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Figure 2. SeP Expression Is Regulated by Glucose, Palmitate, and Insulin
(A) Sepp1 mRNA levels in H4IIEC hepatocytes treated with glucose or mannitol (30 mM) for 6 hr (n = 4).

(B) SeP protein levels in primary hepatocytes treated with glucose or mannitol

for 6 hr.

(C) Sepp7 mRNA levels in HAIIEC hepatocytes treated with palmitate (0.25 mM) for 16 hr (n = 5).

(D) SeP protein levels in primary hepatocytes treated with palmitate (0.25 mM)

for 16 hr.

(E) Sepp1 and Pck1 mRNA levels in HAIIEC hepatocytes treated with various concentrations of insulin for 6 hr (n = 4).

(F) Sepp1 mRNA levels in H4IIEC hepatocytes treated with insulin (0.1 pg/mi) for the indicated periods of time (n = 4).

(G) SeP protein levels in primary hepatocytes treated with various concentrations of insulin for 6 hr.

(H) Liver Sepp1, Pck1, and G6pc mRNA levels in C57BL/6J mice following fasting for 12 hr and subsequent refeeding (n = 4).

Data in (A), (C), (E), and (F) represent the means + SEM from four to five cells per group, and data in (H) represent the means + SEM from four mice per group.

*p < 0.05, *p < 0.01.

and S3B). Lipid accumulation in the liver and adipose tissues
was also unaffected (Figure 5A). However, postprandial plasma
levels of insulin were reduced in Sepp?~/~ mice, although blood
glucose levels remained unchanged (Figures 5B and 5C).
Glucose loading test revealed that Sepp?~/~ mice showed
improved glucose tolerance (Figure 5D). Insulin loading test
revealed that Sepp7~/~ mice showed lower blood glucose levels
60 min after insulin injection (Figure 5E). Insulin signaling,
including phosphorylation of Akt and insulin receptor, was
enhanced in the liver and skeletal muscle of Sepp?~/~ mice
(Figures 5F-5K). Additionally, Sepp7*’~ tended to show
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enhanced insulin sensitivity. Plasma levels of glucagon, active
GLP-1, and total GIP were unaffected by the loss of SeP in
both fasted and fed mice (Figure S3C), suggesting that SeP
dysregulated glucose metabolism in vivo primarily by modulating
the insulin pathway, but not by affecting other hormones,
including glucagon, GLP-1, and GIP.

SeP Deficiency Attenuates Adipocyte Hypertrophy

and Insulin Resistance in Dietary Obese Mice

To determine whether SeP deficiency reduces insulin resistance
caused by diet-induced obesity, we fed SeP knockout mice
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a high-fat, high-sucrose diet (HFHSD) that is known to induce
obesity, insulin resistance, and steatosis (Maeda et al., 2002).
HFHSD tended to induce body weight gains in wild-type and
Sepp1-deficient mice, although there was no significance
between the three groups of animals (Figure 6A). Daily food
intake was significantly increased in Sepp7~/~ mice compared
with wild-type animals (Figure 6B). Basal energy expenditure,
as measured by O, consumption through indirect calorimetry,
was also increased in Sepp?~/~ mice (Figure 6C). Liver triglyc-
eride content and epididymal fat mass were unaffected by
Sepp1 gene deletion (Figures S4A and 6D). However, diet-
induced hypertrophy of adipocytes was attenuated in Sepp1 4=
mice (Figures 6E and 6F and Figure S4B). Additionally, serum
levels of free fatty acid and insulin were significantly reduced in
these animals (Figures 6G-6l). Glucose and insulin loading tests
revealed that Sepp?~'~ mice were protected against glucose
intolerance and insulin resistance even when on an obesity-
inducing diet (Figures 6J and 6K).

SeP Reduces Phosphorylation of AMPK« Both In Vitro
and In Vivo

Adenosine monophosphate-activated protein kinase (AMPK) is a
serine/threonine kinase that phosphorylates a variety of energy-
associated enzymes and functions as a metabolic regulator that
promotes insulin sensitivity (Kahn et al., 2005). In this study, we
found that SeP treatment reduced phosphorylation of AMPKa
and ACC in both H4IlIEC hepatocytes and mouse liver (Fig-
ures S5A and 7A). Fatty acid B oxidation and B oxidation-related
gene expression were also suppressed by SeP (Figures S5B-
S5D). The levels of AMP and ATP were unchanged in hepato-
cytes treated with SeP (Figure S5E). In contrast, Sepp1-deficient
mice exhibited increased phosphorylation of AMPKa and ACC in
the liver (Figure 7B). To determine whether AMPK pathways were
involved in the action of SeP, we infected H4IIEC hepatocytes
with an adenovirus encoding dominant-negative (DN) or consti-
tutively active (CA) AMPK. Transduction with DN-AMPK reduced
insulin-stimulated Akt phosphorylation such that it could not be
further decreased by SeP (Figures 7C-7E). In contrast, when
CA-AMPK was overexpressed, SeP was unable to impair
insulin-stimulated Akt phosphorylation (Figures 7F-7H). Addi-
tionally, coadministration of 5-aminoimidazole-4-carboxyamide
ribonucleoside (AICAR), a known activator of AMPK, rescued
cells from the inhibitory effects of SeP on insulin signaling
(Figure 7). These results suggest that reduced phosphorylation
of AMPK mediates, at least in part, the inhibitory effects of SeP
on insulin signal transduction. Next, we examined the effects
of SeP on some of the proteins that regulate the phosphorylation
of AMPK. SeP dose-dependently increased the levels of protein
phosphatase 2C (PP2C), a negative regulator of AMPK phos-
phorylation, in H4IIEC hepatocytes (Figure 7J). Expression of
LKB1 and CaMKKB, two positive regulators of AMPK, was
unaffected by SeP treatment.

DISCUSSION

A Liver-Derived Secretory Protein, SeP, Causes

Insulin Resistance

Our research reveals that hepatic overproduction of SeP contrib-
utes to the development of insulin resistance in the liver and

skeletal muscle (Figure S5F). The liver plays a central role in
glucose homeostasis, mainly via glycogen storage and glucose
release into the blood stream. In addition, the liver is a major
site for the production of secretory proteins. Therefore, we
hypothesized that the liver would maintain glucose homeostasis
by producing liver-derived secretory protein(s) termed hepato-
kines. In fact, several studies have shown that hepatic secretory
factors, including the angiopoietin-like protein family (Oike et al.,
2005; Xu et al., 2005) and fetuin-A (Auberger et al., 1989; Srinivas
etal., 1993), are involved in insulin sensitivity. However, we spec-
ulated that the identification of the liver-derived proteins that
directly contribute to the pathogenesis of insulin resistance or
type 2 diabetes may not be adequate. Specifically, our compre-
hensive approach using global gene expression analyses re-
vealed that numerous genes encoding secretory proteins are
expressed and altered in the human type2 diabetic liver (Misu
et al.,, 2007). Thus, by comparing the expression levels and
clinical parameters for glycemic control and insulin resistance,
we selected candidate genes for liver-produced secretory
proteins that cause insulin resistance. The current study sheds
light on a previously underexplored function of the liver that is
similar to adipose tissue; the liver may participate in the patho-
genesis of insulin resistance through hormone secretion.

Suppression of SeP Expression by Insulin

in Hepatocytes

Our results indicate that insulin negatively regulates SeP
expression in hepatocytes. These findings are consistent
with recent reports that the SeP promoter is a target of FoxO
(forkhead box, class O) and PGC-1a (peroxisome proliferator-
activated receptor-y coactivator 1a), both of which are nega-
tively regulated by insulin in hepatocytes (Speckmann et al.,
2008; Walter et al., 2008). Consistent with these findings
in vitro, we showed that hepatic SeP expression was upregu-
lated in mice in the fasting state. Under hypoinsulinemic condi-
tions, such as a fasting state, upregulation of SeP might prevent
hypoglycemia by decreasing glucose uptake in peripheral
tissues and by increasing hepatic glucose production. Our
results raise the possibility that the liver regulates systemic
insulin sensitivity by sensing blood insulin levels and altering
the production of SeP.

