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In type 2 diabetes, impaired insulin-induced Akt/endothelial nitric
oxide synthase (eNOS) signaling may decrease the vascular
relaxation response. Previously, we reported that this response
was negatively regulated by G protein–coupled receptor kinase
2 (GRK2). In this study, we investigated whether/how in aor-
tas from ob/ob mice (a model of type 2 diabetes) GRK2 and
b-arrestin 2 might regulate insulin-induced signaling. Endothelium-
dependent relaxation was measured in aortic strips. GRK2,
b-arrestin 2, and Akt/eNOS signaling pathway proteins and activ-
ities were mainly assayed by Western blotting. In ob/ob (vs. con-
trol [Lean]) aortas: 1) insulin-induced relaxation was reduced,
and this deficit was prevented by GRK2 inhibitor, anti-GRK2 an-
tibody, and an siRNA specifically targeting GRK2. The Lean aorta
relaxation response was reduced to the ob/ob level by pretreat-
ment with an siRNA targeting b-arrestin 2. 2) Insulin-stimulated
Akt and eNOS phosphorylations were decreased. 3) GRK2 expres-
sion in membranes was elevated, and, upon insulin stimulation, this
expression was further increased, but b-arrestin 2 was decreased. In
ob/ob aortic membranes under insulin stimulation, the phosphoryla-
tions of Akt and eNOS were augmented by GRK2 inhibitor. In
mouse aorta, GRK2 may be, upon translocation, a key negative
regulator of insulin responsiveness and an important regulator of
the b-arrestin 2/Akt/eNOS signaling, which is implicated in diabetic
endothelial dysfunction. Diabetes 61:1978–1985, 2012

D
iabetes mellitus is an important risk factor for
hypertension and other cardiovascular diseases,
and impaired endothelial function has been de-
scribed in diabetic humans and animal models

of this disease (1,2). One of the most important functions
of the endothelium is the production of nitric oxide (NO),
and impaired NO production can result from endothelial
dysfunction (3).

Endothelium is an insulin target tissue: in endothelial
cells, insulin activates a signaling pathway involving in-
sulin receptor (IR) and Akt, and this leads to endothelial
NO synthase (eNOS) activation, NO synthesis, and vaso-
dilation (4,5). We and others (6,7) have supported such
a role for the Akt/eNOS pathway in the endothelium on the
grounds that inhibition of agonist-induced activations of
the Akt/eNOS pathway leads to impaired NO availability.
Recently, Kubota et al. (8) reported that insulin signaling in
endothelial cells plays a pivotal role in the regulation of

glucose uptake by skeletal muscle, that the Akt/eNOS
pathway might be particularly susceptible to the adverse
effects of conditions such as obesity and insulin resistance
and that insulin-stimulated Akt activated eNOS to a degree
that was proportional to the amount of eNOS protein
available. Molecular defects in this upstream pathway are
therefore likely to affect not only insulin-stimulated glu-
cose uptake in typical target tissues, but also insulin-
stimulated eNOS, and such defects may thereby contribute
to both altered glucose homeostasis and endothelial dys-
function (9).

G protein–coupled receptor kinases (GRKs) were ini-
tially identified as serine/threonine kinases that partici-
pate, together with b-arrestins, in the regulation of multiple
G protein–coupled receptors (GPCRs). The GRKs consti-
tute a group of protein kinases that specifically recog-
nize and phosphorylate agonist-activated GPCRs (10,11).
Among the GRKs, GRK2 has attracted interest as a ubiq-
uitous GRK family member that appears to play a central,
integrative role in signal-transduction pathways known to
modulate intracellular effectors involved in cardiac and
endothelial function (10,11). GRK2-mediated phosphory-
lated GPCR promotes the binding of b-arrestin 2, which is
reportedly ubiquitously expressed, and then mediates var-
ious signal-transduction pathways such as Akt (12).

Recently, Luan et al. (13) reported that insulin stim-
ulates the formation of a new b-arrestin 2 signal complex
in which b-arrestin 2 acts as a scaffold for translocation of
Akt to IR, even though IR is not a GPCR. We previously
reported that an upregulation of GRK2 and a decrease in
b-arrestin 2 inhibit insulin-induced stimulation of Akt/
eNOS signaling and that GRK2 overactivation may result
from an increase in PKC activity in aortas from diabetic
mice with hyperinsulinemia (14). Alongside the above
negative regulatory role of GRK2/b-arrestin 2, emerging
evidence indicates that GRK2 and b-arrestin 2 are each
able to interact with Akt. Against the above background,
we investigated whether/how in aortas from ob/ob mice
(a model of type 2 diabetes with hyperinsulinemia): 1)
GRK2 and b-arrestin 2 might regulate insulin-induced Akt/
eNOS signaling, and 2) GRK2 upregulation might hinder the
establishment of a normal relationship between b-arrestin
2 and Akt under insulin stimulation.

