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APPL1 Counteracts Obesity-Induced Vascular Insulin
Resistance and Endothelial Dysfunction by Modulating
the Endothelial Production of Nitric Oxide and

Endothelin-1 in Mice
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OBJECTIVE—Insulin stimulates both nitric oxide (NO)-dependent
vasodilation and endothelin-1 (ET-1)-dependent vasoconstriction.
However, the cellular mechanisms that control the dual vascular
effects of insulin remain unclear. This study aimed to investigate
the roles of the multidomain adaptor protein APPL1 in modulating
vascular actions of insulin in mice and in endothelial cells.

RESEARCH DESIGN AND METHODS—Both APPL1 knock-
out mice and APPL1 transgenic mice were generated to evaluate
APPL1’s physiological roles in regulating vascular reactivity and
insulin signaling in endothelial cells.

RESULTS—Insulin potently induced NO-dependent relaxations
in mesenteric arteries of 8-week-old mice, whereas this effect of
insulin was progressively impaired with ageing or upon develop-
ment of obesity induced by high-fat diet. Transgenic expression of
APPLI prevented age- and obesity-induced impairment in insulin-
induced vasodilation and reversed obesity-induced augmentation
in insulin-evoked ET-1-dependent vasoconstriction. By contrast,
genetic disruption of APPL1 shifted the effects of insulin from
vasodilation to vasoconstriction. At the molecular level, insulin-
elicited activation of protein kinase B (Akt) and endothelial NO
synthase and production of NO were enhanced in APPL1 trans-
genic mice but were abrogated in APPL1 knockout mice. Con-
versely, insulin-induced extracellular signal-related kinase (ERK)
1/2 phosphorylation and ET-1 expression was augmented in APPL1
knockout mice but was diminished in APPL1 transgenic mice. In
endothelial cells, APPL1 potentiated insulin-stimulated Akt activa-
tion by competing with the Akt inhibitor Tribbles 3 (TRB3) and
suppressed ERK1/2 signaling by altering the phosphorylation sta-
tus of its upstream kinase Raf-1.

CONCLUSIONS—APPLI plays a key role in coordinating the
vasodilator and vasoconstrictor effects of insulin by modulating
Akt-dependent NO production and ERK1/2-mediated ET-1 secre-
tion in the endothelium. Diabetes 60:3044-3054, 2011
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nsulin is not only a principal regulator of glucose

homeostasis but also a vasoactive hormone involved

in modulation of vascular tone (1). In the vascula-

ture, insulin exerts both vasodilator and vasocon-
strictor effects by promoting the endothelial production of
nitric oxide (NO) and the release of endothelin-1 (ET-1)
(2). Insulin-stimulated NO production in endothelial cells
is mediated by the phosphatidylinositol 3-kinase (PI 3-K)/
protein kinase B (Akt) signaling cascade, which in turn
phosphorylates and activates endothelial NO synthase
(eNOS) (3). On the other hand, insulin-induced expression
and secretion of the vasoconstrictor ET-1 is mediated by the
extracellular signal-regulated kinase (ERK)1/2 mitogen-
activated protein kinase (MAPK) signaling pathway in vas-
cular endothelium (4). Activation of ERK1/2 increases both
mRNA expression and secretion of ET-1 in endothelial cells
(3). The balanced endothelial production of NO and ET-1 is
critical in maintaining both metabolic and hemodynamic
homeostasis under the healthy condition (1).

Vascular insulin resistance, manifested by impaired va-
sodilator effects and augmented vasoconstrictor actions of
insulin, is a key phenomenon linking obesity, diabetes, and
cardiovascular disease (5,6). In insulin-resistant states
such as ageing and obesity, insulin-induced activation of PI
3-K/Akt signaling is selectively impaired, whereas the
MAPK pathway is preserved or augmented (7). Endothelial
dysfunction is not only a well-established antecedent of
hypertension and atherosclerosis but also an important
contributor to metabolic insulin resistance by reducing the
capillary recruitment and blood flow in skeletal muscle (1).
The existence of the vicious cycle between insulin resistance
and endothelial dysfunction in the development of diabetes
and cardiovascular disease has been documented in both
animal studies (8) and clinical investigations (1,9). There-
fore, therapeutic interventions that switch the vasoconstric-
tor action of insulin to its vasodilator effect may represent an
effective strategy for treating both insulin resistance and
endothelial dysfunction (5). However, the cellular pathways
that control the balance between insulin-evoked NO pro-
duction and ET-1 release remain poorly characterized.

