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Abstract
Objective—The present study investigated the capacity of the adipokine leptin to promote
angiogenesis by modulating the function of circulating angiogenic cells (CAC).

Methods and Results—In vitro, leptin specifically promoted CAC adhesion to tubular endothelial
structures and migration along outgrowing sprouts of endothelial cells. In vivo, stimulation of CAC
with leptin increased their capacity to promote new vessel formation in the chorioallantoic membrane
of chicken embryos and to improve neovascularization of ischemic murine hindlimbs. These effects
required the phosphorylation of αvβ5 integrins which depended on the interaction of leptin with its
receptor ObR, and on JAK2- and PLCγ-mediated activation of Src kinase. Protein tyrosine
phosphatase (PTP1)B, a negative regulator of leptin signaling, was overexpressed in CAC from
obese, hyperleptinemic individuals, and this was associated with insensitivity of CAC to the
angiogenic effects of leptin. Weight loss (by 30±15 kg) normalized PTP1B expression in CAC and
restored their responsiveness to leptin. A similar, dose-dependent response was found after
incubation of CAC from the obese with a PTP1B inhibitor ex vivo.

Conclusions—Our results point to the ObR-Src kinase-αvβ5 cross-talk as a distinct novel
component of the network of specific interactions between integrins and cytokine receptors in
angiogenesis.
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Introduction
Angiogenesis, the formation of new blood vessels from the existing vasculature, is a complex,
multi-step process involving the proliferation, migration, and remodeling of endothelial cells
in response to growth factors and cytokines. The adipose tissue-derived cytokine leptin has
been shown to exert proangiogenic effects on endothelial cells,1, 2 and leptin stimulated corneal
neovascularization in rats and in leptin-deficient ob/ob mice.3 On the other hand, prevention
of leptin binding to its receptor inhibited angiogenesis,4 and leptin receptor-deficient mice
exhibited reduced basal capillary density and defective revascularization of ischemic muscles.
5

Angiogenesis requires the interplay of various cell types, among which circulating angiogenic
cells (CAC) appear to be of particular interest. These cells, formerly considered to represent a
subpopulation of endothelial progenitor cells (EPC)6 and now regarded as a distinct
(progenitor) cell type,7 are derived from the peripheral blood after expansion in culture. They
have been shown to augment neovascularization after tissue ischemia8 and promoted
endothelial repair after vascular injury.9 The vasculoprotective properties of CAC and other
progenitor cells are defined by their ability to adhere to molecules released from injured tissues,
allowing them to home and transmigrate at sites of injury or ischemia.10 These steps are
regulated by integrins, the transmembrane receptor heterodimers connecting the extracellular
matrix to cytoskeletal and signaling molecules. Importantly, the activation status of integrins
appears to be modulated by soluble growth factors and cytokines, and reciprocal
communication between signaling pathways has been proposed to underlie the synergism of
specific growth factors with integrins involved in angiogenesis.11

In the present study, we began to analyze the effects of leptin on the angiogenic properties of
CAC in vitro and in vivo, particularly seeking to dissect the intracellular mechanisms mediating
the cross-talk between the leptin receptor and angiogenic integrins. Our findings suggest an
important role of the cytoplasmic protein kinase Src in linking leptin receptor activation to β5
integrin phosphorylation, followed by downstream signal transduction and angiogenesis.
Constantly elevated leptin levels, such as found in obesity, are accompanied by elevated levels
of protein tyrosine phosphatase 1B, a negative regulator of leptin signaling, and an attenuated
angiogenic response of CAC to leptin. This latter defect can be fully restored by PTP1B
inhibition or, preferably, successful weight loss.

Methods
Cells were isolated from peripheral human blood, cultivated and characterized according to an
established protocol.6, 9 They were CD31+, CD34−, CD45+, displayed limited proliferation
ability, and did not form de novo blood vessels. Therefore, in accordance with a recently
proposed definition,7 the cells used in the present study were termed circulating angiogenic
cells. A detailed description of the methods is provided in the online supplemental file.