RESEARCH DESIGN AND METHODS

Male ob/ob (diabetic) and age-matched Lean (control) C57BL/6J mice (27–32
weeks old) were obtained at the age of 5 weeks. This study was carried out in
accordance with the guide issued by the Hoshi University Animal Care and
Use Committee, which is accredited by the Ministry of Education, Culture,
Sports, Science and Technology. In ob/ob mice (vs. Lean mice): 1) body
weight, plasma insulin, and plasma parameters relating to lipid metabolism
and systolic blood pressure were all significantly elevated, 2) plasma leptin
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was significantly lower, and 3) plasma glucose and triglyceride were not dif-
ferent (Supplementary Table 1).
Studies using small interfering RNA and Chariot-mediated antibody

delivery in organ culture of aorta. A small interfering RNA (siRNA) against
GRK2 and one against b-arrestin 2 were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). We used the appropriate siRNA. For specific
silencing of GRK2 or b-arrestin 2 expression, we used a well-established
method for the organ culture (15,16). After transfection with a given siRNA,
aortas were incubated for 48 h, as described by Chen et al. (17). A macro-
molecular protein delivery system, Chariot, was used as described by Morris
et al. (18).
Measurement of isometric force and nitrite plus nitrate. The aorta (cut
into rings) was placed in a bath containing modified Krebs-Henseleit solu-
tion, with one end of each strip connected to a tissue holder and the other to
a force-displacement transducer, then subjected tomeasurement of the agonist-
induced relaxation response, as previously described (7,14). The concentration
of nitrite plus nitrate (NOx) in the effluent from each tissue was sampled
and assayed by the method described previously (ENO20; Eicom, Kyoto,
Japan) (7).
Measurement of protein expressions (GRK2, Akt, and eNOS and their

phosphorylated forms). Aortic membranes were prepared as described by
Marwaha et al. (19). Aortas were homogenized in lysis buffer, and protein
levels and activities were assayed by Western blotting, as previously described
(14,20).
Statistical analysis. Each relaxation response is expressed as a percentage of
the contraction induced by prostaglandin F2a. Values are means 6 SE. When
appropriate, statistical differences were assessed by Dunnett test for multiple
comparisons after a one- or two-way ANOVA, with P , 0.05 being regarded
as significant. Statistical comparisons between concentration-response curves
were made using a one-way ANOVA, with post hoc correction for multi-
ple comparisons by Bonferroni’s test, with P , 0.05 again being considered
significant.

RESULTS

GRK2 and the endothelial relaxation and NO production
induced by insulin in ob/ob mice. To evaluate endothelial
function, the vasorelaxation responses to insulin and acetyl-
choline were examined in aortas from ob/ob and Lean mice
(Fig. 1A and Supplementary Figs. 1 and 2). Next, we exam-
ined insulin-induced relaxation and/or Western blots in the
absence and presence of endothelium or in the absence and
presence of NG-nitro-L-arginine, a NO synthase inhibitor,
in aortic rings from ob/ob and Lean mice to determine
whether the changes in Akt/eNOS are occurring specifically in
the endothelium (Supplementary Fig. 1). As revealed pre-
viously (7,14), the above results suggest that the insulin-
induced relaxation, but not the acetylcholine-induced one, is
mediated through the endothelium-dependent Akt/eNOS
pathway and that in aortas from ob/ob mice, this pathway is
impaired (Supplementary Figs. 1 and 2).

To examine the involvement of GRK2 in the insulin-
induced relaxation response, we used GRK2 inhibitor, anti-
GRK2 antibody, and GRK2 siRNA. In the presence of GRK2
inhibitor, anti-GRK2 antibody, or GRK2 siRNA, the insulin-
induced relaxation was enhanced in ob/ob, but not in Lean
aortas (Fig. 1B–F). The efficiencies of the delivery condi-
tion, siRNA transfection, and anti-GRK2 antibody were
assessed by measuring GRK2 expression by Western blot-
ting (Fig. 1G and H). As shown in Fig. 2B and C, in such
antibody-treated ob/ob and GRK2 siRNA-transfected ob/ob
aortas, NOx production under insulin stimulation was sig-
nificantly greater than that seen in aortas treated with GRK2
antibody alone, or with Chariot alone, or with ob/ob control
siRNA. In contrast, no such effects were seen in Lean aortas
(Fig. 1C and E). No effects of GRK2 siRNA were observed
on the basal expression levels of total Akt or eNOS protein
(Fig. 1G). Two GRKs, GRK2 and GRK5, have been specifi-
cally investigated in studies of hypertension (21). So, we
explored by Western blotting whether GRK2 inhibitor

affects GRK5. In our experiment, GRK5 expression was
not affected by GRK2 inhibitor treatment (data not
shown).

