
171 million in 2000 to 366 million in 2030 (2). Meanwhile,
obesity is an increasing problem in most Western coun-
tries, and many developing countries as well. More than
64% of U.S. adults are overweight or obese, with nearly
31% of adults �over 61 million people� meeting the crite-
ria for obesity. Obesity is a strong risk factor for such seri-
ous diseases as type 2 diabetes, heart disease, depres-
sion and certain cancers (3). The economic impact
of diabetes and obesity is enormous, representing
about 20% of the overall healthcare expenditure in the
U.S. (4, 5). 

Chronic insulin resistance coupled with eventual β-
cell dysfunction leads to type 2 diabetes (6). Insulin resis-
tance is usually defined as resistance to the actions of
insulin on metabolism, glucose uptake and/or storage.
The common link between obesity and type 2 diabetes is
insulin resistance. Insulin resistance can lead to obesity,
among other complications, while obesity, present in
about 80% of cases of type 2 diabetes, contributes direct-
ly to the severity of insulin resistance (7). In man, most
cases of obesity are characterized by the presence of
high circulating levels of leptin, indicating that resistance
to leptin action may underlie most cases of human obesi-
ty (8). Therefore, drugs that augment the action of either
insulin or leptin have the potential to reverse obesity
associated with defective insulin and leptin signaling.
Protein-tyrosine-phosphatase 1B (PTP1B), which nega-
tively regulates both insulin and leptin signaling, is a
promising drug discovery target for the treatment of type
2 diabetes and obesity.

Target validation

Modification of proteins by tyrosine phosphorylation is
a major mechanism to control their functions, and plays a
key role in transmembrane and intracellular signaling (9).
The tyrosine phosphorylation state of cellular proteins is
controlled by the reciprocal actions of protein-tyrosine
kinases (PTKs) and protein-tyrosine-phosphatases
(PTPs). PTKs transfer the γ-phosphate from ATP to tyro-
sine residues within their specific protein substrates. This
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Abstract

The rising prevalence of type 2 diabetes and obe-
sity in the worldwide population has fueled an intensi-
fied search for new therapeutic treatment options.
Protein-tyrosine-phosphatase 1B (PTP1B) has been
implicated as a key negative regulator of both insulin
and leptin signaling pathways. Potent and highly
selective PTP1B inhibitors with superior drug-like
properties could therefore provide novel therapeutic
agents for the treatment of these metabolic disorders.
This review will summarize the recent advances in var-
ious series of PTP1B inhibitors, with a focus on struc-
ture-based drug design and the efforts in improving
cellular and in vivo activities of these inhibitors.

Introduction

Diabetes mellitus is the most prevalent and serious
metabolic disease, and 1 in 10 adults in industrialized
countries will develop type 2 diabetes in their lifetime (1).
The total number of cases of diabetes worldwide among
adults 20 years of age or over is projected to rise from



(STAT3) (18). Increased leptin sensitivity arises as a
result of hyperphosphorylation and activation of JAK2,
followed by its target STAT3 (Fig. 1).

It has long been known that insulin is an afferent sig-
nal to the brain that links changes in body adiposity to
compensatory changes in food intake (19). The recent
finding that neuron-specific deletion of the IR causes
weight gain in mice provides further support for the role of
brain insulin signaling in the control of energy homeosta-
sis and food intake (20). It was recently demonstrated
that leptin administration to rodents in vivo activates the
insulin receptor substrate (IRS)-phosphatidylinositol 3-
kinase (PI3K) pathway in the hypothalamus, and that
intracerebroventricular (i.c.v.) infusion of a PI3K inhibitor
blocks the ability of leptin to reduce food intake for up to
24 hours (21, 22). The possible involvement of PI3K in
the crosstalk between both insulin and leptin signaling
pathways (Fig. 1) strongly suggests that PTP1B inhibition
could potentially provide an effective means to attenuate
or even reverse the brain resistance to both insulin and
leptin in obesity.

Disruption of PTP1B with antisense oligonucleotides
(ASOs) also confirmed that PTP1B inhibition promotes
insulin sensitivity and improves glycemic control in ob/ob
and db/db diabetic mice (23). PTP1B ASOs also improve
insulin action and delay the onset of diabetes in Zucker
diabetic fatty (ZDF) rats (24). ISIS-113715, a PTP1B
ASO, is currently being investigated by Isis Pharma-
ceuticals as an injectable agent in phase II clinical trials
for the treatment of type 2 diabetes (25). The success of
this agent could provide the first human clinical validation
of the PTP1B inhibition approach.

Biochemical studies have implicated PTP1B in addi-
tional signaling pathways, through dephosphorylation of a
variety of growth factor receptors, including the epidermal
growth factor receptor (EGFR), platelet-derived growth

process is reversed by specific PTPs, which cleave the
phosphate from the phosphotyrosine residues (10). The
PTP family consists of a large group of enzymes (> 100
in humans) that participate in various signaling pathways
and are important for the regulation of cell proliferation,
differentiation, metabolism, migration and survival (11). 