SeP Decreases Phosphorylation of AMPK and ACC

in Hepatocytes

Identification of SeP receptor(s) in insulin-target organs is neces-
sary to clarify the action mechanisms of SeP. Several lines of
evidence have shown that apolipoprotein E receptor 2 (ApoER2)
functions as an SeP receptor in the testis (Olson et al., 2007) and
brain (Burk et al., 2007), both by acting as a cellular uptake
receptor and by inducing intracellular signaling (Masiulis et al.,
2009). It remains unknown whether ApoER2 acts as the SeP
receptor in the liver or skeletal muscle. However, in this study,
technical difficulties in the identification of a SeP receptor(s)
led us to screen for well-established pathways associated with
metabolic derangement to clarify the specific mechanisms of
SeP action. As a result, our experiments reveal that SeP reduces
phosphorylation of AMPK and its target ACC in H4IIEC hepato-
cytes and the livers of C57BL6J mice, possibly in an AMP/ATP
ratio-independent manner. AMPK functions as a regulator of

Cell Metabolism 72, 483-495, November 3, 2010 ©2010 Elsevier Inc. 487
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Figure 3. SeP Impairs Insulin Signaling In Vitro and In Vivo

(A and B) Effects of SeP on serine phosphorylation of Akt (A) and tyrosine phosphorylation of insulin receptor (B) in insulin-stimulated primary hepatocytes. Data
represent the means + SEM of three independent experiments. *p < 0.05, *p < 0.01 (versus vehicle-treated cells). Primary hepatocytes were treated with SeP or
vehicle for 24 hr, and then the cells were stimulated with 1 ng/ml insulin for 15 min.

(C) Effects of BSO on SeP-induced changes in insulin-stimulated Akt phosphorylation in primary hepatocytes.

(D and E) Effects of SeP on the expression of mMRNAs encoding gluconeogenic enzymes in HAIIEC hepatocytes (n = 5).

(F) Release of glucose from H4IIEC hepatocytes treated with SeP for 24 hr (n = 6).

(G) Effects of SeP on glucose uptake in C2C12 myocytes (n = 6). )

(H and |) Glucose (H) and insulin () tolerance tests in mice injected with SeP or vehicle (n=5). Glucose (1 .5 g/kg body weight) and insulin (0.5 unit/kg body weight)
were administered intraperitoneally.

(J and K) Effects of SeP on serine phosphorylation of Akt in liver (J) and skeletal muscle (k) in mice injected with purified human SeP or vehicle. Mice (n =3 or 4)
were stimulated with insulin (administered intraperitoneally). At 20 min after insulin stimulation, mice were anesthetized, and liver and hind-limb muscle samples
removed for analysis.

(1) Time course of glucose infusion rate (GIR) during hyperinsulinemic-euglycemic clamp in mice injected with SeP or vehicle (n = 6).

(M) GIR, endogenous glucose production (EGP), and rate of glucose disposal (Rd) during hyperinsulinemic-euglycemic clamp (n = 6).
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cellular energy homeostasis (Kahn et al., 2005) and mediates
some effects of peripheral hormones such as leptin (Minokoshi
et al., 2002) and adiponectin (Yamauchi et al., 2002); however,
the mechanisms by which these adipokines alter AMPK phos-
phorylation are not fully understood. Our present findings
demonstrate that SeP increases the levels of PP2C in H4IIEC
hepatocytes. PP2C is a phosphatase that inactivates AMPK by
dephosphorylating a threonine residue (Thr172) that lies in its
a-catalytic subunit (Davies et al., 1995). Tumor necrosis factor
o (TNF-o), a representative inflammatory cytokine linked to
insulin resistance, is known to reduce AMPK phosphorylation
by upregulating PP2C (Steinberg et al., 2006). Similar to
TNF-a, SeP may reduce AMPK phosphorylation, at least partly,
by upregulating PP2C. Further characterization of SeP and
SeP-receptor-mediated interactions will provide insights into
the involvement of SeP in PP2C upregulation and AMPK
dephosphorylation.

Mechanism Underlying SeP-Mediated Insulin

Resistance Varies between Liver and Skeletal Muscle
Given that plasma SeP is derived mainly from the liver (Carlson
et al., 2004), our results suggest that AMPK mediates, at least
in part, the autocrine/paracrine action of SeP. One limitation of
our study is that the mechanism by which SeP acts on skeletal
muscle remains unknown. Unlike in the liver, SeP-induced
inhibitory effects on AMPK were not observed in either the
skeletal muscle of C57BL6J mice or C2C12 myocytes (data
not shown). Additionally, we showed that SeP reduces tyrosine
phosphorylation of insulin receptors in primary hepatocytes. In
contrast, SeP acts on serine phosphorylation of IRS1, but not
tyrosine phosphorylation of insulin receptors, in C2C12 myo-
cytes (data not shown). These results suggest that SeP disrupts
the insulin signal cascade at different levels between hepato-
cytes and myocytes. SeP might induce insulin resistance in
skeletal muscle, possibly through AMPK-independent path-
ways. The mechanisms that connect SeP to insulin resistance
likely exhibit tissue specificity.

We showed that SeP heterozygous mice have no phenotype in
glucose- and insulin-loading tests, whereas a 30% decrease in
SeP levels caused by the injection of siRNA improves glucose
tolerance and insulin resistance in KKAy mice. In general,
multiple compensatory changes are observed in knockout
mice, because the target gene has been absent since concep-
tion. In contrast, compensation may be inadequate in adult
animals in which the target gene has been knocked down with
siRNA. In fact, real-time PCR analysis showed that expression
of the gene encoding IL-6, a representative inflammatory cyto-
kine linked to insulin resistance, shows compensatory upregula-
tion in the liver of Sepp?~"* mice, but not in Sepp 1 siRNA-treated
KKAy mice (data not shown). Induction of IL-6 might compen-
sate for the 50% redtiction in SeP levels in Sepp?~"* mice.

Actions of SeP on the central nervous system may contribute
to the in vivo phenotype. We did find that SeP-deficient mice fed

a high-fat, high-sucrose diet display increases in food intake and
02 consumption (Figures 6B and 6C), suggesting that SeP acts
on the central nervous system. Additionally, an earlier report
described the colocalization of SeP and amyloid-B protein in
the brains of people with Alzheimer’s disease, suggesting the
potential involvement of SeP in this condition’s pathology (Bellin-
ger et al., 2008). More recently, Takeda et al. reported that
amyloid pathology in Alzheimer's disease may adversely affect
diabetic phenotypes in mice (Takeda et al., 2010). Further
experiments are necessary to determine whether the actions of
SeP on the central nervous system involve the in vivo phenotype
seen in this study.

We cannot exclude the possibility that the current phenotype
in Sepp1-deficient mice is affected by the abnormal distribution
of selenium. In fact, selenium levels in plasma and several tissues
have been reported to be reduced in Sepp7-deficient mice fed
a selenium-restricted diet (Schomburg et al., 2003). However,
Burk et al. reported that the selenium levels in all tissues except
the testis were unchanged in these mice fed a diet containing
adequate amounts of selenium (Hill et al., 2003). In this study,
we performed experiments using Sepp7-deficient mice fed
a diet containing adequate amounts of selenium. Thus, we
speculate that the effects of abnormal selenium distribution on
our results in Sepp1-deficient mice may be insignificant.

A limitation of this study is that we could not match age,
gender, or body weight completely between people with type 2
diabetes and normal subjects when comparing the serum SeP
levels, as a result of the limited sample numbers. However,
a previous large-scale clinical report showed that the age-,
gender-, race-, and BMI-adjusted mean serum selenium levels
were significantly elevated in participants with diabetes
compared with those without diabetes in the US population
(Bleys et al., 2007). Additionally, several lines of evidence
showed that serum selenium levels are positively correlated
with those of SeP in humans (Andoh et al., 2005; Persson-
Moschos et al., 1998). In combination with our result, these
reports lead us to speculate that serum SeP levels are also
elevated in people with type 2 diabetes compared with normal
subjects. However, additional large-scale clinical trials are
needed to address this.

In summary, our experiments have identified SeP as a liver-
derived secretory protein that induces insulin resistance and
hyperglycemia. Our findings suggest that the secretory protein
SeP may be a target for the development of therapies to
treat insulin resistance-associated diseases, including type 2
diabetes.

