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Figure 5. Restoration of the Insulin-Induced Phosphorylation of eNOS Restored the Insulin-Induced Increase of the Capillary Blood Volume
and Interstitial Insulin Concentrations, Resulting in Improvement of the Glucose Uptake by the Skeletal Muscle in the HF Diet-Fed Obese
Mice

(A-D) eNOS mRNA levels in the endothelial cells (A), insulin-stimulated phosphorylation level of eNOS (B), capillary blood volume (C), and interstitial insulin
concentrations (D) in the BPS-treated HF diet-fed mice (n = 5-8).

(E) Capillary blood volume in the BPS-treated HF diet-fed mice following  -NAME treatment (n = 4-6).

(F) GIR, EGP, and Rd in the BPS-treated HF diet-fed mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 3-5).

(G) Glucose uptake by the skeletal muscle in the BPS-treated HF diet-fed mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 3-5).
(H) Glucose uptake by the isolated skeletal muscle in the BPS-treated HF diet-fed mice (n = 3-6). “NC" indicates normal chow-fed mice. “NA” indicates not
applicable. Where error bars are shown, the results represent the means + SEM. *p < 0.05, “*p < 0.01, ***p < 0.001.
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Figure 6. Impaired Insulin Signaling in the Endothelial Cells Reduces
Insulin-Induced Glucose Uptake by the Skeletal Muscle in Obese
Subjects

In lean subjects, the insulin-mediated Akt and eNOS activations are induced
optimally in the endothelial cells after feeding, resulting in insulin-induced
capillary recruitment, increase of interstitial insulin concentrations, and
increase of the glucose uptake by the skeletal muscle. By contrast, since
the insulin-mediated Akt and eNOS activations are inadequate in the endothe-
lial cells of obese subjects after feeding, the insulin-induced capillary recruit-
ment, increase or interstitial insulin concentrations, and increase of glucose
uptake by the skeletal muscle are impaired.

Moreover, insulin delivery into the interstitial fluid is known to be
delayed ininsulin resistance (Sjostrand et al., 2002), as also is the
onset of insulin stimulation of glucose uptake (Nolan et al., 1997).
In addition, delivery of inulin, a molecule whose molecular weight
is similar to that of insulin, to the skeletal muscle was reported to
be markedly diminished in diet-induced insulin resistance (Ell-
merer et al., 2006). These findings suggest that impairment of
insulin delivery, possibly caused by an endothelial insulin
signaling defect, may play a critical role in the skeletal muscle
insulin resistance seen in obesity.

Why were decreased insulin signaling and decreased glucose
uptake in response to insulin observed only in the skeletal
muscle of the ETIrs2KO mice and not in their liver? The difference
between the types of capillaries in the liver and skeletal muscle
may explain these differences in the insulin sensitivity of the
two organs. It is thought that the occluded junctions of the
endothelial cells of the capillaries in the skeletal muscle may
prevent paracellular transport of most macromolecules,
including insulin, whereas the fenestrated endothelium of the
capillaries in the liver freely permits paracellular passage of
macromolecules (Aird, 2007). In fact, more rapid insulin action
kinetics have been observed in the liver than in the skeletal
muscle (Sherwin et al., 1974).

Insulin-induced phosphorylation of Akt and eNOS in the
ETlIrs2KO mice was significantly, but not completely, impaired
by endothelial Irs2 deficiency (Figure 2D), suggesting the impor-
tant role of both Irs2 and Irs1 in this signaling in the endothelial
cells. In fact, phosphoarylation of Akt and eNOS was completely
abrogated in the ETIrs1/2DKO mice (Figure 3l). Thus, in the
physiological state, it is likely that insulin-stimulated Irs1-medi-
ated Akt activates eNOS in proportion to the amount of eNOS
protein available in these mice.

In this study, we found that endothelial insulin signaling medi-
ates insulin-stimulated capillary recruitment and increase of
interstitial insulin concentrations and, as a consequence, facili-
tates glucose uptake by the skeletal muscle. Skeletal muscle
insulin resistance may be caused by impaired insulin signaling
not only in the myocytes but also in the endothelial cells. Taken
together, treatment directed at improving insulin signaling in
the endothelial cells as well as myocytes may serve as a thera-
peutic strategy for ameliorating skeletal muscle insulin
resistance.