PTP1B is the prototype for the superfamily of PTPs,
and has been the most extensively studied within the
group. PTP1B was initially characterized as an inhibitor of
growth factor pathways, in particular insulin signaling
(Fig. 1). For example, transgenic overexpression of
PTP1B in muscle causes insulin resistance in mice (12),
whereas inhibition of this phosphatase enhances insulin
signaling (13). The most compelling data supporting an
important role for PTP1B in regulating insulin signaling
come from elegant genetic studies in mice. Generation of
PTP1B-deficient mice by two independent labs has
shown that this enzyme is dispensable for embryonic
development, since homozygous mice are both healthy
and fertile (14, 15). PTP1B-deficient mice maintain lower
nonfasting blood glucose and insulin levels compared to
their wild-type littermates. They also demonstrate greater
insulin sensitivity and prolonged insulin receptor (IR)
autophosphorylation. PTP1B deficiency does not induce
hypoglycemia in the fasted state.

In both sets of PTP1B knockout mice there was an
unexpected protective effect against high-fat diet-induced
obesity (DIO). Both basal metabolic rate and total energy
expenditure are enhanced in PTP1B-deficient mice.
These mice are reported to have increased sensitivity to
leptin (16, 17). Leptin, an adipocyte-derived hormone,
plays an important regulatory role in maintaining body fat
by inhibiting food intake. The leptin receptor (Ob-R) is a
cytokine receptor that associates with Janus kinase 2
(JAK2) to transduce signals to downstream molecules,
including signal transducer and activator of transcription 3

1246 PTP1B inhibitors for diabetes and obesity

Fig. 1. Mode of action of PTP1B on insulin and leptin signaling pathways.



Besides the two phosphotyrosine recognition sites,
the interaction with Arg47 and Asp48, which are close to
the catalytic site, has proven to be important in achieving
inhibitor selectivity over most of the other PTPs. Arg47
and Asp48 along with Tyr46 form a charged region at the
bottom of the catalytic site, which is known as the YRD
motif (33). Interaction with Arg47 can result in a signifi-
cant increase in inhibitory potency and may be just as
effective a means of increasing inhibitory potency as
interaction with site 2 (34). Gly259 and Gln262 are part of
the gateway which has been shown to control both sub-
strate and inhibitor access to site 2 of PTPs that are
closely related to PTP1B (35). Many other PTPs have
bulkier residues at these positions that can be used for
designing specific inhibitors. 

Increasing evidence suggests that the cellular redox
state is involved in regulating PTP activity through the
reversible oxidization of the catalytic cysteine to sulfenic
acid (Cys-SOH) in vivo. Recently, the crystal structures of
the regulatory sulfenic and irreversible sulfinic and sul-
fonic acids of PTP1B have been reported. The sulfenic
acid intermediate produced in response to PTP1B oxida-
tion is rapidly converted 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 Ser216 residue. Formation of the sulfenyl-
amide causes large reversible conformational changes in
the PTP1B active site that inhibit substrate binding. This
unusual protein modification has been proposed to both
protect the active-site cysteine residue of PTP1B from
irreversible oxidation and to permit redox regulation of the
enzyme by promoting its reversible reduction by thiols
(36, 37). The potential utility of the sulfenylamide confor-
mation in inhibitor design remains to be explored.

T-cell PTP (TC-PTP) has the highest homology to
PTP1B, with 74% sequence identity to PTP1B in the cat-
alytic domain and the catalytic site being identical.
Additionally, the YRD region and Gly259 and Gln262
gateway in TC-PTP and PTP1B contain identical
residues. TC-PTP is widely distributed throughout the
body. Homozygous TC-PTP knockout mice die at 3-5
weeks of age, although heterozygous mice have only a
mild phenotype (38). Therefore, the consequences of a
PTP1B inhibitor that also inhibits TC-PTP as a therapeu-
tic agent are not clear. The recently published TC-PTP
crystal structure (39) revealed major structural differ-
ences between PTP1B and TC-PTP in two areas: 1) a
region near the catalytic site where Ala17 (PTP1B
residues are in bold, TC-PTP residues in italics) is
changed to Gln19, Gln21 to Leu23 and Ala264 to
Pro262; and 2) a region near site 2 where Cys32 is
changed to His34, Lys39 to Glu41 and Phe52 to Tyr54.
In addition to these obvious amino acid differences to be
targeted, it has been demonstrated recently that the sub-
tle difference in the flexibility of PTP1B structure can also
be exploited to identify inhibitors with TC-PTP selectivity
(40).

