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PTP1B�/� mice are resistant to diet-induced obesity due to leptin hypersensitivity and consequent increased
energy expenditure. We aimed to determine the cellular mechanisms underlying this metabolic state. AMPK is an
important mediator of leptin’s metabolic effects. We find that �1 and �2 AMPK activity are elevated and acetyl-
coenzyme A carboxylase activity is decreased in the muscle and brown adipose tissue (BAT) of PTP1B�/� mice. The
effects of PTP1B deficiency on �2, but not �1, AMPK activity in BAT and muscle are neuronally mediated, as they
are present in neuron- but not muscle-specific PTP1B�/� mice. In addition, AMPK activity is decreased in the
hypothalamic nuclei of neuronal and whole-body PTP1B�/� mice, accompanied by alterations in neuropeptide
expression that are indicative of enhanced leptin sensitivity. Furthermore, AMPK target genes regulating mito-
chondrial biogenesis, fatty acid oxidation, and energy expenditure are induced with PTP1B inhibition, resulting in
increased mitochondrial content in BAT and conversion to a more oxidative muscle fiber type. Thus, neuronal
PTP1B inhibition results in decreased hypothalamic AMPK activity, isoform-specific AMPK activation in periph-
eral tissues, and downstream gene expression changes that promote leanness and increased energy expenditure.
Therefore, the mechanism by which PTP1B regulates adiposity and leptin sensitivity likely involves the coordinated
regulation of AMPK in hypothalamus and peripheral tissues.

Protein tyrosine phosphatase 1B (PTP1B) belongs to a fam-
ily of tyrosine phosphatases with diverse roles in eukaryotes (2,
4). PTP1B attenuates insulin signaling by dephosphorylating
the insulin receptor (19, 22, 61) and possibly IRS-1 (9, 23) and

leptin signaling by dephosphorylating JAK2, which phosphor-
ylates the leptin receptor and associated substrates (10, 45, 67).
PTP1B-deficient mice are insulin hypersensitive, lean, and re-
sistant to diet-induced obesity (20, 36) due, at least in part, to
increased energy expenditure (36). The leanness can be ex-
plained by the absence of PTP1B in neurons, because neuron-
specific PTP1B�/� mice also have reduced body weight and
adiposity and increased energy expenditure (6). In contrast,
muscle- and liver-specific PTP1B-deficient mice have normal
body weight with improved insulin sensitivity, whereas adipose-
PTP1B-deficient mice have increased body weight (6, 15, 16).
These data suggest that PTP1B in peripheral tissues such as
muscle and liver is an important mediator of peripheral insulin
sensitivity, whereas PTP1B in the nervous system plays a crit-
ical role in regulating energy expenditure and adiposity (6).

The adipocyte-derived hormone leptin plays an essential
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role in regulating energy homeostasis by acting on multiple
tissues, most importantly the hypothalamus, to regulate food
intake and energy expenditure (1). PTP1B�/� mice have en-
hanced basal and leptin-stimulated hypothalamic STAT3 phos-
phorylation and are hypersensitive to leptin’s effect on food
intake and body weight (10, 67). The overexpression of PTP1B
in heterologous cells dose dependently reduces the leptin-in-
duced phosphorylation of JAK2 and STAT3 and inhibits lep-
tin-stimulated STAT3-dependent reporter gene activation (10,
35, 39, 67). These and other data established that enhanced
leptin sensitivity contributes to the leanness in PTP1B�/�

mice. We sought to determine the cellular mechanisms under-
lying the altered energy homeostasis in the setting of PTP1B
deficiency.

AMP-activated protein kinase (AMPK) is a major mediator
of leptin’s metabolic effects (43, 44). AMPK is a fuel-sensing
enzyme complex activated by cellular stresses that increase
AMP or deplete ATP, including hypoxia, ischemia, glucose
deprivation, uncouplers of oxidative phosphorylation, exercise,
and muscle contraction (66). AMPK also is activated by the
antidiabetic drugs metformin (68) and the thiazolidinediones
(21). Mechanisms involved in AMPK activation include (i) the
binding of AMP to an allosteric site on the � subunit, which
renders the holoenzyme resistant to inactivating serine phos-
phatases and also may have direct allosteric effects on kinase
activity (55), and (ii) phosphorylation by upstream AMPK ki-
nases of the � (catalytic) subunits on Thr172, which is essential
for kinase activity (29). Once activated, AMPK phosphorylates
multiple downstream substrates, leading to the inhibition of
ATP-utilizing pathways, such as fatty acid synthesis, and the
activation of ATP-generating pathways, including fatty acid
oxidation (34).

The phosphorylation of acetyl coenzyme A (acetyl-CoA)
carboxylase (ACC) by AMPK results in the inhibition of ACC
activity, decreased malonyl-CoA content, and a subsequent
increase in fatty acid oxidation in skeletal muscle caused by the
disinhibition of carnitine palmitoyltransferase 1 (27, 52, 62).
The leptin stimulation of muscle fatty acid oxidation is medi-
ated by AMPK (44). AMPK also is an important regulator of
muscle mitochondrial biogenesis and function (7, 37, 48, 58,
63). This may, in part, be mediated by peroxisome proliferator-
activated receptor � (PPAR�)–coactivator 1� (PGC-1�), be-
cause AMPK induces the expression and phosphorylation of
PGC-1�, which regulates mitochondrial biogenesis and muscle
fiber type (31).