EXPERIMENTAL PROCEDURES

Animals

Eight-week-old ¢57BL/6J mice were obtained from Sankyo Lab Service
(Tokyo, Japan). Male Otsuka Long-Evans Tokushima Fatty (OLETF) rats and
Long-Evans Tokushima Otsuka (LETO) rats were obtained from the Otsuka
Pharmaceutical Tokushima Research Institute (Tokushima, Japan). OLETF

C57BL/6J mice were twice injected intraperitoneally with purified human SeP (1 mg/kg body weight) or vehicle in (H)~(M). Injections were administered 12 and 2 hr
before the each experiment. Data in (D)~(G) represent the means + SEM from five to six cells per group, and data in (H~(M) represent the means + SEM from three
to six mice per group. *p < 0.05, **p < 0.01 versus cells treated with vehicle in (D)~(G). *p < 0.05, **p < 0.01 versus mice treated with vehicle in (H)~(M). See also

Figure S1.

Cell Metabolism 12, 483-495, November 3, 2010 ©2010 Elsevier Inc. 489
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Figure 4. Sepp? Knockdown in the Liver Improves Insulin Sensitivity

(A) Sepp1 mRNA levels in HAIIEC hepatocytes transfected with control or Sepp7-specific siRNA (n = 4).

(B) SeP protein production in H4IIEC hepatocytes transfected with Sepp1-specific sIRNA. SeP production was detected in whole cell lysates by western blotting.
(C) Effects of SeP knockdown on insulin-stimulated serine phosphorylation of Akt in H4IIEC hepatocytes. Data represent the mean + SEM of three independent
experiments. )

(D and E) Liver SeP production in KKAy mice injected with control or Sepp1-specific SIRNA (n = 6). SeP protein levels were measured by western blotting 4 days
after injection of siRNA.

(F and G) Blood SeP levels in KKAy mice injected with siRNA. Blood samples were obtained 4 days after siRNA injection (n = 6).

(H-K) Intraperitoneal glucose (H and ) and insulin (J and K) tolerance tests in KKAy mice (n = 6-8) injected with control or Sepp1-specific siRNA. Glucose and
insulin was administered at doses of 0.3 g/kg body weight and 4 units/kg body weight, respectively.

Area under the curve (AUC) for blood glucose levels is shown in () and (K). Data in (A) represent the means = SEM from four cells per group, and data in (E) and
(GHK) represent the means + SEM from six to eight mice per group. *p < 0.05 versus cells transfected with control sSiRNA in (A)and (C). *p <0.05, **p < 0.01 versus
mice injected with control siRNA in (E) and (G)~(K). See also Figure S2.

Purification of SeP
SeP was purified from human plasma via conventional chromatographic
methods, as previously described (Saito et al., 1999; Saito and Takahashi,

rats have been established as an animal model of obesity-related type 2
diabetes (Kawano et al., 1992). Female KKAy mice were obtained from
CLEA Japan (Tokyo, Japan). All animals were housed in a 12 hr light/dark cycle

and allowed free access to food and water. High-fat and high-sucrose diet
(D03062301) was purchased from Research Diets (New Brunswick, NJ). The
experiments with OLETF and LETO rats were performed with frozen blood
and liver samples obtained in our previous study (Ota et al., 2007).

2002). Homogeneity of purified human SeP was confirmed by analysis of
both amino acid composition and sequence (Saito et al., 1999). Concentra-
tions of purified SeP were measured by the Bradford method, using bovine
immunoglobulin G as a standard.
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Figure 5. Sepp1-Deficient Mice Show Improved Glucose Tolerance and Enhanced Insulin Sensitivity

(A) Hematoxylin-and-eosin-stained liver and epididymal fat sections from male Sepp1*/~ and Sepp?~/~ mice.

(B) Blood glucose levels in Sepp1-deficient mice (n = 7). The mice were fasted for 6 hr.

(C) Blood insulin levels in Sepp1-deficient mice (n = 7).

(D and E) Intraperitoneal glucose (D) and insulin (E) tolerance tests in male Sepp7-deficient mice (n = 7). Glucose and insulin were administered at doses of
1.5 g/kg body weight and 4 units/kg body weight, respectively.

(F-K) Western blot analysis of phosphorylated Akt (pAkt) and phosphorylated insulin receptor (p!R) in liver (F-H) and skeletal muscle (I-K). Mice (n = 6) were
stimulated with insulin (administered intraperitoneally). At 20 min after insulin stimulation, mice were anesthetized, and liver and hind-limb muscle samples
removed for analysis. :

Data in (B)}~E), (G), (H), (J), and (K) represent the means + SEM from six to seven mice per group. *p < 0.05, **p < 0.01 versus wild-type mice. See also Figure S3.

siRNA Injection into KKAy mice age (31-33 g body weight) were used. Mice were anesthetized with pentobar-
Delivery of siRNA targeted to the liver was performed by tail vein injectionsinto  bital, and 2 nmol of siRNA, diluted in 3 ml of PBS, was injected into the tail vein
mice, via hydrodynamic techniques, as previously described (McCaffrey etal.,  over 15-20 s. All sSiRNAs were purchased from Applied Biosystems (Silencer”
2002; Zender et al., 2003). For these experiments, KKAy mice at 7-8 weeks of  In Vivo Ready Pre-designed siRNA). Sepp? siRNAs with the following
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Figure 6. Sepp1-Deficient Mice Are Protected from Diet-Induced Insulin Resistance and Adipocyte Hypertrophy
(A) Body weight of Sepp7-deficient and wild-type mice fed a high-fat, high-sucrose diet (HFHSD; n = 4-8). Sixteen-week-old male mice were fed a HFHSD for

16 weeks.
(B) Daily calorie intake in Sepp1-deficient and wild-type mice (n = 4-8).

(C) Energy expenditure (as measured by VO, consumption through indirect calorimetry; n = 4).

(D) Epididymal fat mass in Sepp1-deficient and wild-type mice fed HFHSD (n = 4~7).

(E) Hematoxylin-and-eosin-stained epididymal fat sections from wild-type and Sepp7~/~ mice.

(F) Histogram showing adipocyte diameters., We determined adipocyte diameters by measuring at least 300 adipocytes randomly selected from four independent

sections.

(G) Blood nonestimated fatty acid levels in Sepp1-deficient and wild-type mice fed HFHSD (n=4-7).
(H) Blood glucose levels in Sepp1-deficient and wild-type mice fed HFHSD (n = 4-8).
() Blood insulin levels in Sepp1-deficient and wild-type mice fed HFHSD (n = 4-8). Blood samples were obtained from mice fed a HFHSD for 16 weeks after a 12 hr

fast in (G)~().

(V) Intraperitoneal glucose tolerance tests in wild-type and Sepp7-deficient mice (n = 4-8). Glucose was administered at a dose of 0.3 g/kg body weight.
(K) Intraperitoneal insulin tolerance tests in wild-type and Sepp7-deficient mice (n = 5-10). Insulin was administered at a dose of 2.0 units/kg body weight.
Data in (A)-D) and (G)~(K) represent the means + SEM from four to ten mice per group. *p < 0.05, “*p < 0.01 versus wild-type mice. See also Figure S4.

sequence were synthesized: mouse Sepp?, 5'-GGUGUCAGAACACAUC
GCALtt-3' (sense). Negative control siRNA was also used and had no significant
homology with any known gene sequences in mouse, rat, or human. Glucose
and insulin loading tests were performed 2-7 days after injection of mice with
siRNA.

SeP Knockout Mice

SeP knockout mice were produced by homologous recombination with
genomic DNA cloned from an Sv-129 P1 library, as described previously
(Hill et al., 2003). As female SeP knockout mice had inconsistent phenotypes,
only male mice were used in this study.
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SUMMARY

In obese patients with type 2 diabetes, insulin
delivery to and insulin-dependent glucose uptake
by skeletal muscle are delayed and impaired. The
mechanisms underlying the delay and impairment
are unclear. We demonstrate that impaired insulin
signaling in endothelial cells, due to reduced Irs2
expression and insulin-induced eNOS phosphoryla-
tion, causes attenuation of insulin-induced capillary
recruitment and insulin delivery, which in turn
reduces glucose uptake by skeletal muscle. More-
over, restoration of insulin-induced eNOS phosphor-
ylation in endothelial cells completely reverses the
reduction in capillary recruitment and insulin delivery
in tissue-specific knockout mice lacking Irs2 in endo-
thelial cells and fed a high-fat diet. As a result,
glucose uptake by skeletal muscle is restored in
these mice. Taken together, our results show that
insulin signaling in endothelial cells plays a pivotal
role in the regulation of glucose uptake by skeletal

294 Cell Metabolism 13, 294-307, March 2, 2011 ©2011 Elsevier Inc.

muscle. Furthermore, improving endothelial insulin
signaling may serve as a therapeutic strategy for
ameliorating skeletal muscle insulin resistance.

