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Muscle insulin resistance is associated with a reduction in
vascular endothelial growth factor (VEGF) action and muscle
capillary density. We tested the hypothesis that muscle capillary
rarefaction critically contributes to the etiology of muscle insulin
resistance in chow-fed mice with skeletal and cardiac muscle
VEGF deletion (mVEGF2/2) and wild-type littermates (mVEGF+/+)
on a C57BL/6 background. The mVEGF2/2 mice had an ;60% and
;50% decrease in capillaries in skeletal and cardiac muscle, re-
spectively. The mVEGF2/2 mice had augmented fasting glucose
turnover. Insulin-stimulated whole-body glucose disappearance
was blunted in mVEGF2/2 mice. The reduced peripheral glucose
utilization during insulin stimulation was due to diminished in
vivo cardiac and skeletal muscle insulin action and signaling.
The decreased insulin-stimulated muscle glucose uptake was in-
dependent of defects in insulin action at the myocyte, suggesting
that the impairment in insulin-stimulated muscle glucose uptake
was due to poor muscle perfusion. The deletion of VEGF in car-
diac muscle did not affect cardiac output. These studies empha-
size the importance for novel therapeutic approaches that target
the vasculature in the treatment of insulin-resistant muscle.
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I
nsulin resistance is closely associated with cardio-
vascular disease and together they are central to the
metabolic syndrome (1). Skeletal muscle contributes
;80% of insulin-mediated glucose disposal, thus

impairments in insulin-stimulated muscle glucose uptake
(MGU) are critical to the pathogenesis of insulin re-
sistance. Pharmacologically limiting glucose and insulin
delivery to the muscle impairs insulin-stimulated MGU (2);
moreover, reduced blood flow to the muscle is correlated
with insulin resistance (3–6). Recent studies have linked
diet-induced extramyocellular adaptations to insulin re-
sistance in rodent models (7–9) and humans (10). The
number of capillaries perfusing the muscle is positively
related to peripheral insulin action, independent of age,
body composition, energy expenditure, and lipid status
(11). The important question that remains to be answered
is whether the reduction in capillaries is a cause or con-
sequence of muscle insulin resistance.

Insulin recruits unperfused capillaries, which enhances
nutrient blood flow to metabolically active muscle. The
augmented microvascular blood volume precedes insulin-
stimulated MGU (12). Studies estimate that 40% of insulin-
stimulated MGU results from increased muscle perfusion
and that this hemodynamic response is absent in patients
with type 2 diabetes (2,6,13–17). Muscle capillarity is an
important predictor of insulin-mediated glucose disposal,
and accordingly, insulin-resistant humans and rodents
exhibit capillary rarefaction (9,18–21). Pharmacological
agents that target the vasculature to increase tissue per-
fusion also improve skeletal muscle insulin resistance and
augment muscle microvascular density (7,9,22). This
affirms the importance of restoring skeletal muscle per-
fusion in ameliorating insulin resistance (7,9,22,23).

The vascular endothelial growth factor (VEGF) family of
proteins regulates vasculogenesis, angiogenesis, and lym-
phanogenesis (24). In particular, VEGF-A stimulates the
formation of new vascular networks by recruiting and
differentiating endothelial progenitor cells in addition to
inducing endothelial cell proliferation and migration (24).
Insulin-resistant states are characterized by impaired
VEGF-A action in the vascular beds of cardiac and skeletal
muscle triggering capillary regression (18,25–27). Cardiac
and skeletal myocellular VEGF-A production regulates
capillarity by paracrine signaling to the endothelium
(28,29). Capillary density correlates with the severity of
insulin resistance in obesity; however, the specific effect of
capillary rarefaction to the pathogenesis of skeletal and
cardiac muscle insulin resistance has not been elucidated
(8,9,11,19).

The experiments described herein test the hypothesis
that skeletal and cardiac muscle capillary rarefaction in
lean, otherwise healthy mice impairs muscle insulin action.
Genetic deletion of skeletal and cardiac muscle VEGF-A
(subsequently referred to as VEGF) was used to selectively
reduce muscle capillarity in lean mice to determine the
specific consequence of capillary rarefaction on insulin-
stimulated MGU.