In addition to a role for AMPK in leptin action in periph-
eral tissues, the inhibition of hypothalamic AMPK activity
by leptin plays an important role in mediating leptin’s effect
on food intake and energy homeostasis (43). This appears to
involve neurons that express neuropeptide Y (NPY) and
agouti-related peptide (AgRP), since the expression of con-
stitutively active AMPK in the basomedial hypothalamus
augments NPY/AgRP expression (43). Furthermore, the de-
letion of the AMPK �2 catalytic subunit specifically in these
neurons results in leanness, whereas deletion in proopi-
omelanocortin (POMC)-expressing neurons results in mild
obesity (13).

To determine whether alterations in AMPK contribute to
increased energy expenditure and leanness in PTP1B�/� mice,
we investigated the AMPK pathway in peripheral tissues and

hypothalamus. We demonstrate that the global absence of
PTP1B alters AMPK and downstream biological processes in
multiple tissues, and that neuronal PTP1B regulates AMPK
activity in peripheral tissues in an isoform-specific manner.
Our data establish a novel link between PTP1B and AMPK,
two signaling molecules that are critical in the regulation of
energy homeostasis.

MATERIALS AND METHODS

Animals. The generation of PTP1B�/� mice (36), neuron-specific PTP1B�/�

(Nes-PTP1B�/�) mice (6), and muscle specific-PTP1B�/� (MCK-PTP1B�/�)
mice (15) was described previously. All experiments used male mice on a mixed
C57BL/6Jx129 background that were housed with a 12-h light/12-h dark cycle in
a temperature-controlled barrier facility with free access to water and standard
laboratory chow (Purina no. 5053; fat content of 4.5% by weight/11.9% by
calories). For some studies, 5- to 6-week-old PTP1B�/� mice were put on a
high-fat diet (Harlan Teklad 93075; fat content of 29.3% by weight/54.8% by
calories) for 8 weeks and sacrificed at 13 to 14 weeks of age. Mice were sacrificed
in the fed state, except for the neuropeptide measurements, for which mice were
fasted for 48 h. All aspects of animal care were approved by the Beth Israel
Deaconess Medical Center Institutional Animal Care and Use Committee and
the animal welfare committee at Harvard Medical School.

Measurement of enzyme activities. Tissue lysates were prepared as described
in the supplemental material. To measure AMPK activity, protein (100 �g) was
immunoprecipitated with sheep polyclonal antibodies specific to �1 or �2 AMPK
(kindly provided by David Carling, Imperial College, London, United Kingdom)
bound to protein G-Sepharose overnight. The kinase activity of the immunopre-
cipitates was measured using SAMS peptide and [�-32P]ATP (30, 43, 44).

ACC activity measurements were based on acetyl-CoA-dependent 14CO2 fix-
ation (24, 44). Detailed procedures are described in the supplemental material.

Immunoblotting. Protein (20 �g) was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and phosphorylation and total levels of spe-
cific proteins were measured by immunoblotting. Thr172 phospho-AMPK and
MO25� antibodies (rabbit polyclonal) were from Cell Signaling Technology
(Beverly, MA). �2 AMPK, troponin I (slow), UCP1, �-actin (goat polyclonal),
and LKB1 (mouse monoclonal) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies against �1 AMPK and Ser79 phospho-ACC (rabbit
polyclonal) were from Upstate Biotechnology (Lake Placid, NY). Mouse mono-
clonal antibody against cell death-inducing DFFA-like effector A (CIDEA) was
from Novus Biologicals (Littleton, CO). Total ACC was detected using Strepta-
vidin-conjugated horseradish peroxidase (Amersham Biosciences, Piscataway,
NJ) (44).

Dissection of hypothalamic regions. For AMPK activity measurements, hypo-
thalamic regions were dissected according to a previous description (43). Briefly,
each hypothalamic region was dissected from 1-mm-thick sagittal sections of
fresh brain. Arcuate (ARC), paraventricular (PVN), and ventromedial/dorsome-
dial (VMH/DMH) hypothalamus were dissected from the first sections from the
midline of the brain. Lateral hypothalamus (LH) was dissected from the next
lateral sections. Coordinates for each hypothalamic region were described pre-
viously (43).

Quantitative real-time RT-PCR. Total RNA was isolated from extensor digi-
torum longus (EDL) skeletal muscle, interscapular brown adipose tissue (BAT),
and hypothalamus using TRIReagent according to the manufacturer’s instruc-
tions (Molecular Research Center, Cincinnati, OH). Messenger RNAs of specific
genes were quantified by real-time reverse transcription-PCR (RT-PCR) using
the TaqMan one-step RT-PCR Master mix (Applied Biosystems) and a Strat-
agene Mx3000P or Mx4000P system (Stratagene, La Jolla, CA) as described
previously (43). The sequences for each primer/probe set used are listed in Table
S1 in the supplemental material.

