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Impaired Angiogenesis Following Hindlimb Ischemia in
Type 2 Diabetes Mellitus

Differential Regulation of Vascular Endothelial Growth
Factor Receptor 1 and Soluble VEGFR-1

Surovi Hazarika, Ayotunde O. Dokun, Yongjun Li, Aleksander S. Popel,
Christopher D. Kontos,* Brian H. Annex*

Abstract—Deficient angiogenesis following ischemia may contribute to worse outcomes of peripheral arterial disease in
patients with diabetes mellitus (DM). Vascular endothelial growth factor (VEGF) and its receptors promote
angiogenesis. We hypothesized that in peripheral arterial disease, maladaptive changes in VEGF ligand/receptor
expression could account for impaired angiogenesis in DM. Skeletal muscle from diet-induced, type 2 diabetic (DM)
and age-matched normal chow (NC)-fed mice was collected at baseline and 3 and 10 days after hindlimb ischemia and
analyzed for expression of VEGF (n�10 per group), full-length VEGF receptor (VEGFR)-1, soluble VEGFR-1, and
markers of downstream VEGF signaling (n�20 per group) using ELISA, RT-PCR, and Western blots. In the absence
of ischemia, DM mice had increased VEGF (NC versus DM: 26.6�2.6 versus 53.5�8.8 pg/mg protein; P�0.05),
decreased soluble and membrane-bound VEGFR-1 (NC versus DM: 1.44�0.30 versus 0.85�0.08 and 1.03�0.10
versus 0.72�0.10, respectively; P�0.05). decreased phospho-AKT/AKT and phospho–endothelial NO synthase/endo-
thelial NO synthase (NC versus DM: 0.76�0.2 versus 0.38�0.1 and 0.36�0.06 versus 0.25�0.04, respectively;
P�0.05), and no change in VEGFR-2. Following ischemia, both DM and NC had comparable increases in VEGF-A.
VEGFR-1 and soluble VEGFR-1 expression increased in both groups, but the fold increase was significantly greater in
DM. These data demonstrate that soluble VEGFR-1, an angiogenesis inhibitor, is regulated in skeletal muscle by type
2 DM and ischemia. In the absence of ischemia, despite reductions in both soluble VEGFR-1 and VEGFR-1, VEGF
ligand signaling is lower in DM compared with controls. Following ischemia, maladaptive upregulation of these
receptors further reduces the capacity of VEGF to induce an angiogenic response, which may provide a novel target for
therapy. (Circ Res. 2007;101:0-0.)
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Angiogenesis, the formation of new blood vessels from
preexisting ones, plays a significant role in many phys-

iological and pathological conditions.1 Vascular endothelial
growth factor (VEGF) and the corresponding VEGF receptor
(VEGFR) tyrosine kinases play a key role in blood vessel
formation during development and in the regulation of
angiogenesis in the adult.2 The 2 main VEGFRs are fms-like
tyrosine kinase 1 (Flt-1 or VEGFR-1) and fetal liver kinase 1
(Flk-1 or VEGFR-2). In the adult, VEGF-A mediates angio-
genesis primarily through VEGFR-2, whereas a role for
VEGFR-1 is less clear,2 and genetic and cellular studies
suggest that VEGFR-1 can negatively modulate the angio-
genic effects of VEGFR-2.3,4 In addition, VEGFR-1 could
bind VEGF and reduce the availability of VEGF to VEGFR-

2.5 Soluble (s)VEGFR-1, a naturally occurring splice variant
of VEGFR-1, lacks the transmembrane domain but binds
VEGF with very high affinity and acts as an angiogenesis
inhibitor by sequestering VEGF.6 Increased expression of
sVEGFR-1 from the placenta has been linked to the hyper-
tension and proteinuria in preeclampsia.7,8 Ambati et al
demonstrated that sVEGFR-1 has a physiologic role in the
cornea to maintain avascularity.9 Although studies have
established a role for VEGF-A in skeletal muscle angiogen-
esis,10 the effect of changes in receptor expression on the
angiogenic response to ischemia is not known.

Several of the long-term complications of diabetes mellitus
(DM) involve abnormalities in angiogenesis. Increased
VEGF-mediated angiogenesis has been implicated in retinop-
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athy and nephropathy,11 whereas there is an attenuated
angiogenic response in wound healing and ulcers.12 In pa-
tients with cardiovascular disease, a defective angiogenic
response to ischemia could, in part, account for poor clinical
outcomes.13,14 In preclinical models of peripheral arterial
disease (PAD), diabetic animals have been shown to have
attenuated perfusion recovery in response to ischemia.15,16

Studies that have investigated the causes of the reduced
angiogenic response in diabetes have focused on an impaired
release of endothelial progenitor cells from the bone mar-
row,17 defective function of progenitor cells,17,18 or formation
of advanced glycosylation end products.19 However, there has
been no systematic examination of the role of changes in the
VEGFR–ligand system in this process.

Studies have shown higher levels of VEGF-A in the
plasma of subjects with diabetes compared with controls.20

Sasso et al showed that expression of VEGF-A is increased in
the myocardium of patients with type 2 diabetes along with
decreased expression of VEGFR-1 and VEGFR-2 and evi-
dence of reduced downstream VEGF signaling.21 Simply
providing exogenous VEGF-A has met with little success in
clinical trials.22,23 Taken together, blunted angiogenesis in
patients with PAD and diabetes might be attributable to a
VEGF signaling defect in which there is reduced receptor
signaling despite higher ligand expression, similar to insulin
resistance.24 Alternatively, reduced receptor function despite
greater ligand expression could result from ligand trapping,
which reduces the availability of free, functional ligand. This
could occur with or without changes in VEGFR expression.
This study was designed to test the hypothesis that alterations
in the VEGFR–ligand system play a role in impaired skeletal
muscle angiogenesis in type 2 DM.