Results
Leptin Enhances the Angiogenic Properties of CAC in vitro

The effects of leptin on the capacity of CAC to interact with co-cultured human endothelial
cells (HUVEC) were examined using two in vitro angiogenesis assays. In the three-dimensional
spheroid angiogenesis assay, pretreatment of CAC with leptin dose-dependently enhanced the
number of CAC adherent to outgrowing HUVEC sprouts (Fig. 1A; summarized findings in
Fig. 1B), and it increased the cumulative length of sprouts outgrowing from co-incubated
HUVEC (not shown). The effects of leptin were comparable to those of vascular endothelial
growth factor (VEGF, 100 ng/mL). In the matrigel assay, preincubation of CAC with leptin
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(10 and 100 ng/mL) increased the number of CAC adherent to endothelial cell networks
provided by HUVEC (Fig. 1C; summarized results, Fig. 1D). Again, the effects of leptin were
comparable to those induced by VEGF. The effects of leptin on the CAC-HUVEC interactions
could be completely reversed i) by co-incubation with leptin-neutralizing antibodies; ii) by
function-blocking antibodies against the leptin receptor; and iii) by siRNA-mediated
downregulation of ObR expression (supplemental Fig. IA and B; please see
www.ahajournals.org). Of note, stimulation of CAC with leptin did not affect their low
proliferation potential or VEGF expression (not shown).

Leptin Promotes the Angiogenic Properties of CAC in vivo
CAC-collagen onplants were placed on top of the chorioallantoic membrane (CAM) of chick
embryos. Our analysis revealed that pretreatment of CAC with leptin increased the angiogenic
index, defined as the number of grids containing newly formed blood vessels as a proportion
of the total number of grids (Fig. 2A, quantitative analysis, Fig. 2B), and similar results were
obtained after stimulation of CAC with 100 ng/mL VEGF. The angiogenic effects of leptin
could be completely inhibited by preincubation with ObR-neutralizing antibodies (not shown).

The effects of leptin on CAC-mediated neovascularization were also tested employing a mouse
model of unilateral hindlimb ischemia. Laser doppler measurements revealed a significantly
improved tissue perfusion in lower hindlimbs of mice treated with leptin-stimulated CAC
(1×106 cells per mouse) compared to those treated with control-stimulated CAC, or medium
(no CAC) alone (Fig. 2C and 2D). Immunohistological analysis demonstrated higher numbers
of CD31-positive capillary endothelial cells per muscle fiber in the lower hindlimb of mice
that received leptin-pretreated CAC (Fig. 2E and 2F).

The Angiogenic Effects of Leptin on CAC are Mediated by Integrin αvβ5
We have previously shown that the leptin receptor (ObR) and αvβ5 integrin are co-expressed
on CAC, and that incubation of CAC with leptin enhances αvβ5 integrin surface expression
and ligand binding affinity.9 In the present study, pretreatment of CAC with RGD peptides or
neutralizing anti-αvβ5 integrin antibodies completely inhibited the angiogenic effects of leptin,
both in vitro (matrigel assay; suppl. Fig. IIA; please see www.ahajournals.org) and in vivo
(CAM assay; suppl. Fig. IIB), suggesting that integrin αvβ5 plays an important role in
mediating the effects of leptin on CAC function.

Leptin Enhances Integrin β5 Phosphorylation in CAC
Incubation of CAC with leptin time-dependently enhanced the phosphorylation of β5 integrin
(suppl.Fig. IIIA; please see www.ahajournals.org), without significantly affecting total β5
integrin expression; a significant increase was seen after stimulation for 1 and 10 hours (suppl.
Fig. IIIB). The effects of leptin on integrin tyrosine phosphorylation did not extend to β3
integrins. Dose-curve experiments (0.1 to 1000 ng/mL; not shown) revealed maximal β5
phosphorylation after stimulation with the ‘physiological’ leptin concentration of 10 ng/mL.
The β5 phosphorylation in response to leptin could be prevented by preincubation with ObR-
neutralizing antibodies (suppl. Fig. IIIC). Further experiments revealed co-
immunoprecipitation of ObR with β5 integrin after leptin stimulation (suppl. Fig. IIID and E).