Hypothalamic neuropeptide measurements. Neuropeptides were measured in
total hypothalamus by quantitative RT-PCR as described above. To measure
leptin’s effects on neuropeptide expression, PTP1B�/� and wild-type (WT) mice
were fasted for 48 h starting at 8 a.m. on day 1. Leptin (1 �g/g of body weight)
was injected intraperitoneally at 6 p.m. and 8 a.m. from day 1 to day 3. One hour
after the last leptin injection on day 3, mice were sacrificed and whole hypothal-
amus was removed for neuropeptide measurements.

Light microscopy and immunohistochemistry. Mice were perfused transcar-
dially with 4% paraformaldehyde–0.1 M phosphate buffer (pH 7.4). BAT and
EDL muscle were dissected, fixed, paraffin embedded, and cut into 3-�m sec-
tions. Sections of BAT were used for the localization of UCP1, and transverse
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sections of EDL muscle were used for the detection of cytochrome c by immu-
nohistochemistry (32), as described in the supplemental material.

Electron microscopy. Small fragments of BAT were fixed in 2% glutaralde-
hyde–2% paraformaldehyde–0.1 M phosphate buffer (pH 7.4) for 4 h, postfixed
in 1% osmium tetroxide, and embedded in an Epon-Araldite mixture. Semithin
sections (2 �m) were stained with toluidine blue, and thin sections were obtained
with an MT-X ultratome (RMC, Tucson, Arizona), stained with lead citrate, and
examined with a CM10 transmission electron microscope (Philips, Eindhoven,
Netherlands).

Morphometric analysis. To evaluate the number of cytochrome c-positive
muscle cells in EDL muscle, we studied one transverse section for each animal.
About 1,600 muscle cells were analyzed per section. Muscle morphometry was
assessed without prior knowledge of the genotype. Results are reported as the
percentage of muscle cells exhibiting different degrees of cytochrome c positivity
versus the total number of muscle cells in the section.

The morphometric evaluation of BAT mitochondria was performed by image
analysis software (Lucia IMAGE, version 4.82; Laboratory Imaging, CZ) without
the prior knowledge of the genotype. Six electron micrographs from the inter-
scapular depot of each mouse were obtained at a magnification of �9,800 and
were acquired as digital images by a scanner at 200% enlargement. Mitochon-
drial (calculated as the number of mitochondria in a cytoplasmic area free of
lipid droplets) and crista (the number of cristae per mitochondrial area) density
were quantified.

Adenine nucleotide measurement. BAT and EDL tissues were obtained by
freeze-clamping (40) in mice under ketamine-xylazine anesthesia, and AMP,
ADP, and ATP content was measured by high-performance liquid chromatog-
raphy (5) using a Waters high-performance liquid chromatography system (Wa-
ters Co., Milford, MA) as described in the supplemental material.

Statistical analysis. Results are presented as means � standard errors of the
means (SEM). Differences between groups were examined for statistical signif-
icance by Student’s t test or analysis of variance.

RESULTS

At 3 months of age, PTP1B�/� mice on a chow diet were 	3
g lighter than WT littermates (WT, 28.8 � 0.5; PTP1B�/�,
25.9 � 0.5 g; P 
 0.05), consistent with previous observations
(20, 36). �1 and �2 AMPK activities were increased by 40 and
65%, respectively, in EDL muscle of PTP1B�/� mice com-
pared to those in WT mice (P 
 0.05) (Fig. 1A). This was
associated with increased AMPK � subunit phosphorylation at
Thr172 without changes of �1 and �2 AMPK protein levels
(Fig. 1B); thus, the specific activity of both isoforms was in-
creased. Similar increases in �1 and �2 AMPK activities were
seen in EDL muscle in an independent cohort of PTP1B�/�

mice at 5 months of age (data not shown). LKB1 is one of the
upstream kinases that activates AMPK by phosphorylating it at
Thr172 (28, 57, 65). LKB1 associates with Ste20-related adap-
tor protein (STRAD�/�) and mouse protein 25 (MO25�/�),
forming a heterotrimeric complex (64). Although we could not
measure STRAD levels owing to the lack of available reagents,

FIG. 1. Effect of PTP1B deficiency on the AMPK pathway in EDL muscle. (A) �1 and �2 AMPK activities. (B and C) Immunoblotting of �
AMPK subunit phosphorylation on Thr172, �1 and �2 AMPK, LKB1, MO25�, and �-actin protein levels. Data are normalized to �-actin.
(D) ACC activity. (E) �1 and �2 AMPK and ACC activities. All experiments were carried out using 3-month-old male WT and whole-body
PTP1B�/� mice on a chow (A to D) or high-fat (E) diet. Data are expressed as means � SEM; n � 6 to 8 for each genotype. *, P 
 0.05 compared
to results for WT mice.
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both LKB1 (30%) and MO25� (20%) protein levels were el-
evated in the muscle of PTP1B�/� mice (Fig. 1C) (P 
 0.05)
and are likely to contribute to constitutive AMPK activation.
Consistent with the increased AMPK activity, the activity of
ACC tended to be lower in EDL muscle of PTP1B�/� mice
than in WT mice on a chow diet (Fig. 1D). In PTP1B�/� mice
on a high-fat diet for 8 weeks (body weight: WT, 32.4 � 1.1 g;
PTP1B�/�, 28.1 � 0.6 g; P 
 0.05), �1 and �2 AMPK activities
in EDL muscle were increased by 55 and 45%, respectively,
and ACC activity was decreased by 21% (Fig. 1E).