factor receptor (PDGFR) and insulin-like growth factor
type I receptor (IGF-IR), as well as cytosolic tyrosine
kinases such as Src, TYK2, STAT5 and p210Bcr-Abl (26).
Despite the multiple functions of PTP1B, PTP1B-deficient
mice lack any obvious signs of increased activity of the
EGFR or PDGFR, such as increased tumor incidence or
fibrosis. It has been shown in PTP1B-deficient fibroblasts
that loss of PTP1B leads to decreased Ras signaling in
the cells, which can largely compensate for loss of
PTP1B regulation of EGFR or PDGFR, and which may
partly explain the absence of increased tumor incidence
in PTP1B-deficient mice (27). Thus, PTP1B appears to
be a biologically limiting regulator only for insulin and lep-
tin signaling, but not for other pathways. Hence, specific
inhibition of PTP1B could affect two essential features of
the metabolic syndrome �insulin resistance and obesity�,
making it an exciting target for potential drug discovery.

Implication of PTP1B protein structures
for inhibitor design

All PTPs have a highly conserved catalytic pocket
characterized by the presence of a signature motif,
(H/V)CX5R(S/T), a loop of 8 amino acid residues that
forms a rigid, cradle-like structure that coordinates to the
phosphotyrosine phosphate. The invariant cysteine
residue (PTP1B Cys215) is critical for catalytic activity.
The cysteine sulfhydryl (pKa approximately 4.7-5.5) exists
as a thiolate ion that acts as a nucleophile to attack the
phosphotyrosine phosphate to form a covalent thiol phos-
phate intermediate (28). The hydrogen bond between the
catalytic pocket invariant arginine (PTP1B Arg221) and
the phosphotyrosine (pTyr) phosphate moiety aids in sub-
strate binding and stabilization of the transition state (29).
PTP1B undergoes a large conformational change upon
substrate binding to facilitate the catalytic activity (30).
The flexible WPD loop (amino acids 79-187) closes down
on the phenyl ring of the substrate to maximize the
hydrophobic interaction. The conformational change also
brings Asp181 into proximity with the pTyr substrate.
Formation of the thiol phosphoryl enzyme intermediate is
facilitated by Asp181, which acts as a general acid by
providing a proton to the leaving phenolic group, and as
a general base by accepting a proton from water during
the hydrolysis of the thiol phosphoryl enzyme interme-
diate.

X-ray crystallographic studies of the complex between
bis-(p-phosphophenyl)methane and PTP1B Cys215Ala
mutant led to the discovery of a shallow groove as the
second phosphotyrosine binding site (site 2) adjacent to
the catalytic site (31). Site 2 is a noncatalytic cleft-like
binding pocket which is not conserved among all PTPs
and may participate in substrate recognition. The crystal-
lographic structure of PTP1B bound to the IR peptide
D-pY-pY-R shows the N-terminal pTyr bound to the cat-
alytic pocket while the C-terminal pTyr is bound to site 2
(32). This structural feature provides the possibility of tar-
geting both the catalytic site and site 2 simultaneously in
inhibitor design to achieve high potency and specificity.
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of exogenous p-nitrophenyl phosphate to p-nitrophenol
(42).

From a directed library of 184 compounds, a group led
by Lawrence and Zhang identified the bis(difluorophos-
phonate) 2 (Fig. 2) as a potent PTP1B inhibitor (Ki =
0.0024 µM). This compound showed > 500-fold selectivi-
ty over a panel of 12 phosphatases that included SHP1
(SH2 domain-containing phosphotyrosine phosphatase
1), SHP2 and leukocyte antigen-related tyrosine phos-
phatase (LAR). It also showed 10-fold selectivity over TC-
PTP (43). An extension of this work led to the incorpora-
tion of a fatty acid tail in order to facilitate cell
permeability. Tripeptide 3 (Fig. 2) was less potent (Ki =
0.026 µM) than 2 but maintained the good PTP1B selec-
tivity profile. It exhibited profound cellular activity in a
number of cell lines. When tested at concentrations rang-
ing from 50 nM to 1.25 µM either alone or with submaxi-
mal insulin stimulation, peptide 3 increased IR and IRS-1
phosphorylation, and led to phosphotyrosine B (PKB/Akt)
and extracellular-regulated kinase ERK1/2 activation in
CHO cells expressing the human IR (CHO/hIR) (13). This
observation suggests that PTP1B inhibitors can act as
both insulin mimetics and insulin sensitizers. It also
enhanced insulin-stimulated glucose uptake in both
CHO/hIR cells and L6 myotubes. Interestingly, experi-
ments with a potent, cell-permeable derivative of 2 con-
taining rhodamine B and a fatty acid indicated that the
inhibitor binds to and localizes with PTP1B on the surface
of the endoplasmic reticulum.