Leptin-Induced Src Kinase Activation Mediates the Interaction Between ObR and αvβ5
Integrins

The leptin receptor ObR lacks a cytoplasmic kinase domain and transmits signals through
cellular tyrosine kinases, particularly Janus kinase (JAK)2. As shown in Fig. 3A to D,
stimulation of CAC with leptin (10 ng/mL) increased JAK2 tyrosine phosphorylation with a
maximum effect after 30 to 60 minutes. In addition, leptin time-dependently modulated
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phosphorylation of Src kinase: Src phosphorylation was enhanced at tyrosine residue (Y)416,
indicating Src activation, while dephosphorylation was detected at Y527, the residue located
within the autoinhibitory loop of the kinase.12 Stimulation of CAC with leptin increased the
amount of ObR andαvβ5 that could be co-immunoprecipitated with Src kinase (Fig. 3E). In
further experiments, the effects of leptin on αvβ5 phosphorylation could be inhibited by
preincubation of CAC with the JAK inhibitor AG490, or the Src kinase inhibitors SU6656 and
pyrazolopyrimidine (PP)2, whereas a nonspecific analogue of the latter (PP3) or DMSO alone
had no effect (Fig. 3F and G). Importantly, treatment with SU6656 or PP2, but not with DMSO
or PP3, also completely abolished the effects of leptin on the angiogenic properties of CAC,
both in vitro (spheroid assay; suppl. Fig. IVA; please see www.ahajournals.org) and in vivo
(hindlimb ischemia model; suppl. Fig. IVB and C). Additional studies showed that the leptin-
induced Src kinase activation was downstream of ObR and JAK2, since Src phosphorylation
(at Y416) could be blocked by transfection of CAC with ObR siRNA (suppl. Fig. VA and B;
please see www.ahajournals.org), or preincubation with AG490 or U73122 (an inhibitor of
phospholipase C; suppl. Fig. VC and D). Analysis of CAC transfected with either wild-type
(WT), constitutive-active (CA), or dominant-negative (DN) mutant forms of Src kinase
confirmed that the effects of leptin on αvβ5 integrin phosphorylation (Fig. 4A and B), and on
CAC-mediated angiogenesis in the matrigel assay (Fig. 4C) require functional Src kinase.

Src Kinase Activation and Integrin αvβ5 Phosphorylation Also Mediate the Angiogenic
Effects of Leptin on Endothelial Cells

To examine whether the effects of leptin on Src-mediated αvβ5 integrin phosphorylation
operate in endothelial cells, HUVEC were stimulated with leptin (suppl. Fig. VI; please see
www.ahajournals.org). In these studies, αvβ5 integrin phosphorylation was enhanced after
incubation with leptin (suppl. Fig. VIA). Similar to the findings in CAC, leptin induced
activation of Src kinase, reflected by enhanced phosphorylation at Y416 and dephosphorylation
on Y527 (suppl. Fig. VIB). Leptin also induced a time-dependent phosphorylation of FAK at
Y397, the autophosphorylation site accompanying integrin activation.13 In addition, FAK was
phosphorylated at Y861 and Y925 upon stimulation with leptin (suppl. Fig. VIC). These
tyrosine residues promote the binding of Src kinase and the coupling of FAK to integrin
αvβ5,14 and also create binding sites for SH2 domain-containing adaptor proteins, including
Grb2; the latter step results in activation of the Ras-Raf-ERK cascade15 which regulates
proliferation, differentiation, and migration during angiogenesis.

Leptin Is Incapable of Stimulating Angiogenesis in CAC from Obese Individuals: Effects of
Weight Loss

Obesity is associated with chronically elevated circulating leptin levels and resistance to the
weight-reducing effects of the adipokine. We examined the angiogenic response to leptin in
CAC derived from severely obese individuals (n=21; body weight, 135±6.0 kg, BMI, 43±1.4
kg/m2) at the time of enrollment in a professional weight reduction program, and compared it
to age- and sex-matched normal-weight controls (n=21; 68±2.1 kg, 22±0.5 kg/m2). As
expected, plasma leptin levels were elevated in the obese (59±10 vs. 4.4±0.8 ng/mL in lean
controls; P<0.001). As summarized in Fig. 5A, stimulation of CAC from obese individuals
with leptin (10 ng/mL) failed to enhance their adherence to endothelial cell networks provided
by HUVEC in the matrigel assay; this was in contrast to the leptin responsiveness of ‘lean’
CAC. Leptin also failed to increase the number of CAC adherent to outgrowing HUVEC
sprouts (Fig. 5B), or the cumulative length of sprouts outgrowing from co-incubated HUVEC
(not shown) in the spheroid assay, suggesting that CAC are resistant to the angiogenic effects
of leptin in obesity. Similar findings were observed with higher concentrations (100 ng/mL)
of leptin (P<0.05 in the matrigel assay; and P<0.001 in the spheroid assay; n=4; not shown).
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Western blot analysis of known negative regulators of leptin signaling revealed significantly
elevated levels of the non-receptor protein tyrosine phosphatase (PTP)1B in CAC from obese
persons (Fig. 5C and D). This finding generated the question whether the expression levels of
negative regulators of leptin signaling can return to normal and the CAC responsiveness to
leptin be restored following therapeutic weight loss. Indeed, follow-up studies of obese
individuals after significant weight loss (n=18; mean weight reduction, 30±15 kg, P<0.001 vs.
baseline; mean circulating leptin levels, 21±4.2 ng/mL; P=0.001 vs. baseline) revealed
normalization of the responsiveness of CAC to the angiogenic effects of leptin, both in the
matrigel (Fig. 5A) and in the spheroid angiogenesis assay (Fig. 5B). The functional
improvement of CAC was accompanied by a significant reduction of PTP1B expression levels
in these cells (Fig. 5C and D). The importance of PTP1B in (reversibly) attenuating the response
of CAC to leptin in obesity as opposed to the lean state was supported by further experiments
in which we found that the effects of leptin on the angiogenic properties of CAC from obese
individuals could be dose-dependently restored by inhibition of PTP1B (Fig. 5E).