INTRODUCTION

Skeletal muscle is one of the major target organs of insulin
actions and plays an essential role in insulin-induced glucose
uptake (DeFronzo et al., 1979; Bergman, 1989). Insulin, secreted
by the pancreatic B cells, is delivered into the capillaries and
crosses the endothelial barrier to enter the interstitial spaces
(Vincent et al., 2005). It then binds to the insulin receptors on
the skeletal muscle cell surface, activating intracellular pathways
in the skeletal muscle (White and Kahn, 1994; Petersen et al.,
2004; Long and Zierath, 2008). Recent evidence indicates that
insulin delivery to the skeletal muscle interstitium is the rate-
limiting step in insulin-stimulated glucose uptake by the skeletal
muscle, and is much slower in obese insulin-resistant subjects
than in normal subjects (Sherwin et al., 1974; DeFronzo et al.,
1979; Yang et al., 1989; Jansson et al., 1993; Miles et al,,
1995; Sjostrand et al., 2002; Barrett et al., 2009). Andres and
colleagues have shown that insulin is distributed more slowly
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to the compartment corresponding to the skeletal muscle than to
other compartments, and the time course of insulin equilibration
with this pool closely paralleled the glucose infusion rate (GIR) in
their compartmental model (Sherwin et al., 1974; DeFronzo et al.,
1979). Moreover, the dynamics of insulin concentrations in the
skeletal muscle lymphatics, which is derived from the interstitial
fluid in the skeletal muscle, is actually slow, and is significantly
correlated with the peripheral glucose uptake after insulin

infusion (Yang et al., 1989). In obese subjects, the appearance’

of insulin in the interstitial fluid of the skeletal muscle and onset
of insulin action after insulin infusion were found to be signifi-
cantly delayed in comparison with the results in control subjects
(Sjostrand et al., 2002). Although the slow onset of insulin action
on glucose disposal in vivo could be secondary to a slow
response by the cellular machinery within the myocytes, which
are the cells responsible for glucose uptake in the skeletal
muscle, insulin-induced glucose uptake by myocytes in vitro
appears to be fully activated within 2-5 min, much earlier than
that-in vivo (Karnieli et al., 1981). Moreover, Bergman et al.
demonstrated that injection of insulin directly into the interstitium
of the skeletal muscle is followed by a prompt increase in the
glucose uptake (Chiu et al., 2008). Based on these findings,
insulin delivery may determine the in vivo time course of
insulin-induced glucose uptake, which may be much slower
than the insulin-induced glucose uptake in vitro.

Two discrete steps have been reported to increase insulin
delivery to the skeletal muscle: an increase in the available capil-
lary surface area (capillary recruitment), and an increase in the
transendothelial transport of insulin. Clark and colleagues
measured capillary recruitment following insulin infusion and
found that it was associated with increased glucose uptake by
the skeletal muscle (Rattigan et al., 1997; Vincent et al., 2004).
The insulin-induced capillary recruitment and glucose uptake
were reported to be significantly impaired in obese subjects
and diabetic models (Wallis et al., 2002; Keske et al., 2009).
In addition to the vasoactive actions of insulin on the capillaries,
insulin may promote its own movement across the endothelial
barrier. Recent in vivo evidence suggests that transendothelial
transport of insulin in the skeletal muscle increased along with
elevation of the plasma insulin levels, and that these levels
were diminished in the presence of high-fat (HF) diet-induced
insulin resistance (Hamilton-Wessler et al., 2002; Ellmerer
et al., 2006; Wang et al., 2008). It is still unclear whether capillary
recruitment and transendothelial transport of insulin may be
related or may function independently (Clark, 2008).

We hypothesized that an insulin signaling defect in the endo-
thelial cells impairs insulin-induced capillary recruitment and
insulin delivery in the skeletal muscle in obesity. In HF diet-fed
obese mice, the expression levels of insulin receptor substrate
(Irs)2, which is the major Irs isoform expressed in the endothelial
cells (Kubota et al., 2003), were markedly reduced, and insulin-
induced eNOS phosphorylation, capillary recruitment, and
insulin delivery were markedly impaired. Consistent with these
results, mice with Irs2 deletion in the endothelial cells (ETIrs2KO
mice) also exhibited a reduction of insulin-induced eNOS
phosphorylation, capillary recruitment, and insulin delivery.
Moreover, restoration of the insulin-induced eNOS phosphoryla-
tion in the endothelial cells completely reversed the reduction of
the capillary recruitment and insulin delivery in both the HF diet-

fed and ETIrs2KO mice. We conclude that a genetically and/or
environmentally induced insulin signaling defect in the endothe-
lial cells causes skeletal muscle insulin resistance as a conse-
quence of the impaired insulin-induced capillary recruitment
and insulin delivery.

RESULTS

Insulin Signaling Was Significantly Impaired in the
Endothelial Cells of the ob/ob and HF Diet-Fed Mice

To investigate insulin signaling in the endothelial cells in mouse
models of obesity, we first measured the expression levels of
the insulin receptor (Ir) and Ir substrate (Irs) in mice with genet-
ically (ob/ob mice) or environmentally induced (8-week HF
diet-fed mice) obesity. Although there were no significant
differences in the mRNA or protein expression levels of Ir and
endothelin (ET)-1 (see Figures S1A and S1B available online),
the mRNA and protein expression levels of Irs1 were reduced
by approximately 50% and those of Irs2, the major Irs isoform
expressed on the endothelial cells (Kubota et al., 2003), by
approximately 80% in the endothelial cells of both the mouse
models of obesity (Figures 1A and 1B). To elucidate the mech-
anisms by which the expressions of Irs1 and Irs2 in the endo-
thelial cells were downregulated, we investigated the effects of
FFA on the expressions of Irs1 and Irs2 following continuous
administration of intralipid for 24 hr in C57BI/6 mice. Although
a 7-fold increase of the plasma FFA levels was observed after
the intralipid treatment, the expression levels of Irs1 and Irs2
measured before and after the intralipid treatment were not
significantly different (Figure S1C). We next investigated
whether the Irs1 and Irs2 gene expressions in the endothelial
cells might be altered by hyperinsulinemia induced by contin-
uous administration of insulin for 24 hr using a miniosmotic
pump in C57BI/6 mice. After continuous administration of
insulin for 24 hr, a 7-fold increase of the plasma insulin levels
was noted (Figure 1C). In regard to the expression levels of
the Irs1 and Irs2, on the other hand, while no change in the
expression of endothelial Irs1 was observed, the expression
of endothelial Irs2 was significantly decreased (Figure 1C).
These data suggest that hyperinsulinemia may be one of the
mechanisms underlying the decrease in the expression of
endothelial Irs2 observed in the ob/ob and HF diet-fed mice,
although the reason for the downregulated Irs1 expression in
these mice still remains unexplained. The insulin signaling
cascade activates Akt, which in turn phosphorylates and acti-
vates eNOS in the endothelial cells (Muniyappa and Quon,
2007). Consistent with the results for the expression levels of
Irs1 and Irs2, insulin-stimulated phosphorylations of Akt and
eNOS were decreased by 70%-80% in the endothelial cells
of the ob/ob and HF diet-fed mice (Figure 1D), indicating that
insulin signaling was impaired in the endothelial cells of these
obesity models. We then investigated whether impaired insulin
signaling in the endothelial cells might be involved in the HF
diet-induced, obesity-linked impairment of glucose uptake by
the skeletal muscle. Although an increase of the capillary blood
volume at 10 min after the insulin infusion in the hyperinsuline-
mic-euglycemic clamp study was observed in the normal
chow-fed mice, no such increase was observed in the HF
diet-fed mice (Figure 1E). On the other hand, no increase of
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In the HF Diet-Fed Obese Mice, which Show Impaired Glucose Uptake by the Skeletal Muscle, Decreased Insulin-induced

