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ABSTRACT The protein tyrosine phosphatase 1B
(PTP1B) modulates tyrosine kinase receptors, among
which is the vascular endothelial growth factor receptor
type 2 (VEGFR2), a key component of angiogenesis.
Because PTP1B deficiency in mice improves left ven-
tricular (LV) function 2 mo after myocardial infarction
(MI), we hypothesized that enhanced angiogenesis early
after MI via activated VEGFR2 contributes to this
improvement. At 3 d after MI, capillary density was
increased at the infarct border of PTP1B�/� mice
[�7�2% vs. wild-type (WT), P � 0.05]. This was
associated with increased extracellular signal-regulated
kinase 2 phosphorylation and VEGFR2 activation
(i.e., phosphorylated-Src/Src/VEGFR2 and dissocia-
tion of endothelial VEGFR2/VE-cadherin), together
with higher infiltration of proangiogenic M2 macro-
phages within unchanged overall infiltration. In vitro,
we showed that PTP1B inhibition or silencing using
RNA interference increased VEGF-induced migration
and proliferation of mouse heart microvascular endo-
thelial cells as well as fibroblast growth factor (FGF)-

induced proliferation of rat aortic smooth muscle cells.
At 8 d after MI in PTP1B�/� mice, increased LV
capillary density (�21�3% vs. WT; P<0.05) and an
increased number of small diameter arteries (15–50
�m) were likely to participate in increased LV perfu-
sion assessed by magnetic resonance imaging and im-
proved LV compliance, indicating reduced diastolic
dysfunction. In conclusion, PTP1B deficiency reduces
MI-induced heart failure promptly after ischemia by
enhancing angiogenesis, myocardial perfusion, and di-
astolic function.—Besnier, M., Galaup, A., Nicol, L.,
Henry, J.-P, Coquerel, D., Gueret, A., Mulder, P.,
Brakenhielm, E., Thuillez, C., Germain, S., Richard, V.,
Ouvrard-Pascaud, A. Enhanced angiogenesis and in-
creased cardiac perfusion after myocardial infarction
in protein tyrosine phosphatase 1B-deficient mice.
FASEB J. 28, 3351–3361 (2014). www.fasebj.org
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Chronic heart failure (CHF) after myocardial in-
farction (MI) is a major cause of death that is steadily
increasing worldwide. Despite standardized therapy,
the prognosis remains poor in patients who commonly
display left ventricular (LV) dysfunction. A promising
approach consists of stimulating angiogenesis/arterio-
genesis and/or preserving a functional cardiac vascular
network after MI, which may help to improve cardiac
perfusion and function (1, 2).

Several growth factors, such as vascular endothelial
growth factor (VEGF), platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), and hepato-
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cyte growth factor (HGF), and numerous cell types,
including endothelial cells, vascular smooth muscle
cells (VSMCs), and immune cells, such as mono-
cytes/macrophages, are implicated in angiogenesis.
Growth factors bind to different types of receptor
tyrosine kinases (RTKs), which are activated by tyrosine
(Y) phosphorylation and subjected to negative regula-
tion by phosphatases.

The protein tyrosine phosphatase 1B (PTP1B) was
first described as a modulator of the �-subunit of
insulin RTK, leading to reduced insulin sensitivity (3),
and has also been implicated in the regulation of leptin
sensitivity (4). Moreover, PTP1B suppresses/inhibits
signaling pathways downstream of the VEGF, PDGF,
FGF, and HGF receptors (5–8), suggesting that block-
ing of PTP1B might stimulate angiogenesis induced by
these growth factors. In fact, in cultured VSMCs, over-
expression of PTP1B decreased PDGF-induced cell
motility associated with decreased tyrosine phosphory-
lation of PDGF receptor-� (7). Conversely, suppression
of PTP1B expression by small interfering RNA (siRNA)
increased phosphorylation of focal adhesion proteins
(paxilline, p130cas, and focal adhesion kinase; ref. 9).

Concerning CHF, we recently demonstrated that
long-term administration of a selective PTP1B inhibitor
or gene invalidation in PTP1B�/� mice not only re-
stored endothelial function but also improved cardiac
remodeling and function at 1 and 2 mo post-MI,
suggesting that this phosphatase may constitute a prom-
ising new treatment for CHF (10); however, this previ-
ous study did not assess any possible changes in angio-
genesis/arteriogenesis or cardiac perfusion. We thus
now hypothesize that increased cardiac angiogenesis/
arteriogenesis, possibly leading to improved cardiac
perfusion, could be one of the mechanisms behind
these previously reported beneficial cardiac effects.

In this study, we performed an in vitro study in
cultured vascular cells to assess the effect of pharmaco-
logical inhibition or transcriptional blockage (siRNA)
of PTP1B on processes involved in angiogenesis. Then,
we evaluated the effects of PTP1B gene invalidation
(using PT1P1B�/� mice) on myocardial angiogenesis/
arteriogenesis after MI as an early event supporting
cardiac perfusion and function.

