
between Klotho and IR may also regulate the redox activities of these proteins.
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7.2. Inhibition of insulin and IGF-1 signaling rescues KL™~ phenotypes

Since inhibition of insulin and IGF-1 signaling by Klotho retards senescence, independent
inhibition of these signaling pathways may ameliorate some of the aging-like phenotypes of
KL~ mice. Thus, survival is improved in KL~ mice heterozygous for IRS-1 null allele
(KL™/IRS-1*") relative to the KL~ control. These studies suggest that the potential decrease
in oxidative stress due to reduction-of-signaling activity of Ins/IGF-1 may be a factor in
increased longevity of these animals due to their resistance to oxidative stress.

The fact that Klotho-induced inhibition of insulin/IGF-1 signaling is associated with resistance
to oxidative stress emphasizes the redox sensitivity of its anti-aging processes. The mechanism
of this resistance involves (1) inhibition of FOXO phosphorylation, which (2) promotes FOXO
nuclear translocation; (3) FOXO binds to MnSOD promoter, up-regulates its expression to
facilitate removal of ROS and confer resistance to oxidative stress (Yamamoto et al., 2005).
Thus, Klotho protein suppresses aging via two distinct anti-aging mechanisms that are
evolutionarily conserved: (1) the inhibition of insulin-like signaling; (2) increase resistance to
oxidative stress.

The decreased activity of IR and IGF-1R is part of the mechanism of longevity determination
of Klotho and dwarf mice (Brown-Borg et al., 1996; Coschigano et al., 2000; Dominici et al.,
2002; Flurkey et al., 2001; Hsieh et al., 2002a,b; Tatar et al., 2003). Some of the important
(basic) determining factors of the longevity of these mutants that are linked to ROS cross-talk
are (1) enhanced insulin sensitivity; (2) reduced insulin secretion and the resulting alteration
of insulin signaling to its downstream targets, p85-p110 specificity of the p110 targets in
response to insulin; (3) decreased glucose tolerance (Coschigano et al., 2000; Dominici et al.,
2002; Hsieh et al., 2002a,b); (4) divergent modification of insulin action in different organs as
well as to the various p110 pathways (Coschigano et al., 2000; Dominici et al., 2002; Hsieh et
al., 2002a,b); (5) overlapping effects of insulin and IGF-1 on activation of IRS-1 and IRS-2.
Involvement of both insulin and IGF-1 signaling in the control of aging and longevity is
supported by increased longevity of mice heterozygous for IGF-1R mutation (Holzenberger et
al., 2003) and mice with adipose specific IR knockout (Bluher et al., 2003).

Increased longevity in Klotho overexpressing transgenic mice provides a link to the interaction
and cross-talk between insulin and IGF-1 signaling and longevity determination (Kurosu et al.,
2005).

8. The p66shc mutant—a redox link to longevity determination

The protein p665N¢ is a 66 kDa alternatively spliced isoform of the growth factor adapter Shc
that is phosphorylated in response to oxidative stress (HoO5) (Migliaccio et al., 1999; Nemoto
et al., 2006; Orsini et al., 2004; Pinton et al., 2007). It is a genetic determinant of lifespan in
mammals; ablation of the gene extends lifespan with no pathological consequences (Migliaccio
etal., 1999). Its function involves the regulation of ROS metabolism and apoptosis and is one
of several mammalian genes associated with longevity determination, i.e., the knockout results
in extended lifespan of about 30% (Migliaccio et al., 1999). These p6651c knockouts exhibit
resistance to exogenous oxidative stress in vivo, and their cells in culture show lower levels of
ROS production (Francia et al., 2004; Migliaccio et al., 1999; Napoli et al., 2003; Nemoto and
Finkel, 2002; Trinei et al., 2002). A fraction of p665"° localizes to the mitochondrial
intermembrane space where it binds to cytochrome c and acts as ROS generating
oxidoreductase, leading to mitochondrial dysfunction and cell death (Giorgio et al., 2005;
Nemoto et al., 2006; Orsini et al., 2004). This process involves the use of reducing equivalents
of the mitochondrial ETC through the oxidation of cytochrome c. Thus, the p66°N¢ system
provides an alternative redox process associated with mitochondrial electron transport chain
activity that generates proapoptitic ROS in response to stress signals. Phosphorylation of Shc
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Ser36 occurs in the cytoplasm and is necessary for Shc activation and translocation to the
mitochondrial intermembrane space. This signaling route links an oxidative challenge to the
activation of p6651C, to the recruitment of mitochondria in apoptosis and its role in the
integration of signaling pathways that control aging, longevity and cell death (Hajnoczky and
Hoek, 2007; Pinton et al., 2007). The long-lived mice lacking p66s"C exhibit decreased
mitochondrial function including mitochondrial generated ROS (Giorgio et al., 2005; Nemoto
et al., 2006).