RESEARCH DESIGN AND METHODS

Murine models. The Vanderbilt University Animal Care and Use Committee
approved all animal protocols. Mice were housed with a 12:12-h light–dark
cycle in a temperature- and humidity-controlled environment. Mice were fed
a chow diet (5.5% fat by weight; 5001 Purina Laboratory Rodent Diet) for 9
weeks beginning at age 3 weeks, and all studies were performed at age 12
weeks. Mice with a muscle-specific genetic deletion of VEGF were studied.
Mice with LoxP sites flanking exon 3 of the VEGF gene on a congenic back-
ground (30) and mice expressing Cre recombinase under the muscle creatine
kinase (MCK) promoter (purchased from Jackson Laboratory) were crossed
to generate the MCK-cre/VEGFlox/lox (mVEGF2/2) mice and wild-type litter-
mates VEGFlox/lox (mVEGF+/+). Mice were backcrossed on to a C57BL/6
background for at least 10 generations. The MCK promoter is expressed in
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skeletal and cardiac muscle. mVEGF2/2 mice lack all VEGF-A isoforms from
skeletal and cardiac muscle. Genotyping was performed as previously de-
scribed (28).
Assessment of body composition and cardiac function. Body composition
was determined using an mq10 nuclear magnetic resonance analyzer (Bruker
Optics). Echocardiogram (Sonos 5500 system; Agilent) was used to assess
cardiac output, and blood pressure was measured with a blood pressure
transducer via a carotid arterial catheter with the assistance of the Cardio-
vascular Pathophysiology and Complications Core of the Vanderbilt Mouse
Metabolic Phenotyping Center (VMMPC).
Hyperinsulinemic-euglycemic clamp (insulin clamp) and saline infusion.

One week before insulin clamps, indwelling carotid artery and jugular vein
catheters were surgically implanted in the mice for sampling and infusions,
respectively. Mice were fasted for 5 h before the start of the insulin clamp. The
insulin clamps were performed as described previously (7,22,31,32). The
method our laboratory uses differs from those used by most other laboratories
(33,34): mice are not handled and are unstressed (32); moreover, erythrocytes
are replaced to prevent a fall in hematocrit that would inevitably occur.
Samples for basal arterial glucose specific activity were taken at t = 215 and
25 min and arterial insulin at t = 25 min. The clamp was initiated at t = 0 min
with a continuous insulin infusion (4 mU $ kg21 $ min21) that persisted for 155
min. Arterial glucose concentrations were determined at 10-min intervals to
provide feedback to adjust the rate of exogenous glucose (glucose infusion
rate [GIR]) as needed to clamp mice between 150 and 160 mg/dL. Steady state
[3-3H]glucose kinetics were determined at 10-min intervals between t = 80 and
120 min. Plasma insulin concentrations during the clamp were determined at
t = 100 and 120 min. A 13 mCi injection of 2[14C]deoxyglucose (2[14C]2DG) was
administered as an intravenous bolus at t = 120 min. 2[14C]2DG was used to
determine the glucose metabolic index (Rg), an indication of tissue-specific
glucose uptake. Blood samples were collected at t = 2, 15, 25, and 35 min after
the bolus to measure the disappearance of 2[14C]DG from the plasma. Saline
infusion protocols were performed using the same design as the insulin clamp,
except that saline was infused and not insulin.
Glucose tolerance test (GTT). One week before mice underwent GTT, in-
dwelling carotid artery and gastric catheters were surgically implanted for
sampling and glucose administration, respectively. Mice were fasted for 5 h;
then, baseline arterial glucose and insulin measurements were obtained via the
arterial catheter to avoid handling of mice. Mice were then administered
glucose (2 g/kg body weight) through the gastric catheter. The gastric catheter
permits the mice to absorb the glucose via physiological mechanisms and
avoids a stress response from intraperitoneal injection or gavage. Arterial
glucose was measured at 5, 10, 15, 20, 30 45, 60, 90, and 120 min after glucose
administration. Arterial insulin levels during the GTT were assessed at 10, 20,
30, 60, and 120 min.
Processing of plasma and tissue samples. Arterial insulin was determined
by ELISA (ALPCO Diagnostics). Radioactivity of [3-3H]glucose, 2[14C]DG, and 2
[14C]DG-6-phosphate were assessed by liquid scintillation counting (22). Ra