APPLI, an adaptor protein containing an NH,-terminal
Bin/Amphiphysin/Rvs domain, a central pleckstrin homol-
ogy domain, and a COOH-terminal phosphotyrosine-binding
domain was originally identified as an interacting partner
of Akt in a yeast two-hybrid assay using Akt2 as bait (10).
Several studies demonstrate an important role of APPL1
in mediating the metabolic actions of insulin, including
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stimulation of glucose uptake in muscle (11) and adipocytes
(12) and inhibition of gluconeogenesis in hepatocytes (13).
Furthermore, APPLI is an essential signaling component of
the insulin sensitizer adiponectin by its direct interaction
with adiponectin receptors (14). In endothelial cells, APPL1
potentiates adiponectin-induced NO production by activa-
tion of AMP-activated protein kinase (AMPK) and eNOS
(14) and is also required for adiponectin-mediated inhibition
of cell apoptosis (15). Decreased APPL1 expression and
impaired adiponectin-stimulated NO-dependent relaxations
have been observed in mesenteric arteries of both db/db
obese/diabetic mice (14) and Zucker diabetic fatty rats (16).

Although the aforementioned findings suggest a possible
role of APPL1 in mediating NO production in endothelial
cells, its physiological function in the vasculature has not
been explored. Here we investigated the role of APPL1 in
the vasoactive actions of insulin in both APPL1 transgenic
(APPL1-Tg) and knockout (KO) mice and also determined
the molecular basis whereby APPL1 modulates insulin sig-
naling pathways in endothelial cells.

RESEARCH DESIGN AND METHODS

Generation and maintenance of APPL1-Tg and KO mice. The cDNA encoding
human APPL1 was cloned into pPCAGGS vector, which consists of cytomegalovirus
immediate early promoter and chicken B-actin promoter (17). The DNA fragment
consisting of cytomegalovirus immediate early—B-actin promoter, APPL1 cDNA,
and B-actin polyA was microinjected into F1 embryos (C57BL/6xCBA). APPL1-Tg
mice were screened by PCR analysis of genomic DNA using B-actin promoter—
specific oligonucleotides and human APPL1-specific oligonucleotides. The results
reported here are comparable between mice from three founders with different
levels of human APPLI1 transgenic expression.

The APPLI1 KO targeting vector was constructed from genomic DNA fragment
derived from a C57BL/6 genomic bacterial artificial chromosome clone. The
targeting vector, the left (4.7 kb) and right (4.2 kb) arms encompassing intron 17
and exon 19-21 of the APPL1 gene, respectively, were inserted into the ABRLFn-
PpBR32 vector. The linearized APPL1 KO targeting vector was electroporated into
CJ7 (129SV/J) embryonic stem cells. The targeted clones were identified by PCR
analysis. Correctly targeted embryonic stem cell clones were microinjected into
blastocysts of C57 BL/6 J to generate chimeras that were then crossed onto
a Ch7 BL/6 J genetic background. The offspring were screened by PCR analysis
of genomic DNA using APPL1 wild type (WT)-specific primers and APPL1 KO-
specific primers, respectively. APPL1 KO mice were generated by Shanghai
Nanfang Research Center for Model Organisms.

Both APPL1-Tg and KO mice were crossed into a C57BL/6 background for at
least six generations before use. All animal experimental protocols were ap-
proved by the animal ethics committee of the University of Hong Kong. The
mice were housed in a room under controlled temperature (23 * 1°C) with free
access to water and standard chow diet (STD; 20% kcal protein, 10% kcal fat,
and 70% kcal carbohydrates) or high-fat diet (HFD; Research Diet, 20% kcal
protein, 45% kcal fat, and 35% kcal carbohydrates), respectively.

Isometric tension measurement. Mesenteric arteries were isolated from mice
as described (14) and cut into rings. In certain preparations, the endothelium
was removed by gentle mechanical abrasion. After obtaining a sustained and
comparable contraction induced by 10 pmol/LL U46619, the functional integrity
of endothelium was assessed by recording the relaxation to 10 wmol/L acetyl-
choline. Endothelium-dependent and -independent relaxations were determined
with acetylcholine and sodium nitroprusside, respectively. Vascular responses to
insulin in arteries were studied by exposing mesenteric arterial segments to six
concentrations of insulin (0.001, 0.01, 0.1, 1, 10,100, and 1,000 nmoV/L), and the
resulting changes in isometric tension were recorded during 10 min after each
concentration.