Materials and Methods
Mouse Model of Type 2 DM
Type 2 DM was induced in male C57BL/6 mice (n�70) by feeding
a high-fat diet for 14 weeks and was confirmed as described
previously.25–27 Age-matched C57BL/6 mice (n�70) fed a normal
chow (NC) diet served as controls. Protocols were approved by the
Duke University Institutional Animal Care and Use Committee.

Experimental Design and Groups
A separate group (n�10 per group) was used for measurement of
perfusion recovery after hindlimb ischemia. For tissue analysis, both
control (NC) (n�60) and diabetic (DM) (n�60) mice were divided
into 3 groups: baseline and days 3 and 10 postischemia (n�20 per
time point). The tibialis anterior (TA) muscle was harvested and used
for protein (n�10) and mRNA (n�10) analysis. In animals with
unilateral hindlimb ischemia, the nonischemic contralateral muscles
did not show any differences between day 3 and 10 time points;
therefore, these groups were combined into 1 nonischemic group.

Surgical Induction of Hindlimb Ischemia and
Hemodynamic Assessment
Unilateral hindlimb ischemia was induced and limb perfusion was
measured as previously described.28 At each time point, results were
expressed as a ratio of perfusion in the ischemic limb to that in
the contralateral limb. The immediate postligation ratio was set as the
baseline (day 0), and changes in perfusion were calculated as the
difference in perfusion between the final time and the baseline.

RNA Analysis
Total RNA was isolated for RT-PCR or real-time quantitative
RT-PCR, as described.29 Primers, sequences and amplification con-
ditions used are shown in Table.

Protein and Histological Analysis
Total muscle protein lysates were prepared and protein concentra-
tions measured as previously described.29 VEGF-A and p-AKT/AKT
levels were determined by ELISA, as described.28,29 To isolate
membrane-enriched protein fractions for detection of VEGFRs, total
protein extracts were ultracentrifuged at 75 000g for 30 minutes at
4°C, and the pellet was resuspended in 50 �L of Tris buffer. Total
cellular (30 to 50 �g) or membrane (15 to 20 �g) proteins were
separated on 8% SDS–polyacrylamide gels and transferred to
poly(vinylidene-fluoride) membranes, which were incubated with
the following antibodies: rabbit polyclonal anti–phospho-AKT (p-
AKT), phospho–endothelial NO synthase (p-eNOS), and phospho–
extracellular signal-regulated kinase (p-ERK) (1:500) and anti–total
AKT, eNOS, and ERK (1:1000; Cell Signaling, Beverly, Mass); rat
monoclonal anti–VEGFR-2 (1:250; Chemicon, Boronia-Victoria,
Australia); mouse monoclonal anti–VEGFR-1 (1:500); and anti-actin
(1:1000; Sigma-Aldrich, St Louis, MO). After detection by chemi-
luminescence, the results were quantified by densitometry using
ImageJ (version 1.36b; NIH). Levels of sVEGFR-1 were determined
by ELISA (R&D Systems, Minneapolis, Minn), and the results were
confirmed by Western blots, which differentiated VEGFR-1 from
sVEGFR-1. To compare inflammatory cell infiltrates between DM
and NC, the total nuclei per millimeter squared in the 3-day ischemic
tissue was measured in 3 separate �400 fields on hematoxylin/eosin-
stained paraffin sections.

Exogenous VEGF-A Binding Assay
To determine whether lysates from DM versus NC muscle differed
in their ability to bind VEGF-A, VEGF-A concentrations were
determined in muscle homogenates by ELISA before and after the
addition of increasing concentrations of exogenous VEGF-A using
the Mouse VEGF-A Immunoassay (R&D Systems). Samples were
mixed 1:1 with diluent containing exogenous VEGF-A at a concen-
tration of 0, 20, 60, or 80 pg/mL and incubated in a 96-well plate
overnight at 4°C. The remainder of the assay was performed
according to the recommendations of the manufacturer. Samples
from DM mice were diluted 2-fold to adjust for differences in the
initial VEGF-A concentrations.

Statistics
Statistical analysis was done using SPSS software (version 13.0;
SPSS, Chicago, Ill). Data are expressed as the means�SEM.
Comparison among groups was done using ANOVA followed by
Fisher’s post hoc test. Repeated-measures ANOVA was done to
assess improvement in perfusion over time within groups. Statistical
significance was set at a probability value of �0.05.

Results
Diabetic Mice Have Impaired Perfusion Recovery
Following Hindlimb Ischemia
After 14 weeks of high-fat diet, C57BL/6 mice had signifi-
cantly greater body weight (43.52�1.8 versus 28.2�1.6 g;
P�0.05), higher fasting glucose levels (187.88�8.45 versus
135.79�5.46 mg/dL; P�0.05), and impaired glucose toler-
ance (area under the glucose tolerance test curve:
29 658�1200 versus 14 811�541 mg/dL�min; P�0.05) com-
pared with age-matched NC-fed mice (n�70 per group).
Laser Doppler perfusion imaging was performed before,
immediately after, and on days 3, 10, 20, and 30 after
hindlimb ischemia (n�10 per group). Perfusion recovery was
significantly attenuated in DM mice compared with NC mice
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on postoperative days 10, 20, and 30 (Figure 1). The change
in the perfusion from postligation (day 0) to day 3 was similar
in DM and NC, but the recovery from days 3 to 10 differed
between groups, and this difference was maintained for the
duration of the study.