Activation of AMPK in muscle of PTP1B�/� mice was ac-
companied by the upregulation of AMPK target genes in-
volved in mitochondrial biogenesis and muscle fiber type com-
position (PGC-1�, 35%; PGC-1�, 57%) and mitochondrial
uncoupling (UCP2, 27%; UCP3, 71%) (Fig. 2A) (P 
 0.05).
EDL muscle normally is a fast-twitch muscle primarily com-
posed of type II fibers, which have lower mitochondrial content
and oxidative capacity than type I fibers. The proportion of red
(type I) and intermediate fibers in EDL muscle of PTP1B�/�

mice was increased by 35% compared to that of WT mice, as
reflected in immunohistochemical staining for the mitochon-
drial marker cytochrome c (Fig. 2B). In parallel, the level of
the inhibitory subunit of the troponin complex, troponin I

(slow), a classic marker of type I slow-twitch fibers, was in-
creased by more than twofold in EDL muscle of PTP1B�/�

mice. These data indicate that the absence of PTP1B leads to
a shift to more slow-twitch type I fibers, which likely results
from increased AMPK-mediated PGC-1� expression.

BAT is a major thermogenic organ that regulates energy
expenditure. �1 and �2 AMPK activities were elevated by 60%
in the BAT of PTP1B�/� mice compared to that of WT mice
at both 3 (Fig. 3A) (P 
 0.001) and 5 months (data not shown)
of age. The phosphorylation of the AMPK � subunits at
Thr172 was increased by 30% in PTP1B�/� mice (P 
 0.05)
(Fig. 3B). Unlike the case for muscle tissue, �1 and �2 AMPK
protein levels were increased by 40 to 60% in BAT of
PTP1B�/� mice (P 
 0.05) (Fig. 3B). Also in contrast to results
for muscle, the levels of LKB1 protein in BAT were similar
between WT and PTP1B�/� mice (Fig. 3C). Thus, increased
�1 and �2 AMPK protein levels likely contribute to enhanced
AMPK activity in BAT. The latter was accompanied by, and
most likely causes, an approximately 30% decrease in ACC
activity (P 
 0.05) (Fig. 3D). In BAT, CIDEA binds to the
AMPK � subunit, leading to its ubiquitination and degrada-
tion. This results in instability and decreased protein levels of
the �, �, and � complex (49). However, neither CIDEA RNA

FIG. 2. Effect of PTP1B deficiency on gene expression and fiber type composition in EDL muscle. (A) Levels of PGC-1�, PGC-1�, PPAR�, UCP2, and
UCP3 mRNAs were measured by quantitative RT-PCR. (B) Left, cytochrome c immunohistochemical staining in EDL muscle; right, quantification of red and
intermediate fiber composition determined by cytochrome c staining in EDL muscle. (C) Immunoblotting of the slow-twitch type I fiber marker troponin I (slow)
in muscle. All experiments were carried out using 3- to 4-month-old male mice on a chow diet. Data are expressed as means � SEM; n � 6 to 8 for each genotype
for panels A and C and 5 per genotype for panel B. *, P 
 0.05 compared to results for WT mice.
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nor protein levels were altered in the BAT of PTP1B�/� mice
compared to those of WT mice (data not shown).

Furthermore, the expression of several AMPK target genes
was induced in the BAT of PTP1B�/� mice. These included
genes involved in fatty acid oxidation, mitochondrial biogene-
sis, and thermogenesis, including PGC-1� (44%), PGC-1�
(98%), PPAR� (91%), mitochondrial UCP1 (24%), UCP2
(53%), and UCP3 (57%) (P 
 0.05) (Fig. 4A). In addition,
UCP1 protein levels were increased, as revealed by immuno-
blotting (1.8-fold increase; P 
 0.05) (Fig. 4B, left) and immu-
nohistochemistry (Fig. 4B, right). Lipid droplets in brown adi-
pocytes of PTP1B�/� mice were smaller, indicating enhanced
lipid oxidation and/or reduced lipogenesis (Fig. 4B). The elec-
tron microscopic examination of BAT showed that the mean
mitochondrial density (21%) and mean mitochondrial crista
density (35%) were increased in PTP1B�/� mice (P 
 0.05)
(Fig. 4C), indicating enhanced net mitochondrial biogenesis.
The increased mitochondrial density along with increased
UCP expression is expected to increase energy expenditure, as
is observed in PTP1B�/� mice (36).