The X-ray structures of PTP1B/inhibitor complexes
have been solved for several of these molecules. In each
case, the N-terminal F2Pmp residue occupies the active
site exactly as a pTyr residue occupies the PTP1B C215S

Recent advances in small-molecule
PTP1B inhibitors

PTP1B inhibitors have been extensively reviewed
during the last several years (41). This review will sum-
marize the recent advances in various series of PTP1B
inhibitors, with an emphasis on the structure-based drug
design and the medicinal chemistry efforts in improving
cellular and in vivo activities of those inhibitors.

Highly charged PTP1B inhibitors with superior potency
and selectivity

Peptide difluorophosphonate PTP1B inhibitors

Mimetics of pTyr are useful general starting points for
designing competitive, reversible phosphatase inhibitors.
The most effective early pTyr mimetic is 4-phosphono-
(α,α-difluoromethyl)-L-phenylalanine (F2Pmp). Recently,
this pTyr mimetic has seen a renaissance in terms of
being incorporated in both peptide- and non-peptide-
based PTP1B inhibitors, despite its highly charged
nature. The synthesis of a peptide library at Merck Frosst
led to the discovery of the potent tripeptide-based PTP1B
inhibitor 1 (Fig. 2), with an IC50 of 0.006 µM and high
selectivity over CD45 (IC50 = 48 µM). It was designed
based on a tyrosine-phosphorylated fragment of the
EGFR and the importance of two adjacent pTyr residues
for PTP1B substrate recognition. Despite the multiple
charges of the molecule at neutral pH, compound 1
showed surprising cellular activity in an Sf9 cell-based
assay, with an IC50 of 200 nM for blocking the conversion
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Lau et al. reported the design of a series of inhibitors
featuring benzotriazole linked with arylphosphate groups
(47). These molecules clearly bind to the active site and
site 2 of PTP1B, and show excellent selectivity profiles.
The bis-difluorophosphonate 7 (Fig. 4) inhibits PTP1B
with an IC50 of 0.016 µM and shows good selectivity over
SHP1 (IC50 = 5.8 µM), SHP2 (IC50 = 7.4 µM), LAR (IC50 =
8.7 µM), CD45 (IC50 > 50 µM), PTPβ (IC50 > 50 µM) and
Cdc25 (IC50 > 50 µM), but no selectivity over TC-PTP.
Modifying one of the difluorophosphonate groups gave
benzotriazole 8 (Fig. 4), with an IC50 of 0.005 µM for
PTP1B and 7-fold selectivity over TC-PTP. Interestingly,
benzotriazole 9 (Fig. 4) bearing a neutral cinnamyl sub-
stituent still exhibits good inhibitory activity (IC50 = 0.023
µM) for PTP1B. Based on X-ray crystal structures of sev-
eral benzotriazoles bound to PTP1B and single point
mutations, it was determined that the interaction with the
side-chain of Phe52 (Tyr54 in TC-PTP) in site 2 is respon-
sible for most of the observed selectivity over TC-PTP)
(48).

More recently, novel phenyl-α,α-difluoro-β-ketophos-
phonates have been reported as pTyr mimetics by
Affymax. Incorporation of two pTyr mimetics into small-
molecule scaffolds produced a series of potent PTP1B
inhibitors. For example, compound 10 (Fig. 5) has an IC50
of 0.6 µM and a Ki of 0.17 µM against PTP1B. This
series of aryl-α,α-difluoro-β-ketophosphonate-based
PTP1B inhibitors was claimed to be more potent than the

mutant. The C-terminal F2Pmp group interacts with Arg47
of the YRD motif (44, 45). A lysine residue (Lys41) is pre-
sent in this region and thus can also interact with the
acidic residues.

Nonpeptide difluorophosphonate PTP1B inhibitors

Encouraged by the in vitro potency and cellular activ-
ity exhibited by the peptide difluorophosphonate-based
inhibitor 1, the same group at Merck Frosst designed non-
peptide inhibitors based on the peptide SAR and X-ray
structural information. Dufresne et al. used two different
scaffolds to prepare a series of submicromolar inhibitors.
The benzylmalonate 4 (IC50 = 0.04 µM) and deoxyben-
zoin 5 (IC50 = 0.06 µM) were selective relative to CD45
(IC50 > 50 µM) (Fig. 3). Similar to peptide 1, compound 5
showed cellular activity in Sf9 cells, with an IC50 of 0.58
µM. It also demonstrated glucose-lowering effects during
an oral glucose tolerance test (OGTT) in ob/ob mice (43%
AUC reduction at 10 mg/kg i.p.) and Zucker fa/fa rats
(63% AUC reduction at 20 mg/kg i.p.) (46). The
monophosphonate analogue 6 (Fig. 3; IC50 = 0.12 µM;
IC50 = 1.22 µM in S�9 cells) showed oral bioavailability
(F = 13%) in rats, and blood glucose-lowering activity dur-
ing an OGTT in both Zucker fa/fa rats (50% AUC reduc-
tion at 30 mg/kg p.o.) and DIO mice (50% AUC reduction
at 10 mg/kg p.o.).