Diabetic Mice Have Higher Expression of VEGF-A
but Reduced VEGF Signaling
In the TA muscle from DM mice not subjected to hindlimb
ischemia, expression of VEGF mRNA and protein was
approximately 2-fold higher (Figure 2A and 2B) in DM

Primers and Probes for RT-PCR

Mouse Primers and Probes Sequences PCR Conditions

VEGF-A Real-time PCR (95°C, 15 seconds; 60°C, 1 minute; 40 cycles)

Forward TACTGCTGTACCTCCACCTCCACCATG

Reverse TCACTTCATGGGACTTCTGCTCT

Probe AAGTGGTCCCAGGCTGCACCCAC

18S RNA Real-time PCR (95°C, 15 seconds; 60°C, 1 minute; 40 cycles)

Forward CGGCTACCACATCCAAGGAA

Reverse AGCCGCGGTAATTCCAGC

Probe TGCTGGCACCAGACTTGCCCTC

VEGF-A Real-time PCR (94°C, 30 seconds; 56°C, 30 seconds; 72°C, 1 minute; 30 cycles)

Forward CTGTGCAGGCTGCTGTAACG

Reverse GTTCCCGAAACCCTGAGGAG

VEGFR-1 Real-time PCR (94°C, 30 seconds; 58°C, 30 seconds; 72°C, 1 minute; 30 cycles)

Forward GTCACAGATGTGCCGAATGG

Reverse TGAGCGTGATCAGCTCCAGG

sVEGFR-1 Real-time PCR (94°C, 30 seconds; 58°C, 30 seconds; 72°C, 1 minute; 30 cycles)

Forward GTCACAGATGTGCCGAATGG

Reverse TGACTTTGTGTGGTACAATC

VEGFR-2 Real-time PCR (94°C, 30 seconds; 58°C, 30 seconds; 72°C, 1 minute; 30 cycles)

Forward AGAACACCAAAAGAGAGAGGAACG

Reverse GCACACAGGCAGAAACCAGTAG

18S RNA Real-time PCR (94°C, 30 seconds; 58°C, 30 seconds; 72°C, 1 minute; 30 cycles)

Forward TAACGAACGAGACTCTGGCAT

Reverse CGGACATCTAAGGGCATCACAG

Figure 1. Diabetic mice have attenuated
perfusion recovery following hindlimb is-
chemia. Following induction of hindlimb
ischemia, perfusion recovery was calcu-
lated as the increase from the immediate
postligation value at each time point. Per-
fusion recovery was significantly attenu-
ated in mice with diabetes (DM) compared
with NC from day 10 onward. *P�0.05
between NC and DM, #P�0.05 between
time points within each group
(n�10/group).
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Figure 2. VEGF signaling is reduced in diabetic mice at baseline. Compared with muscle from NC-fed mice, nonischemic TA muscle from
mice with diabetes (DM) displayed increased expression of VEGF-A mRNA (A) and protein (B). Nonischemic DM muscle also displayed evi-
dence of reduced VEGF signaling, as indicated by decreased p-AKT/total AKT (C), reduced p-eNOS/total eNOS (D), and reduced cGMP con-
centration (E). However, there was no change in the expression or activation of ERK1/2 (F). *P�0.05 (n�5 to 8/group).
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Figure 3. Expression of VEGFR-1 and sVEGFR-1 is reduced in diabetic mice at baseline. In nonischemic muscle, there was no differ-
ence in expression of VEGFR-2 mRNA (A) or protein (B) between diabetic (DM) and nondiabetic (NC) mice. However, DM mice had
decreased expression of full-length VEGFR-1 mRNA (C) and protein (D). Similarly, sVEGFR-1 expression was downregulated in DM
mice at both the mRNA (E) and protein (F) levels. *P�0.05 (n�8/group).
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versus NC. VEGF exerts many of its effects via the AKT and
ERK1/2 (p42/p44 mitogen-activated protein kinase) path-
ways.2 The AKT pathway leads to downstream activation of
eNOS and release of nitric oxide, which results in cGMP
production. The ratios of p-AKT/total AKT and p-eNOS/total
eNOS (Figure 2C and 2D) and cGMP concentrations (Figure
2F) were significantly lower in DM versus NC, indicating
that despite increased VEGF expression, there is reduced
downstream VEGF signaling. Interestingly, we found no
difference in the phosphorylation state of ERK1/2 between
DM and NC (Figure 2E).

Diabetic Mice Have Reduced Expression
of VEGFR-1
In TA muscle from mice not subjected to hindlimb ischemia,
expression of VEGFR-2 mRNA and protein did not differ

between DM and NC (Figure 3A and 3B). In contrast, both
mRNA and protein expression of full-length VEGFR-1 (Fig-
ure 3C and 3D) and its soluble form, sVEGFR-1 (Figure 3E
and 3F), were significantly decreased in DM versus NC.