and Rd were calculated using non–steady-state equations (35). EndoRa was
calculated by subtraction of the GIR from total Ra. Muscle Rg was calculated
as previously described (22). Liver glycogen content was determined after the
insulin clamp and after a time control experiment during which saline was
infused as previously reported (36). The latter experiment was useful in
obtaining a measure of fasting liver glycogen for comparison with insulin
clamp glycogen concentrations. Hepatic glycogen synthase activity was per-
formed as previously described (37). Synthase activity in the presence of
glucose-6-phosphate reflects the maximal enzyme activity, whereas activity in
the absence of glucose-6-phosphate reflects the active form of glycogen syn-
thase. Free fatty acids (FFA) were assessed spectrometrically by an enzymatic
calorimetric assay (NEFA C Kit; Wako Chemicals). Basal FFA levels were an
average of samples taken at t = 215 and 25 min of the insulin clamp, and the
levels during the insulin clamp were the average at t = 80 and 120 min.
Plasma, skeletal, and cardiac VEGF levels. The gastrocnemius and cardiac
muscles were homogenized as previously described (28). The plasma and
tissue VEGF were assayed by the manufacturer’s specifications (VEGF ELISA
Kit, Mouse No. QIA52; Calbiochem), which detects VEGF120 and VEGF164

isoforms.
Ex vivo muscle glucose uptake. Glucose uptake was measured in isolated
soleus and extensor digitorum longus muscle, as previously described (38).
After a 15-min basal incubation period, muscles were transferred to fresh
media and incubated for 30 min in the absence or presence of insulin (10 mU/
mL). After stimulation, 2-deoxy-D-glucose uptake was measured for 10 min in
fresh media, in the absence or presence of insulin, by adding cold 2-deoxy-D-
glucose (1 mmol/L) and tracers 2-[1,2-3H]deoxy-D-glucose (0.25mCi/mL) and
D-[1-14C]mannitol (0.16 Ci/mL). Muscles were then lysed, and radioactivity in
the supernatant was measured using liquid scintillation counting.
Immunohistochemistry analysis of capillary density. CD31 protein was
assessed by immunohistochemistry in paraffin-embedded cardiac and skeletal

muscle sections (5 mm), which were incubated for 60 min with the anti-CD31
primary antibody (BD Biosciences), as previously described (7). ImageJ
software was used for quantification. Muscle capillary density was determined
by counting CD31-positive structures.
Immunoprecipitation and immunoblotting. Gastrocnemius and liver sam-
ples were homogenized as previously described (7). The membrane was in-
cubated overnight at 4°C with phosphorylated Akt (Ser 473), total Akt (Cell
Signaling Technology), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Abcam) primary antibodies. For immunoprecipitation, 500 mg gas-
trocnemius protein supernatant was incubated with 3 mg insulin receptor
substrate (IRS)-1 antibody (Santa Cruz Biotechnology) overnight at 4°C. Then,
20 mL protein A/G PLUS-Agarose (Santa Cruz Biotechnology) was added and
incubated overnight at 4°C. The mixture was centrifuged at 1,000g and the
supernatant removed. The beads were washed four times with cold PBS and
centrifugation was repeated. Beads were resuspended in 30 mL NuPAGE LDS
loading buffer and heated at 80°C for 5 min. Immunoblots were incubated with
primary antibodies for phospho-IRS-1 (Tyr612; Invitrogen) and the p85 subunit
of phosphoinositide 3-kinase (PI3K; Millipore). Secondary antibodies were
incubated at room temperature for 1 h and visualization and quantification
were performed using the Odyssey imaging system (LI-COR).
Real-time PCR. Total RNA was isolated from the liver using the RNeasy Mini
Kit (Qiagen). Total RNA (1 mg) was reverse transcribed using the iScript cDNA
Synthesis Kit (Bio-Rad). Real-time PCRwas performed using TaqMan Universal
PCR Master Mix (Applied Biosystems) on the CFX Real Time PCR Instrument
(Bio-Rad). Data were normalized to the control gene ribosomal protein S18.
Data were analyzed using the 2–DDCt method (39) and are presented as relative
expression.
Statistical analysis. Statistical analyses were determined by Student t test or
two-way ANOVA, followed by Tukey post hoc tests, as appropriate. Data are
represented as mean 6 SE. The significance level was P # 0.05.