Phosphorylation of eNOS in the Endothelial Cells, along with Downregulation, Mainly of Irs2, Was Associated with Attenuation of the
Insulin-Induced Increase of the Capillary Blood Volume and of the Increase of the Interstitial Concentrations of Insulin
(A and B) Expression levels of Irs1 or Irs2 mRNA and protein in the endothelial cells of the ob/ob and HF diet-fed mice (n = 3-11).
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the interstitial concentrations of insulin was observed at 10 min
after the insulin infusion in either the normal chow-fed or the HF
diet-fed mice (Figure 1F). These data suggest that capillary
recruitment starts to increase well before the increase of the
interstitial insulin concentrations, consistent with the results of
previous studies (Miles et al., 1995; Vincent et al., 2005).
Insulin-induced increases of the capillary blood volume and
interstitial concentrations of insulin were significantly impaired
at 60 and 120 min after the insulin infusion in the hyperinsuline-
mic-euglycemic clamp study (Figures 1E and 1F; Movies S1A
and S1B, and data not shown), even when the plasma insulin
levels were adjusted to be the same in both the normal
chow-fed and HF diet-fed mice (Figure S1D and data not
shown). A significant decrease of the GIR and glucose disap-
pearance rate (Rd), as also a significant increase of the endog-
enous glucose production (EGP), were found in the animals at
60 and 120 min after the insulin infusion in the hyperinsuline-
mic-euglycemic clamp study (Figure 1G and data not shown).
Consistent with these results, the phosphorylation levels of
Akt in the skeletal muscle in the normal chow-fed mice began
to increase by 30 min and reached its peak about 60 min after
the insulin infusion, whereas this increase of the Akt phosphor-
ylation level from 30 min onward after the insulin infusion in the
hyperinsulinemic-euglycemic clamp study was significantly
impaired in the HF diet-fed mice (Figure 1H; Figure S1E and
data not shown). These data suggest that the decreased phos-
phorylation level of eNOS induced by insulin in the endothelial
cells associated with downregulation, mainly of Irs2, appears to
be involved, along with the impaired insulin-induced capillary
recruitment and increase of the interstitial concentrations of
insulin, in the impaired glucose uptake by the skeletal muscle
in the HF diet-fed obese mice.

ETirs2KO Mice Exhibited impaired Insulin-Induced
Glucose Uptake by the Skeletal Muscle

In order to elucidate the causal relationship between insulin
signaling in the endothelial cells and the glucose uptake by the
skeletal muscle, we generated ETIrs2KO mice. The endothelial
Irs2 mRNA levels were reduced by approximately 95% in the
ETIrs2KO mice, whereas the Irs2 expression levels in the white
adipose tissue (WAT), liver, and skeletal muscle remained
unchanged (Figures 2A and 2B). The Irs2 protein expression
and insulin-stimulated tyrosine phosphorylation of Irs2 were
almost completely abrogated in the endothelial cells of the
ETIrs2KO mice (Figure 2C). There were no significant differences
in the mRNA and protein levels of eNOS or ET-1 between the
control and ETIrs2KO mice (Figures S2A and S2B). The basal
blood glucose and plasma insulin levels were indistinguishable
between the control and ETIrs2KO mice (Figure S2C). Insulin-
stimulated phosphorylations of Akt and eNOS were found to
be significantly reduced in the endothelial cells of the ETIrs2KO

mice (Figure 2D). Although an increase of the capillary blood
volume was observed in the control mice by 10 min after the
insulin infusion in the hyperinsulinemic-euglycemic clamp study,
no such increase was observed in the ETIrs2KO mice (Figure 2E).
In contrast, no increase in the interstitial concentrations of insulin
was observed at 10 min after the insulin infusion in either the
control or the ETIrs2KO mice (Figure 2F). The insulin-induced
increases of the capillary blood volume and interstitial concen-
trations of insulin were significantly impaired at 60 and 120 min
after insulin infusion in the hyperinsulinemic-euglycemic clamp
study (Figures 2E and 2F and data not shown), even when the
plasma insulin levels were adjusted to be the same in both the
control and ETIrs2KO mice (Figure S2D and data not shown).
Furthermore, the whole-body insulin sensitivity and glucose
tolerance were also significantly impaired in the ETIrs2KO mice
(Figures 2G and 2H). The GIR and Rd at 60 and 120 min after
insulin infusion in the hyperinsulinemic-euglycemic clamp study
were significantly reduced in the ETIrs2KO mice (Figure 21 and
data not shown). The decreased Rd observed in the ETIrs2KO
mice during the hyperinsulinemic-euglycemic clamp, however,
indicates impairment of glucose uptake by mainly the skeletal
muscle, but also by other tissues containing nonfenestrated
endothelial cells forming tight junctions. Thus, we also measured
the insulin-induced glucose uptake by the skeletal muscle
during the hyperinsulinemic-euglycemic clamp study using
2-deoxy-[°H]glucose (2-[°*H]DG). Consistent with the results
obtained for the Rd, the skeletal muscle glucose uptake was
significantly reduced in the ETIrs2KO mice (Figure 2J), suggest-
ing that the glucose uptake through the capillaries, at least, was
impaired in the skeletal muscle of the ETIrs2KO mice. In contrast,
glucose uptake by the isolated skeletal muscle from the
ETIrs2KO mice was not impaired (Figure 2K), indicating that
glucose uptake by the skeletal muscle per se was not impaired
in the ETIrs2KO mice. Consistent with these results, the phos-
phorylation level of Akt in the skeletal muscle in the control
mice began to increase by 30 min and reached its peak about
60 min after insulin infusion in the hyperinsulinemic-euglycemic
clamp study, whereas this increase in the Akt phosphorylation
level was significantly impaired in the ETIrs2KO mice (Figure 2L;
Figure S2E and data not shown). Moreover, the phosphorylation
levels of Irp, as well as those of Irs1 and Akt, in the skeletal
muscle were also significantly decreased in the ETIrs2KO mice
at 60 min after insulin infusion into the inferior vena cava
(Figure S2F). In contrast, no significant differences in the phos-
phorylation levels of IrB, Irs1, Irs2, or Akt in the liver were
observed between the control and ETIrs2KO mice (Figure S2G),
even though Irs2 was also deleted from the hepatic endothelial
cells of the ETIrs2KO mice (Figure S2H). Quantitative analysis
revealed no significant difference in the B cell mass between
the control and ETIrs2KO mice (Figure S2I). These data suggest
that Irs2 deletion in the endothelial cells causes an insulin

(C) Expression levels of Irs1 and Irs2 mRNA after insulin infusion (n = 3-4).

(D) Phosphorylation levels of Akt and eNOS in the ob/ob and HF diet-fed mice (n = 4-7).

(E and F) Capillary blood volume (E) and interstitial insulin levels (F) in the HF diet-fed mice (n = 3-10).

(G) GIR, EGP, and Rd in the HF diet-fed mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 7-9).

(H) Phosphorylation levels of Akt (ser473) in the skeletal muscle of the HF diet-fed mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study
(n = 3-4). “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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signaling defect in the cells that results in impairment of insulin-
induced eNOS phosphorylation, capillary recruitment, and
increase of the interstitial concentrations of insulin, consequently
impairing the skeletal muscle glucose uptake.

Insulin-Induced Glucose Uptake by the Skeletal Muscle
Was Not Impaired in the ETIrs1KO Mice, but Was
Significantly Reduced in the ETIrs1/2DKO Mice,

as Compared with that in the ETIrs2K0O Mice
Toinvestigate the role of Irs1 expressed in the endothelial cells in
the regulation of insulin-induced glucose uptake by the skeletal
muscle, we generated mice with endothelial-cell-specific Irs1
knockout (ETIrs1KO mice). Although the Irs1 mRNA and protein
levels were almost completely abrogated in the endothelial
cells of the ETIrs1KO mice (Figures 3A and 3B), no significant
differences in the expression levels of Irs2, eNOS, or ET-1
mRNA and protein were observed between the control and
ETlIrs1KO mice (Figures 3A and 3B). No significant difference in
the insulin-stimulated phosphorylation levels of Akt or eNOS
was observed between the control and ETIrs1KO mice (Fig-
ure 3C). Furthermore, no significant differences in the results
of the insulin tolerance test or glucose tolerance test were
observed between the control and ETIrs1KO mice (Figures 3D
and 3E). Consistent with these results, there were also no
significant differences in the results of the hyperinsulinemic-
euglycemic clamp study between the control and ETIrs1KO
mice (Figure 3F).