MATERIALS AND METHODS

Cell culture, migration, proliferation, and apoptosis

Mouse heart microvascular endothelial cells (HMECs; ref. 11)
were a gift from Dr. M. Presta (Università di Brescia, Brescia,
Italy). Cells were transduced with a lentivirus containing short
hairpin RNA (shRNA) against PTP1B (CCGGCGGATTAAAT-
TGCACCAGGAACTCGAGTTCCTGGTGCAATTTAATC-
CGTTTTT) and a puromycin resistance gene that allowed
selection of the HMEC Sh1 subclone (2 �g/ml puromycin).
Cells were cultivated on fibronectin (2.5 �g/ml)-coated
plates in Dulbecco’s modified Eagle’s medium (Life Technol-
ogies, Inc., Invitrogen, UK) containing 10% fetal calf serum
(FCS), 50 U/ml penicillin, and 50 �g/ml streptomycin at

37°C and 5% CO2 in a humidified atmosphere. Rat aortic
VSMCs in primary culture were purchased from Lonza France
SARL (Levallois, France) and grown as recommended by the
manufacturer.

Migration was assessed in cells starved overnight in 1% FCS
with or without the PTP1B inhibitor AS279 at 1 �M (Merck-
Serono Pharmaceutical Research Institute, Darmstadt, Ger-
many; ref. 12). One hour before trypsin, starvation medium
was replaced by serum-free medium containing 0.25% bovine
serum albumin. Cells were seeded in Boyden chambers at a
density of 104 cells/upper well, separated from lower wells by
a 8-�m microporated membrane (NeuroProbe Inc., Gaithers-
burg, MD, USA) coated with 16 �g/ml fibronectin (BD,
Franklin Lakes, NJ, USA). Lower wells contained 50 ng/ml
recombinant human (rh) VEGF-A (16-aa dimer; R&D Sys-
tems, Inc., Minneapolis, MN, USA) or 25 ng/ml rhPDGF-BB
(109-aa dimer; R&D Systems) with or without 1 �M AS279.
After 6 h of incubation, cells migrating across the membrane
were fixed in methanol and stained with hematoxylin. With
use of light microscopy, 3 images were taken at �40 for each
well, and cells were counted. Six replicates were made per
condition, and experiments were repeated 3 times. Results
are given as mean numbers of cells per field.

Proliferation was assessed in HMECs and VSMCs starved in
1% FCS for 24 h with or without 1 �M AS279 for 4 h. After
trypsinization, cells were seeded at 104 cells/well in 24-well
plates. After attachment, medium was replaced by growth
medium in the absence or presence of 25 ng/ml rhVEGF-A or
25 ng/ml rhFGF-2 (157-aa monomer; R&D Systems). Prolif-
eration was measured after 48 h using a Coulter counter for
HMECs or a WST-1 assay for VSMCs, according to the
manufacturer’s instructions (Roche Molecular Biochemicals,
Mannheim, Germany).

Apoptosis was assessed in HMECs and Sh1 cells seeded at
104 cells/well in 96-well plates and starved after attachment in
2% FCS overnight before the addition of 1 �M staurosporine
for 6 h to induce apoptosis in the absence or the presence of
1 �M AS279 added 1 h before staurosporine. Caspase-3
activity was evaluated as a luminescent signal read on a
Mithras Microplate Reader LB940 (Berthold Technologies,
Thoiry, France) using a caspase-3/7 glow kit (Promega,
Madison, WI, USA), according to manufacturer’s instruc-
tions.

RT-PCR

HMECs and Sh1 cells were lysed (4 M guanidine thiocyanate;
0.75 M sodium citrate, pH 7; 10% sarcosyl; and 0.7% mercap-
toethanol) and snap-frozen at �80°C. RNA was extracted
using acid phenol-chloroform. RNA quantity and purity were
assessed with an ND 1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). Then 1 �g of RNA was
used for reverse transcription with 2.5 �g of hexameric
random probes [100 pmol/�l oligonucleotide pd(N)6], 10
mM dNTP, 40 U of RNaseOUT, and 200 U of RT (Moloney
murine leukemia virus reverse transcriptase; Life Technolo-
gies) for 1 h at 37°C. Real-time PCR was performed using a
commercial mix containing TaqDNA polymerase, SYBR
Green I, and MgCl2 (FastStart DNA Master SYBR Green I kit;
Roche Molecular Biochemicals) and a LightCycler (Roche
Molecular Biochemicals). Primers were as follows: murine
PTP1B, 5=-TCATCCAGACTGCCGACCA-3= (sense) and 5=-
ATGATGAACTTGGCGCCCTCG-3= (antisense); and murine
18S, 5=-GTGGAGCGATTTGTCTGGTT-3= (sense) and 5=-
CGCTGAGCCAGTCAGTGTAG-3= (antisense). Data were an-
alyzed using LightCycler software.
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Animals

The PTP1B�/� mouse line was obtained from Dr. Michel L.
Tremblay (Goodman Cancer Centre, McGill University, Mon-
treal, QC, Canada). PTP1B�/� mice and wild-type (WT)
littermates were obtained by crossing BALB/c PTP1B�/�

mice. The genotype was determined by PCR of tail genomic
DNA. We used 10- to 12-week-old PTP1B�/� and WT male
mice. Animal experiments were performed in accordance
with the U.S. National Institutes of Health guidelines, the
European Communities Council Directives (86/609/EEC),
and French National legislation (ethical approval no. B76-
114). The investigation conforms to Directive 2010/63/EU of
the European Parliament. The animal protocol was approved
by the Normandy ethics review board.