The decreased oxidative capacity in p665"°(--) cells is partially offset by increased levels of
glycolysis. This switch to aerobic glycolysis results in increased lactate production and
requirement of glucose to maintain ATP levels. These data suggest that p665n° regulates
mitochondrial oxidative capacity and that its ability to extend lifespan may reside in the
partitioning of metabolic energy conversion away from oxidative and toward glycolytic
pathways (Johnson et al., 2001; Nemoto et al., 2006), This affects the level of ROS production
and raises the question of the role of decreased ROS levels in the regulation of Ins/IGF-1
pathway activities in p665n"c(-/-) animals.

The translocation of p66SS° to the mitochondrial intermembrane space in response to H,0,
is promoted by the activation of PKCp which induces p66Ss"® phosphorylation and binding of
p66S° to Pinl (Pinton et al., 2007). In this interaction, Pin1, a prolyl isomerase that induces
cis—trans isomerization of phosphorylated Ser-Pro (e.g., as in p665h¢), confers
phosphorylation-dependant conformational changes upon Pinl targets. Thus, conformational
changes induced by the binding of phosphorylated p6651¢ to Pin1 may expose a hidden
sequence that targets p6651 to mitochondria (Pinton et al., 2007). The imported p665¢ causes
alteration of mitochondrial Ca?* responses and three-dimensional structure thus inducing
apoptosis. This signaling route activates an apoptotic inducer shortening the lifespan.

The mechanism of mitochondrial p66S"¢ activity involves (a) phosphorylation of Ser36 of
p665NC by PKCP; (b) interaction of p665NC with Pin1 induces cis—trans isomerization and
translocation to inter-mitochondrial space; (c) p665"¢ in inter-mitochondrial space interacts
with cytochrome c to produce H,0O»; (d) this promotes opening of mitochondrial permeability
transition core; (e) mitochondrial generated H,O, is required for pore opening; (f) this is
proposed to be p6651c-mediated ROS generation.

In this review although we discussed the mechanism of p66sh¢ stimulated ROS production,
activation of p5251¢ a splice variant of p66SC is also involved in intracellular ROS production
via signaling from activated tyrosine kinases to Ras (Pelicci et al., 1992). This is in contrast to
the ROS-mediated phosphorylation and activation of p66Sh°. Interestingly, the sites of ROS
production by p66S"c (mitochondrial) and p52Sh¢ (cytoplasmic) clearly point to the diversity
and complexity of the hormone vs. the ROS-mediated activation of the signaling pathways that
play an important role in the determination of aging and longevity.

9. Discussion

A number of long-lived mouse mutants modulate the insulin/IGF-1/GH signaling pathway in
a manner similar to the long-lived C. elegans and Drosophila mutants. The Ames and Snell
mouse mutants are two of the most extensively studied strains. These long-lived mice exhibit
such characteristics as modulation of the insulin/IGF-1 signaling as well as resistance to
oxidative stress and increased anti-oxidant scavenging activity (Balaban et al., 2005), which
suggest that the mechanisms of aging and longevity may involve cross-talk between the ligand-
receptor and the ROS signaling pathways.

Although the free radical theory of aging hypothesizes that accumulation of oxidatively
modified proteins is a mediator of the aging processes, ROS also act as second messengers that
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regulate cellular functions such as signaling pathways (Balaban et al., 2005; Barrett et al.,
1999a,b; Harman, 1956; Humphries et al., 1998; Thomas et al., 1995; Thomas and Mallis,
2001). In general, signaling processes that are regulated in response to changes in redox-
balance represent a safety net of regulation residing between reversible and irreversible redox-
mediated protein modifications. Through these reactions, redox-modified proteins regulate cell
signaling, transcriptional control and metabolism (Droge, 2002; Ghezzi et al., 2005; Rhee,
1999; Shelton et al., 2005). The irreversible oxidation of enzymes and signaling proteins
potentially play a critical role in aging and in the progression of age-associated diseases (Beal,
1995; Schapira, 1999.)