Discussion
It has been reported that leptin may promote angiogenesis.1, 2 The present study set out to
address the exact mechanisms mediating the angiogenic effects of the adipokine, particularly
focussing on how leptin may modulate the functional properties of circulating angiogenic cells.
Our findings can be summarized as follows: 1) leptin exerts angiogenic effects in vitro and in
vivo which are mediated, at least in part, by CAC; 2) these effects appear to depend on a specific
interaction between the leptin receptor ObR and αvβ5 integrins; 3) phosphorylation of the β5
integrin chain by leptin requires the JAK2- and, possibly, PLCγ-mediated activation of Src
kinase; 4) in the chronic hyperleptinemia which characterizes human obesity, negative
regulators of leptin signaling, particularly PTP1B, are overexpressed in CAC, preventing the
angiogenic response of these cells to leptin; and 5) therapeutic weight loss, or PTP1B inhibition,
may restore the responsiveness of CAC to leptin.

The leptin receptor is expressed on numerous cell types including endothelial cells,1, 2 CD34-
positive hematopoietic cells,16 and peripheral blood-derived early and late outgrowth
endothelial progenitor cells.9, 17 We recently observed that leptin increased the adhesion,
transmigration, and incorporation of early outgrowth progenitor cells into experimental arterial
lesions.9 Therefore, we hypothesized that the angiogenic effects of leptin may be mediated by
an enhancement of the vasculoprotective function of these cells. Of note, it was recently
proposed to change the nomenclature of early outgrowth endothelial progenitor cells to
‘circulating angiogenic cells’ in order to better differentiate them from endothelial colony
forming cells. Regardless of the nomenclature however, the importance of CAC (isolated
according to the protocol used in the present study) for vascular homeostasis and particularly
for the angiogenic process remains undisputed.7 Using two in vitro and two in vivo angiogenesis
assays, we could demonstrate that leptin specifically promoted the adhesion and incorporation
of CAC to structures provided by endothelial cells. The physiological relevance of these
observations was strongly supported by our findings that leptin increased new vessel formation
in the chorioallantoic membrane of chick embryos and also improved perfusion and
neovascularization in ischemic murine himdlimbs.

The results of the present study indicate that β5 integrin activation is essential for mediating
the effects of leptin on CAC function and angiogenesis. It has previously been reported that
αvβ5 mediates at least some of the angiogenic endothelial cell responses to VEGF during new
vessel formation.18, 19 We could now show that leptin specifically inducesβ5 (but not β3)
phosphorylation, and that leptin binding to ObR induces the formation of immunocomplexes
of this cytokine receptor with αvβ5 integrins. Consistently, β5 integrin phosphorylation in
response to leptin was prevented by antibodies blocking the interaction of leptin with its
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receptor. Thus, our results point to the ObR-αvβ5 cross-talk as a novel paradigm of specific
interactions between integrins and growth factor/cytokine receptors in angiogenesis.20