We next generated mice with endothelial-cell-specific Irs1/
Irs2 double-knockout (ETlrs1/2DKO), in an attempt to elucidate
whether insulin signaling in the endothelial cells might be exclu-
sively mediated by Irs1 and Irs2. Although the Irs1 and Irs2
mRNA and protein levels were almost completely abrogated in
the endothelial cells of the ETIrs1/2DKO mice (Figures 3G and
3H), no significant differences in the mRNA or protein levels of
eNOS and ET-1 were observed between the control and
ETlrs1/2DKO mice (Figures 3G and 3H). The insulin-stimulated
phosphorylation levels of Akt and eNOS were significantly
reduced in the ETIrs1/2DKO mice (Figure 3l). The insulin toler-
ance test revealed that the glucose-lowering effect of insulin
was significantly attenuated in the ETIrs1/2DKO mice (Figure 3J),
and the glucose tolerance test revealed significantly elevated
plasma glucose levels in the ETIrs1/2DKO mice (Figure 3K).
Moreover, the GIR and Rd in the ETIrs1/2DKO mice were signif-
icantly reduced as compared with the values not only in the

control mice but also in the ETIrs2KO mice (Figure 3L). These
data suggest that Irs1 may play a significant role in endothelial
cell insulin signaling, which becomes evident especially when
Irs2 expression is downregulated, such as in the ETIrs2KO and
HF diet-fed mice.

Restoration of Insulin-Induced eNOS Phosphorylation

in the Endothelial Cells Restored Glucose Uptake

by the Skeletal Muscle in the ETIrs2KO Mice

To determine whether restoration of the insulin-induced eNOS
phosphorylation in the endothelial cells might restore the
glucose uptake by the skeletal muscle, we administered bera-
prost sodium (BPS), a stable prostaglandin (PGl), analog (Kainoh
etal., 1991), to the ETIrs2KO mice; this agent has been reported
to increase the expression levels of eNOS mRNA and protein
through the cyclic adenosine monophosphate (CAMP)-, protein
kinase A-, and cAMP-responsive element-mediated pathways
(Niwano et al., 2003). Indeed, this treatment increased the
eNOS mRNA and protein expression levels in the endothelial
cells (Figures 4A and 4B). BPS treatment restored insulin-
induced phosphorylation of eNOS in the BPS-treated ETIrs2KO
mice to a level similar to that observed in the saline-treated
control mice (Figure 4B), despite the absence of any change in
the ratio of phosphorylated eNOS to total eNOS (Figure 4B);
also, no change in the insulin-induced phosphorylation of Akt
was observed in these mice (Figure S3A). The insulin-induced
increase of the capillary blood volume and interstitial concentra-
tions of insulin were restored at 60 and 120 min after insulin
infusion in the hyperinsulinemic-euglycemic clamp study
(Figures 4C and 4D and data not shown) under comparable
plasma insulin concentrations (Figure S3B and data not shown).
The restoration of the insulin-induced increase of the capillary
blood volume by BPS treatment in the ETIrs2KO mice was
completely blocked by administration of the NOS inhibitor, N®-
nitro-_-arginine methyl ester (.-NAME) (Figure 4E), suggesting
that the restoration of the insulin-induced capillary recruitment
by BPS treatment was eNOS dependent. To rule out the possi-
bility that BPS and (-NAME regulated the skeletal muscle
glucose uptake through an eNOS-independent mechanism, we
next administered BPS and [-NAME to eNOS-knockout
(eNOSKO) mice. There were no significant differences in the
insulin-induced increases of the capillary blood volume or inter-
stitial insulin concentrations among the saline-treated, BPS-
treated, and | -NAME-treated eNOSKO mice, either at the basal

Figure 2. Irs2 Deletion in the Endothelial Cells Caused an Insulin Signaling Defect Resulting in a Reduction of the Insulin-Induced Increase of
the Capillary Blood Volume and Interstitial Concentrations of Insulin and, as a Consequence, Impaired Glucose Uptake by the Skeletal

Muscle

(A) Expression levels of Irs1 and Irs2 mRNA in the endothelial cells of the WT, Tie2-Cre, Irs2lox/lox, and ETIrs2KO mice (n = 4-8).

(B) The expression levels of Irs2 in the WAT, liver, and skeletal muscle of the WT, Tie2-Cre, Irs2lox/lox, and ETIrs2KO mice (n = 5-6).

(C) Insulin-stimulated tyrosine phosphorylation levels of IrB, Irs1, and Irs2 in the endothelial cells of the ETIrs2KO mice.

(D) Phosphorylation levels of Akt and eNOS in the endothelial cells of the ETIrs2KO mice (n = 8-12).

(E and F) Capillary blood volume (E) and interstitial insulin levels (F) in the ETIrs2KO mice (n = 3-10).

(G and H) Insulin tolerance test (G) and glucose tolerance test (H) in the ETIrs2KO mice (n = 8-10).

() GIR, EGP, and Rd in the ETIrs2KO mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 3-9).

(J) Glucose uptake by the skeletal muscle in the ETIrs2KO mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 3-9).

(K) Glucose uptake by the isolated skeletal muscle in the ETIrs2KO mice (n = 3).

(L) Phosphorylation levels of Akt (ser473) in the skeletal muscle of the ETIrs2KO mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study
(n = 3-4). “Control” indicates Irs2'/°* 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.

Cell Metabolism 13, 294-307, March 2, 2011 ©2011 Elsevier Inc. 299



Cell Metabolism
Endothelial Insulin Signal and Glucose Metabolism

A Irs1 mRNA Irs2 mRNA eNOS mRNA ET-1 mRNA
212 212} £1.2 £1.2 3 Control
c .l. c c _T_ c e
308} 208} M >o08} 208 M ETkHKD
o 8 o [
8041 F04 04 g04 Endothelial
noe Irs1/B: -:l_ T3 Irs2/Bacti " NOS/Bacti e ET-1/Bacti Zels
rs actin rs actin e actin - actin IP:Irs1
B ,10 s 10— 912 B 208 _J_B IBIrs1
e | _ c | = e - 1P:Irs2 ﬁ '
£0.5 £ 0.5} 206 204 2
[ I g . 8 1B:eNOS amew dgith
3t 3 0} 2 £ IB:ET-1 #ili e
© 0 [} oLl ‘(i 0 E 0 [}actin “
[33 Control METIrs1KO Control ETIrs1KO
D Insulin E Glucose tolerance test
Endothelial cells — tolerance test Blood glucose levels I:Isasma insulin levels
s _ 400 -
Akt —— - - T - g ELOF
i 5 L =]
penos - o . R E E 200 2 )
eNOS S Gaib GIb D
Insulin _ -+ -+ ] S S S — 1) R — — 0
“Control . ETirs1 0_20 40 60 80100120 (Min) 0 30 60 _90 120(min) ~ 0 15 30(min)
KO [~o-Control ==ETirs 1KO | [ -o- Control -e~ETirs1KO |
F GIR
= 80 n.s.
% [ Control
£ 40 METIrs1KO
=
0
G Irs2 mRNA eNOS mRNA ET-1 mRNA
2 2 2 2 [ Control
208 o8t L 20} 2.0}
5 5 5200 1 5 L M ETirs1/2DKO
> = = 2
S04 So4f S1.0p £1.0 i
B 5 s B Endothelial
S 0 ® 0 ———] T 0 ° 0 IPI1t:ells
§ i - i rs 4
H L 06 Irs1/Bactin - Irs2/Bactin - eNOS/Bactin 0.9 ET-1/Bactin [Bire1
2 2 - £ — ] e IPirs2 g
5 5 5 So.6f IB:Irs2
g'o 3t g 0.3 go 6 > IB:eNOS s tp
E |—'-I s £ o3} IB:ET-1 W
o o
s g s 0 i | 5 0 § o Bactin NN W
[ Control M ETIrs1/2DKO] Control ETIrs1/2DKO

_ Glucose tolerance test
| Endothelial cells J Insulin tolerance test K Biood glucose levels ?Igsma insulin levels

oAkt i 180
At - - T 5 s .
peNOS E E' 100F *
. A
eNOS (b aup ap @
Insulin - + -+ 2ol A T S T 0 .
Control _ETIrs1/2 0 20 40 6080100120(min) 0 30 60 90 120(min) 0 15 30(min)
DKO |-o-Control -8~ ETIrs1/2DKO | | -o-Control -e-ETirs1/2DKO |
L GIR - EGP
] 160F
PPl S e Y 8 2 c =5 | I Control (Irs2ewor)
E E 201 E
S 80f ) % gol v EETIrs2KO
) ” > 10b > il [ Control (Irs {lextex/|rs2lextex)
E T E E I ETIrs1/2DKO
0 0 0

Figure 3. In the ETIrs1/2DKO, but Not ETIrs1KO, Mice, the GIR and Rd Were Significantly Reduced as Compared with the Values Seen Not
Only in the Control Mice, But Also in the ETIrs2KO Mice, in Addition to the Impairment of Insulin Signaling in the Endothelial Cells, Whole-
Body Insulin Sensitivity, and Glucose Tolerance