Studies of the VEGF Ligand–Receptor System
Following the Induction of Hindlimb Ischemia
As shown in Figure 1, when compared with NC mice, mice
with DM had attenuated perfusion recovery by day 10 after
hindlimb ischemia, but the extent of recovery was similar
between the 2 groups at the day 3 time point. We therefore
investigated whether differences in VEGF protein or signal-
ing were responsible for the differences in perfusion observed
at these 2 time points. Consistent with results shown in Figure
2, in the nonischemic limb, VEGF protein was higher,
whereas p-AKT/total AKT and cGMP were lower in DM

Figure 4. VEGF signaling is reduced fol-
lowing hindlimb ischemia in diabetic mice.
A, VEGF-A protein expression was signifi-
cantly higher in the nonischemic (NI) limb
of diabetic (DM) vs NC-fed mice (left bars)
(n�12/group). At day 3 of ischemia (3dI)
(n�5/group), VEGF expression was signifi-
cantly greater in the ischemic vs nonische-
mic muscle in both NC and DM mice. By
day 10 of ischemia (10dI) (n�7/group),
VEGF protein expression was not signifi-
cantly different in the ischemic vs non-
ischemic limb in either DM or NC
mice.*P�0.05, #P�0.01. B, At all time
points measured, the p-AKT to total AKT
ratio was significantly lower in DM mice
compared with that in NC. In NC mice, the
ratio of p-AKT/total AKT did not change
significantly with ischemia. However, in
DM, the p-AKT/total AKT ratio was signifi-
cantly reduced in the ischemic limb com-
pared with the nonischemic limb at both
3 and 10 days of ischemia (n�5 to
11/group). *P�0.05, #P�0.01. C, cGMP
concentrations were measured as an
index of NO synthase activity. In both
nonischemic and 3-day postischemic
muscle, cGMP levels were significantly
lower in DM compared with NC. Following
ischemia, cGMP increased significantly in
NC mice. However, following ischemia in
DM, cGMP increased significantly only at
day 10 (n�5 to 8/group). *P�0.05;
#P�0.01.
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versus NC (Figure 4A through 4C, left bars). At day 3 after
ischemia, VEGF expression was significantly greater in the
ischemic versus nonischemic muscle in both the NC and the
DM mice (Figure 4A, middle); however, the magnitude of
the change was similar in both groups (NC versus DM,
5.1�1.8- versus 4.2�1.4-fold, respectively). By day 10,
VEGF protein expression was not significantly different in
the ischemic versus nonischemic limb in either DM or control
mice (Figure 4A, right). In NC mice (Figure 5B), there was
no difference in the ratio of p-AKT/total AKT in the ischemic
versus nonischemic limb on either day 3 or 10 after ischemia.
However, in DM, the p-AKT/total AKT ratio was signifi-
cantly reduced in the ischemic limb compared with that in the
nonischemic limb on both days 3 (�33%) and 10 (�55%)
after ischemia. In NC mice, cGMP levels were significantly
greater at the day 3 and 10 time points when compared with
the nonischemic limb (Figure 4C). In DM, cGMP levels in
the ischemic limb were not significantly different from those
in the nonischemic limb on day 3, but they were significantly
increased by day 10 (Figure 4C). At all time points measured,
the cGMP concentrations were significantly greater in NC
versus DM mice.

Differential Changes in VEGFR-1 and sVEGFR-1
Expression Following Ischemia
VEGFR-2 expression increased in both DM and NC mice at
days 3 and 10 following hindlimb ischemia, but the magni-
tude of change was similar between the 2 groups (�13.4- and
�13.6-fold). In contrast, in NC mice, VEGFR-1 expression
was not significantly different on days 3 and 10 when
compared with the nonischemic limb (Figure 5A). However,
in DM mice there was a significant increase in expression of
VEGFR-1 (Figure 5A) at both days 3 and 10 after ischemia.
The pattern of response for sVEGFR-1 was similar to that of
VEGFR-1, but it was of an even greater magnitude (Figure
5B). Expression of sVEGFR-1 increased in both groups at
days 3 and 10 after ischemia; however, the magnitude of
sVEGFR-1 increase in DM (�5- and �19-fold at days 3 and
10, respectively) was significantly greater than that in the NC
group (�3- and 7-fold at days 3 and 10, respectively) (Figure
5B). VEGFR-1 is also expressed on monocytes.30 However,
the large difference in VEGFR-1 and sVEGFR-1 in DM
could not be explained by a difference in inflammatory cell
infiltrate between the 2 groups, because the total nuclei count

Figure 5. Expression of VEGFR-1 and
sVEGFR-1 is increased after hindlimb is-
chemia in diabetic mice. A, In response to
ischemia, expression of membrane-bound
VEGFR-1 was significantly increased in
diabetic (DM) mice at both 3 days (3dI)
and 10 days (10dI) but not in NC-fed
mice. *P�0.01 (n�6 to 9/group). B,
Expression of sVEGFR-1 significantly
increased in both groups following ische-
mia, but the increase in sVEGFR-1 in DM
was significantly greater than in NC.
*P�0.05 (n�4 to 6/group). NI indicates
nonischemic.
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in the ischemic tissue was similar in NC and DM (102�10.2
versus 87�15.2 nuclei/mm2; P�NS).