Cell culture, transfection, quantification of NO, and ET-1 release in
endothelial cells. Human umbilical vein endothelial cells (HUVECs) at pas-
sages 4-8 were cultured on gelatin-coated flasks and transfected with either
a plasmid encoding HA-tagged Akt2 or small interfering RNA (siRNA) specific to
human APPL1 or scramble control as previously described (13). At 40 h after
transfection, cells were serum-starved for 6 h and treated with different con-
centrations of insulin for various periods as specified in each figure legend. NO
release was determined by measurement of nitrite (NO, ) and nitrate (NO3™)
levels using a Sievers NO analyzer (Boulder, CO) as previously described (14).
ET-1 concentration in the conditioned medium was quantified by commercial
ELISA kits from R&D Systems (Minneapolis, MN) (18).
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Quantitative real-time PCR. Total RNA were isolated from small mesentric
arteries using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). For reverse transcription, 0.5 pg total RNA was
converted into first-strand complementary DNA in 20 pnL reactions using the
ImProm-II Reverse Transcriptase kit (Promega, Madison, WI). Quantitative
real-time PCR was performed as previously described (13), and the relative
abundance of the genes was normalized against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Specific primers used for mouse ET-1 and GAPDH
are described in Supplementary Table 1.

Statistical analysis. Relaxations are expressed as the decrease in tension in
percentage of the contraction to U46619. The results were expressed as means *+
SE. Statistical significance was determined by one-way ANOVA or Student ¢ test.
In all statistical comparisons, P values <0.05 were considered statistically sig-
nificant differences.

RESULTS

Transgenic expression of APPL1 selectively potentiates
insulin-induced endothelium-dependent relaxations in
mesenteric arteries. In both mice and rats with obesity,
APPL1 expression in mesenteric arteries is reduced
(14,16). To investigate the physiological roles of APPL1 in
modulating vascular reactivity, we generated transgenic
mice with overexpression of FLAG-tagged human APPL1
(APPL1-Tg) under control of the B-actin promoter (Fig. 1A).
Transgenic expression of human APPL1 in mesenteric
arteries was confirmed by PCR (Fig. 1B) and Western
blot analysis (Fig. 1C). In APPL1-Tg mice, APPL1 pro-
tein level in mesenteric arteries was ~2.5-fold higher
than in that in WT littermates. A similar expression pattern
was also observed in carotid arteries and aorta (data not
shown).

In 8-week-old WT mice, insulin induced a dose-dependent
relaxation of mesenteric arteries (Fig. 1D), and trans-
genic expression of APPL1 potentiated the sensitivity of
insulin in inducing vasorelaxation. During contractions to
the prostaglandin H2 analog U46619, the magnitude of re-
laxation to physiological concentrations of insulin was sig-
nificantly greater in preparations from APPL1-Tg mice than
from age-matched WT mice (1 nmol/L insulin: 44.6 = 5.9% vs.
28.3 £ 3.7%, P < 0.05; 10 nmol/L insulin: 66.7 = 5.8% vs.
54.1 = 6.7%, P < 0.05). The EC50 value of insulin in APPLI-
Tg mice was significantly lower than that in WT littermates
(1.9 = 04 vs. 8.1 = 1.2 nmol/L,, P < 0.01). However, the
maximal relaxation response to the supraphysiological
dose of insulin was comparable between these two groups
of mice. The insulin-induced relaxation was abolished
by the removal of the endothelium in rings of both APPL1-
Tg and WT mice (Fig. 1£). Furthermore, the insulin-induced
relaxation was attenuated significantly and to a compara-
ble level in preparations of both types of mice by incu-
bation with inhibitors of NOS (1-N “-nitro-L-arginine methyl
ester [.-NAME; 100 pmol/L]), Akt (Akt-I-1 [5 wmol/L]), or PI
3-K (LY294002 [5 pmol/L]), suggesting that transgenic ex-
pression of APPL1 potentiates insulin-evoked relaxation by
activating the PI 3-K/Akt/eNOS signaling cascade. On the
other hand, endothelium-dependent relaxations to acetyl-
choline and bradykinin and endothelium-independent
relaxation to sodium nitroprusside were not significantly
different in preparations of APPL1-Tg and WT mice (Sup-
plementary Fig. 1), suggesting that APPL1 selectively poten-
tiates insulin-induced endothelium-dependent relaxation of
mouse arteries.