RESULTS

Adaptations to genetic ablation of skeletal and
cardiac muscle VEGF. Total body weight, fat, or lean
masses did not differ in mice at age 12 weeks (Table 1).
VEGF levels in cardiac and skeletal muscle of mVEGF2/2

mice were undetectable, compared with ;30 pg/mg pro-
tein in cardiac and skeletal muscle of mVEGF+/+ litter-
mates (P # 0.001; Fig. 1A). The reduction in VEGF protein
corresponded to 60% and 50% decreases in capillary den-
sity in skeletal and cardiac muscle, respectively (P # 0.05;
Table 1). Plasma VEGF levels were similar in both groups
(Fig. 1B). Cardiac output was equal between genotypes
(Table 1), because heart rate and stroke volume, calcu-
lated from the echocardiography, did not differ (data not
shown). Furthermore, mean arterial pressure was similar
between genotypes (Table 1). Left ventricular (LV) volume
and LV mass were significantly increased in the mVEGF2/2

TABLE 1
Characteristics of muscle-specific VEGF-deficient mice

mVEGF+/+ mVEGF2/2

n = 8 n = 9

Weight (g) 26.1 6 1.5 25.3 6 0.9
Fat (g) 2.2 6 0.3 2.1 6 0.2
Muscle (g) 18.5 6 1.2 18.0 6 0.7
Capillary density†
Gastrocnemius 1.00 6 0.20 0.41 6 0.10*
Cardiac 1.00 6 0.06 0.52 6 0.06*

Mean arterial pressure (mmHg) 117 6 4.0 108 6 4.4
Cardiac output (mL/min) 23.9 6 1.7 21.0 6 0.6
Fractional shortening (%) 46.6 6 1.2 18.7 6 2.0*
Ejection fraction (%) 78.9 6 1.3 38.5 6 3.7*
LV diastolic volume (mL) 47.3 6 4.0 89.5 6 7.0*
LV mass (mg) 54.6 6 5.5 66.9 6 3.4*

Data are expressed as mean 6 SE. †Gastrocnemius and cardiac cap-
illary density were quantified by the number of CD31+ structures
normalized to mVEGF+/+ mice. *P # 0.05.
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mice but ejection fraction and fractional shortening were
2- and 2.5-fold lower (P # 0.05; Table 1).
mVEGF2/2

mice have impaired insulin-stimulated
glucose disposal and augmented fasting hepatic
glucose turnover. Basal (5-h fasting) and insulin clamp
arterial glucose and insulin did not differ between geno-
types (Table 2). The basal circulating FFA concentrations
and the suppression of FFA by insulin were similar be-
tween genotypes (Table 2). The steady-state GIRs were
equal (Fig. 2B). Fasting endogenous glucose production
(EndoRa) and glucose disappearance (Rd) were 1.6-fold
greater in mVEGF2/2 mice (P # 0.05; Fig. 2C and D). The
relative gene expression for phosphoenolpyruvate car-
boxykinase (PEPCK; Fig. 3D) was not different between
genotypes; however, glucose-6-phosphatase (G6Pase; Fig.
3D; P # 0.05) was higher in mVEGF2/2 mice and might
contribute to the augmented fasting EndoRa. The sup-
pression of EndoRa and the absolute whole-body Rd during
insulin stimulation were similar between groups (Fig. 2C
and D). Notably, the increase in insulin-stimulated glucose

disposal was blunted by 56 6 16% in the mVEGF2/2 mice,
suggesting an impairment in peripheral insulin action (P #
0.05; Fig. 2E). The results from the GTTs (Fig. 3A) in-
dicated that mVEGF2/2 mice were less glucose-tolerant
than their wild-type littermates. The area under the curve
for the first 30 min (P # 0.05; Fig. 3C) of the GTT was
greater in the mVEGF2/2 mice, and the insulin response
did not differ except at 60 min (Fig. 3B).