Diabetic and Control Muscle Extracts Differ in
VEGF Binding
Nonischemic skeletal muscle from DM mice has higher
expression of VEGF ligand and lower expression of
sVEGFR-1 and full-length VEGFR-1 compared with NC
mice (Figure 3F). We hypothesized that increased expression
of VEGFR-1 and sVEGFR-1 would result in reduced VEGF
availability. To test this possibility, we relied on the fact that
the VEGF ELISA used in these studies does not detect VEGF
when it is bound to sVEGFR-1 (Figure I in the online data
supplement at http://circres.ahajournals.org). Therefore, in
tissues with higher expression of sVEGFR-1, addition of
exogenous VEGF ligand would result in a lower than ex-
pected increase in detectable VEGF protein. Addition of
increasing amounts of exogenous VEGF to muscle homoge-
nates from both groups resulted in a significantly greater
increase in detectable VEGF in the DM muscle than in NC
muscle (measured as the slope of the curve; Figure 6). The
results were the same when dilutions where made to adjust for
differences in the baseline concentration of endogenous
VEGF because DM muscle had higher concentrations of
VEGF (Figure 3F). These findings suggest that increased
skeletal muscle sVEGFR-1 corresponds with a greater capac-
ity to bind VEGF.

A favorable adaptation to ischemia would result in greater
VEGF availability when ligand concentrations are increased.
When we tested the effects of adding exogenous VEGF to
3-day postischemic muscle homogenates, the slope of the
response line to exogenous VEGF in NC muscle increased
�3.6-fold when compared with nonischemic muscle. In
contrast to this favorable change, in samples from DM mice,
the slope of the curve remained virtually identical (�1.3-fold
change versus nonischemic). These findings indicate that in
DM, ischemia-induced increases in VEGF-A would not result
in more VEGF being available when compared with the
nonischemic state.

Discussion
The relative inability to mount a robust angiogenic response
to ischemia following arterial occlusion may well contribute

to the poor clinical outcomes observed in diabetic patients
with coronary or PAD.13,14,31 Although a number of factors
are likely to contribute to impaired angiogenesis in diabetes,
the results of our study are the first to describe alterations in
the VEGFR–ligand system as a potential contributor to this
process. We and others found that mice with DM have
impaired perfusion recovery following femoral artery ligation
and excision.15,28 Although VEGF-A and VEGFR-2 levels
increased in both NC and DM groups in response to ischemia,
mice with diabetes showed a proportionally greater increase
in the expression of both sVEGFR-1 and full-length
VEGFR-1. These alterations in the VEGFR–ligand system
postischemia in DM mice would be predicted to, and indeed
did, result in maladaptive alterations in VEGFR signaling,
which were likely responsible for reduced angiogenesis.
These findings were evident by 3 days after ischemia, when
perfusion recovery and the inflammatory response were
comparable in ischemic tissue of NC and DM mice, further
suggesting that these changes in the VEGFR–ligand system
play a causative role in the impaired recovery seen at later
time points.

In our study, even in the absence of ischemia, type 2 DM
resulted in reduced VEGF signaling despite greater levels of
ligand, in agreement with previous findings in other tis-
sues.21,32 These elevated VEGF levels, in combination with
lower sVEGFR-1 and membrane-bound VEGFR-1 and un-
changed VEGFR-2 expression, are consistent with decreased
sensitivity of VEGFR-2 to VEGF-A. This scenario is similar
to insulin resistance in type 2 DM, which is characterized by
hyperinsulinemia and decreased insulin receptor sensitivity.
This process has been linked to a number of phosphatases,33

including the protein tyrosine phosphatases PTP-1B34 and
LAR35 and the phosphoinositide phosphatases SHIP236 and
PTEN.37 The protein tyrosine phosphatases can dephosphor-
ylate either the insulin receptor itself or insulin receptor
substrate-1, whereas SHIP2 and PTEN hydrolyze the phos-
pholipid products of phosphoinositide 3-kinase, thereby pre-
venting downstream activation of AKT and subsequent glu-
cose uptake. In muscle from DM versus NC, we found
deficiencies in signaling through AKT but not ERK, and
increased phosphoinositide phosphatase activity in diabetes

Figure 6. Increased skeletal muscle
expression of VEGFR-1 and sVEGFR-1
corresponds with increased VEGF binding.
To determine whether VEGFR-1 and
sVEGFR-1 present in muscle tissue could
bind and sequester VEGF-A, the concen-
tration of VEGF-A in muscle homogenates
was determined by ELISA before and after
the addition of the indicated concentra-
tions of exogenous VEGF-A protein. Sam-
ples from mice with diabetes (DM) were
diluted to correct for the differences in
baseline VEGF-A concentration from con-
trol (NC) mice. In the absence of ischemia,
the higher baseline concentration of
VEGFR-1 and sVEGFR-1 in NC muscle
resulted in significantly lower levels of
detectable VEGF-A, likely resulting from
increased binding by VEGFR-1 and
sVEGFR-1 (n�8/group). *P�0.05.
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would be expected to result in decreased downstream activa-
tion of AKT and eNOS, while sparing the ERK pathway.38

Thus, it is possible that the mechanisms responsible for
insulin resistance also result in VEGF resistance in diabetes
and contribute to vascular complications in this disease.
During developmental vasculogenesis, the ERK pathway
regulates arterial specification, whereas the AKT pathway
regulates venous specification.39 However, the role of the
ERK pathway in adult angiogenesis is unclear. Data from this
study suggest that in adult tissues the phosphoinositide
3-kinase/AKT pathway plays a more significant role in
ischemia-induced angiogenesis.