Drugs Fut 2004, 29(12) 1249

O

O

O

O

P

F F FF
OH

OH
O

OH

O

O
P

FF

P

F F
OH

OH
O

OH

OH
O

IC50 = 0.04 µM

IC50 = 0.06 µM

O

P

FF
OH

OH
O

IC50 = 0.12 µM

Fig. 3. Nonpeptide difluorophosphonate-based PTP1B inhibitors.

N
N

N

P

F F

OH

OH

O

R1

R2

P

F F

OH

OH

O
7 R1 =

9 R1 =
NS

R2 =

R2 = Ph,  IC50 = 0.016 µM

P

N

OH
OH

O
O

CH3

CH3

CH3

8 R1 =

R2 = Ph,  IC50 = 0.005 µM

IC50 = 0.023 µM

Fig. 4. Highly selective nonpeptide difluorophosphonate-based
PTP1B inhibitors.

4

5

6



and other phosphatases (Fig. 6). A salt bridge formed
between the basic nitrogen of 12 and Asp48 functioned
as a selectivity-determining residue (51), since concomi-
tant repulsion would take place between this basic nitro-
gen and many other PTPs containing an asparagine in
the equivalent position. Despite the fact that OBA is
highly charged, good oral bioavailability has been
observed in rats for dicarboxylic acid 12 (F = 56%; t1/2
i.v. = 168 min) (52). However, augmentation of insulin-
stimulated 2-deoxyglucose (2-DOG) uptake into C2C12
cells could only be observed with the diethyl diesters of
12 at 100 µM.

Based on the concept of the �258/259 gateway� (35),
a submicromolar PTP1B inhibitor 13 (Fig. 6; Ki = 0.6 µM)
was designed through introduction of a saccharin sub-
stituent to the tetrahydrothieno[2,3-c]pyran core that
formed a good steric fit (minimum low-energy conforma-
tion) in PTP1B (53). This steric fit imparted good speci-
ficity (> 35-fold) over other phosphatases, including
PTPβ, PTPH1, LAR and SHP1. However, selectivity rela-
tive to TC-PTP was not achieved (Ki = 1.1 µM) with com-
pound 13. An amide library using the aminomethyl group
pendant on the tetrahydrothieno[2,3-c]pyridine core
resulted in inhibitors with further potency improvement for
PTP1B and TC-PTP (54). The most potent analogue was
the indoleamide 14 (Fig. 6), with a Ki of 18 nM (pH ~ 5.5).
An unexpected feature of analogues represented by
indoleamide 14 is the π-π interaction between the indole
ring and Phe182 of PTP1B, through a conformation
derived from a preorganizing intramolecular hydrogen
bond, which might offer potential for achieving specificity
over TC-PTP (55).

The oxalylarylaminobenzoic acid 15 (Fig. 7) was iden-
tified by an NMR-based screening at Abbott as a general
PTP inhibitor with a Ki value of 200 µM. X-ray crystallo-
graphy revealed that this series of inhibitors bound to the
catalytic site of PTP1B, with the WPD loop in the open,
presubstrate-binding conformation. Improved potency
(Ki = 1.1 µM) and phosphatase selectivity (6-, 30- and
> 300-fold selectivity for PTP1B/TC-PTP over LAR, SHP2
and CD45, respectively) were observed with 16 (Fig. 7)
through additional sets of H-bond interaction with Asp48,
a key residue in controlling access to site 2 of PTP1B
(56). Interestingly, the hydroxylethyl analogue 17 (Fig. 7;
Ki = 1.9 µM for PTP1B) was found to be orally bioavail-
able (F = 16.7%) in Sprague-Dawley rats, with an oral
half-life of 9 hours. It was found to have a marginal plas-
ma glucose-lowering effect (24% reduction) in ob/ob mice
when dosed at 120 mg/kg/day s.c. for 5 days (57).

Two approaches were taken in identifying site 2
ligands for PTP1B based on the core structure of 16. A
parallel synthesis approach yielded 18 (Fig. 7) as a potent
(Ki = 0.077 µM) and selective PTP1B inhibitor relative to
a panel of phosphatases, including SHP2 (Ki = 17 µM),
LAR (Ki = 5.0 µM) and CD45 (Ki > 200 µM). Remarkably,
it also exhibited 5-fold selectivity over TC-PTP (Ki = 0.38
µM) (58). The interaction between the methionine moiety
of 18 and Arg24 in site 2 appears to be critical in impart-
ing the TC-PTP selectivity, possibly through the subtle

corresponding α,α-difluoromethylphosphonate-based
inhibitors (49).