As integrins do not possess intrinsic enzymatic activity, cytoplasmic tyrosine kinases, notably
of the Src family, are important regulators of outside-in integrin signaling.21 While most studies
have thus far focused on the association between Src kinases and β3 integrins, it could also be
shown that αvβ5 integrin-mediated activation of c-Raf depends on Src kinase22 and triggers
the Ras-Raf-ERK pathway. We now show that treatment with leptin time-dependently
enhanced activation of Src kinase, both in CAC and in endothelial cells, as indicated by
phosphorylation at Y416 and a parallel increase of dephosphorylation at Y527 within its
autoinhibitory element.21 The physiological relevance of the leptin-induced, ObR-specific Src
activation is further supported by our observation that inhibition of Src kinase completely
abolished the effects of leptin on the angiogenic properties of the CAC, and that the leptin-
induced phosphorylation of integrin β5 and angiogenesis was absent in CAC transfected with
inactive, i.e. dominant-negative forms of Src kinase.

How can Src family kinases function as a link between ObR and integrin activation? In our
studies, Src co-immunoprecipitated together with ObR following leptin stimulation of CAC,
and incubation with the JAK2 inhibitor AG490 prevented the leptin-induced Src activation.
Tyrosine phosphorylation of ObR by JAK2 may create docking sites for the SH2 domain of
Src kinase.23 Previous studies have indeed suggested that leptin signaling may involve
activation of Src family tyrosine kinases,24 and that JAK kinase is required for optimal
activation of Src.23 In this regard, leptin might promote the direct association of Src with
activated JAK2 via N-terminal phosphotyrosines such as occur after angiotensin II stimulation.
25 In addition, PLCγ, which becomes activated downstream of JAK2 in response to leptin,26

may facilitate the localization of Src within integrin signaling complexes.27 Consistently, our
experiments revealed that Src kinase activation following leptin stimulation of CAC could be
reduced by inhibition of PLCγ.

Protein tyrosine phosphatases (PTP) contribute to the activity regulation of receptor tyrosine
kinases. In the setting of chronic hyperleptinemia associated with obesity, dephosphorylation
of JAK2 by PTP1B is thought to provide a negative feedback control of leptin signaling in the
central nervous system,28 and studies in mice have demonstrated that lack of PTP1B prevents
‘central’ leptin resistance and diet-induced obesity.29, 30 Our findings now support the
existence of ‘peripheral’ CAC resistance to leptin in human obesity: PTP1B expression was
elevated in CAC from obese, hyperleptinemic individuals compared to age-and sex-matched
lean controls, along with a reduced responsiveness of CAC from the obese to the angiogenic
effects of leptin. Moreover, and importantly, weight loss was associated with normalized
PTP1B protein levels and a restored responsiveness of CAC to the angiogenic effects of leptin.
Inhibition of PTP1B ‘reproduced’ the effects of weight loss, i.e. restored the impaired
angiogenic response of CAC from obese individuals to leptin.

Interestingly, PTP1B may also directly activate Src kinase by dephosphorylation at Y527 and
thus reversal of its constitutive autoinhibition.21 In fact, our own studies confirmed basal
(leptin-independent) dephosphorylation of Src at Y527 in CAC from obese individuals (not
shown). However, is unlikely that these findings might translate into an increased angiogenic
capacity of CAC in human obesity. On the contrary, we have previously observed that CAC
from obese individuals exhibited impaired angiogenic properties compared to lean controls.
31 Thus, despite the complexity of the proangiogenic and antiangiogenic mechanisms involved,
the predominating effects of PTP1B in obesity appear to involve the dephosphorylation and
thus negative regulation both of angiogenic growth factor receptors32 and of regulators of cell
motility and proliferation.33

