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ABSTRACT

Increased incidence in obesity is reaching epidemic proportions and is
placing a major burden on the healthcare systems in developed countries.
Obesity is a major risk factor for the development of type 2 diabetes, meta-
bolic syndrome, cardiovascular disease and cancer. Thus, the search for
molecules that regulate the development of obesity and its associated pa-
thologies is ongoing. Protein tyrosine phosphatase 1B (PTP1B) has been
found to be a major regulator of body fat stores, energy balance, and insulin
sensitivity in vivo. Increased expression of PTP1B is associated with
insulin resistance in rodents and humans and deletion of PTP1B leads to
leanness and insulin sensitivity in rodents, suggesting that PTP1B may be a
very attractive molecular target for anti-obesity, anti-diabetic agents.
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INTRODUCTION

phosphatase 1B (PTP1B) as a major regulator of insu-
lin signalling and how it maybe the perfect target for
the prevention of both obesity and type 2 diabetes.

Diabetes mellitus is a condition where the amount of
glucose in the blood is too high (hyperglycemia) due
to defects in either insulin secretion or insulin action.
Type 2 diabetes mellitus is a complex disease in which
target tissues of insulin become resistant to its effects,
a condition called “insulin resistance”. Although there
are numerous overlapping causes such as obesity and
inflammation contributing to this defect, impaired
insulin signalling has been identified as a major mo-
lecular basis for the development of type 2 diabetes. In
this review we will discuss the role of protein tyrosine

Mechanism of Insulin Action
(Activation of Insulin Receptor Signalling)

Insulin is the major hormone that regulates glucose
homeostasis. It controls the function of numerous pro-
teins involved in cell metabolism at the level of gene
transcription, protein translation and enzyme activ-
ity. Following secretion from pancreatic -cells, insu-
lin stimulates the uptake of glucose, fatty acids and
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amino acids into skeletal muscle and adipose tissue?,
and stimulates their conversion into storage forms,
triglycerides, glycogen and protein. In skeletal muscle,
insulin increases the rate of glucose and amino acid
uptake, and glycogen and protein synthesis, while in-
hibiting the degradation of glycogen and proteins. In
adipocytes, it stimulates the uptake of glucose and fat-
ty acids, and synthesis of triglycerides, while inhibiting
lipolysis. In the liver, insulin stimulates conversion of
glucose into glycogen, and inhibits glycogenolysis and
gluconeogenesis. In addition, insulin has effects on
many other tissues and promotes cell survival. Insu-
lin achieves these effects by regulating key molecular
targets, through activation of intracellular signalling
pathways that alter the activity of proteins by revers-
ible protein phosphorylation and the amount of other
proteins by controlling gene transcription.

All of the actions of insulin are mediated by its bind-
ing to the insulin receptor (IR), a receptor tyrosine
kinase, in the plasma membrane of cells of target tis-
sues.?® Binding of insulin to IR leads to transphospho-
rylation of tyrosine residues in the IR activation loop,
whichinturnleadsto enhanced ability of the IR to phos-
phorylate tyrosine residues on target proteins, such as
the IR substrate (IRS) proteins. Phosphotyrosyl resi-
dues on IRS proteins act as docking sites for many SH2
domain-containing proteins, including the p85 regula-
tory subunit of phosphatidylinositol 3-kinase (PI3K).
Binding of PI3K to IRS leads to its activation followed
by activation of downstream targets such as Akt, and
translocation of the glucose transporter GLUT4 from
intracellular stores to the cell surface.® Further down-
stream, activation of insulin signalling pathway leads
to the stimulation of anabolic processes such as glyco-
gen synthesis and protein synthesis.

Impaired Insulin Signalling
(“Insulin Resistance”)

Insulin resistance is associated with obesity, aging,
and a sedentary lifestyle. Moreover, insulin resistance
and obesity are major risk factors for development of
type 2 diabetes and cardiovascular disease, including
myocardial infarction, stroke and peripheral vascular
disease. In insulin resistant states, there are defects in
multiple actions of insulin, including impaired stimu-
lation of glucose uptake in skeletal muscle and adipo-
cytes; impaired inhibition of glucose production from
the liver; and alterations in lipid metabolism causing
dyslipidemia.*