Consistent with the impairment in insulin-stimulated
whole-body Rd, insulin-stimulated Rg in skeletal and car-
diac muscle inmVEGF2/2 mice was also abated compared
with mVEGF+/+ littermates (P # 0.05; Fig. 4A and B).
Insulin-stimulated Rg is the difference between the Rg
during the insulin clamp and an average Rg from the saline-
infused mice. The data obtained from these saline-infused
time controls permit the quantification of the specific ef-
fect of insulin on Rg. Furthermore, in vivo insulin signaling
in skeletal muscle was attenuated during the insulin clamp,
evident by a decrease in the association of the p85 subunit
of PI3K with phospho-IRS-1 (P # 0.05; Fig. 5B). In-
terestingly, downstream Akt activation, which is central to
multiple signaling pathways in muscle, was unaffected
during the insulin clamp (Fig. 5D).
Muscle insulin action is decreased in mVEGF2/2

mice
in vivo but not in vitro. Glucose uptake was analyzed in
isolated muscle, thus removing the extramyocellular bar-
riers to MGU. Isolated MGU was determined on the soleus
(slow-twitch) and extensor digitorum longus (fast-twitch)
muscles. Basal and insulin-stimulated glucose uptake in
isolated skeletal muscles were equal between genotypes
(Fig. 6), suggesting no direct impairment of insulin action at
the myocyte. The data in isolated muscle contrasts with the
muscle glucose uptake and insulin-signaling data from the
insulin clamp, which were diminished as described above.
These data indicate insulin action was impaired by muscle
VEGF deletion in the whole organism where extra-
myocellular factors are present but not in isolated muscle
where they are not. This strongly suggests that muscle
VEGF deletion results in resistance to insulin because of an
impaired capacity to deliver insulin to the sarcolemma.
Liver glycogen content was greater in mVEGF2/2

mice after the insulin clamp. Whole-body Rd was ele-
vated in the basal state of mVEGF2/2 mice and equal
during the insulin clamp. Liver glycogen content was

TABLE 2
Fasting and insulin clamp characteristics

mVEGF+/+ mVEGF2/2

Arterial glucose (mg/dL)
Basal 119 6 7 113 6 5
Insulin clamp 145 6 3 151 6 3

Arterial insulin (ng/mL)
Basal 1.2 6 0.2 1.6 6 0.3
Insulin clamp 4.2 6 0.8 5.2 6 0.5

FFA (mmol/L)
Basal 0.76 6 0.10 0.76 6 0.10
Insulin clamp 0.18 6 0.04 0.17 6 0.01

Liver glycogen† 10.0 6 2.3 18.6 6 2.1*
Fasting liver glycogen† 3.90 6 2.0 8.30 6 1.9
Glycogen synthase activity‡ 0.06 6 0.007 0.09 6 0.015

Data are expressed as mean 6 SE (n = 7–9). †Liver glycogen (mg
glucose/g liver) was measured from tissue excised immediately after
the insulin clamp, and fasting liver glycogen (mg glucose/g liver) was
assessed immediately after the 7.5-h saline-infused experiments.
‡Liver glycogen synthase activity was determined after the insulin
clamp and is presented as the ratio of glycogen synthase activity in
the absence and presence of glucose-6-phosphate. *P # 0.05.

FIG. 1. VEGF-A protein levels in tissue homogenates from cardiac and skeletal muscle (A) and VEGF-A plasma concentration (B). Skeletal muscle
VEGF levels were quantified in the gastrocnemius. Values are expressed as means 6 SE (n = 5). *P £ 0.05 vs. mVEGF+/+

.
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assessed after the insulin clamp to test the possibility that
liver glucose uptake was compensating for the impaired
insulin-stimulated MGU. Consistent with this possibility,
mVEGF2/2 mice had an approximately twofold increase in
liver glycogen concentrations compared with mVEGF+/+

littermates (P # 0.05; Table 2). During the time control
experiment, where saline was infused in lieu of insulin,
fasting (7.5-h) liver glycogen levels (Table 2) were mini-
mal, and there was no significant difference between
genotypes. The greater hepatic glycogen concentration in
the mVEGF2/2 mice was independent of changes in
phosphorylation of Akt in the liver (Fig. 5F) during the
insulin clamp. Hepatic glycogen synthase activity was
assessed after the insulin clamp. mVEGF2/2 mice tended
to have greater glycogen synthase activity (P = 0.08; Table
2), which likely contributes to the greater liver glycogen
content after the insulin clamp. Thus, indirect adaptations
at the liver may counterbalance the diminished insulin-
stimulated MGU and explain the similar total glucose
utilization between the two genotypes during insulin
stimulation (Fig. 2B).