In the mutants used to study lifespan, the level of resistance to oxidative stress is a common
characteristic associated with longevity, while increased sensitivity to oxidative stress
correlates with decreased lifespan. Thus, elucidation of how aging may affect the mechanisms
of reversible oxidative processes, the function of components involved and the metabolic
consequences may provide a more in depth understanding of the molecular mechanisms of
aging and the development of biochemical characteristics of aging (Humphries et al., 2007).
This raises a number of questions: (1) what are the redox-levels that are critical to the regulation
(positive effects), i.e., the positive functional boundaries; (2) what are the mechanisms of
regulation of the pathways and their targets; (3) what are the beneficial regulatory functions
of the intracellular signaling responses to free radicals and what are the damaging effects of
redox-imbalance either hyper- or hypo-oxidation; (4) how/what is the contribution or role of
ROS generated by mitochondrial dysfunction; (5) how does this relate to free radical theory
of aging. Importantly, although free radicals can promote reversible responses as well as
damaging effects, is there a window of demarcation to these responses.
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receptor ligand )
activation hgand activation

s

/NAD(PIH

oxidase

INRp—»—> —>—>
Redox priming

Multiple signaling functions
of regulation of aging and longevity

Fig. 1.

The interactions of the insulin receptor linked-redox signaling pathways. This scheme shows
the major interactions of insulin signaling involving the activation of the receptor tyrosine
kinase cascade. This leads to the initial redox-mediated priming of the receptor tyrosine
phosphorylation and its IRS proteins. The scheme also links the ligand activation bypass of
insulin signaling mediated by reactive oxygen species. The steady-state level of tyrosine
phosphorylation of these proteins is regulated by PTPases, a family of enzymes that constitutes
one of the key targets of regulation by reactive oxygen species.
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Fig. 2.

The pathway of insulin-stimulated production of reactive oxygen species. The generation of
cellular reactive oxygen species (super oxide or H,05), initiated by insulin is coupled to the
NADPH oxidase system. This pathway involves the activation of the catalytic subunit
homologue, Nox 4 (Goldstein et al., 2005). Superoxide generated by the NADPH oxidase
system is converted to H,O, and plays a role in modifying the catalytic activity of thiol-
dependent regulatory proteins. The generation of reactive oxygen species by insulin may be
enhanced by high glucose levels that increase mitochondrial superoxide production and may
also activate the NADPH oxidase system. (This figure is a modification from Goldstein et al.,
2005.)
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The regulation of insulin signaling by the ratio of the positive mediator, p85-p110 and the
negative regulator, unbound p85. This model proposes that: (A) a given ratio between p85-
p110 and monomeric p85 defines the insulin signaling pathway activity and the state of insulin
sensitivity in the wild-type background. (B) In p850(") and p858(") mice, free p85 is
preferentially decreased and the balance between p85-p110 and free p85 is shifted toward the
positive mediator, p85-p110. This causes increased insulin sensitivity in the mutant mice. (C)
In contrast, in p110a */7) and p110B*/-) mice, the free p85 pool level is preferentially
decreased (over free p85). This shifts the balance toward the higher levels of free p85, negative
regulator, which inactivates IRS-1 and IRS-2 (free p85), resulting in decreased insulin signaling
and insulin resistance. (D) Over expression of p85 causes an increase in the p85 pool which
shifts the balance toward the negative regulator, resulting in decreased insulin sensitivity (This

figure is a modification from Brachmann et al., 2005.)
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Fig. 4.

Molecular mechanism and pathway of JNK activation by p85. The full-length p85 regulatory
subunit activates JNK through the insulin/cdc42/MKK pathway. Activation of JNK results in
negative feedback on the insulin signaling pathway. Thus, the loss of p85 improves insulin
sensitivity, in part by diminishing this INK-mediated negative regulation. (This figure is a
modification from Taniguchi et al., 2007.)
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Regulation of PTPase catalytic activity by oxidation, and reduction of the catalytic cysteine
residue. The regulation of signal transduction by PTPases involves the modulation of their
activity by modification of the oxidation-reduction state of the catalytic center. The catalytic
cysteine of the PTPases is especially reactive because of the ionized state of the cysteinyl
hydrogen. The stepwise oxidation of the catalytic cysteine residue by reactive oxygen species
results in inactivation of the enzyme. Oxidation of the catalytic thiol to the sulfenic (~SOH)
form is reversible; oxidation to sulfinic (SO,H) and sulfonic (-SO3H) forms lead to irreversible
PTPase inactivation. Mildly oxidized PTPase can undergo disulfide conjugation in the cell
with glutathione. A novel sulfenyl-amide derivative of PTP1B has been shown to undergo
GSH conjugation or direct biochemical reduction with DTT. Active enzyme can be regenerated
from glutathiolated enzyme by cellular GSH reductases. (This figure is a modification from

Goldstein et al., 2005.)
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