(A and B) Expression levels of Irs1, Irs2, eNOS, or ET-1 mRNA and protein in the endothelial cells of the ETIrs1KO mice (n = 3-6).
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or at 60 min after insulin infusion (Figures S3C and S3D). More-
over, there were no significant differences in the results of the
insulin tolerance or glucose tolerance tests, or in the skeletal
muscle glucose uptake among the three groups (Figures S3E-
S3G). These data strongly suggest that the effects of both BPS
and | -NAME were eNOS dependent. The GIR and Rd were
completely restored in the BPS-treated ETIrs2KO mice at 60
and 120 min after insulin infusion (Figure 4F and data not shown).
We also measured the glucose uptake by the skeletal muscle
after insulin infusion in the hyperinsulinemic—euglycemic' clamp
study. Glucose uptake by the skeletal muscle after insulin infu-
sion was completely restored in the BPS-treated ETIrs2KO
mice (Figure 4G). On the other hand, the glucose uptake by the
isolated skeletal muscle from the BPS-treated ETIrs2KO mice re-
mained essentially unchanged (Figure 4H), indicating the
absence of any significant effect of BPS treatment on the
glucose uptake by the skeletal muscle per se. Consistent with
the results for the interstitial insulin concentrations, the phos-
phorylation levels of IrB, as well as those of Irs1 and Akt, in the
skeletal muscle were also completely restored in the BPS-
treated ETIrs2KO mice at 60 min after insulin infusion into the
inferior vena cava (Figure S3H). These data suggest that restora-
tion of the insulin-induced phosphorylation of eNOS in the endo-
thelial cells also restored the insulin-induced capillary recruit-
ment and increase of the interstitial concentrations of insulin,
consequently restoring the insulin-induced glucose uptake by
the skeletal muscle. Alternatively, there is also the possibility
that concomitant BPS plus insulin treatment activated eNOS
via a pathway independent of the insulin/Irs/Akt pathway, even
though BPS alone had no effect on eNOS phosphorylation. No
significant differences were observed in the food intake, body

—"weight, or weights of the visceral and subcutaneous fat pads

among the three groups (Figure S4A). No significant differences
inthe plasma lipid profile or expression levels of adipokines were
observed either among the three groups (Figures S4B and S4C).
No significant difference in the 2-[°*H]DG uptake by the skeletal
muscle was noted between the saline- and _-NAME-treated
control mice (Figure S4D).

Restoration of Insulin-Induced eNOS Phosphorylation in
the Endothelial Cells Restored the Glucose Uptake by
the Skeletal Muscle in the HF Diet-Fed Mice

Could the restoration of insulin-induced eNOS phosphorylation
in the endothelial cells also ameliorate the impaired glucose
uptake by the skeletal muscle in the HF diet-fed obese mice?
BPS treatment significantly increased the eNOS mRNA (Fig-
ure 5A) and protein (Figure 5B) expression levels. BPS treatment
in the HF diet-fed mice restored insulin-induced phosphorylation
of eNOS to a level similar to that observed in the saline-treated

normal chow-fed mice (Figure 5B), despite the absence of any
change in the ratio of phosphorylated eNOS to total eNOS in
the BPS-treated HF diet-fed mice (Figure 5B); also, no change
in the insulin-induced phosphorylation of Akt was observed in
these mice (Figure S5A). These data suggest that restoration of
the insulin-induced eNOS phosphorylation in the BPS-treated
HF diet-fed mice was not due to improvement of insulin
signaling, but was rather proportional to the protein expression
levels of eNOS. The decreased capillary blood volume and inter-
stitial concentrations of insulin observed in the saline-treated HF
diet-fed mice were restored at 60 and 120 min after insulin infu-
sion in the BPS-treated HF diet-fed mice (Figures 5C and 5D and
data not shown), when the plasma insulin levels were adjusted to
be the same among the three groups (Figure S5B and data not
shown). The restoration of the capillary blood volume by BPS
treatment at 60 min after insulin infusion in the HF diet-fed
mice was completely blocked by  -NAME treatment (Figure 5E).
Consequently, the GIR and Rd at 60 and 120 min after insulin
infusion were significantly, but not completely, restored by
BPS treatment, although the increased EGP remained
unchanged (Figure 5F and data not shown). We also measured
the skeletal muscle glucose uptake after insulin infusion in the
hyperinsulinemic-euglycemic clamp study. Glucose uptake by
the skeletal muscle after insulin infusion was significantly, but
not completely, restored in the BPS-treated HF diet-fed mice
(Figure 5G). On the other hand, the glucose uptake by isolated
skeletal muscle from the HF diet-fed mice treated with BPS re-
mained essentially unchanged (Figure 5H), indicating the
absence of any significant effect of BPS treatment on the
glucose uptake by the skeletal muscle per se. Consistent with
the results for the interstitial insulin concentrations, the insulin-
induced phosphorylation levels of IrB, as well as those of Irs1
and Akt, in the skeletal muscle at 60 min after insulin infusion
into the inferior vena cava were significantly, but not completely,
restored in the BPS-treated HF diet-fed mice (Figure S5C). More-
over, the increase in the blood glucose after glucose loading was
significantly, but not completely, ameliorated during an oral
glucose tolerance test conducted after BPS treatment in the
HF diet-fed mice (Figure S5D). No significant differences in the
food intake, body weight, or weights of the visceral and subcuta-
neous fat pads were noted between the saline- and BPS-treated
HF diet-fed mice (Figure S5E). No significant differences in the
plasma lipid profile or expression levels adipokines were noted
between the saline- and BPS-treated HF diet-fed mice (Figures
S5F and S5G). Taken together, restoration of insulin-induced
eNOS activation in the endothelial cells restored the insulin-
induced capillary recruitment and interstitial insulin concentra-
tions, resulting in improvement of the skeletal muscle glucose
uptake in the HF diet-fed obese mice.

(C) Insulin-stimulated phosphorylation levels of Akt and eNOS in the endothelial cells of the ETIrs1KO mice (n = 3-5).

(D and E) Insulin tolerance test (D) and glucose tolerance test (E) in the ETIrs1KO mice (n = 6).

(F) GIR, EGP, and Rd in the ETIrs1KO mice during the hyperinsulinemic-euglycemic clamp study (n = 6-8).

(G and H) Expression levels of Irs1, Irs2, eNOS, and ET-1 mRNA and protein in the endothelial cells of the ETlrs1/2DKO mice (n=3-6).

(I) Insulin-stimulated phosphorylation levels of Akt and eNOS in the endothelial cells of the ETIrs1/2DKO mice (n = 5-6).

(J and K) Insulin tolerance test (J) and glucose tolerance test (K) in the ETirs1/2DKO mice (n = 8-9).

(L) GIR, EGP, and Rd in the ETlrs1/2DKO mice during the hyperinsulinemic-euglycemic clamp study (n = 5-10). “Control” of ETIrs1KO mice indicates Irs1'o/ex
mice; “Control” ETIrs1/2DKO mice indicates Irs1'*/1%/Irs2/°°* mice. Where error bars are shown, the results represent the means = SEM. *p < 0.05, **p < 0.01,

“4p < 0.001.