Inhibitors with non-phosphonate-based pTyr mimetics

Oxamic acid was recently identified as a key compo-
nent of potent pTyr mimetics in several series of selective
PTP1B inhibitors. The 2-(oxalylamino)benzoic acid (OBA)
11 (Fig. 6) was discovered as a general, reversible and
competitive inhibitor of several PTPs from a high-through-
put screening at Novo Nordisk (50). OBA at neutral pH
(Ki ~ 200 µM) is about 10-fold more potent than the non-
hydrolyzable α,α-difluorobenzylphosphonic acid (Ki =
2500 µM). X-ray crystallography of PTP1B complexed
with OBA revealed that the WPD loop is in the closed con-
formation, which imparts a favorable aromatic-aromatic
interaction between 11 and Phe182 of PTP1B.

A structure-based core modification of 11 to tetrahy-
drothieno[2,3-c]pyridine led to compound 12, with a Ki of
5 µM and at least 20-fold selectivity over CD45, SHP1
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potent inhibitor of PTP1B (Ki = 0.018 µM) with moderate
selectivity over TC-PTP (Ki = 0.065 µM) but excellent
selectivity over other PTPs (> 75-fold for LAR, SHP2 and
CD45). A diester prodrug of 20 showed augmentation of
submaximal insulin-stimulated PKB phosphorylation in a
concentration-dependent manner at concentrations of
100 µM (65% increase) and 300 µM (150% increase) in
FAO cells (59).

An N-terminal tripeptide of CCK-8 analogues with a
sulfonic acid (21; Fig. 8) was identified as a PTP1B
inhibitor (Ki = 5 µM) from a screening at the former
Pharmacia (now Pfizer) (60). Replacement of the sulfon-
ic acid with O-malonyltyrosine as the pTyr mimetic
and other structural modifications produced the more
potent 22 (Fig. 8; Ki = 1.2 µM). Further optimization using

difference in the overall flexibility difference between
PTP1B and TC-PTP structures in site 2.

NMR-based screening was also applied at Abbott to
the identification of site 2 ligands for PTP1B. X-ray struc-
ture-aided linking of a site 2 ligand with 16 produced
the dinaphthalene 19 (Fig. 7) as a potent PTP1B inhibitor
(Ki = 0.022 µM) with excellent selectivity over other phos-
phatases (36-fold to > 10,000-fold for LAR, SHP2 and
CD45) (56). The X-ray crystal structure of the complex of
18 bound to PTP1B clearly shows that the inhibitor occu-
pies both the catalytic site and site 2 with the carboxylate
group of the naphthoic acid interacting with Arg24 and
Arg 254 in site 2. Structure-based assembly of a non-car-
boxylic acid-containing, salicylate-based site 2 ligand with
the core of 18 resulted in the discovery of 20 (Fig. 7) as a
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O-carboxymethylsalicylic acid as the pTyr mimetic led to
the potent inhibitor 23 (Fig. 8), with a Ki of 0.22 µM and
no inhibition of SHP2 or LAR at concentrations up to 100
µM. An X-ray co-crystal structure of 23 bound to PTP1B
revealed that the WPD loop is in the closed conformation.
Cellular activity was only demonstrated with the trimethyl
ester prodrug of 23. A large enhancement of 2-DOG
uptake into L6 myocytes and 3T3-L1 adipocytes, with a
concomitant increase in tyrosine phosphorylation levels
of the insulin-signaling molecules IR, IRS-1 and IRS-2,
was observed. However, no effect on 2-DOG uptake in
the presence of insulin was observed with the ester pro-
drug of 23, indicating a lack of activity in terms of potenti-
ating insulin signaling (61).

More recently, compound 24 (Fig. 8; Ki = 2.0 µM),
bearing a neutral N-terminus, and its equipotent tetrazole
analogue 25 (Fig. 8) have been reported. The tetrazole
analogue 25 has significantly higher Caco-2 cell perme-
ability as compared to all previous compounds in the
series and exhibited modest enhancement of insulin-stim-
ulated 2-DOG uptake in L6 myocytes at concentration of
100 µM, without esterification of the carboxylic acid (62).
Replacement of the Boc group in 24 led to compound 26
(Fig. 8) with both improved potency (Ki = 0.67 µM) and
cellular activity (63).