We found that sVEGFR-1 was regulated by DM and
ischemia, which suggests that sVEGFR-1 has important
physiological effects in skeletal muscle. The role of
sVEGFR-1 as a ligand trap and an inhibitor of angiogenesis
is well established.6,8,9 When given exogenously, sVEGFR-1
has been shown to inhibit angiogenesis in models of hindlimb
ischemia.40 The fact that sVEGFR-1 is expressed at relatively
high levels in normal skeletal muscle suggests that it may
function to limit inappropriate vascular growth. However,
given the apparent “VEGF resistance” in diabetes, increased
VEGF and decreased sVEGFR-1 in nonischemic diabetic
skeletal muscle are likely compensatory responses to main-
tain vascular function. In contrast, the changes in expression
of VEGFR-1 and sVEGFR-1 following ischemia were not
adaptive and may well have compromised the angiogenic
response to ischemia in DM. These findings support the idea
of targeting sVEGFR-1 to modulate ischemic angiogenesis in
diabetes.

We also found that DM and ischemia alter the ratio of
VEGFR-2 to VEGFR-1. VEGF-mediated angiogenic re-
sponses have been linked primarily to VEGFR-2. Thus,
whereas a role for VEGFR-2 in postnatal physiologic angio-
genesis is clear, the role of VEGFR-1 is less certain. The
vascular phenotype of VEGFR-1 knockout mice suggests that
VEGFR-1 negatively regulates endothelial cell proliferation.3

In addition, mice expressing a kinase domain-deficient mu-
tant of VEGFR-1 undergo normal vascular development,41

indicating that at least 1 role for VEGFR-1 is to trap excess
VEGF-A ligand and regulate its availability for VEGFR-2.
Consistent with this possibility, the affinity of VEGF-A for
VEGFR-1 is �10-fold higher than its affinity for VEGFR-
2.9,42 Furthermore, VEGFR-2–mediated endothelial cell pro-
liferation is suppressed by VEGFR-1,4,5 and embryonic stem
cells lacking VEGFR-1 show increased phosphorylation of
VEGFR-2.5 Other reports indicate that VEGF-induced migra-
tion of mesenchymal stem cells in vitro is mediated by
VEGFR-1,30,43 thereby implicating VEGFR-1 in the recruit-
ment of hematopoietic stem cells in ischemic and tumor
angiogenesis. In light of these observations, VEGFR-1 may
exert a dual effect on angiogenesis, as a negative modulator
through its effects on VEGF and VEGFR-2 and as a positive
modulator by recruiting hematopoietic stem cells.

The fact that expression of membrane-bound VEGFR-1
paralleled that of sVEGFR-1 in both diabetes and ischemia is
consistent with the fact that these proteins result from
alternative splicing of the same mRNA and with the possi-
bility that these 2 proteins perform similar functions. Impor-

tantly, however, it remains unclear whether specific transcrip-
tional regulatory mechanisms differentially regulate
sVEGFR-1 expression. Collectively, our data suggest that the
downregulation of VEGFR-1 and sVEGFR-1 in baseline
diabetic skeletal muscle may be beneficial to maintain vas-
cular homeostasis in the setting of decreased VEGF sensitiv-
ity. Following ischemia, the greater increase in VEGFR-1 and
sVEGFR-1 may limit the ability of VEGF to bind to
VEGFR-2, resulting in decreased angiogenesis. Our data
leave open the possibility that exogenous VEGF could act
therapeutically if it were available in a quantity sufficient to
overcome the endogenous blocking by receptors, a possibility
supported by a recent study from our group.28 These findings
also suggest that other targets within the system that lead to
altered VEGF signaling may be equally, if not more,
beneficial.

Acknowledgments
We thank Amy J. Aldrich and Jennifer J. Jackson for technical
assistance.

Sources of Funding
This work was supported by NIH grants R33 HL088286 (to B.H.A.,
C.D.K., and A.S.P.) and UO1 DK 076136 (to B.H.A.).

Disclosures
None.

References
1. Dvorak HF. Angiogenesis: update 2005. J Thromb Haemost. 2005;3:

1835–1842.
2. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor

signalling - in control of vascular function. Nat Rev Mol Cell Biol.
2006;7:359–371.

3. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt-1
receptor tyrosine kinase in regulating the assembly of vascular endothe-
lium Nature. 1995;376:66–70.

4. Zeng H, Dvorak HF, Mukhopadhyay D. Vascular permeability factor
(VPF)/vascular endothelial growth factor (VEGF) peceptor-1 down-
modulates VPF/VEGF receptor-2-mediated endothelial cell proliferation,
but not migration, through phosphatidylinositol 3-kinase-dependent
pathways. J Biol Chem. 2001;276:26969–26979.

5. Roberts DM, Kearney JB, Johnson JH, Rosenberg MP, Kumar R, Bautch
VL. The vascular endothelial growth factor (VEGF) receptor Flt-1
(VEGFR-1) modulates Flk-1 (VEGFR-2) signaling during blood vessel
formation. Am J Pathol. 2004;164:1531–1535.

6. Kendall RL, Thomas KA. Inhibition of vascular endothelial cell growth
factor activity by an endogenously encoded soluble receptor. Proc Natl
Acad Sci U S A. 1993;90:10705–10709.

7. Luttun A, Carmeliet P. Soluble VEGF receptor Flt1: the elusive pre-
eclampsia factor discovered? J Clin Invest. 2003;111:600–602.

8. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann
TA, Morgan JP, Sellke FW, Stillman IE, Epstein FH, Sukhatme VP,
Karumanchi SA. Excess placental soluble fms-like tyrosine kinase 1
(sFlt1) may contribute to endothelial dysfunction, hypertension, and pro-
teinuria in preeclampsia. J Clin Invest. 2003;111:649–658.