APPL1 counteracts obesity-associated impairment in
insulin-evoked relaxations in mesenteric arteries. To
further investigate the role of APPL1 in modulating vas-
cular tone under pathological conditions, both APPL1-Tg
mice and their WT littermates were fed HFD to induce
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FIG. 1. Effects of transgenic expression of APPL1 on insulin-induced relaxation in mouse arteries. A: Schematic diagram of the transgenic con-
struct. Shown is cDNA encoding FLAG-tagged full-length human APPL1 under the control of CMV-$-actin promoter. CMV, cytomegalovirus. B:
Confirmation of the APPL1 transgenic expression by PCR using genomic DNA as a template. M, DNA marker. C: Western blot analysis to detect
APPL1 expression using anti-APPL1 or anti-FLAG antibody. D: Relaxations to increasing concentrations of insulin in mesenteric arterial rings
from 8-week-old APPL1-Tg and WT during U46619-induced contractions. Data are expressed as percentage of the contraction to U46619. EC,
endothelium. E: Effects of the PI 3-K inhibitor LY294002 (5 pmol/L), the Akt inhibitor Akt-I-1 (5 pmol/L), the NOS inhibitor .-NAME (100 pmoV/L),
and removal of EC on insulin-induced relaxations of mesenteric arteries from both APPL1-Tg and WT littermates fed STD. Data are shown as area

under the curve (AUC). *P < 0.05, **P < 0.01 (n = 6-8).

obesity. Mice were killed after 8, 12, or 16 weeks of feeding
with the diet. HFD induced a similar degree of body weight
gain in APPL1-Tg mice and WT mice (data not shown). In
WT mice, HFD resulted in a progressive impairment in
insulin-evoked relaxation (Fig. 2). In 8- and 12-week-old
WT mice, relaxations to insulin (100 nmol/L) were 71.6 *=
3.43% and 65.69 = 2.77%, respectively, when fed STD but
declined to 37.1 = 13.8% and 23.7 = 2.9% when fed HFD
(Fig. 2A and B). In 16-week-old WT mice, insulin (100
nmol/L) induced relaxation under STD (562.2 = 2.47%) but
evoked contractions under HFD (—8.95 + 3.07%) (Fig. 2C).
The transgenic expression of APPL1 prevented the HFD-
induced impairment in insulin-induced relaxation. In age-
matched APPL1-Tg mice fed an HFD, the vasoconstrictor
effect of insulin observed in 16-week-old WT mice was
reversed to a relaxation (Fig. 2D).

Transgenic expression of APPL1 prevents insulin-
induced ET-1-dependent vasoconstriction in HFD-fed
obese mice. In obesity, insulin promotes vasoconstriction by
stimulating the release of ET-1 (19,20). We next investigated
the impact of APPL1 overexpression on insulin-stimulated
ET-1 expression and vasoconstriction in mice on HFD.
Treatment of mesenteric arteries of 16-week-old WT mice on
HFD with either the ERK1/2 inhibitor PD98059 (5 wmol/L) or
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the endothelin type a (ET-1A) receptor antagonist BQ123
(1 pmol/L) blocked insulin-elicited contractions and re-
stored insulin-evoked relaxations (Fig. 34), confirming that
the insulin-induced vasoconstriction was mediated by ET-1
through ERK1/2 activation. In both APPL1-Tg mice and WT
littermates on STD, .-NAME (100 pmol/L for 30 min) in-
hibited the relaxations to insulin (Fig. 3B). Treatment of
mesenteric arteries with I-NAME potentiated insulin-elicited
contractions in arteries of 16-week-old WT mice on HFD
(Fig. 3B). By contrast, .-NAME blocked insulin-induced
relaxations but did not unmask contractions to 100 nmol/L
insulin in preparations of age-matched APPL1-Tg mice on
HFD. These findings suggest that although the NO-mediated
relaxation effects were inhibited by 1-NAME, insulin-
stimulated ET-1 production may not be abundant enough
to induce vasoconstriction under STD.

Quantitative real-time PCR analysis demonstrated that
the expression level of ET-1 in mesenteric arteries was
comparable between APPL1-Tg mice and WT littermates
on STD (Fig. 3C). Insulin stimulation caused a modest but
not significant increase in ET-1 expression in both types of
mice. When WT mice were fed HFD, both the basal and
insulin-stimulated ET-1 expression levels in their mesen-
teric arteries were significantly elevated (by 1.5-fold and
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FIG. 2. Transgenic expression of APPL1 counteracts dietary obesity—induced vascular insulin resistance. A-C: Concentration-dependent relaxations
to insulin in mesenteric arteries isolated from APPL1-Tg mice and their WT littermates fed either STD or HFD at age of 8, 12, and 16 weeks. D: Data
are shown as area under the curve (AUC). *P < 0.05; **P < 0.01 (n = 6-8).

2.7-fold, respectively) when compared with WT prepara-
tions on STD. By contrast, APPL1-Tg mice were resistant
to HFD-induced elevation in ET-1 expression both under
basal conditions and after insulin stimulation.