The propionyloxamic acid 27 (Fig. 9; Ki = 1.7 µM) was
discovered as a novel PTP1B inhibitor at Abbott using the
same salicylate ligand for PTP1B site 2 binding as 20.
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(Kd = 800 µM) in an NMR-based screening (68). Linking
this active site-directed fragment with the methylsalicy-
late-based site 2 ligand produced the moderately potent
(Ki = 6.9 µM), highly selective (Ki = 164 µM for TC-PTP, Ki
> 300 µM for LAR, SHP2 and CD45) PTP1B inhibitor 33
(Fig. 11). It reversed PTP1B-dependent inhibition of
STAT3 phosphorylation caused by the overexpression of
PTP1B in COS-7 cells in a concentration-dependent
fashion starting from 10 µM. X-ray crystallography of the
PTP1B/33 complex revealed that the combination of the
WPD loop in the closed conformation and site 2 interac-
tion provided the additional boost in terms of selectivity
over TC-PTP.

When one of the acid groups in the O-malonate-
based inhibitor was converted to an amide, the resulting
monoacid 34 (Fig. 12) showed a Ki of 8.4 µM and > 24-
fold selectivity over TC-PTP (64). If a prodrug approach is
needed, this type of monoacid-based inhibitors may have

Replacement of the propionyloxamic acid with the O-car-
boxymethylsalicylic acid led to the bis-salicylate 28 as a
potent PTP1B inhibitor (Fig. 9; Ki = 0.16 µM). Both of
these compounds are selective over a number of phos-
phatases including TC-PTP (> 15- and 12-fold, respec-
tively) (64). In comparison, the corresponding O-car-
boxymethylsalicylic acid-based inhibitors (23-26) without
a site 2 ligand attached are not selective over TC-PTP.

PTP1B inhibitors with reduced charge and improved
cell permeability

Orally active monocarboxylic acid-based PTP1B
inhibitors, exemplified by the phenoxyacetic acid deriva-
tives 29 and 30 (Fig. 10), were first reported by the former
American Home Products (now Wyeth) (65). These com-
pounds were later found to have crossactivity as peroxi-
some proliferator-activated receptor PPARγ agonists (66),
which could contribute (at least partially) to their in vivo
efficacy. Ultimately, inhibitor 31 (Fig. 10; PTP-112,
ertiprotafib) was advanced into human clinical trials.
However, phase II trials in type 2 diabetes have since
been discontinued due to unsatisfactory clinical efficacy,
as well as dose-limiting side effects (67).

A series of heterocyclic carboxylic acids with reduced
pKa values were designed as potential oxamic acid
mimetics at Abbott, and the isoxazolecarboxylic acid
32 (Fig. 11) was identified as a weak binder to PTP1B
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to the identification of sulfonamides 40 and 41 (Fig. 15) as
PTP1B inhibitors at Sugen (Pfizer) (73). Docking models
show that these compounds can bind to both the catalyt-
ic site and site 2, although neither X-ray crystal structure
nor kinetic information is available to confirm this.
Unfortunately, these compounds appear to be nonspecif-
ic inhibitors of several other PTPs, including SHP2,
PTPε, etc.

Noncompetitive/allosteric PTP1B inhibitors with
improved drug-like properties

The difficulties associated with identifying pTyr mimet-
ics with suitable potency, selectivity and bioavailability
have prompted investigations on other mechanisms of
inhibiting PTP1B. A series of pyridazine analogues were
identified at Biovitrum as noncompetitive PTP1B
inhibitors (74), with 42 being the most potent (Fig. 16;
IC50 = 0.35 µM). The thiopyridazine 43 (Fig. 16) showed
over 20-fold selectivity relative to LAR (IC50 > 100 µM)
and TC-PTP (IC50 > 100 µM). These pyridazine ana-
logues lacking negative charges were initially speculated
as binding to an unknown allosteric site. It was later
found that they probably cause catalytic oxidation of the

the advantage in that hydrolysis of only one ester is need-
ed to give the parent molecule. Another monoacid-based
analogue, 35 (Fig. 12), showed modest potency (Ki = 9.0
µM) and > 20-fold selectivity over TC-PTP (69). It also
showed modest Caco-2 cell permeability, which could be
partially due to the equilibrium between the acid 35 and
its corresponding lactone.

Using a breakaway tethering strategy, the 3-car-
bamoylpyrazine-2-carboxylic acid 36 (Fig. 13) was dis-
covered as a new pTyr mimetic at Sunesis (70). The
approach involves first irreversibly modifying a protein
with an extender that contains both a masked thiol and a
known pTyr mimetic. The extender is then cleaved to
release the pTyr mimetic, thereby unmasking the thiol.
The resulting protein is screened against a library of disul-
fide-containing small-molecule fragments. Any molecules
with inherent affinity for the pTyr binding site will prefer-
entially form disulfides with the extender thus identified by
mass spectrometry. The potency of 36 is comparable to
that of pTyr itself (Ki = 4100 µM). The technique is fairly
structurally sensitive since the inactive stereoisomer 37
(Fig. 13) was not selected from the library.