EXPERIMENTAL PROCEDURES

Mice

ETIrs1KO or ETIrs2KO mice were generated by mating Irs1'* or Irs2'o*
female mice (Kubota et al., 2008) with transgenic mice expressing Cre under
control of the murine Tie2 promoter (Tie2-Cre mice) (Kisanuki et al., 2001).
The Irs1'®/*Tie2-Cre or Irs2™*:Tie2-Cre male offspring were then
crossed with Irs1* or Irs2'®* female mice to obtain WT (Irs1**), Tie2-Cre
(Irs1*/*:Tie2-Cre), control (Irs1°1%%), and ETIrs1KO (Irs1'™**:Tie2-Cre) mice,
or WT (Irs2*/*), Tie2-Cre (Irs2*/*:Tie2-Cre), control (Irs2'®%%), and ETIrs2KO
(Irs2'*°x:Tie2-Cre) mice, respectively. To generate endothelial-specific Irs1/
Irs2 double-knockout (ETIrs1/2DKO) mice, Irs1'°*:Tie2-Cre or Irs2'®*:Tie2-
Cre male mice were crossed with Irs2'’* or Irs1'°** female mice, and the
resultant Irs1'°*/Irs2'°*:Tie2-Cre male mice were crossed with Irs1'°*/
Irs2°* female mice. Irs1'°1°%/rs2'"x mice were used as the control for
ETlrs1/2DKO mice. Only male littermates were used for this study; we
did not use the female Tie2-Cre, Irs1'°/*:Tie2-Cre, Irs2'°’*Tie2-Cre,
Irs1'+/Irs2°¥/*:Tig2-Cre, ETIrs1KO, ETIrs2KO, or ETIrs1/2DKO mice for
breeding. Further information is provided in the Supplemental Information.
The animal care and experimental procedures used in this study were
approved by the Animal Care Committee of the University of Tokyo.

Capillary Blood Volume

The capillary blood volume was measured by contrast-enhanced ultrasound,
as described previously (Vincent et al., 2004), with some modifications. The
hindlimb muscles were imaged in the short axis using a 40 MHz transducer
(RMV 704) connected to an ultrasound system (Vevo 770; VISUALSONICS
Inc.). Sonazoid (Daiichi Sankyo Corporation) was infused into the animals,
which were divided into three groups for the measurements at 0, 10, and
60 min after the hyperinsulinemic-euglycemic clamp, a high-power ultrasound
with a frequency of 1MHz was applied to the lower leg muscles, and images
were collected for 30 s to assess the enhancement. The ultrasound intensity
in decibels within the region of interest was converted to the acoustic intensity
after background subtraction using 0.5 s ultrasound images, and the micro-
vascular volume, fill rate constant, and capillary blood volume were calculated
according to the equation y = A(1 — e™™). Further information is provided in the
Supplemental Information.

Interstitial Concentrations of Insulin in the Skeletal Muscle

Muscle microdialysis was performed in the hindlimb muscles using a 4 mm
microdialysis tubing (CMA-20) at the rate of 0.3 ul/min. We conducted calibra-
tion using the no-net flux technique described previously (Jansson et al.,
1993), with slight modifications. Briefly, four known concentrations of insulin
(0 ng/ml, 0.5 ng/ml, 1 ng/ml, and 1.5 ng/ml) above and below the expected
concentration in the skeletal muscle were used. The insulin solutions were
added to the perfusate, and the net changes in the concentrations of the ana-
lytes in the dialysate were recorded (jnsulinom — insulin;, = net change).
Regression analysis yielded a linear relationship between the concentrations
in the perfusates and the dialysates. The intercept with the x axis indicates
the insulin concentrations in the perfusate at equilibrium with the surrounding
medium, and the slope of the line yields the dialysis recovery by the no-net
flux technique. The insulin concentrations in the interstitial fluid were
calculated from the dialysis recovery by the no-net flux technique and the
in vivo dialysate insulin concentration, as described previously (Sjostrand
etal., 2002).
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Endothelial Cell Culture

The aorta was dissected out from the aortic arch to the abdominal aorta and
immersed in 10% FBS-DMEM containing 1000 U/ml heparin. A 24-gauge
cannula was inserted into the proximal portion of the aorta. The other side
was tied, and the lumen was filled with a solution of collagenase type Il
(2 mg/ml, dissolved in serum-free DMEM). After incubation at 37°C for
45 min, the endothelial cells were removed from the aorta by flushing with
5 ml of DMEM containing 10% FBS and cultured in a 35 mm collagen type
1-coated dish. Further information is provided in the Supplemental
Information.

Hyperinsulinemic-Euglycemic Clamp

An infusion catheter was inserted into the right jugular vein of the mice, as
described previously (Kubota et al., 2008), with some modifications. 1%
glucose ((6,6-2H,]glucose [Sigma]) was infused intravenously, and after
a 90 min basal period a blood sample was collected from the tail tip for deter-
mination of the basal glucose specific activity. To measure the GIR, a primed-
continuous infusion of insulin (Humulin R; Lilly) was administered and the blood
glucose concentration was maintained at approximately 120 mg/dl by the
administration of glucose (5 g of glucose/10 ml enriched to about 20% with
[6,6-H,]glucose [Sigma]) for 60 or 120 min. Blood samples (20 ul) were
obtained for 15 or 30 min before the end of the hyperinsulinemic-euglycemic
clamp. Thereafter, the Rd was calculated according to non-steady-state equa-
tions, and the EGP was calculated as the difference between the Rd values
and the exogenous GIR. Further information is provided in the Supplemental
Information.

Statistical Analysis

Values were expressed as means + SEM. Student’s t test was used for statis-
tical analysis of the differences between two groups, and the statistical signif-
icance of differences among multiple groups was determined by ANOVA.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one movie, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article at doi:10.1016/j.cmet.2011.01.018.
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