We sought to further investigate the mechanisms by which
the absence of PTP1B regulates AMPK activity. PTP1B defi-
ciency resulted in a 93% elevation of AMP content in EDL
muscle and a 49% elevation in BAT of PTP1B�/� mice com-

pared to those in WT mice, resulting in an increased AMP/
ATP ratio in both tissues (Table 1).

We next asked whether increased AMPK activity in muscle
and BAT of whole-body PTP1B�/� mice is mediated through
the deletion of PTP1B in the nervous system or more directly
through PTP1B deficiency in muscle or BAT. We found no
differences in �1 AMPK activity in EDL muscle of either
neuron-specific (Nes-PTP1B�/�) or muscle-specific (MCK-
PTP1B�/�) mice (Fig. 5A and B). However, �2 AMPK activity
was increased by 30% in EDL of neuronal PTP1B�/� mice
compared to that in control littermates (Fig. 5A) but was not
increased in muscle PTP1B�/� mice (Fig. 5B). Accompanying
the increased �2 AMPK activity, AMPK � subunit phosphor-
ylation was 2.3-fold increased in muscle of neuronal PTP1B�/�

mice compared to that in control littermates, without changes
in �2 protein levels (Fig. 5C). LKB1 (40%) and MO25� (34%)
levels in EDL muscle of neuronal PTP1B�/� mice also were
increased compared to those in control mice (Fig. 5D). In
addition, the neuronal deletion of PTP1B resulted in the up-
regulation of the slow-twitch fiber type marker troponin I
(slow) (Fig. 5E), paralleling the shift to more oxidative muscle
fibers seen in whole-body PTP1B�/� mice. The comparable
effects of whole-body and neuronal PTP1B deficiency on the
LKB1-�2AMPK pathway and downstream muscle fiber type
switching indicate that these alterations are caused by the
absence of PTP1B in neurons (see the model in Fig. 8). In
contrast, the increased �1 AMPK activity in muscle does not
appear to be regulated by neuronal PTP1B.

Likewise, �2, but not �1, AMPK activity was increased in
BAT of neuronal PTP1B�/� mice, establishing that the ner-
vous system regulates BAT �2 AMPK activity (Fig. 6A). As
observed in whole-body PTP1B�/� mice, the increase in �2
AMPK activity in BAT of neuronal PTP1B�/� mice could be
accounted for by an increase (	90%) in �2 protein levels (Fig.
6B). UCP1 protein content also was increased (by 42%) with
the neuronal deletion of PTP1B, reflecting the regulation of
UCP1 by sympathetic innervation (17, 47) (Fig. 6C). Thus, in
BAT as well as in muscle of whole-body PTP1B�/� mice,
alterations in �2, but not �1, AMPK activity are mediated by
PTP1B in neurons.

Because PTP1B�/� mice are lean and have increased energy
expenditure yet do not have a compensatory increase in food
intake (36), and AMPK activity in the hypothalamus regulates
these processes (43), we investigated AMPK activity in specific
hypothalamic regions. In PTP1B�/� mice, �1 and �2 AMPK
activities were decreased 25 to 40% in ARC and PVN nuclei,
and �2 AMPK activity was also decreased in the VMH/DMH
(P 
 0.05) (Fig. 7A). In contrast, �1 and �2 AMPK activities
were not affected in LH, consistent with the lack of leptin effect
on AMPK in the LH of normal mice (43). These changes in
hypothalamic AMPK �2 activity could explain the enhanced
leptin-induced biologic effects in PTP1B�/� mice (10, 67).

To determine the functional significance of these alterations
in AMPK activity, we measured neuropeptide expression. In
the fasted state, leptin-induced POMC expression was aug-
mented in whole-body PTP1B�/� mice (Fig. 7B). Fasting in-
duced similar (not enhanced) increases in the orexigenic neu-
ropeptides AgRP and NPY in PTP1B�/� mice (compared to
levels in WT mice) (Fig. 7C) despite their lower body weight
and serum leptin levels (36), consistent with increased leptin

FIG. 3. Effect of PTP1B deficiency on the AMPK pathway in BAT.
(A) �1 and �2 AMPK activities. (B and C) Immunoblotting of �
AMPK subunit phosphorylation on Thr172, �1 and �2 AMPK, LKB1,
and �-actin protein levels. Data are normalized to �-actin. (D) ACC
activity. All experiments were carried out using 3-month-old male mice
on a chow diet. Data are expressed as means � SEM; n � 6 to 8 for
each genotype. *, P 
 0.05 compared to results for WT mice.
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sensitivity. Further evidence of leptin hypersensitivity was the
decreased expression of the orexigenic neuropeptide melanin-
concentrating hormone (MCH) in PTP1B�/� mice (Fig. 7C).
These alterations in neuropeptide expression are consistent
with the reduced hypothalamic AMPK activity in these mice
and may mediate the enhanced leptin action caused by PTP1B
deficiency (10, 67).