The detailed mechanisms underlying insulin resis-
tance remain incompletely understood, although they
are thought to result from impaired post-IR signalling.
The balance between IR-IRS tyrosine phosphoryla-
tion and dephosphorylation is critical for the regula-

tion of insulin action. Thus, increased activity of one
or more protein-tyrosine phosphatases (PTPs) that
regulate IR-IRS phosphotyrosine levels could lead to
the development of insulin resistance. Indeed, there
are several reports on obese humans and rodents in
which the expression and/or activity of specific PTPs
are increased in muscle and/or adipose tissue.>? Ex-
amples include the transmembrane PTP leukocyte an-
tigen-related phosphatase (LAR) and the intracellular
PTPs protein-tyrosine phosphatase 1B (PTP1B) and/
or src-homology 2 domain-containing phosphatase-2
(SHP2). Furthermore, transgenic overexpression of
LAR and PTP1B in muscle leads to insulin resistance
in mice.’® Elucidating the signalling pathways involved
in the pathogenesis of obesity and diabetes is vital for
understanding of these diseases and developing novel
targeted therapies.

Protein Tyrosine Phosphatase 1B (PTP1B)
as a Key IR Phosphatase

PTP1B is an abundant, widely expressed enzyme,
localized on the endoplasmic reticulum (ER) via its
hydrophobic C-terminal targeting sequence.'* Impor-
tantly, IR endocytosis is required for dephosphoryla-
tion by an ER-localised phosphatase. Over-expression
of PTP1B in cultured cells inhibits insulin-stimulated
phosphorylation of IR as well as IRS-1,'>7 although it
is not clear if inhibition of IRS-1 phosphorylation is a
direct effect of PTP1B on IRS-1 or a consequence of
decreased IR signalling. Conversely, osmotic loading of
anti-PTP1B antibodies into cells enhances IR signal-
ling .® Moreover, studies integrating crystallographic,
kinetic, and PTP1B peptide binding data, reveal highly
specific interactions between PTP1B and IR activation
loop tyrosines, encompassing the tandem phosphoty-
rosine residues at 1162 and 1163." PTP1B also can
dephosphorylate phosphotyrosine residues on IRS1
with high specificity in vitro."> However, until recently,
the physiological function of PTP1B was unclear.

Knockout of PTP1B Causes Insulin
Sensitivity and Leanness

Two groups generated PTP1B knockout (KO) mice.2?
These mice exhibited increased insulin sensitivity
and enhanced glucose tolerance. Hyperinsulinemic-
euglycemic clamp analyses revealed that the elevated
whole-body insulin sensitivity in PTP1B KO mice re-
sulted mainly from increased glucose utilization in
skeletal muscle and suppression of hepatic glucose
output in liver. Notably, glucose uptake in adipose
tissue was unchanged.?’ PTP1B KO mice also exhib-
ited enhanced muscle and hepatic, but not adipose, IR
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phosphorylation. Taken together, these data identified
PTP1B as a key IR phosphatase in vivo.

These knockout mouse studies showed that PTP1B
is not only a major regulator of insulin sensitivity, but
also of energy balance and body fat stores in vivo. Un-
expectedly, PTP1B KO mice failed to gain weight when
maintained on a high fat diet. Body composition anal-
ysis revealed that the low body weight in PTP1B KO
mice was due largely to a dramatic reduction in body
fat content, despite a slightly increased food intake.
This resistance to diet-induced obesity was character-
ized by a marked decrease in adipocyte mass without
alteration in adipocyte number. Furthermore, PTP1B
KO mice were hypermetabolic, with increases in both
basal metabolic rate and total energy expenditure.
Therefore, PTP1B was identified as a critical regulator
of energy expenditure and body fat stores, as well as a
tissue-specific regulator of insulin sensitivity.?%?! How-
ever, it was not clear where in the body PTP1B acted
to exert its effects on body mass regulation and insulin
sensitivity.