DISCUSSION

These studies demonstrate that capillary rarefaction
impairs muscle insulin action in vivo. Our data support
the paradigm that capillary regression contributes to the
pathogenesis of skeletal muscle insulin resistance. Di-
abetic states are characterized by muscle capillary re-
gression that results from impaired VEGF action (21,29).
Here we show that local VEGF deletion is sufficient to
cause muscle insulin resistance due to diminished mus-
cle capillary density. Although the decrease in muscle
capillaries is substantive, it is also possible that an al-
teration occurs in the vessel wall that affects perme-
ability to insulin. Previous studies have shown muscle
capillarity strongly correlates with insulin sensitivity
(19,20). Furthermore, therapeutic treatments that re-
verse muscle insulin resistance in mice augment capillary
density (7,9). Our data illustrate that attenuating capil-
larity specifically in muscle blunts insulin-stimulated Rd
due to diminished muscle Rg (Fig. 2E and Fig. 4), without
directly affecting myocellular insulin action (Fig. 6). In
addition,mVEGF2/2 mice were less glucose-tolerant than

FIG. 2. Arterial glucose (A) and glucose infusion rate (B) during the hyperinsulinemic-euglycemic clamp. Mice were fasted 5 h before the onset of
the clamp. Blood glucose was maintained at ;150 mg/dL during steady-state (80–120 min), and the time course is displayed to demonstrate quality
of the clamp. Glucose (50%) was infused to maintain euglycemia. EndoRa (C), whole-body Rd, (D), and insulin-stimulated glucose disposal (E)
were determined during the hyperinsulinemic-euglycemic clamp. Basal values were determined from samples at 215 and 25 min before the onset
of the clamp, and insulin clamp levels were calculated from steady-state values (80–120 min). Insulin-stimulated Rd was calculated by subtracting
the basal Rd from the clamp Rd, which measures the increase in insulin-stimulated glucose disposal. Data are expressed as mean 6 SE (n = 7–9).
*P £ 0.05 vs. mVEGF+/+

.
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their wild-type littermates (Fig. 3C), despite similar in-
sulin responses to a glucose load (Fig. 3B). These data
emphasize the importance of increased muscle blood
volume and capillary surface area for the delivery of

insulin and glucose to skeletal muscle during hyper-
insulinemia (2,12,14).

The reduced insulin-stimulated MGU inmVEGF2/2 mice
was not attributable to impaired insulin action directly at

FIG. 3. Glucose tolerance was determined (A), and corresponding plasma insulin levels were quantified (B) on 5-h fasted mice. C: The area under
the curve was determined from 0 to 30 min and normalized to fasting arterial glucose concentration. D: RT-PCR was performed on hepatic RNA
extracts from mice fasted for 5 h for the relative expression of the gluconeogenic genes PEPCK and G6Pase. Values are expressed as mean 6 SE
(n = 5–6). *P £ 0.05 vs. mVEGF+/+

.

FIG. 4. Insulin-stimulated Rg in skeletal (A) and cardiac (B) muscle. To quantify insulin-stimulated Rg, we performed a time control in a cohort of
mVEGF+/+

and mVEGF2/2
mice in which saline was infused in lieu of insulin to quantify basal Rg. The Rg values from the saline infusion were

averaged and subtracted from the Rg values during the insulin clamp. Data are expressed as mean 6 SE (n = 7–9). *P £ 0.05 vs. mVEGF+/+
.
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the myocyte; however, in vivo insulin signaling during
hyperinsulinemia was blunted in mVEGF2/2 mice, sug-
gesting a defect in insulin delivery. There was no differ-
ence in ex vivo insulin-mediated glucose uptake in isolated
muscles (Fig. 6). Measuring glucose uptake in isolated
muscle removes the vascular delivery component of MGU,
eliminating the difference between genotypes evident
during the insulin clamp. Skeletal muscle does not express
VEGF receptors, indicating the decrease in muscle VEGF
does not have direct effects at the myocyte (40). The as-
sociation of the p85 subunit of PI3K with phospho-IRS-1
during the insulin clamp was attenuated in mVEGF2/2