Acid 38 (Fig. 14) was reported by Structural
Bioinformatics (now Cengent Therapeutics) to have IC50
values of 0.8 µM and 1.6 µM against PTP1B and TC-PTP,
respectively, and moderate selectivity over PTPβ (IC50 =
30 µM) and CD45 (IC50 = 14 µM) (71). A series of azole
compounds, exemplified by 39 (Fig. 14), were patented
as PTP1B inhibitors by Japan Tobacco. Compound 39
was shown to lower blood glucose levels by 32% and
39% in ob/ob mice when dosed at 1 and 3 mg/kg orally,
respectively (72). No structural information regarding
the binding modes of these two series of compounds is
available.

Replacement of the acidic hydroxyl group of a sulfon-
ic acid with an electronegative, nonacidic CF3 group led

1254 PTP1B inhibitors for diabetes and obesity

N

N

OH

O

N
H

O N
H

O

S

S

NN

N
H

O
Cl

Cl

N
N
H

OH

O

X

N
H

S
X

O O
F

F
F

N
H

S
OO

F

F
F

36 Ki = 4100 µM

N

N

OH

O

N
H

O N
H

O

S

37 Inactive

Fig. 13. pTyr mimetic identified by breakaway tethering strategy.

38 IC50 = 0.8 µM

CH3

CH3

N

CH3

N

S

N

CH3
OH

O

39 IC50 = 0.11 µM

Fig. 14. Monocarboxylic acid-based PTP1B inhibitors.

40 X = O,  IC50 = 2.5 µM
41 X = CMe2,  IC50 = 2.5 µM

Fig. 15. Bis-sulfonamide-based PTP1B inhibitors.



concentration-dependently prolonged IR phosphorylation
in CHO/hIR cells. It lowered plasma glucose levels in DIO
mice following a single oral dose of 50 mg/kg. A sub-
chronic dosing regimen (50 mg/kg once daily for 5 days)
of 45 in DIO mice resulted in significantly reduced plasma
glucose and insulin levels. It also induced beneficial
changes in the levels of free fatty acids (FFA), trigly-
cerides (TG) and high-density lipoproteins (HDL). These
changes correlated well with the significantly reduced
cumulative food intake and body weight of these mice. 

The binding mode of a similar analogue, 46 (Fig. 17;
IC50 ~ 10 µM), was studied using NMR with 15N- or
13C-labeled PTP1B. The chemical shift perturbation is
consistent with a model in which 46 binds near the cat-
alytic site but does not penetrate into the catalytic site,
and does not induce closure of the WPD loop (78).
Consistently, 46 was found to be a mixed competitive
inhibitor and was not sensitive to reducing agents.
Interestingly, both 45 and 46 showed very significant
crossreactivity against another unidentified enzyme,
which imparts ambiguity to the mechanism of action for
this series of inhibitors. 

A series of benzbromarone derivatives have been dis-
covered by Sunesis as reversible, noncompetitive PTP1B
inhibitors (79). The exemplified compound 47 (Fig. 18)
was shown to have an IC50 of 22 µM against PTP1B and
selectivity over LAR (IC50 > 500 µM) and TC-PTP (IC50 =
129 µM). X-ray crystallography revealed that 47 binds to
a novel allosteric site located ~20 Å away from the cat-
alytic pocket, and stabilizes a conformation that is very
similar to the presubstrate-binding, WPD loop open

reducing agents in the assay, generating hydrogen per-
oxide from O2, which oxidizes the active-site cysteine
(C215) of PTP1B, leading to enzyme inactivation (75). No
inhibition by these compounds was observed in the
absence of reducing agents such as dithiothreitol.

A series of pyrimidotriazinediamines were discovered
at Roche as nonselective PTP1B inhibitors, the most
potent being 44 (Fig. 17; IC50 = 2.9 µM). It is most likely
that the triazine ring is responsible for the redox activity of
these inhibitors in a similar fashion as 43 (76). A more sta-
ble series of diaminopyrroloquinazolines was recently
reported as selective PTP1B inhibitors by the same group
(77). Exemplified compound 45 (Fig. 17; IC50 = 11.3 µM)
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esting to see whether any compounds from this series
advance into human clinical trials. Additionally, the identi-
fication of an allosteric site for regulating PTP1B confor-
mational change upon substrate binding offers another
potential venue for designing potent and selective
inhibitors without the liability associated with targeting the
catalytic pocket of PTP1B.

PTP1B remains an attractive, but as yet challenging,
target for small-molecule drug discovery. In particular,
reasonable brain penetration is needed for PTP1B
inhibitors to harness the potential benefit of increasing
leptin and insulin sensitivities in the hypothalamus.
Despite these challenges, after nearly a decade of inten-
sive research, the search for true small-molecule PTP1B
inhibitors suitable for clinical development may start to
bear fruit. The move of PTP1B inhibitors from the sideline
to the frontline as therapeutic agents could be realized in
the next decade.
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