Cell Metabolism 13, 294-307, March 2, 2011 ©2011 Elsevier Inc. 301



Cell Metabolism

Endothelial Insulin Signal and Glucose Metabolism

A eNOS mRNA
2 —t—
S 161 [ Control+saline
e B ETIrs2KO+saline
% 0.8f I ETIrs2KO+BPS
= L[
0
eNOS/Bactin eNOS/Bactin eNOS/eNOS
B Endothelial cells pore= B - B¢ g P
peNOS - S B M T O'Sr g 16 '_L‘ g 0.8
ENOS e G win s Was Wi ; ; >
Bactin eemrenpemeseweas S 0.4/ Sos S04
Insulin -+ - + - 4+ B B I"'Iﬂ.l 2
© © «©
Control ETIrs2KO ETIrs2KO 0! 0
tsaline +saline  +BPS  nsulin - + - + - + Insuhn -+ + Insulin- + - + - 4+
[ Control+saline Il ETIrs2KO+saline [J ETIrs2KO+BPS
Cc 8 Capillary blood volume D, Interstitial insulin levels
>6L T . ey [ Control ’ 1 ) [ Control
i +saline +saline
84} METIs2k0| Eos M ETIrs2KO
£ +saline 2 +saline
8ol [JETIrs2KO [ ETIrs2K0
2 +BPS |_L| - +BPS
0 0
Basal 60min Basal 60min
F
E Capillary blood volume 120
£ 80
2
8 B
%‘ 2 40
5 0
<E> Basal 60min
g4 EGP Rd
2 160
* *
c 40F k= r———
£ &
0 S5 D80k
% 20 ié}
Control gy ETIrs2KO—ETIrs2KOP Control. g EThs2KO ey STE32C E 0
O <aine M saine L1 +8ps  Elwonave B vave E2 BPS - —_—
Basal 60min Basal 60min
[ Controt+saiine I ETirs2KO+saline [ ETirs2KO+BPS
G 2-DG uptake H
During hyperinsulinemic- 2-DG uptake
euglycemic clamp (1solated skeletal muscle)
6.0 ety sof —Ds._ NS,
n.s. n.s.
E 40 [ Control+saline E 40 [ Control+saline
5" M ETIrs2KO+saline %’ M ETIrs2KO+saline
gz.o [ ETirs2KO+BPS E20f l—l |"'| [ ETIrs2KO+BPS
0 0
Basal 60min Insulin - + - + - +

Figure 4. Restoration of the Insulin-induced Phosphorylation of eNOS in the Endothelial Cells Restored the Insulin-induced Increase of the
Capillary Blood Volume and Interstitial Concentrations of Insulin; as a Consequence, the Insulin-Induced Glucose Uptake by the Skeletal
Muscle Was Also Restored in the ETIrs2KO Mice
(A-D) eNOS mRNA levels (A), insulin-stimulated phosphorylation level of eNOS (B), capillary blood volume (C), and interstitial insulin concentrations (D) in the
BPS-treated ETIrs2KO mice (n = 5-8).
(E) Capillary blood volume in the BPS-treated ETIrs2KO mice following . -NAME treatment (n = 4-6).
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DISCUSSION

In this study, we demonstrated that endothelial insulin signaling
is also significantly impaired in HF diet-fed mice, as in the other
target organs of insulin, such as the liver and skeletal muscle.
Moreover, insulin-induced capillary recruitment, increase of
interstitial insulin concentrations, and glucose uptake were
also significantly decreased in the skeletal muscle, all of which
were reversed by restoration of the insulin-induced phospholyra-
tion of eNOS in the endothelial cells. These data suggest that
impaired insulin signaling in the endothelial cells, with reduction
of Irs2 expression and insulin-induced eNOS phosphorylation,
reduces insulin-induced glucose uptake by the skeletal muscle
via, at least in part, decreased capillary recruitment and
decreased interstitial insulin concentrations in the skeletal
muscle. In fact, an insulin signaling defect induced by Irs2 dele-
tion from the endothelial cells caused impaired insulin-induced
glucose uptake by the skeletal muscle, along with attenuation
of the insulin-induced capillary recruitment and increase of inter-
stitial insulin concentrations.

Based on these data, we provide insight into the mechanism of
insulin resistance in the skeletal muscle (Figure 6). Since the
plasma insulin levels of lean subjects are low, and the expression
levels of Irs2 in their endothelial cells are presumably maintained
under the fasting condition, insulin-mediated Akt and eNOS
activations are induced optimally after feeding, resulting in
insulin-induced capillary recruitment, increase of interstitial
insulin concentrations, and increase of glucose uptake by the
skeletal muscle. By contrast, since downregulation of Irs2
expression is probably induced by hyperinsulinemia in the endo-
thelial cells of obese subjects, the insulin-mediated Akt and
eNOS activations after feeding are inadequate, and as a result,
insulin-induced capillary recruitment, increase of interstitial
insulin concentrations, and increase of glucose uptake by the
skeletal muscle are impaired in obese subjects. This insight
into the mechanism also sheds light on the physiological roles
of Irs2 in the endothelial cells. Expression of a sufficient amount
of Irs2 in the endothelial cells appears to be critical to normal
glucose homeostasis. When Irs2 expression is abundant in the
fasting state, adequate glucose uptake by the skeletal muscle
is induced and the elevated glucose levels return to within the
normal range after feeding. However, when Irs2 expression in
the endothelial cells is reduced in the fasting state in the pres-
ence of hyperinsulinemia with insulin resistance, insulin signaling
is impaired, and the elevated glucose levels after feeding fail to
decrease efficiently, and in fact, the ETIrs2KO mice actually ex-
hibited glucose intolerance in the glucose tolerance test
(Figure 2H).

Insulin normally induces both vasorelaxation and vasocon-
striction: insulin-induced vasorelaxation is mediated by the Irs-
PI3K-Akt pathway increasing endothelial NO production, and
insulin-induced vasoconstriction is mainly mediated by the
Shc/SOS/Ras-MAPK  pathway inducing ET-1 expression

(Muniyappa and Quon, 2007). While insulin-induced eNOS acti-
vation was significantly decreased in the endothelial cells of both
the ETIrs2KO and ETlIrs1/2DKO mice (Figures 2D and 3l), the
ET-1 expressions remained unchanged in both models in this
study, indicating that insulin signaling was selectively impaired
in the endothelial cells of these mice (Figures 3G and 3H; Figures
S2A and S2B). This selective insulin signaling defect appears to
be critical to the impairment of the insulin-induced glucose
uptake by the skeletal muscle. In fact, endothelial-cell-specific
insulin receptor-knockout (VENIRKO) mice, in which both the
Irs-PI3K-Akt-eNOS and Shc/SOS/Ras-MAPK-ET-1pathways
are disrupted, do not exhibit skeletal muscle insulin resistance
(Vicent et al., 2003). Moreover, King et al. demonstrated that
while the MAPK activity in the microvessels of obese Zucker
rats remained unchanged, the Irs1 protein and Irs1-associated
Pi3kinase activity were modestly reduced, and the Irs2 protein
and Irs2-associated PI3kinase activity were reduced even
further (Jiang et al., 1999). Furthermore, VENIRKO mice devel-
oped insulin resistance when fed either low- or high-salt diets.
These data suggest that the Irs-PI3K-Akt pathway may be
more susceptible to the adverse effects of conditions such as
obesity and dietary salt intake.

ETIrs2KO mice showed glucose intolerance, insulin resis-
tance, and impaired glucose uptake by the skeletal muscle
in vivo (Figures 2G-2J), despite the skeletal muscle per se not
showing impaired insulin-induced glucose uptake (Figure 2K).
In contrast, although myocyte-specific insulin receptor-
knockout mice exhibited impaired glucose uptake by the skeletal
muscle per se, as glucose uptake by insulin was decreased in the
isolated skeletal muscle, the glucose tolerance and insulin sensi-
tivity were almost normal in vivo (Briining et al., 1998). Why did
the ETIrs2KO, but not MIRKO, mice show skeletal muscle insulin
resistance in vivo? It has been reported that there are mainly two
different pathways of physiological glucose uptake by the skel-
etal muscle: one mediated in an insulin-dependent manner,
such as after a meal, and the other in an insulin-independent
manner, such as during exercise (Clark, 2008). Considering the
phenotype of the MIRKO mice, the glucose uptake in the
myocytes showing defective expression of the insulin receptor
throughout growth and development may be largely compen-
sated for by insulin-receptor-independent glucose uptake
mechanisms. There may be little such compensatory mecha-
nisms for glucose uptake in the ETIrs2KO mice, which show
adequate expression of the insulin receptor in the skeletal
muscle. Consequently, these mice may exhibit impairment of
insulin-induced glucose uptake by the skeletal muscle, unlike
the MIRKO mice.

To what degree is the impaired insulin delivery induced by the
endothelial insulin signaling defect involved in the skeletal
muscle insulin resistance in obesity and type 2 diabetes?
Glucose uptake by the skeletal muscle was restored by 50%
or more with improvement of the endothelial insulin signaling
and insulin delivery in HF diet-fed mice (Figures 5B and 5G).

(F) GIR, EGP, and Rd in the BPS-treated ETIrs2KO mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 4-8).
(G) Glucose uptake by the skeletal muscle in the BPS-treated ETIrs2KO mice after insulin infusion in the hyperinsulinemic-euglycemic clamp study (n = 4-8).
(H) Glucose uptake by the isolated skeletal muscle in the BPS-treated ETIrs2KO mice (n = 3-6). “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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