Transgenic expression of APPL1 potentiates insulin-
stimulated Akt/eNOS signaling and suppresses ERK1/2
MAPK activation in mice with dietary obesity. In en-
dothelial cells, insulin-evoked production of NO and ET-1 is
mediated by the Akt/eNOS and the ERK1/2 MAPK signaling
cascades, respectively (3,4). To investigate the impact of
APPLI1 on these two signaling pathways, mesenteric arteries
isolated from 16-week-old WT and APPL1-Tg mice on either
STD or HFD were exposed to vehicle or 20 nmol/L insulin
for 10 min and collected for Western blotting (Fig. 4). The
basal levels of eNOS phosphorylation at Ser'’”” and Akt
at Thr’® were similar between WT mice and APPL1-Tg mice
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on either STD or HFD. Insulin caused an increase in
phosphorylation of both eNOS at Ser''”” and Akt at Thr>*® in
arteries of WT mice, and this stimulatory effect of the hor-
mone was enhanced significantly in preparations of APPL1-Tg
mice (Fig. 4B and C). The insulin-induced phosphoryla-
tion of both eNOS and Akt was significantly impaired in
arteries of WT mice on HFD. The HFD-induced impairment
in insulin-stimulated phosphorylation of Akt and eNOS was
prevented by the transgenic expression of APPLI.

The basal levels of ERK1/2 phosphorylation were compa-
rable in preparations of APPL1-Tg mice and WT littermates
on STD. When WT mice were fed with HFD for 16 weeks,
both basal and insulin-stimulated phosphorylation of ERK1/2
were significantly higher in their arteries than in those of
mice on STD. By contrast, there was no significant difference
in either basal or insulin-stimulated ERK1/2 phosphorylation
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FIG. 3. The insulin-induced ET-1-dependent contraction is suppressed in
APPL1-Tg mice on HFD. A: Effect of insulin in mesenteric arteries of 16-
week-old WT mice on HFD in the presence of the ERK1/2 inhibitor PD98059
(5 pmoV/L) or the ET-1A receptor antagonist BQ123 (1 pmoV/L). Data are
expressed as percentage of the contraction to U46619. B: Effect of insulin
in mesenteric arteries of 16-week-old APPL1-Tg and WT mice fed HFD or
STD in the presence of L-NAME (100 pmol/L). Data are shown as area
under the curve (AUC). C: The mRNA levels of ET-1 in mesenteric arteries
from 16-week-old APPL1-Tg and WT mice fed STD or HFD were quantified
by real-time quantitative-PCR and normalized against GAPDH. *P < 0.05,
#*#P < 0.01 (n = 5-8).
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between preparations of APPL1-Tg mice on either HFD
or STD, suggesting that transgenic expression of APPL1
counteracts HFD-induced augmentation of ERK1/2 MAPK
signaling pathway in mesenteric arteries.

Genetic disruption of the APPL1 gene aggravates
endothelial dysfunction and hypertension in mice. To
investigate whether APPL1 is an indispensible regulator of
insulin actions in the vasculature, we generated APPL1 KO
mice by targeted disruption of the APPL1 gene at exon
17-18 (Supplementary Fig. 24). PCR analysis was used to
genotype mutant mice (Supplementary Fig. 2B). Western
blotting confirmed the absence of APPL1 protein expression
in APPL1 KO mice (Supplementary Fig. 2C). The relaxation
of mesenteric arteries of APPL1 KO mice to insulin were
impaired significantly compared with age-matched WT
preparations, even when they were fed STD (Fig. 5A and B).
The maximal relaxation to 100 nmol/L insulin in APPL1 KO
and WT arteries was, respectively, 36.3 = 5.8% and 71.6 =
3.43% (P < 0.01) at the age of 8 weeks and 28.7 = 7.7% and
56.8 = 3.13% (P < 0.05) at the age of 16 weeks. In the
presence of .-NAME, 100 nmol/L insulin caused a modest
contraction in arteries of APPL1 KO mice even when they
were fed STD (Fig. 5C). When fed HFD, the insulin-elicited
increase in tension was significantly stronger in preparations
of APPL1 KO than that in those of WT littermates (Fig. 5C).
With both STD and HFD, the magnitude of insulin-induced
increase in ET-1 expression in APPL1 KO was significantly
higher than that in WT arteries (Fig. 5D). APPL1 KO mice
exhibited significantly elevated systolic blood pressure when
the mice aged beyond 16 weeks (data not shown). In 20-week-
old APPL1 KO mice fed with HFD, systolic blood pressure
was 10.56% higher than age-matched WT littermates. Western
blotting analysis demonstrated that insulin-stimulated
phosphorylation of eNOS at Ser''”” and Akt at Thr’*® in
mesenteric arteries of APPL1 KO mice was significantly
blunted compared with WT controls (Supplementary Fig. 3).
By contrast, insulin-stimulated ERK1/2 phosphorylation was
elevated in arteries of APPL1 KO mice.