MI

MI was induced by left coronary artery ligation in mice as
described previously (10, 12). At 1, 3, and 8 d and 3 mo after
MI, mice were euthanized by cervical disruption. Hearts were
rapidly excised and arrested in ice-cold saturated KCl buffer.
The left ventricle was dissected before being snap-frozen in
liquid nitrogen for Western blot analyses, embedded in
Tissue-Tek (Sakura Finetek USA, Torrance, CA, USA) for
immunohistological analyses, or fixed in Bouin’s solution or
in formaldehyde for histochemical analysis. For assessment of
the diameter of �-smooth muscle actin (�SMA)-positive arter-
ies, anesthetized animals were perfused through the LV cavity
with 3 ml of heparin (10 U/ml) followed by 10 ml of
preheated 2% paraformaldehyde (PFA). Left ventricles were
then dissected and incubated successively in baths of 4% PFA
(1 h), 10% sucrose (1 h), 20% sucrose (1 h), and 30% sucrose
(overnight) before being snap-frozen in liquid nitrogen and
stored at �80°C.

Histochemistry

Infarct size and LV fibrosis were assessed in 6- to 10-�m-thick
heart sections fixed in Bouin’s solution and stained with sirius
red as described previously (13) for 3 mo post-MI analysis or
stained by Masson’s trichrome protocol for 3 d analysis. We
used 2 different staining protocols because collagen staining
with sirius red is highly relevant in healed infarcts essentially
composed of scar tissue; however, it is unusable in the context
of early infarcts that have not yet been replaced by scar tissue
and by collagen. Thus, we chose Masson’s trichrome at 3 d,
before this stain effectively detects necrotic cell. For infarct
size, 5–7 serial sections obtained every 600 �m, starting at the
level of the ligation, were stained and photographed under a
light microscope (Carl Zeiss GmbH, Jena, Germany) at �1.25
view. Image Pro-Plus 6.3 software (MediaCybernetics, Rock-
ville, MD, USA) was used for image analysis. MI size was
calculated as total infarction perimeter/(epicardial LV perim-
eter � endocardial LV perimeter) � 100 at 3 mo post-MI;
however, at 3 d post-MI, the percentage of LV infarcted area
was measured because at this early time point, the infarct scar
has not completely formed. LV fibrosis was assessed at 3 mo
post-MI as described previously (13).

For assessment of hemorrhage, the left ventricle was fixed
in 4% formaldehyde and embedded in paraffin. Then 4-�m
sections were stained using Masson’s trichrome protocol.

Immunohistochemistry

Heart cryosections (6–10 �m) were fixed in acetone and
stained according to standard protocols using biotinylated rat
anti-mouse platelet and endothelial cell adhesion molecule-1

(PECAM-1; 1:100; BD), mouse anti-human �SMA-fluorescein
isothiocyanate (1:200; Sigma-Aldrich, St. Louis, MO, USA),
rabbit anti-human Ki67 (1:500; Novocastra Laboratories,
Newcastle, UK), rat anti-mouse F4/80 (1:200; Serotec, Ox-
ford, UK), rat anti-mouse CD45 (1:10; BD), rabbit anti-mouse
MRC-1/CD206 (1:200; Santa Cruz Biotechnology), rabbit
anti-mouse cleaved caspase-3 (1:300; Cell Signaling Technol-
ogy, Danvers, MA, USA), and wheat germ agglutinin-A488
(1:100; Invitrogen). Secondary reagents included streptavidin
(SA)-FluoProbe 547 (1:1500; Interchim, Montluçon, France),
SA-Cy5 (1:1000; GE Healthcare Life Sciences, Chalfont St.
Giles, UK), SA-A488 (1:400; Interchim), biotinylated rabbit
anti-rat (1:200; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA), biotinylated goat anti-rabbit (1:200; Jackson
ImmunoResearch Laboratories), and donkey anti-rabbit Cy3
(1:300; Jackson ImmunoResearch Laboratories). Sections
were visualized using a fluorescence microscope (AxioImager
Z1; Carl Zeiss). Image analysis was performed with Image
Pro-Plus 6.3. Cardiac capillary density was quantified as the
ratio of PECAM-1� vessels to the number of transversally
sectioned cardiomyocytes per field. Endothelial proliferation
was determined by counting Ki67 and PECAM-1 double-
labeled cells. Proangiogenic M2-like macrophages were iden-
tified as F4/80� and CD206�, whereas proinflammatory M1
macrophages were identified as F4/80� and CD206� cells.
Cardiac CD45� and F4/80� cell infiltrations were calculated
and reported as percent infiltration per field. The size of
�-SMA� arteries was measured using the “draw object” tool in
Image Pro-Plus 6.3.