9. Ambati BK, Nozaki M, Singh N, Takeda A, Jani PD, Suthar T,
Albuquerque RJ, Richter E, Sakurai E, Newcomb MT, Kleinman ME,
Caldwell RB, Lin Q, Ogura Y, Orecchia A, Samuelson DA, Agnew
DW, St Leger J, Green WR, Mahasreshti PJ, Curiel DT, Kwan D,
Marsh H, Ikeda S, Leiper LJ, Collinson JM, Bogdanovich S, Khurana
TS, Shibuya M, Baldwin ME, Ferrara N, Gerber HP, De Falco S, Witta
J, Baffi JZ, Raisler BJ, Ambati J. Corneal avascularity is due to
soluble VEGF receptor-1. Nature. 2006;443:993–997.

10. Couffinhal T, Silver M, Zheng LP, Kearney M, Witzenbichler B, Isner
JM. Mouse model of angiogenesis. Am J Pathol. 1998;152:1667–1679.

Hazarika et al Impaired Angiogenesis in Type 2 Diabetes Mellitus 9

 at WELCH MED LIBR - JHU on October 8, 2007 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


11. Folkman J. Seminars in Medicine of the Beth Israel Hospital, Boston.
Clinical applications of research on angiogenesis. N Engl J Med. 1995;
333:1757–1763.

12. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing
in diabetes. J Clin Invest. 2007;117:1219–1222.

13. Al-Delaimy WK, Merchant AT, Rimm EB, Willett WC, Stampfer MJ, Hu
FB. Effect of type 2 diabetes and its duration on the risk of peripheral
arterial disease among men. Am J Med. 2004;116:236–240.

14. Hueb W, Gersh BJ, Costa F, Lopes N, Soares PR, Dutra P, Jatene F,
Pereira AC, Gois AF, Oliveira SA, Ramires JA. Impact of diabetes on
five-year outcomes of patients with multivessel coronary artery disease.
Ann Thorac Surg. 2007;83:93–99.

15. Rivard A, Silver M, Chen D, Kearney M, Magner M, Annex B, Peters K,
Isner JM. Rescue of diabetes-related impairment of angiogenesis by
intramuscular gene therapy with adeno-VEGF. Am J Pathol. 1999;154:
355–363.

16. Roguin A, Nitecki S, Rubinstein I, Nevo E, Avivi A, Levy NS, Abassi
ZA, Sabo E, Lache O, Frank M, Hoffman A, Levy AP. Vascular endo-
thelial growth factor (VEGF) fails to improve blood flow and to promote
collateralization in a diabetic mouse ischemic hindlimb model. Car-
diovasc Diabetol. 2003;2:18.

17. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C,
de Boer HC, Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AJ.
Endothelial progenitor cell dysfunction: a novel concept in the patho-
genesis of vascular complications of type 1 diabetes. Diabetes. 2004;53:
195–199.

18. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR,
Levine JP, Gurtner GC. Human endothelial progenitor cells from type II
diabetics exhibit impaired proliferation, adhesion, and incorporation into
vascular structures. Circulation. 2002;106:2781–2786.

19. Yan SF, Ramasamy R, Naka Y, Schmidt AM. Glycation, inflammation,
and RAGE: a scaffold for the macrovascular complications of diabetes
and beyond. Circ Res. 2003;93:1159–1169.

20. Blann AD, Belgore FM, McCollum CN, Silverman S, Lip PL, Lip GY.
Vascular endothelial growth factor and its receptor, Flt-1, in the plasma of
patients with coronary or peripheral atherosclerosis, or Type II diabetes.
Clin Sci (Lond). 2002;102:187–194.

21. Sasso FC, Torella D, Carbonara O, Ellison GM, Torella M, Scardone M,
Marra C, Nasti R, Marfella R, Cozzolino D, Indolfi C, Cotrufo M, Torella
R, Salvatore T. Increased vascular endothelial growth factor expression
but impaired vascular endothelial growth factor receptor signaling in the
myocardium of type 2 diabetic patients with chronic coronary heart
disease. J Am Coll Cardiol. 2005;46:827–834.

22. Henry TD, Annex BH, McKendall GR, Azrin MA, Lopez JJ, Giordano
FJ, Shah PK, Willerson JT, Benza RL, Berman DS, Gibson CM,
Bajamonde A, Rundle AC, Fine J, McCluskey ER. The VIVA trial:
Vascular endothelial growth factor in Ischemia for Vascular Angio-
genesis. Circulation. 2003;107:1359–1365.

23. Rajagopalan S, Mohler ER 3rd, Lederman RJ, Mendelsohn FO, Saucedo
JF, Goldman CK, Blebea J, Macko J, Kessler PD, Rasmussen HS, Annex
BH. Regional angiogenesis with vascular endothelial growth factor in
peripheral arterial disease: a phase II randomized, double-blind, con-
trolled study of adenoviral delivery of vascular endothelial growth factor
121 in patients with disabling intermittent claudication. Circulation.
2003;108:1933–1938.

24. Simons M. Angiogenesis, arteriogenesis, and diabetes: paradigm reas-
sessed? J Am Coll Cardiol. 2005;46:835–837.

25. Burcelin R, Crivelli V, Dacosta A, Roy-Tirelli A, Thorens B. Heteroge-
neous metabolic adaptation of C57BL/6J mice to high-fat diet. Am J
Physiol Endocrinol Metab. 2002;282:E834–E842.