To investigate whether alterations in hypothalamic AMPK ac-
tivity result from the absence of PTP1B in neurons or indirectly
from the lack of PTP1B in nonneuronal tissues, we measured
AMPK activity in hypothalamus of neuronal PTP1B�/� mice. �2
AMPK activity was reduced in both ARC and PVN of neuronal

PTP1B�/� mice (Fig. 7D), similar to the effects in whole-body
PTP1B�/� mice (Fig. 7A). Consistent with these findings, we
previously demonstrated alterations in hypothalamic neuropep-
tide expression in neuronal PTP1B�/� mice that would be ex-
pected as a result of reduced hypothalamic AMPK activity and
that are indicative of leptin hypersensitivity (6).

DISCUSSION

Mice with either the whole-body or neuronal deletion of
PTP1B are lean and hypersensitive to leptin. Furthermore,
agents that inhibit PTP1B expression or activity (11, 25, 26, 50,

FIG. 4. Effect of PTP1B deficiency on BAT gene expression, morphology, and mitochondrial content. (A) Levels of PGC-1�, PGC-1�, PPAR�,
UCP1, UCP2, and UCP3 mRNAs were measured by quantitative RT-PCR; n � 7 to 17 for each genotype. (B) Left, UCP1 protein level in BAT;
right, UCP1 immunohistochemical staining in BAT; n � 6 to 8 per genotype [left] or 5 per genotype [right]. (C) Left, electron microscopy of BAT
in WT and PTP1B�/� mice. Right, quantification of mitochondrial density and mitochondrial crista density in BAT of WT and PTP1B�/� mice.
Five mice were used for each genotype, and six electron micrographs from each mouse were examined. All experiments were carried out on 3- to
4-month-old male mice on a chow diet. Data are expressed as means � SEM. *, P 
 0.05 compared to results for WT mice.

TABLE 1. Adenine nucleotide content and AMP/ATP and ATP/ADP ratios in EDL muscle and BAT of WT and PTP1B�/� micea

Tissue and
mouse type

Adenine nucleotide content (nmol/mg protein)
AMP/ATP ATP/ADP

AMP ADP ATP

EDL muscle
WT 0.29 � 0.03 3.66 � 0.43 55.61 � 0.79 0.005 � 0.001 17.57 � 2.54
PTP1B�/� 0.56 � 0.08* 3.43 � 0.46 54.71 � 1.03 0.01 � 0.001* 19.16 � 3

BAT
WT 3.08 � 0.18 4.99 � 0.35 8.92 � 0.88 0.38 � 0.04 1.91 � 0.24
PTP1B�/� 4.57 � 0.3* 5.75 � 0.33 7.66 � 0.3 0.6 � 0.03* 1.37 � 0.05

a Male mice on a chow diet were sacrificed in the fed state. Data are expressed as means � SEM. n � 10 for each genotype. �, P 
 0.05 compared to results for
WT mice.
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69) cause weight loss and enhance insulin sensitivity in obese
mice. Such agents are under development for the treatment or
prevention of obesity and type 2 diabetes in humans, but the
mechanisms underlying their physiologic effects are unknown.
In the present study, we investigated the cellular mechanisms
responsible for the effects of PTP1B inhibition on body mass.
We found altered regulation of AMPK activity in hypothala-
mus and in peripheral tissues such as muscle and BAT (see
Table S2 in the supplemental material), all of which are key
sites for the regulation of fuel homeostasis. Because neuronal
PTP1B is critical for the control of adiposity, our results indi-
cate that the altered regulation of peripheral �2 AMPK by
neuronal PTP1B is a major mechanism for the beneficial ef-
fects of PTP1B inhibition on energy balance and adiposity (Fig.
8). Our data also provide novel insights into the tissue-specific
regulation of LKB1 and the isoform-specific activation of
AMPK.

To assess the significance of these alterations in AMPK
activity in PTP1B�/� mice, we investigated downstream bio-
logic effects known to be regulated by AMPK, such as muscle

mitochondrial biogenesis (70) and conversion to a more slow-
twitch type I oxidative fiber type (58). We demonstrate that
both of these effects are enhanced in PTP1B�/� mice. Given
that AMPK induces the expression of PGC1� and that mice
overexpressing PGC-1� in muscle show fiber type switching
(38), the AMPK-induced activation of PGC-1� in PTP1B�/�

mice may contribute to these phenotypic changes. Increased
AMPK activity also can account for the induction of genes
involved in fatty acid oxidation in PTP1B�/� mice, given that
the pharmacological or genetic activation of AMPK upregu-
lates the activity and expression of these genes. These alter-
ations, combined with the increased expression of genes en-
coding uncoupling proteins, undoubtedly play a major role in
the increased energy dissipation in the absence of PTP1B.
Interestingly, increased AMPK phosphorylation and activity
were also reported in liver of mice deficient in stearoyl-CoA
desaturase 1 (SCD1) (18), in white adipose tissue (WAT) of
UCP1-overexpressing mice (41), and in muscle of mice with
muscle-specific overexpression of human UCP3 (56). The in-
creased AMPK activities in these animal models are associated