Biochemistry

For the assessment of phospho-extracellular signal-regulated
kinase (ERK) 1/2 and phospho-Akt, proteins were extracted
in PhosphoSafe Extraction Reagent (Novagen, Madison, WI,
USA) lysis buffer. Then 30 �g of protein/sample was sepa-
rated by SDS-PAGE (Mini Gel Protean III System; Bio-Rad
Laboratories, Hercules, CA, USA) and transferred to HyBond
ECL membranes (Amersham Biosciences, Uppsala, Sweden)
during 90 min at 100 V (Mini Trans-Blot Cell; Bio-Rad
Laboratories). Membranes were incubated with either anti-
phospho-ERK-1/2 (Cell Signaling Technology), anti-phos-
pho-Akt (Cell Signaling Technology), or anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Sigma-Aldrich). Goat
anti-rabbit or rabbit anti-goat horseradish peroxidase-conju-
gated secondary antibodies were used (Jackson ImmunoRe-
search Laboratories). Proteins were visualized with a chemilu-
minescence kit (Lumi-Light; Roche Molecular Biochemicals).
Band densities were estimated using BioCapt and Bio-Profil
software (BioID, Vilber Lourmat, France). Cardiac VEGF levels
were quantified by enzyme-linked immunosorbent assay accord-
ing to the manufacturer’s instructions (R&D Systems).

For the quantification of VEGFR2, phosphorylated-Src/
Src, and vascular endothelial cadherin (VE-cadherin), mice
were anesthetized, 1 mM Na3VO4 and 2 mM H2O2 were
injected into the tail vein, and the heart was dissected to
remove the left ventricle, which was then snap-frozen. Pro-
teins were extracted as described previously (14). In brief,
after VEGFR2 immunoprecipitation, samples were analyzed
by SDS-PAGE followed by Western blotting on nitrocellulose
membranes. Anti-VEGFR2 (Cell Signaling Technology), anti-
VE-cadherin (Santa Cruz Biotechnology), anti-Src kinase fam-
ily (Cell Signaling Technology), and anti-phospho-Src family
Tyr-416 (Cell Signaling Technology) antibodies were used.
The signal was revealed by AttoPhos chemiluminescence
(Promega), and band intensity was quantified by Quantity
One 1-D Analysis Software (Bio-Rad Laboratories).
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Magnetic resonance imaging (MRI)

Cardiac MRI was performed using a 4.7-T horizontal bore
scanner (Bruker, Newark, DE, USA; refs. 1, 15) in mice
anesthetized by intraperitoneal injection of 320 mg/kg chlo-
ral hydrate (Sigma-Aldrich). Cardiac perfusion was evaluated
in the noninfarcted LV area by the arterial spin-labeling
technique (1), in which the blood in the arteries upstream
from the imaging volume is magnetically labeled. As a conse-
quence, image intensity changes, depending on the blood
supply to the tissue in the imaged slice. On subtraction of an
image acquired without spin labeling, the background signal
from static spins is removed, and the differential image can be
used to quantify perfusion. The difference in the inverse of
the apparent T1 images then yields a measure of the regional
cardiac perfusion � L (1/T1selective � 1/T1nonselective), where
L is the blood-tissue partition coefficient (16, 17).

LV function and hemodynamics

LV ejection fraction (percentage) and stroke volume were
determined by MRI 3-dimensional reconstruction of the left
ventricle (15).

LV hemodynamics were assessed using LV pressure-volume
curves in mice anesthetized by intraperitoneal injection of
320 mg/kg chloral hydrate (Sigma-Aldrich). In brief, a 1.4-
French miniaturized combined conductance catheter-micro-
manometer (model SPR-839; Millar Instruments Inc., Hous-
ton, TX, USA) connected to a pressure-conductance unit
(MPCU-200; Millar Instruments) was advanced retrogradely
via the carotid artery into the left ventricle. Pressure-volume
loops were recorded at baseline and during loading by gently
occluding the abdominal aorta with a cotton swab, allowing
calculation of the LV end-systolic pressure-volume relation
(LVESPVR) and LV end-diastolic pressure-volume relation
(LVEDPVR) as indicators of load-independent LV passive
elastance and compliance function, respectively (18).

Statistics

Data are presented as means 	 sem. Student’s t test (2-tailed)
was used to compare 2 groups of independent samples. For
multiple comparisons, 1-way analysis of variance was used,
followed by Tukey’s post hoc test, except for immunoblotting
of phosphorylated-Src/Src/VEGFR2 for which we used a
nonparametric Mann-Whitney test. A value of P 
 0.05 was
considered significant.

RESULTS

Post-MI vascular remodeling is improved in PTP1B-
deficient mice

To evaluate the effect of PTP1B deficiency on cardiac
angiogenesis, we used the model of coronary artery
ligation causing MI in PTP1B�/� and WT mice. Three
months after MI, there was no difference in infarct
size between groups (% left ventricle: WT, 39	1;
PTP1B�/�, 41	5%), indicating that the potential ben-
efits in PTP1B�/� mice were not attributable to any
change in this parameter (Fig. 1A). A 22% increase in
capillary density (capillaries/cardiomyocyte) was then
measured in the whole left ventricle of PTP1B�/�

infarcted mice compared with that in WT mice (Fig.