mice, although skeletal muscle Akt activation was pre-
served (Fig. 5B and D). Kim et al. (41) demonstrated that
insulin-stimulated phosphorylation of Akt in diabetic
muscle was normal and that the primary deficiency in in-
sulin signaling was attributed to a decrease in PI3K asso-
ciation with IRS-1. Our data are consistent with studies
that showed the critical role of glucose and insulin delivery
to insulin-stimulated MGU (3,4,13,22,42). Moreover, in

genetic- and diet-induced models of muscle insulin re-
sistance, the physiological actions of insulin to increase
muscle microvascular recruitment and nutrient blood flow
are impaired, resulting in an abatement in insulin and glu-
cose delivery to the myocyte (4,6,16,43,44). The present
data demonstrate that the attenuation in muscle capillary
density associated with insulin resistance, in the absence of
other primary defects, is capable of seriously diminishing
insulin-stimulated MGU due to decreases in insulin and,
likely, glucose delivery to the myocyte. It is also possible
that other nutritional or endocrine factors that are deficient
with poor muscle perfusion are necessary for the full re-
sponse to insulin in vivo. These studies clearly demonstrate
that a loss in muscle capillaries causes a marked impair-
ment in muscle insulin action, thus supporting the paradigm
that capillary rarefaction in insulin-resistant human skeletal
muscle is not simply a consequence of the disease but
central to the pathogenesis of muscle insulin resistance.

At rest, ;30% of capillaries are required to maintain the
demand for skeletal muscle perfusion (45,46). As a result

FIG. 5. Skeletal muscle and hepatic insulin signaling after the hyperinsulinemic-euglycemic clamp. Western blot analysis was performed on
extracts of the gastrocnemius and liver for the phosphorylation (p) of Akt at Ser473 and total Akt. Infrared imaging was performed on 4–12% SDS-
PAGE gel in skeletal muscle (A and C) and liver (E). A: Immunoprecipitation (IP) from gastrocnemius extracts were performed with total IRS-1;
then, immunoblots (IB) were completed for p-IRS-1 at Tyr612 and the p85 subunit of PI3K. B: Insulin-stimulated p85 association with p-IRS-1 was
quantified as the ratio of p85–to–p-IRS-1. Insulin activation of Akt (C and E) was quantified as the ratio of p-Akt to total Akt in skeletal muscle
(D) and liver (F). GAPDH was used as a loading control. Data are expressed as mean 6 SE (n = 5–6). *P £ 0.05 vs. mVEGF+/+

.
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of the low number of capillaries necessary to maintain
nutrient blood flow, there was no defect in fasting MGU in
mVEGF2/2 mice (data not shown). Physiological hyper-
insulinemia recruits unperfused capillaries, doubling the
microvascular blood volume in the muscle (43,47). The
augmented insulin and glucose delivery to the muscle
interstitium during hyperinsulinemia is dependent on the
increased surface area for substrate exchange induced by
insulin-mediated capillary recruitment (42,43,47). The;60%
attenuation in skeletal muscle capillary density inmVEGF2/2

mice resulted in an impairment in glucose uptake during
steady-state hyperinsulinemia. This effect is similar to the
decrease in capillary recruitment that prevents an increase
in muscle blood volume and impairs muscle insulin action
in obese, type 2 diabetic individuals (43).

In our model of muscle-specific VEGF deletion, Cre
recombinase is under the MCK promoter, which is not
expressed until fetal day 16 and then is upregulated after
birth (48). This time course of VEGF ablation limits de-
velopmental abnormalities. VEGF expression is critical for
embryonic development and the loss of a single VEGF
allele in the whole organism causes embryonic death, with
developmental abnormalities evident by day 9.5 of gesta-
tion (49,50). Furthermore, endothelial-specific deletion of
VEGF results in endothelial apoptosis and sudden death in
55% of mutant mice by age 25 weeks, which indicates the
importance of autocrine VEGF signaling in the mainte-
nance of endothelial integrity in the adult animal (51).
Olfert et al. (28) showed in muscle-specific VEGF-deficient
mice that the attenuation in skeletal muscle capillary
density occurs as early as age 1 month. The myocellular
paracrine signaling of VEGF is essential for the spatial
branching of the capillary network and is necessary for
muscle capillary architectural organization (29,52,53). The
capillaries present in mVEGF2/2 mice are likely a combi-
nation of refractory capillaries, VEGF independent capil-
laries, and vessels present before MCK expression that are
maintained by autocrine endothelial VEGF signaling.