Generation of tissue-specific PTP1B KO mice an-
swered some of these questions. Studies on these mice
revealed the brain to be the primary site mediating the
effects of PTP1B on body mass.?? Brain-specific PTP1B
KO mice were leaner than controls on either, chow or
high-fat diet, with improvements in insulin sensitiv-
ity. Interestingly however, muscle-specific deletion of
PTP1B generated mice that weighed the same as their
littermate controls, but exhibited dramatically im-
proved insulin sensitivity and glucose homeostasis,??
suggesting that muscle PTP1B plays an important role
in regulating whole-body glucose homeostasis. In ad-
dition, liver-specific deletion of PTP1B also resulted in
mice that weigh the same as their littermate controls,
but these mice exhibited improved whole-body glu-
cose homeostasis, increased hepatic insulin signalling,
increased insulin-induced suppression of hepatic glu-
cose production, as well as decreased triglyceride and
cholesterol levels and diminished lipogenic genes.**

Leptin and Body Mass Control

Regulation of body mass is complex and involves path-
ways in the central nervous system and the periphery.
However, the hormone leptin has been shown to be
a major regulator of body mass and energy expendi-
ture. Leptin is produced by adipocytes in proportion
to body fat, and acts on the leptin receptor (LR), which
is expressed on specific hypothalamic nuclei in the
brain. In hypothalamic neurons, leptin controls the
production of neuropeptides that regulate food intake
(FI) and energy expenditure (EE). Leptin also affects
several peripheral tissues, including liver, fat and mus-
cle via both direct and indirect actions.?**> The LR is a

typical cytokine receptor that, upon binding of leptin,
leads to phosphorylation and activation of JAK2, and
activation of the JAK/signal transducer and activator of
transcription (STAT) pathway. Molecules that regulate
the activity of LR-associated JAK2 were postulated to
be potentially important regulators of body mass.?2°

Work performed on the global PTP1B KO mice
revealed PTP1B as an in vivo regulator of LR signal-
ling.?¢*” Upon administration of leptin, PTP1B KO mice
showed increased leptin sensitivity, and this correlat-
ed with enhanced hypothalamic LR signalling.2® STAT3
activation was higher in the hypothalami of PTP1B KO
mice and reflected action of PTP1B on STAT3 directly,
or on an upstream component(s) of the LR pathway
such as JAK2. In vitro studies using wildtype or gluta-
mate-181 to alanine, substrate-trapping mutant of PT-
P1B suggested that JAK2 is a direct target for PTP1B in
the LR pathway.?’

Pharmaco-therapeutic treatment with antisense
oligonucleotides directed against PTP1B in obese
hyperglycemic ob/ob mice lowered PTP1B protein
and mRNA levels in liver and fat, but not in muscle
or brain. Moreover, lowering of PTP1B levels in these
peripheral tissues was associated with normalisation
of hyperglycemia, improved insulin sensitivity and at-
tenuated obesity in these mice.?®*° These studies sug-
gested that PTP1B plays a major role in the regulation
of body mass in one or more peripheral tissues inde-
pendently of effects in the brain.?® Since these studies,
a tissue-specific genetic analysis of the functional role
of PTP1B has resolved this controversy. Brain-specific
PTP1B KO mice were leaner than their littermate con-
trols on both, chow and high-fat diet.?2 Muscle, liver or
adipose tissue-specific PTP1B KO mice did not exhibit
this resistance to obesity, suggesting that PTP1B acts
primarily in the brain to control body weight.?

Obesity and Inflammation

One of the molecular links between Western feeding
habits, increased adiposity and insulin resistance is
thought to be cellular inflammation, where activated
inflammatory pathways lead to increased production
of cytokines that affect whole body insulin sensitiv-
ity. More recently the endoplasmic reticulum (ER)
has been identified as an organelle that is stressed in
obesity and could be a molecular link between obesity
and impaired insulin action.*

ER serves as a site of protein synthesis and modifi-
cation prior to directing proteins to other organelles.
This is a highly regulated process consisting of chaper-
ones, signalling molecules and a network of degrada-
tion machinery that maintain homeostasis.?

Upon disruption in either protein folding or modifi-
cation within the ER, a state of stress ensues. Prolonged
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ER stress leads to apoptosis, inflammation, and lipid
accumulation® and functions via signalling through
stress-sensing proteins found on the ER membrane
such as the inositol-requiring kinase-1a (IRE-1a),3"%*
and is linked to major inflammatory, stress-signalling
networks via several distinct mechanisms, including
the activation of c-Jun N-terminal kinase (JNK). Inter-
estingly, these pathways have been demonstrated to
play an important role in obesity-induced inflamma-
tion and metabolic abnormalities.?' For example, pro-
longed high-fat diet-feeding (longer than 12 weeks)
or genetic obesity (ob/ob) in mice has been shown to
lead to inflammation and insulin resistance associated
with increased ER stress response in liver and adipose
tissue.®® Moreover, hyperactivation of J]NK and IRE-1a-
dependent pathways causes serine phosphorylation
of IRS-1 which is a known molecular mechanism of
impaired insulin signalling.®