1B). Increased capillary density was also found when
the value was expressed as capillaries/mm2; however,
this value was much smaller (�7%) and nonsignificant,
most likely related to the increased myocyte size in both
groups secondary to hypertrophy, which compensates
for the massive loss of cardiac tissue in this context of
very large infarcts.

Studying earlier time points, we also found increased
angiogenesis at 8 d post-MI in the whole left ventricle of
PTP1B�/� mice with an 18% increase in capillary
density (Fig. 1B), whereas increased interstitial fibrosis
was not yet histologically detectable (WT sham treat-
ment, 2.8	0.3%; WT MI, 2.5	0.3%; and PTP1B�/�

MI, 3.0	0.3; NS). Again, increased capillary density,
but smaller (�6%) and nonsignificant, was also found
when expressed as capillaries/mm2. In addition, at 8 d,
a significant stimulation of arteriogenesis was also de-
tected in the infarct border zone of PTP1B�/� mice by
counting the vessels coated with VSMCs, as shown by an
increased number of small arteries (lumen diameter of
15–50 �m) without any change in the reduction in the
density of small arterioles (lumen diameter of 
15 �m;
Fig. 1E).

At 3 d post-MI, with similar infarct sizes in both
groups (% left ventricle: WT, 56	5% and PTP1B�/�,
45	5%) showing no major difference in the healing
process in progress (Fig. 1A), we found that in WT
mice, MI was associated with a small decrease in capil-
lary density (�8.1%) measured in the infarct border
(Fig. 1C), which was absent in PTP1B-deficient mice
(�7.2% vs. WT MI; P � 0.05). At this time point, we
also detected increased endothelial cell proliferation
(Ki67� nuclei/endothelial cells nuclei) in PTP1B�/�

mice (Fig. 1D), which was absent at 8 d (data not
shown).

Migration, apoptosis, and proliferation of cultured
vascular cells is regulated by PTP1B

The effect on endothelial cell migration of PTP1B
blockage or mRNA reduction was evaluated. Incuba-
tion of HMECs with the PTP1B inhibitor AS279 or
transduction with specific shRNA resulting in a 60%
decrease in PTP1B messengers in the HMEC Sh1 clone
(Supplemental Fig. S1), led to increased spontaneous
and increased VEGF-A-induced cell migration (Fig. 2A,
B). Comparable effects were observed with PDGF-BB in
HMECs (Supplemental Fig. S2).

Apoptosis has been involved in the control of angio-
genesis (19). In vivo, immunolabeling of cleaved
caspase-3 was found as a rare event in mouse left
ventricle at 3 d post-MI (data not shown) and a slightly
higher apoptosis at 1 d post-MI showed no difference
inside the ischemic area or at the border of or remote
from the infarcted zone between PTP1B�/� and WT
mice (Supplemental Fig. S3). However, in vitro, stauro-
sporine-induced caspase-3 activity was decreased both
in HMECs treated by AS279 and in the HMEC Sh1
clones (Fig. 2C), indicating reduced endothelial apo-
ptosis.
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Whether PTP1B inhibition influenced endothelial
proliferation was also evaluated. Coincubation of
VEGF-A with AS279, but not with VEGF-A alone,

increased HMEC proliferation (Fig. 2D). Beyond
endothelial cells, arteriogenesis requires the prolif-
eration of VSMCs. Actually, PTP1B inhibition with
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Figure 1. Post-MI vascular remodeling is improved in PTP1B-deficient mice. A) Infarct size quantification at 3 d (n�8) or 3 mo
(n�5–10) post-MI and representative images of LV sections after Masson’s trichrome staining (3 d post-MI) or sirius red staining
(3 mo post-MI); �1.25. Scale bars � 1 mm. B) LV capillaries/cardiomyocyte ratio (6 pictures/LV section, �40, n�5–10/
condition) assessed by PECAM-1 immunolabeled endothelial cells and wheat germ agglutinin staining for detection of
cardiomyocyte sarcolemma at 8 d or 3 mo post-MI. C) LV capillaries/cardiomyocyte ratio at 3 d post-MI (n�6–9). D) Endothelial
cell proliferation assessed by PECAM-1 and Ki67 double labeling (4 images/LV section; �20; n�6–9); double-labeled cells are
indicated with white arrows on representative images (PECAM-1 in red, Ki67 in green, and nuclei in blue; �20). Scale bars �
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 0.001.
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AS279 enhanced FGF-2-induced proliferation in rat
aortic VSMCs in primary culture (Fig. 2E).

Macrophage subsets analyzed at 3 d post-MI

Because immune cells are also implicated in myocardial
healing, in part by secretion of growth factors involved
in angiogenesis (20), we then analyzed macrophage
subsets in response to MI in both genotypes. In the
infarct border zone, there was no difference in the
number of infiltrated immune cells (CD45� cells) or
in the amount of monocytes/macrophages (F4/80�

cells) between PTP1B�/� and WT mice (Fig. 3).
However, 3 d after MI, PTP1B�/� mice displayed an

increased number of proangiogenic M2-like macro-
phages (CD206�/F4/80� cells, number of cells/field:
WT sham treatment, 3	1; WT MI, 9	1; and PTP1B�/�

MI, 14	1; P
0.01 vs. WT-MI), in contrast to proinflam-
matory M1 cells (CD206�/F4/80� cells, number of
cells/field: WT sham treatment, 8	2; WT MI, 25	4;
and PTP1B�/� MI, 21	3; NS vs. WT MI; Fig. 3). Taken
together, our data demonstrate a shift toward an in-
creased proangiogenic anti-inflammatory activation
state in macrophages of PTP1B�/� mice at 3 d post-MI
compared with that for WT mice.