Diabetic states are characterized by cardiac muscle
capillary regression and impaired VEGF action (25,26).
Severe hyperglycemia downregulates VEGF expression,
which is seminal in the pathology of diabetic cardiomy-
opathy (54). Endothelial cells are particularly sensitive to
changes in plasma glucose because they are very per-
meable to glucose. VEGF ablation in our model resulted
in a 50% decrease in cardiac capillary density. Notably,

compensatory mechanisms kept cardiac output normal
(Table 1). The conserved cardiac output is a mathemati-
cal consequence of the decreased ejection fraction cou-
pled with the increase in LV diastolic volume. The
potential relationship of this to the underlying vascular
pathology must be speculative at this point. The thinner
but larger ventricular cavity might entail less mural re-
sistance to flow, allowing better capillary perfusion
pressure through an attenuated vascular network. Alter-
natively, the larger endocardial surface area might allow
some direct supply of oxygen and nutrients to the im-
mediately adjacent myocardium, a mechanism important
in the right ventricle but potentially significant for the LV
in mVEGF2/2 mice. Although the dilation in our model is
common to many cardiomyopathic conditions, the pres-
ervation of cardiac output may be a consequence of this
specific etiology.

Basal glucose flux was elevated in mVEGF2/2 mice
compared with mVEGF+/+ littermates (Fig. 2). Glu-
cose homeostasis was maintained, despite the elevated
glucose fluxes. mVEGF2/2 mice had greater liver glycogen
deposition after the insulin clamp; however, fasting he-
patic glycogen did not differ significantly between the two
genotypes (Table 2). The greater liver glycogen deposition
in mVEGF2/2 mice may offset the reduction in insulin-
stimulated muscle Rg, explaining the equal GIRs and
absolute whole-body Rd during the insulin clamp. The
augmented liver glycogen after the insulin clamp was in-
dependent of the phosphorylation status of Akt in the liver
(Fig. 5F). However, glycogen synthase activity tended to
be augmented in mVEGF2/2 mice (Table 2). The elevated
activity of glycogen synthase likely contributes to the
higher hepatic glycogen concentrations in mVEGF2/2

mice after the insulin clamp. The presence of G6Pase in
the liver obviates the use of isotopic 2-deoxyglucose to
measure Rg in the liver; thus, no precise measurement of
hepatic glucose uptake can be determined with the insulin
clamp protocol performed in the current studies. More-
over, the increased basal glucose turnover suggests ac-
celerated hepatic cycling of glucose independent of
hepatic insulin action (55). The increased fasting EndoRa
may be due to the greater G6Pase expression in the liver of
mVEGF2/2 mice (Fig. 3D). The mechanism behind the
hepatic adaptation is unclear; however, it is notable that
untreated insulin-resistant humans also have accelerated
glucose production.

FIG. 6. Skeletal muscle insulin action was assessed in the isolated soleus (A) and extensor digitorum longus (B). Mice were fasted for 5 h before
the excision of the muscles. Values are expressed as mean 6 SE (n = 6).
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The compensatory mechanisms in the mVEGF2/2 mice
cannot be attributed to changes in circulating VEGF levels
(Fig. 1B). Thus, the deletion of all VEGF-A variants in muscle
is not likely to have direct physiological effects on other
tissues. The compensation present in the liver is expected
to be a consequence of the impaired insulin-stimulated
MGU or perhaps inflammation secondary to heart or skeletal
muscle hypoxia resulting from poor perfusion.

These data show for the first time that a reduction in
capillary density is sufficient to induce muscle insulin re-
sistance in lean mice. The present investigation is consis-
tent with human data that exhibit a strong relationship
between muscle capillary density and insulin-mediated
peripheral glucose disposal (18,20,56). The results further
elucidate the significance of the extramyocellular adapta-
tions present in insulin-resistant states, thus, highlighting
the importance for novel therapeutic approaches to target
the vascular bed of insulin-sensitive tissues in the treat-
ment of insulin resistance and type 2 diabetes.
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