APPL1 exerts opposite effects on insulin-induced Akt/
eNOS and ERK1/2 MAPK signaling cascades in cultured
human endothelial cells. Consistent with the above find-
ings in APPL1 KO mice, insulin-induced phosphorylation
of Akt at Thr**® and that of eNOS at Ser'!”” was significantly
decreased by siRNA-mediated knockdown of APPLI1 in
HUVECs (Fig. 6A—C). Insulin-induced elevation in endothelial
NO production was also reduced by siRNA-mediated suppres-
sion of APPL1 expression (Fig. 6D). These changes were ac-
companied by an elevated interaction between Akt and its
endogenous inhibitor Tribbles 3 (TRB3) (21), as determined
by coimmunoprecipitation analysis (Fig. 6F).

In contrast to the changes in the Akt/eNOS signal-
ing, siRNA-mediated suppression of APPL1 expression
in HUVECs resulted in a significant elevation in insulin-
induced phosphorylation of ERK1/2 MAPK at Thr?%/Tyr**
and an increase in phosphorylation of the mitogen-activated
protein kinase kinase (MEK1/2) at Ser®!”/Ser®*! (Fig. 7A
and B). Further analysis of the upstream signaling events
of MEK1/2 showed that knockdown of APPL1 expression
caused a significant elevation in insulin-induced phosphor-
ylation of Raf-1 at its activation site Ser®® (Fig. 7C) but an
attenuated phosphorylation of Raf-1 at its inhibitory site
Ser®® (Fig. 7D). On the other hand, suppression of APPL1
expression had no effect on the insulin-induced increase
in activated, guanosine-5-triphosphate (GTP)-bound Ras,
an upstream activator of Raf-1 (data not shown). In parallel
with the changes in ERK1/2 MAPK signaling, insulin-induced
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FIG. 4. Opposite effects of APPL1 on insulin-evoked Akt/eNOS signaling and ERK1/2 activation in mesenteric arteries. Arteries isolated from
16-week-old WT and APPL1-Tg mice on STD or HFD were treated with vehicle or insulin (20 nmol/L). A: Total tissue lysates were subjected to
immunoblotting using the antibodies against total or phospho-Akt (Thr3%®), total or phospho-eNOS (Ser''?"), and total or phospho-ERK1/2 (Thr?°%/
Tyr?%"), as specified. The ratio of p-Akt/t-Akt (B), p-eNOS/t-eNOS (C), and p-ERK/t-ERK (D) were quantified by densitometry and are expressed as
fold changes relative to the basal levels observed in preparations of WT mice on STD. T, total; p, phosphorylated. *P < 0.05, **P < 0.01 (n = 5-7).

secretion of ET-1 in HUVECs was significantly increased
by knockdown of APPLI1 expression (Fig. 7F). Taken to-
gether, these findings suggest that APPL1 modulates insulin-
induced ERK1/2 MAPK signaling and ET-1 production by
altering the phosphorylation of Raf-1.

DISCUSSION

APPLL1 in the control of vasodilator and vasoconstrictor
effects of insulin. Vascular actions of insulin play an
important role in maintaining both hemodynamic and
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metabolic homeostasis under healthy conditions. In
insulin-resistant states, the selective impairment in the
PI 3-K/Akt/eNOS pathway and the augmented ERK1/2
signaling cascade in vascular endothelium lead to de-
creased NO availability and enhanced ET-1 production,
thereby tilting the balance between the vasodilator and
vasoconstrictor actions of insulin toward endothelial
dysfunction and hypertension (6). However, the cellu-
lar mechanisms that regulate the balance of the two
major branches of insulin-induced signaling pathways

DIABETES, VOL. 60, NOVEMBER 2011 3049



APPL1 AND INSULIN SIGNALING IN ENDOTHELIAL CELLS

>

©e o 8-week, WT —*— 16-week, WT
---m--- 8-week, KO —=— 16-Week, KO

B

2 0] 1407 ey VT
S 107 = | 8K0
= = 120 —
S 207 =] o ckk
E 2 100 1
5 307 5 80
o = T
8407 g
X 501 8 60
60 1 < 10
70 1 20 1
80 ' ' ' ' ' ' 0
-1 __10 -_9 8T -6 8-week 16-week
insulin (Log mol/L)
C Do
a. .. g‘) ¢ 7 DObasal®insulin ——
= 120 1 * vehicle 3 *
g T ® L _NAME S5 ” |
> 80 1T =)
= T £ 4
= i )
Ca * 531 [—
N— | , < sk
s 0 T z27 ||
2 1 Ll - 2
40 1 . E1q
1 —~
80 1 S m 0
STD WI  STD KO HFD WI  HFD KO