Signaling pathways involved in cardioprotection in
PTP1B-deficient mice

The phosphatidylinositol 3-kinase (PI3K)/Akt signal-
ing pathway is involved downstream of the insulin RTK,
which was the first described to be targeted by PTP1B
(3). We therefore performed Western blotting with the
aim of investigating PI3K/Akt activation in LV samples
from heart collected at 3 d post-MI. No alteration in the
phosphorylation level of Akt was found in PTP1B�/�

or WT mice. Because PTP1B also regulates VEGF
signaling downstream of VEGFR2, we next sought to
analyze ERK signaling in both genotypes. Increased
phosphorylation of ERK2 kinase was seen 3 d after MI
in PTP1B�/� mice compared with that in WT mice
(Fig. 4A).

Such quantifications of phosphorylated protein are
related not only to endothelial cells but also to all cell
types within the heart, primarily cardiomyocytes. To
selectively investigate signaling pathways that operate in
coronary vessels, the endothelial VEGFR2/VE-cadherin
complex was further investigated. This complex is
transiently dissociated in endothelial cells on MI as we
demonstrated previously (14). Indeed, VEGFR2 activa-
tion leads to Src kinase phosphorylation, which in turn
phosphorylates VE-cadherin, resulting in the dissocia-
tion of the complex (21). Immunoprecipitation of
VEGFR2 showed an increased phosphorylated-Src/
Src/VEGFR2 ratio, as well as increased dissociation of
the VEGFR2/VE-cadherin complex in PTP1B�/� mice
at 3 d post-MI (Fig. 4B). Notably, increased VEGFR2
activation in PTP1B�/� mice was not due to different
VEGF-A levels, which were augmented equally at either
3 or 8 d post-MI in both PTP1B�/� and WT mice
compared with those in sham-treated animals (Supple-
mental Fig. S4). Because VEGFR2 activation is involved
not only in angiogenesis but also in vascular permea-
bility, the occurrence of hemorrhage was investigated
at 3 d post-MI and showed no difference between
PTP1B�/� and WT mice (Supplemental Fig. S5).

Taken together, these results strongly support a
mechanism by which increased activation of VEGFR2
signaling operates in coronary vessels from PTP1B�/�

mice compared with that in WT mice, thereby contrib-
uting to efficient stimulation of vascular remodeling at
early stages after MI.

A

C

B

D E

Figure 2. Enhanced migration, lowered apoptosis, and en-
hanced proliferation in cultured vascular cells treated by
PTP1B antagonist or after PTP1B silencing using shRNA. A,
B) Migration: HMECs (A, B) or HMEC Sh1 subclone express-
ing shRNA against PTP1B (B) were incubated in the presence
or absence of 50 ng/ml VEGF-A (V) for 6 h, with or without
PTP1B inhibitor 1 �M AS279 (PTP1Bi; n�6). C) Apoptosis:
staurosporine treatment (�Stauro) was initiated in HMECs
or HMEC Sh1 subclone with or without AS279 (PTP1Bi)
before measurements of caspase-3 activity (n�6); R.L.U.,
relative luminescence units. D, E) Proliferation: HMECs (D)
were incubated in the presence or absence of 25 ng/ml
VEGF-A, with or without AS279 for 48 h, whereas rat aortic
VSMCs in primary culture (E) were incubated in the presence
or absence of 25 ng/ml FGF-2 (F), with or without AS279
(PTP1Bi) for 48 h (n�4). *P 
 0.05; **P 
 0.01; ***P 

0.001.
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LV perfusion and LV function are improved at 8 d
post-MI in PTP1B-deficient mice

To determine how increased activation of VEGFR2
signaling and angiogenesis translate into functional
activity of the heart, the perfusion levels in the nonin-
farcted area of the left ventricle were then measured
using MRI. Before MI, there was no difference in
myocardial perfusion between WT and PTP1B�/� mice
(Fig. 5A). In contrast, at 8 d post-MI, the myocardial
perfusion was significantly higher in PTP1B�/� mice
than in WT mice (Fig. 5A).

At 8 d post-MI, MRI analysis did not yet show any
advantages of PTP1B deficiency with respect to ejection
fraction and stroke volume, which were similarly de-
creased in all infarcted animals regardless of the geno-
type (Fig. 5B). The early analyses of LV function by
invasive pressure-volume loops at this time point
showed decreased LVESPVR, indicating reduced elas-
tance and occurrence of systolic dysfunction, which was
not modified by PTP1B deficiency. In contrast and
remarkably, the benefits on diastolic function were
detectable in infarcted PTP1B�/� mice. Indeed, al-
though LVEDPVR was increased in WT MI mice, it was
not increased in PTP1B�/� MI mice, clearly illustrating
better compliance and reduced diastolic dysfunction
(Fig. 5C).