FIG. 5. Effect of neuron- and muscle-specific PTP1B deficiency on the AMPK pathway in EDL muscle. (A and B) �1 and �2 AMPK activities
in EDL muscle of neuronal PTP1B�/� (A) and muscle PTP1B�/� (B) mice. (C to F) Immunoblotting of � AMPK phosphorylation, �1 and �2
AMPK, LKB1, MO25�, troponin I (slow), and �-actin protein levels in neuronal PTP1B�/� mice. Data in panels C to E are normalized to �-actin.
All experiments were carried out using 2-month-old male flox/flox (fl/fl) control, neuronal PTP1B�/�, and muscle PTP1B�/� mice on a chow diet.
Data are expressed as means � SEM. n � 6 to 8 for each genotype. *, P 
 0.05 compared to results for WT mice.
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with increased mitochondrial biogenesis (51), genes involved in
fatty acid oxidation (46), and enhanced fatty acid oxidation (18,
41), and they likely contribute to reduced adiposity, increased
energy expenditure (12, 18, 41), and improved glucose ho-
meostasis (56).

Multiple cellular mechanisms contribute to the observed
increase in AMPK activity in the setting of PTP1B inhibition.
The whole-body deletion of PTP1B increases the AMP/ATP
ratio in BAT and EDL muscle, which would acutely activate
AMPK. The magnitude of the increase in tissue AMP content
in PTP1B�/� mice is remarkable and similar to that seen under
ischemic conditions (3). The enhanced expression of UCPs in
BAT and EDL muscle and the resultant increased uncoupling
of oxidative phosphorylation (41, 42) would be expected to
increase tissue AMP content. Because UCP1 is regulated by
PGC-1�, increased UCP expression could be both downstream
and upstream (14, 42) of the increased AMPK activity. In
addition, LKB1 and MO25 protein levels are increased in the
muscle of PTP1B�/� mice, which is likely to contribute to
increased AMPK activity. Increased LKB1 expression in skel-
etal muscle has been reported only in endurance training (59,
60) and hyperthyroidism (8). Both of these conditions also are
associated with increased MO25 protein levels and enhanced
AMPK activity. In contrast, in BAT of PTP1B�/� mice, LKB1

expression is normal and increased AMPK activity can be
explained by the enhanced expression of the �1 and �2 cata-
lytic subunits.

Although both �1 and �2 AMPK activities are increased in
whole-body PTP1B�/� mice, our genetic data show that these
isoforms are regulated by different physiologic mechanisms
(see Table S2 in the supplemental material). The activation of
�2 AMPK in both muscle and BAT is mediated indirectly
through the neuronal deletion of PTP1B. In contrast, �1
AMPK activity is normal in neuronal PTP1B�/� mice, indicat-
ing that it is regulated by an alternative mechanism. Consistent
with this conclusion, preliminary data show that denervation of
BAT in normal FVB mice results in a selective decrease in �2
(and not �1) AMPK protein levels (data not shown). Interest-
ingly, leptin, acting through the hypothalamus, selectively stim-
ulates �2 (but not �1) AMPK activity in muscle (43, 44).
Furthermore, preliminary experiments indicate that the ex-
pression of dominant-negative AMPK in the hypothalamus is
sufficient to augment leptin action on �2 AMPK in skeletal
muscle, whereas constitutively active AMPK in the hypothal-
amus is sufficient to block the activation of muscle �2 AMPK
by leptin (data not shown). Therefore, the increased �2 AMPK
activity in peripheral tissues in neuronal PTP1B�/� mice is a
likely outcome, at least in part, of enhanced hypothalamic
leptin-induced signaling, which results in reduced hypotha-
lamic AMPK activity under ambient conditions (Fig. 8).

Our data, combined with previous observations, suggest that
LKB1 selectively regulates �2 AMPK in vivo. For example, the
deficiency of LKB1 in murine skeletal muscle and heart blunts
contraction- and ischemia-induced �2 but not �1 AMPK acti-
vation (53, 54). Our findings that neuronal PTP1B�/� mice
have increased LKB1 protein levels and increased �2, but not
�1, AMPK activity in muscle are consistent with the notion
that LKB1 preferentially promotes �2 AMPK activity.

Several lines of evidence suggest that increased �2, and not
�1, AMPK activity in muscle and BAT is important for the
altered energy homeostasis seen upon PTP1B inhibition. Most
importantly, leanness in PTP1B�/� mice is due to a deficiency
of PTP1B in neurons (6), and in the current study, neuronal
PTP1B deficiency affected only �2 AMPK activity in muscle
and BAT. The biologic significance of this is reflected in the
fact that �2 AMPK inhibition alone results in impaired mito-
chondrial biogenesis (33, 70). The neuronal regulation of �2
AMPK also may influence energy balance through promoting
mitochondrial uncoupling in BAT and fiber type switching in
muscle, because we find comparable induction of UCP1 in
BAT and troponin I (slow) in muscle of neuronal and whole-
body PTP1B�/� mice.