Heida et al. Page 6

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In conclusion, the findings of the present study demonstrate that the angiogenic effects of the
adipocytokine leptin are mediated, at least in part, by circulating angiogenic cells and involve
Src kinase-dependent activation of the angiogenic integrin αvβ5. Our results point to the leptin
receptor-αvβ5 synergy as a novel, distinct, and physiologically relevant component of a
network of specific interactions between integrins and growth factor or cytokine receptors
during angiogenic processes. Moreover, they suggest that elevated PTP1B expression levels
may be responsible for the resistance of CAC to the angiogenic and potentially
vasculoprotective effects of leptin in obese individuals. Future studies will need to explore
inhibition of PTP1B as a possible therapeutic target, besides weight loss, in obesity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CAC were control-treated with PBS (CAC), or stimulated with 10 or 100 ng/mL recombinant
human leptin (CAC+L10, CAC+L100), or 100 ng/mL VEGF (CAC+V100) for 24 hours,
followed by assessment of their angiogenic properties in the spheroid (A, B) or matrigel assay
(C, D). Displayed are the number of CAC (red fluorescence signal) migrating along sprouts of
co-incubated HUVEC (B) and the number of CAC per mm of endothelial cell networks (D).
*P<0.05, and **P<0.01 vs. control-treated CAC defined as 100%. Size bars represent 100
μm.
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Figure 2.
(A) Leptin increased the potential of CAC to promote the ingrowth of blood vessels from the
chick CAM into collagen-coated grids. Representative findings after treatment of CAC with
100 ng/mL leptin (CAC+L100) vs. control-treated CAC. Size bars, 50 μm. (B) Summarized
results from one out of 5 independent experiments. **P<0.01 for comparison of the first vs.
third set of data. (C and D) Laser doppler blood flow measurements in hindlimbs of mice treated
with leptin-stimulated vs. control-treated CAC or PBS alone before (upper row), immediately
after (middle row) and four days following induction of ischemia (lower panels). *P<0.05 for
CAC+L10 vs. CAC; #P<0.05 and ###P<0.001 for CAC+L10 vs. no CAC. (E and F)
Quantification of CD31-positive endothelial cells in the non-ischemic lower left (LL) or the
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ischemic lower right (LR) hindlimb of athymic nude mice treated with CAC compared to those
receiving PBS (no CAC), and to CAC pretreated with leptin (CAC+L10). **P<0.01 for CAC
+L10 vs. CAC; ##P<0.01 and ###P<0.001 vs. no CAC, §§§P<0.001 for LL vs. LR. Bars, 100
μm.
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Figure 3.
(A) Stimulation of CAC with leptin (10 ng/mL) resulted in a time-dependent increase in the
phosphorylation of JAK2 and Src kinase at tyrosine (Y) 416, along with dephosphorylation of
Src at Y527. (B, C, D) Summarized results from 3–7 experiments. Results were normalized to
total JAK2 (for phospho-JAK2) or total Src kinase protein (for phospho-Y416- and non-
phospho-Y527-Src) and are expressed as percent of control-treated cells defined as 100%.
GAPDH is shown as loading control. *P<0.05; **P<0.01; ***P<0.001. (E)
Immunoprecipitation followed by Western blot analysis showed that leptin promoted the
association of Src kinase with ObR and integrin β5. (F) The leptin-induced increase of αvβ5
phosphorylation could be reversed by inhibition of JAK2 (AG490) and Src kinase (PP2 or
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SU6656), whereas PP3 or vehicle (DMSO) had no effect. (G) Summary of 3–5
experiments.***P<0.001 vs. control-treated cells defined as 100%; §§P<0.01, and
§§§P<0.001 for leptin-stimulated CAC in the presence vs. absence of the JAK2 or Src kinase
inhibitor, respectively.
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Figure 4.
Leptin enhanced αvβ5 phosphorylation (A; immunoprecipitation of αvβ5 followed by Western
blot for phosphotyrosines; quantitative analysis of 4 experiments shown in B), and the
angiogenic properties (C; matrigel assay) of CAC transfected with wild-type (WT) or
constitutively active (CA) Src kinase. Leptin had no effect on cells transfected with dominant-
negative (DN) Src kinase. **P<0.01, and ***P<0.001 vs. unstimulated CAC defined as 100%.
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Figure 5.
CAC, isolated from lean controls, or obese individuals, before and after weight loss (WL),
were stimulated with leptin (10 ng/mL) followed by analysis of angiogenesis in the matrigel
(A) and the spheroid (B) assay. Leptin responsiveness was abolished in CAC from obese
individuals but restored after weight loss. *P<0.05 and **P<0.01 vs. control-treated cells. (C)
Representative Western blot analysis of unstimulated CAC cell lysates revealed increased basal
PTP1B protein levels in obese individuals, while weight loss normalized PTP1B expression.
(D) Quantitative analysis of n=9 subjects per group. Results were normalized to PTP1B
expression in lean controls. **P<0.01 vs. lean, ##P<0.01 vs. formerly obese. (E) Ex vivo
inhibition of PTP1B restored the responsiveness of CAC from obese subjects to leptin in the
matrigel assay. **P<0.01 and ***P<0.001.
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