These results suggest that improved myocardial per-
fusion, which takes place in diastole, contributed to
early improvement in post-MI diastolic function in
PTP1B�/� mice via an improvement in LV compliance.

DISCUSSION

The main result of this study is that PTP1B gene
invalidation improves both angiogenesis and arterio-
genesis after MI, leading to improved cardiac perfusion
that most likely contributes to the early protection
against diastolic dysfunction. These events represent
the original cardiac benefits explaining long-term re-
duction in heart failure induced by PTP1B deficiency
that we reported previously (10).

Murine HMECs (11) were used as a model to assess
angiogenic processes, particularly in microvascular
cardiac endothelial cells. A PTP1B inhibitor or
shRNA diminished staurosporine-induced activation
of caspase-3 in HMECs, indicating in vitro reduced
apoptosis as shown previously in fibroblasts, hepato-
cytes, and cardiomyocytes (22–24). This effect was not
found in the myocardium of PTP1B�/� compared to
WT mice 24 h after coronary artery ligation. Neverthe-
less, the low frequency of apoptosis at this time point
rendered comparative quantification difficult.
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Figure 3. Increased numbers of proangiogenic
anti-inflammatory macrophages at 3 d post-MI
in PTP1B-deficient mice. Infiltrated cells (top
left graph) and monocyte/macrophage recruit-
ment (top right graph), respectively, assessed
by CD45 and F4/80 immunolabeling (�10),
reported as a percentage of field surface. Pro-
inflammatory (bottom left graph) and proan-
giogenic (bottom right graph) macrophages
assessed by double labeling of F4/80 and
CD206 (�20) at the infarct border zone at 3 d
post-MI or in the left ventricle of sham-treated
animals, reported as mean number of macro-
phages per field (4 images/mouse; n�6–9).
Increased numbers of proangiogenic anti-in-
flammatory macrophages (indicated with white
arrows) in PTP1B�/� mice at 3 d post-MI are
illustrated on representative images (CD206 in
red, F4/80 in green, and nuclei in blue; �20).
Scale bars � 50 �m. DAPI, 4=,6=-diamidino-2-
phenylindole. **P 
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Notably, decreasing PTP1B expression and/or activ-
ity increased spontaneous and VEGF-induced HMEC
migration. The boosted migration in the absence of
VEGF may be explained by a destabilization of endothe-
lial cell adherens junctions mediated by increased activa-
tion of VE-cadherin. Indeed, experiments performed
in human umbilical vein endothelial cells (HUVECs)
showed that PTP1B interacts with VE-cadherin, so that
PTP1B down-regulation leads to increased VE-cadherin
phosphorylation, inducing destabilization of endothelial
cell-cell junctions (5), which constitutes a necessary initial
step during endothelial cell migration. Another explana-
tion is activation of RTKs independent of ligand bind-
ing (25). Indeed, PTP1B, which is either anchored in
the endoplasmic reticulum or directed to the plasma
membrane, can dephosphorylate growth factor recep-
tors when they are being synthesized in the endoplas-
mic reticulum (26).

Beyond the capillaries, coordinated endothelial pro-
liferation/migration followed by coverage of neovessels
by VSMCs is necessary for the maturation of blood

vessels. In our hands, PTP1B inhibition increased FGF-
induced proliferation of primary rat VSMCs. This result
is consistent with results of a previous study from
another group showing that overexpression of native or
dominant-negative PTP1B in cultured VSMCs, respec-
tively, blocked or enhanced FGF-induced migration
(7). However, to our knowledge, this is the first time
that PTP1B deficiency reflects an ability to stimulate in
vivo arteriogenesis, at least under cardiac pathophysio-
logical conditions. Indeed, the arteriolar rarefaction
induced by MI was thwarted in PTP1B-deficient mice, as
a result of increased density of small arteries (diameter
of 15–50 �m) as soon as 8 d after ischemia. Neverthe-
less, the increased number of arteries assessed histolog-
ically might have reflected nonfunctional blood vessels,
for example, arteries with severe endothelial dysfunc-
tion and/or altered vasomotor function. MRI analysis
at 8 d post-MI showed normalized myocardial perfusion
in the viable part of the left ventricle of PTP1B�/�

mice, confirming the functionality of these blood ves-
sels.
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Analysis of the effect of PTP1B deficiency in normal
mice (no infarct) revealed no detectable changes on
the various parameters of angiogenesis/arteriogenesis
or myocardial perfusion. This finding may reflect a
minor role of this enzyme in the regulation of the
response to angiogenic growth factors in adults in the
absence of an increased angiogenic stimulus, suggest-
ing that activity of this enzyme becomes limiting only in
situations of active angiogenesis (such as that occurring
in the presence of hypoxia or ischemia) or that PTP1B
gene deficiency is compensated for by expression of
other phosphatases (27).