“STD WT STD KO HFD WI'  HFD KO

FIG. 5. APPL1 KO mice display impaired relaxation and augmented ET-1-dependent contraction in response to insulin. Insulin-induced relaxations
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remain poorly characterized. The current study pro-
vides both in vivo and ex vivo evidence demonstrating
that APPL1 is a key intracellular adaptor protein that
coordinates the two major insulin-evoked signaling
cascades leading to the production of NO and ET-1 in
endothelial cells. Transgenic expression of APPLI is
sufficient to reverse both obesity- and ageing-induced
imbalances between insulin-induced Akt-dependent NO
production and ERK1/2-dependent ET-1 release. On the
other hand, APPL1 deficiency impairs insulin-induced
vasodilatation and augments the vasoconstrictor effect
of the hormone. These findings raise the possibility that
reduced APPLI1 expression, as observed in mesenteric
arteries of obese mice and rats (14,16), is causally as-
sociated with vascular insulin resistance and endothe-
lial dysfunction.

The role of insulin as a vasodilator has been well docu-
mented in both animals (1) and humans (22). However, the
net vascular outcome of insulin administration depends on
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a balance between its vasodilator and vasoconstrictor ef-
fects. In fact, a number of earlier studies failed to demon-
strate acute stimulation of NO-dependent relaxations in
isolated arteries by insulin (23). In this connection, the cur-
rent study demonstrates a potent effect of insulin in causing
NO-dependent relaxations in mesenteric arteries of young
C57 mice, whereas this effect is progressively blunted with
ageing and obesity. Furthermore, a vasoconstrictor effect of
higher concentrations of the hormone becomes predominant
when obesity progresses to a more severe form. The switch
from the vasodilator to vasoconstrictor effects of insulin in
obese mice is accompanied by blunted activation of the Akt/
eNOS signaling cascade, augmented ERK1/2 signaling, and
elevated ET-1 production. These findings further support
the notion that the imbalance between insulin-evoked pro-
duction of NO and ET-1 is an important contributor to in-
sulin resistance and endothelial dysfunction induced by
obesity and may explain some of the discrepancies in the
literature concerning the direct vascular effects of insulin.
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FIG. 6. Effects of siRNA-mediated knockdown of APPL1 on insulin-induced Akt signaling and NO production in HUVECs. Cells were transfected with
siRNA specific for APPL1 (siAPPL1) or scrambled control for 40 h, followed by serum starvation for 6 h and stimulation with insulin (50 nmol/L) for 10
min. The expression of APPL1 (A), phosphorylation of Akt at Thr308 (B), and phosphorylation of eNOS at Ser''”” (C) were determined by Western
blotting. NO release in the conditioned medium was measured at 60 min after insulin treatment. The data were expressed as the fold over the control
cells treated without insulin (D). E: Cells were cotransfected with siAPPL1 or scrambled control plus a plasmid encoding HA-tagged Akt, followed by
insulin treatment as above. Cell lysates were subjected to immunoprecipitation with anti-HA antibodies and then probed with anti-Akt or anti-TRB3

antibody as indicated. T, total; p, phosphorylated. **P < 0.01 (n = 5-6).

Potentiation of insulin-induced Akt/eNOS signaling
by APPLI1. As an intracellular adaptor protein with mul-
tiple domains involved in cellular signaling, APPL1 has
been found to interact with a number of cell surface
receptors—TrkA (24,25), adiponectin (14,16), and follicle-
stimulating hormone (26)—and the intracellular signaling
molecules small GTPase Rabb (27), GIPC (25), inositol
5-phosphatase (28), and Akt (10). The interaction of APPL1
with adiponectin receptors is essential in mediating the
insulin-sensitizing actions of the adipokine in skeletal
muscle (12) and endothelial cells (14). Furthermore,
APPL1 potentiates insulin-induced Akt activation in its
several metabolic targets, including adipocytes (29), mus-
cle cells (12), and hepatocytes (13). In hepatocytes, APPL1
potentiates insulin-induced Akt activation by competing
with the intracellular pseudokinase TRB3 for binding to
Akt (13). In unstimulated cells, Akt preferentially interacts
with TRB3, which serves as an endogenous inhibitor of Akt
by trapping it in the cytosol (21). Upon insulin stimulation,
APPLI replaces TRB3 for binding to Akt, thereby promoting
Akt translocation to the plasma membrane and endosome
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for further activation. In the liver tissue of db/db mice with
type 2 diabetes, the interaction between APPL1 and Akt is
reduced, whereas the association of Akt with TRB3 is aug-
mented, and these changes may represent a key mechanism
accounting for hepatic insulin resistance in mice (13). No-
ticeably, TRB3 suppresses insulin-induced activation of Akt
and phosphorylation of eNOS at Ser'!'”” and thereby attenu-
ates NO production in HUVECs (30). In the current study, we
demonstrated that siRNA-mediated knockdown of APPLI1
expression causes an increase in Akt-TRB3 interaction and
a concurrent decrease in Akt/eNOS/NO signaling. Further-
more, we found that APPL1 expression in mesenteric arteries
is decreased in obesity, whereas TRB3 expression is increased.
Taken in conjunction, these findings suggest that potenti-
ation of insulin-induced Akt/eNOS/NO signaling and vasodi-
latation by APPLL1 is attributed partly to its ability to compete
with the endogenous Akt inhibitor TRBS in the endothelium.