Interestingly, PTP1B-/- primary and immortalized
cells show impaired IRE1a signalling and decreased
JNK activation,®® suggesting that PTP1B may play a
role in modulation of ER stress signalling. Indeed, liv-
er-specific deletion of PTP1B protects against high-fat
diet induced ER stress response in vivo.** In addition,
PTP1B expression has been shown to be increased
with high-fat feeding and obesity and associated with
an increase in pro-inflammatory cytokine TNFa,3® and
PTP1B KO mice and myocytes obtained from PTP1B
KO mice have been shown to be protected against
TNFa induced insulin resistance.®

Thus, PTP1B may be a target of anti-inflammato-
ry therapies and pharmacological agents targeted at
various components of ER stress have been shown to
be potential novel therapies in managing obesity and
diabetes.?”

Other Actions of PTP1B

PTP1B has been implicated as an oncogene in the case
of breast cancer.*® However, a couple of recent publica-
tions have revealed an important role for PTP1B as a
positive regulator of the Erb2 (HER2 /neu) protein ty-
rosine kinase. This PTKis over-expressed in about 25%
of human breast cancers, where it is associated with a
poor prognosis. Crossing transgenic mice expressing
activated forms of ErbB2 with PTP1B KO mice caused
delayed tumour development and decreased the inci-
dence of lung metastases.**? Thus, PTP1B inhibitors
may not only be useful in treatment of diabetes, obesi-
ty and metabolic syndrome, but ultimately offer a new
treatment for breast cancer.*’

Reversible oxidation and inactivation of PTPs

The protein tyrosine phosphatases (PTPs) are critical
regulators of signal transduction. Thus, it is important
to understand how these enzymes are regulated in
vivo. The signature motif [I/V]HCXXGXXR[S/T], which
defines the PTP family of enzymes, contains an invari-
ant Cys residue, which functions as a nucleophile in
catalysis. Due to the unique chemical environment of
the PTP active site, this Cys residue displays an unusu-
ally low pKa, which enhances its nucleophilic proper-
ties but renders it susceptible to oxidation. It has been
demonstrated that PTPs are an important target of
reactive oxygen species (ROS) in the induction of an
optimal tyrosine phosphorylation response to a vari-
ety of physiological stimuli. Oxidation of the active site
Cys abrogates its nucleophilic properties, thereby in-
hibiting PTP activity.*

For oxidation to represent a mechanism for revers-
ible regulation of PTP function, it is essential that the
active site Cys residue is not oxidized further than
sulphenic acid (S-OH); higher oxidation to sulphinic S-
02H or sulphonic S-O3H acid is an irreversible modifi-
cation. In PTP1B, following oxidation of the active site
Cys to sulphenic acid, oxygen is rapidly eliminated to
produce a more stabile derivative, a cyclic sulphen-
amide, which is a 5-atom ring structure in which a co-
valent bond is formed between the Cys sulphur atom
and the main chain nitrogen of the adjacent Ser resi-
due.®

CONCLUSION

Increased PTP activity in tissues of obese humans is
potentially a treatable factor in insulin resistance, as
improved sensitivity to insulin is observed in obese
subjects following weight loss, and is accompanied by
reduced PTPs in adipose tissue.” Moreover, deletion
of PTP1B in mice results in resistance to diet-induced
obesity and insulin sensitivity.2>#

In view of the salutary effects of PTP1B deficiency
on body mass and glucose homeostasis, several phar-
maceutical companies are attempting to develop PT-
P1B inhibitors for the treatment of diabetes and/or
obesity. The design of such agents has proved chal-
lenging, with the most active compounds tending to
be highly charged and unlikely to gain access to the
central nervous system.** Data from tissue-specific
PTP1B knockout mice reveals that even targeting PT-
P1B in peripheral tissues alone would have a dramatic
effect on improvement of insulin sensitivity and lipid
metabolism without the need for body mass or fat
loss. In addition, data from muscle-specific PTP1B KO
mice® suggest that addition of a PPARy agonist, such
as Rosiglitazone (anti-diabetic drug currently used
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in clinics for diabetes treatment), to PTP1B deletion
would have an additive effect on improvement of insu-
lin sensitivity and glucose homeostasis.
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