Molecular studies at 3 d post-MI implied VEGFR2
activation in the proangiogenic effects of PTP1B defi-
ciency via increased phosphorylation of Src kinase at
tyrosine Y416 and subsequently increased VEGFR2/VE-
cadherin dissociation. These in vivo findings support a
study in cultured HUVECs in which an siRNA against
PTP1B allowed increased VEGF-induced VEGFR2 phos-
phorylation, whereas PTP1B overexpression reduced it
(5). A mechanism by which PTP1B acts on VEGFR2 was
proposed in a study of femoral artery ligation in
synectin-deficient mice presenting altered arteriogen-
esis (28). The absence of synectin in endothelial cells
induced a delay in VEGFR2 endocytosis and a decrease
in its activation, which was explained by prolonged
contact with PTP1B at the plasma membrane. Indeed,
pharmacological inhibition of PTP1B restored arterial
morphogenesis in synectin-deficient mice. Moreover,
VEGF binding to VEGFR2 induces the activation of Src
kinase in a T cell-specific adapter-dependent manner,
allowing increased Src phosphorylation at Y416 and
reduced phosphorylation at Y527 (29). PTP1B was
described as an activator of Src by dephosphorylating

pY527 (30). However, the absence of functional PTP1B
did not impede the overall activation of Src at 3 d
post-MI, resulting in increased dissociation of the
VEGFR2/VE-cadherin complex.

Concerning the infiltrate during ischemia, 2 mono-
cyte/macrophage populations have been described:
the classic M1 type, which is proinflammatory and
participates in the very early infarct healing phase by
engulfing necrotic cardiomyocytes, and the M2-like
type, which promotes angiogenesis via release of
growth factors (31, 32). We found a higher infiltra-
tion of proangiogenic M2-type macrophages, charac-
terized by F4/80-CD206 double-positive labeling (33)
in the infarct border zone of PTP1B�/� mice at 3 d
post-MI, with no difference in total macrophage infil-
tration. Thus, although the direct link has not been
fully demonstrated, it is possible that this increased M2
infiltration contributes to the stimulated angiogenesis
in PTP1B�/� mice with MI.

One of the mechanisms explaining the increased
angiogenesis observed in PTP1B�/� mice may involve
endothelial nitric oxide (NO). We previously reported
that PTP1B inhibition or gene invalidation protected
from endothelial dysfunction 2 mo after MI, in partic-
ular through maintained production of NO secondary
to increased activation of endothelial NO synthase
(eNOS; refs. 10, 12). In the context of angiogenesis, an
increase in endothelial NO participates in the destabi-
lization of the endothelial cell junction together with
the vasodilation that precedes sprouting (34), whereas
decreased NO release and endothelial dysfunction have
a negative affect on angiogenesis (35). However, the
NO donor S-nitroso-N-acetyl-dl-penicillamine (SNAP)
has been reported to reduce motility of cultured aortic
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VSMCs by lowering the phosphorylation level of adhe-
sion proteins such as paxillin or focal adhesion kinase,
in direct relation to increased PTP1B activity (9, 36).
This apparent paradoxical opposite effect of the endo-
thelial vs. VSMC PTP1B/NO pathways may be ex-
plained in part by the known concentration depen-
dence of the effects of NO, because in those studies
SNAP was shown to exert its effects at concentrations
between 1 and 100 �M, whereas eNOS presumably
produces NO at much lower concentrations.

Concerning functional data, we observed improved
LV diastolic function at 8 d post-MI. No direct link has
been described between enhancement of angiogenesis
and early improvement of diastolic function after MI,
although it is likely that increased myocardial perfusion
may contribute to preservation of diastolic function.
Furthermore, there is evidence that impaired NO pro-
duction worsens diastolic function, whereas, conversely,
stimulation of NO production or administration of
NO-releasing molecules improves it (18, 37). Thus, it is
possible that the improved diastolic function may ben-
efit from enhanced angiogenesis and perfusion in
combination with the endothelial protective effects of
PTP1B deficiency.

The improved diastolic function at 8 d occurred with
no evidence of improved systolic function at this early
time point. We previously reported, in a completely
different set of experiments but using the same model,
increased LV function at 1 and 2 mo post-MI, evi-
denced by improved echocardiographic parameters of
LV remodeling and function, as well as improved LV
hemodynamics and decreased fibrosis at 2 mo (10).
Because of this report, we did not repeat a similar
functional analysis at a time point later than 8 d in the
present study; however, taken together, the results of
this previous study and the present study suggest a time
course of functional recovery in PTP1B�/� mice first
involving improved diastolic function followed later by
improved systolic and diastolic function and reduced
adverse LV remodeling.

A recent study from our laboratory showed that
selective angiogenic/arteriogenic therapy by intramyo-
cardial sustained delivery of a growth factor combina-
tion including FGF and HGF prevents CHF in a rat MI
model (1), demonstrating the direct role of angiogen-
esis/arteriogenesis stimulation in the reduction of
heart failure. Thus, although other mechanisms such as
prevention of endothelial dysfunction and increased
insulin signaling may play a role, it is likely that the
improved early post-MI angiogenesis/arteriogenesis re-
vealed in the present study contributes to the overall
reduction of CHF observed in our previous work at 1
and 2 mo post-MI (10).

CONCLUSIONS

The results presented here suggest for the first time
that blocking of PTP1B may be a target for improving
angiogenesis after myocardial infarction, ultimately re-

sulting in reduced cardiac remodeling and dysfunction
during heart failure.
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