26. Petro AE, Cotter J, Cooper DA, Peters JC, Surwit SJ, Surwit RS. Fat,
carbohydrate, and calories in the development of diabetes and obesity in
the C57BL/6J mouse. Metabolism. 2004;53:454–457.

27. Surwit RS, Kuhn CM, Cochrane C, McCubbin JA, Feinglos MN. Diet-
induced type II diabetes in C57BL/6J mice. Diabetes. 1988;37:
1163–1167.

28. Li Y, Hazarika S, Xie D, Pippen AM, Kontos CD, Annex BH. In mice
with type 2 diabetes, a vascular endothelial growth factor (VEGF)-
activating transcription factor modulates VEGF signaling and induces
therapeutic angiogenesis after hindlimb ischemia. Diabetes. 2007;56:
656–665.

29. Dai Q, Huang J, Klitzman B, Dong C, Goldschmidt-Clermont PJ, March
KL, Rokovich J, Johnstone B, Rebar EJ, Spratt SK, Case CC, Kontos CD,
Annex BH. Engineered zinc finger-activating vascular endothelial growth
factor transcription factor plasmid DNA induces therapeutic angiogenesis
in rabbits with hindlimb ischemia. Circulation. 2004;110:2467–2475.

30. Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D.
Migration of human monocytes in response to vascular endothelial
growth factor (VEGF) is mediated via the VEGF receptor flt-1. Blood.
1996;87:3336–3343.

31. Marso SP, Hiatt WR. Peripheral arterial disease in patients with diabetes.
J Am Coll Cardiol. 2006;47:921–929.

32. Cooper ME, Vranes D, Youssef S, Stacker SA, Cox AJ, Rizkalla B,
Casley DJ, Bach LA, Kelly DJ, Gilbert RE. Increased renal expression of
vascular endothelial growth factor (VEGF) and its receptor VEGFR-2 in
experimental diabetes. Diabetes. 1999;48:2229–2239.

33. Hauguel-de Mouzon S, Peraldi P, Alengrin F, Van Obberghen E.
Alteration of phosphotyrosine phosphatase activity in tissues from
diabetic and pregnant rats. Endocrinology. 1993;132:67–74.

34. Elchebly M, Payette P, Michaliszyn E, Cromlish W, Collins S, Loy AL,
Normandin D, Cheng A, Himms-Hagen J, Chan CC, Ramachandran C,
Gresser MJ, Tremblay ML, Kennedy BP. Increased insulin sensitivity and
obesity resistance in mice lacking the protein tyrosine phosphatase-1B
gene. Science. 1999;283:1544–1548.

35. Zabolotny JM, Kim YB, Peroni OD, Kim JK, Pani MA, Boss O, Klaman
LD, Kamatkar S, Shulman GI, Kahn BB, Neel BG. Overexpression of the
LAR (leukocyte antigen-related) protein-tyrosine phosphatase in muscle
causes insulin resistance. Proc Natl Acad Sci U S A. 2001;98:5187–5192.

36. Clement S, Krause U, Desmedt F, Tanti JF, Behrends J, Pesesse X, Sasaki
T, Penninger J, Doherty M, Malaisse W, Dumont JE, Le Marchand-
Brustel Y, Erneux C, Hue L, Schurmans S. The lipid phosphatase SHIP2
controls insulin sensitivity. Nature. 2001;409:92–97.

37. Wijesekara N, Konrad D, Eweida M, Jefferies C, Liadis N, Giacca A,
Crackower M, Suzuki A, Mak TW, Kahn CR, Klip A, Woo M. Muscle-
specific Pten deletion protects against insulin resistance and diabetes. Mol
Cell Biol. 2005;25:1135–1145.

38. Huang J, Kontos CD. PTEN modulates vascular endothelial growth
factor-mediated signaling and angiogenic effects. J Biol Chem. 2002;277:
10760–10766.

39. Hong CC, Peterson QP, Hong JY, Peterson RT. Artery/vein specification
is governed by opposing phosphatidylinositol-3 kinase and MAP
kinase/ERK signaling. Curr Biol. 2006;16:1366–1372.

40. Jacobi J, Tam BY, Wu G, Hoffman J, Cooke JP, Kuo CJ. Adenoviral gene
transfer with soluble vascular endothelial growth factor receptors impairs
angiogenesis and perfusion in a murine model of hindlimb ischemia.
Circulation. 2004;110:2424–2429.

41. Kondo K, Hiratsuka S, Subbalakshmi E, Matsushime H, Shibuya M.
Genomic organization of the flt-1 gene encoding for vascular endothelial
growth factor (VEGF) receptor-1 suggests an intimate evolutionary rela-
tionship between the 7-Ig and the 5-Ig tyrosine kinase receptors. Gene.
1998;208:297–305.

42. Shibuya M, Ito N, Claesson-Welsh L. Structure and function of vascular
endothelial growth factor receptor-1 and -2. Curr Top Microbiol
Immunol. 1999;237:59–83.

43. Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C,
MacDonald DD, Jin DK, Shido K, Kerns SA, Zhu Z, Hicklin D, Wu Y,
Port JL, Altorki N, Port ER, Ruggero D, Shmelkov SV, Jensen KK, Rafii
S, Lyden D. VEGFR1-positive haematopoietic bone marrow progenitors
initiate the premetastatic niche. Nature. 2005;438:820–827.

10 Circulation Research October 26, 2007

 at WELCH MED LIBR - JHU on October 8, 2007 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org