In addition to quenching the inhibitory effects of TRB3 on
Akt activation, APPL1 may also play a role in modulating
insulin-induced activation of PI 3-K. APPL1 possesses
phosphoinositide-binding properties (31,32) and also interacts
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FIG. 7. Effects of siRNA-mediated knockdown of APPL1 on insulin-stimulated ERK1/2 MAPK signaling cascades and ET-1 production in HUVECsS. Cells
were transfected with siRNA specific to APPL1 (siAPPL1) or scrambled control and then treated with insulin (50 nmoV/L) for 10 min. Protein (40 pg)
from total cell lysates was resolved by SDS-PAGE and probed for total ERK1/2 or phospho ERK1/2 (A), total MEK1/2 and phospho-MEK1/2 (B), and total
Raf-1 and phospho-Raf-1 at either Ser®3® (C) or Ser?®® (D). ET-1 concentration in the conditioned medium was measured 12 h after insulin
treatment (E). T, total; p, phosphorylated. *P < 0.05, **P < 0.01 (n = 5-7).

with both the regulatory (p85) and the catalytic (p110)
subunit of PI 3-K (10). Therefore, APPL1 may act as a dy-
namic scaffold protein to recruit PI 3-K and its substrate
phosphoinositide in a specialized complex to facilitate
the signal transmission. Likewise, a recent study demon-
strates that APPLI is a key mediator in coupling the follicle-
stimulating hormone receptor to inositol 1,4,5-trisphosphate
production in human granulosa cells (33).

Suppression of insulin-induced ET-1 production by
APPL1. Although APPL1 interacts with several components
of the PI 3-K/Akt signaling cascade, our coimmunoprecipi-
tation and proteomic analysis found that it does not bind to
any molecule known to be involved in the ERK1/2 MAPK
signaling pathway, suggesting that the suppressive effect of
APPL1 on insulin-induced MAPK in endothelial cells may be
attributed to an indirect mechanism, secondary to Akt ac-
tivation. Indeed, selective inhibition of PI 3-K in human en-
dothelial cells has been shown to enhance insulin-induced
ERK1/2 MAPK activation (34). Akt has been reported to
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inactivate Raf-1 through phosphorylation at Ser® (35). The
Raf-1 kinase lies at the heart of the ERK1/2 MAPK signaling
cascade, and its activity is regulated by phosphorylatlon at
multlple sites (36). Phosphorylation of Raf-1 at Ser®® neg-
atively regulates the Raf-1-MEK1/2-ERK1/2 signaling by
suppressmg the phosphorylation of Raf-1 at its activation
site Ser®® (36). In the current study, we found that siRNA-
mediated knockdown of APPL1 expression suppressed phos-
phorylation of Raf-1 at its inhibitory site Ser®® but augmented
insulin-induced Raf-1 phosphorylation at its activation site
Ser®®. Furthermore, we also observed a similar change in
the pattern of Raf-1 phosphorylation in endothelial cells
pretreated with the PI 3-K inhibitor LY294002. Taken to-
gether, these findings imply that the suppression of insulin-
induced ERK1/2 MAPK signaling by APPL1 in endothelial
cells is mediated by the direct cross talk between Akt and
Raf-1, which in turn switches the phosphorylation of Raf-1
from its active form to the inhibitory status in vascular en-
dothelium.
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———

In summary, both in vivo and in vitro evidence from the
current study support a key role of APPL1 in modulating
the vascular actions of insulin by controlling the balance
between insulin-induced Akt-dependent NO production
and ERK1/2 MAPK-dependent ET-1 expression in endo-
thelial cells (Fig. 8). Because an imbalance between the
vasodilator and vasoconstrictor effects of insulin is an
important contributor to vascular insulin resistance, en-
dothelial dysfunction, and hypertension, APPL1 may rep-
resent an attractive therapeutic target for the treatment of
both metabolic and cardiovascular diseases.
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