Alterations in hypothalamic AMPK activity also are likely to
contribute to the leanness in PTP1B�/� mice. Compared to
controls, mice with the whole-body deletion of PTP1B have
lower AMPK activity in ARC, PVN, and VMH/DMH but not
LH, a distribution that is characteristic of leptin action (10, 43,
67). These changes in AMPK activity in hypothalamic nuclei
that are critical for leptin action are also seen in neuronal
PTP1B�/� mice, indicating that they emanate from the ab-
sence of PTP1B in neurons. Leptin decreases the expression of
orexigenic neuropeptides while it increases the expression of
anorexigenic neuropeptides. The inhibition of AMPK activity
in the hypothalamus of normal mice is sufficient to produce

FIG. 6. Effect of neuron-specific PTP1B deficiency on the AMPK
pathway and UCP1 protein expression in BAT. (A) �1 and �2 AMPK
activities. (B to D) Immunoblotting of � AMPK phosphorylation, �1
and �2 AMPK, UCP1, and �-actin protein levels. Data in panels B and
C are normalized to �-actin. All experiments were carried out using
2-month-old male flox/flox (fl/fl) control and neuronal PTP1B�/� mice
on a chow diet. Data are expressed as means � SEM; n � 6 to 8 for
each genotype. *, P 
 0.05 compared to results for fl/fl mice.
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leptin-like effects on neuropeptide expression (43). In whole-
body PTP1B�/� mice, leanness is associated with lower leptin
levels than those in WT mice, consistent with enhanced leptin
sensitivity (36). Lower leptin levels normally result in aug-
mented induction of AgRP and NPY upon fasting. However,
the response in PTP1B�/� mice is similar to that of WT mice.
In addition, PTP1B�/� mice have augmented leptin-induced
POMC expression, and MCH expression is decreased. All of
these observations are consistent with increased leptin sensi-
tivity in PTP1B�/� mice and undoubtedly contribute to their
enhanced metabolic responses to leptin (10, 67).

Collectively, our data provide a model that can explain the
altered energy homeostasis caused by PTP1B inhibition (Fig.
8). The inhibition of PTP1B in the hypothalamus results in
increased leptin signaling and augmented inhibition of hypo-
thalamic AMPK activity (see Table S2 in the supplemental
material). This, in turn, alters hypothalamic neuropeptide ex-
pression and leads to altered neuronal signaling in skeletal
muscle and BAT. In muscle, these neuronal signals result in
increased LKB1 and AMP levels and selective enhancement of
�2 AMPK activity. Neuronal PTP1B inhibition also results in
the selective activation of �2-AMPK in BAT, but this comes as
a consequence of increased AMP and �2 subunit levels. In
both muscle and BAT, the increased AMPK activity leads to
gene expression changes that result in enhanced energy dissi-
pation: switching to a more oxidative fiber type in muscle and
increased uncoupling and mitochondrial biogenesis in BAT.
Together, these changes provide a plausible explanation for
how PTP1B inhibition in neurons causes leanness and in-

FIG. 7. Effect of PTP1B deficiency on hypothalamic AMPK activity and neuropeptide expression. Panels A to C show data from
whole-body PTP1B�/� mice, and panel D shows data from neuronal PTP1B�/� mice. (A) �1 and �2 AMPK activities in ARC, PVN,
VMH/DMH, and LH of whole-body PTP1B�/� mice in the fed state. (B) POMC expression in hypothalamus of fasted mice injected with
saline or leptin (intraperitoneally). (C) NPY and AgRP mRNA expression in hypothalamus of fasted and fed mice and MCH mRNA
expression in hypothalamus of fed mice. (D) �2 AMPK activity in ARC and PVN hypothalamus of neuronal PTP1B�/� mice in the fed state.
All experiments were carried out using 12-week-old (A) or 8- to 10-week-old (B to D) male WT and whole-body (A to C) or neuronal
(D) PTP1B�/� mice on a chow diet. For panel A, n � 6 to 8 for each genotype; panels B and C, n � 12 per genotype; and panel D, n �
11 to 12 per genotype. Data are expressed as means � SEM. *, P 
 0.05 compared to results for WT mice.

FIG. 8. Proposed model for leanness and resistance to diet-in-
duced obesity following PTP1B inhibition. The reduction of PTP1B
in neurons leads to suppression of hypothalamic �2 AMPK activity
and activation of �2 AMPK in muscle and BAT. Multiple mecha-
nisms are involved, including increased AMP levels and increased
LKB1 and AMPK �2 subunit protein expression in peripheral tis-
sues. These alterations in AMPK activity are accompanied by the
induction of genes that regulate muscle fiber type, mitochondrial
biogenesis, the uncoupling of oxidative phosphorylation, and fatty
acid oxidation, with resultant biologic changes that contribute to
increased energy expenditure, leanness, and resistance to diet-in-
duced obesity (DIO).
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creased sensitivity to the metabolic effects of leptin. Currently,
PTP1B inhibitors as well as AMPK modulators are being de-
veloped for the treatment of obesity and type 2 diabetes, and
our data demonstrate that such agents may share overlapping
therapeutic mechanisms.
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