We examined whether insulin-induced NO release might
be regulated by GRK2 (Fig. 2A). The insulin-stimulated
release of NOx from ob/ob aortas was significantly below
that from Lean ones. Following preincubation with Akt
inhibitor or both Akt inhibitor and GRK2 inhibitor, insulin-
stimulated NOx release did not differ between the groups
due to the response in the Lean group being much re-
duced. Interestingly, following preincubation with GRK2
inhibitor, insulin-stimulated NOx production was signifi-
cantly increased only in ob/ob aortas.
b-Arrestin 2 and insulin-induced endothelial function
in ob/ob mice. b-Arrestin 2 siRNA appeared to be highly
selective for the target (Fig. 3G). To determine the effects
of b-arrestin 2 depletion on insulin signaling, the insulin-
induced relaxation response and NO production were ex-
amined in aortas from ob/ob and Lean mice following
b-arrestin 2 siRNA transfection. We observed that both
responses were significantly reduced in Lean aortas
with b-arrestin 2 siRNA transfection (Fig. 3A, B, and E).
We next used Chariot for selective overexpression of
b-arrestin 2 (Fig. 3H), but such overexpression did not alter
insulin-induced relaxation or NO production (Fig. 3C, D,
and F).
Effects of reduced GRK2 expression on insulin
signaling via Akt/eNOS. Neither eNOS nor Akt expres-
sion differed between ob/ob and Lean aortas (Fig. 4B).

We investigated whether insulin would induce GRK2-
linked eNOS phosphorylation in the aortas transfected
with GRK2 siRNA (Supplementary Fig. 3). Stimulation with
insulin led to a significant increase in eNOS phosphoryla-
tion at Ser1177 in Lean aortas transfected with GRK2
siRNA, but not in ob/ob ones. Interestingly, after trans-
fection with GRK2 siRNA, insulin-stimulated eNOS phos-
phorylation at Thr495 was increased only in the ob/ob aorta.
Next, we examined whether insulin-induced Akt phos-
phorylation might be controlled by GRK2 (Supplementary
Fig. 3). Upon insulin stimulation, Akt phosphorylation was
significantly lower in ob/ob aortas transfected with GRK2
siRNA than in their Lean counterparts. Importantly, the
insulin-stimulated Akt phosphorylation at Thr308 was in-
creased in ob/ob aortas transfected with GRK2 siRNA. The
above effects of GRK2 siRNA were similar to those of the
chemical blocker of GRK2 (Supplementary Fig. 4).
GRK2 expression and activity. We studied aortic GRK2
expression, and we confirmed a significantly higher ex-
pression level in the ob/ob group than in the Lean one
(Fig. 4A).

There was a greater expression of GRK2 in membranes
than in the cytosol in the ob/ob, but not in the Lean aorta
(Fig. 4C). We confirmed that expression of caveolin, which
is known to exist only on the inner surface of the plasma
membrane, was detected only in the membrane fraction in
ob/ob and Lean mice (Supplementary Fig. 6).

In the basal condition, GRK2 activity was significantly,
about threefold, higher in ob/ob aortas than in Lean ones
(Fig. 4E).
Insulin-stimulated translocation of GRK2. We studied
GRK2 expression under insulin-stimulation in aortic mem-
branes (Fig. 4D). In aortic membranes, the GRK2 expres-
sion was significantly increased by insulin stimulation in
the ob/ob group, and this increase was completely pre-
vented by GRK2 inhibitor pretreatment. Interestingly, in
Lean aortas, there were no such significant differences.
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We next examined the b-arrestin 2 expression in aortic
membranes (Fig. 4F). The b-arrestin 2 in the membrane
fraction decreased significantly in ob/ob aortas upon in-
sulin stimulation.

Finally, we focused on insulin-induced Akt and eNOS
phosphorylation levels in the membrane fraction of aortas
after Akt inhibitor or GRK2 inhibitor treatment (Fig. 5).

The significant changes in phosphorylated Akt and phos-
phorylated eNOS levels induced by insulin in the mem-
brane and cytosol fractions were similar to those induced
in the whole aorta (Supplementary Figs. 4 and 5). Akt in-
hibitor pretreatment prevented insulin-induced Akt and
eNOS phosphorylations in the membranes and cytosol. No-
tably, GRK2 inhibitor pretreatment significantly increased

FIG. 1. Concentration-response curves for insulin-induced relaxations of aortic rings from ob/ob and Lean mice. A: Insulin-induced relaxation.
B: Effect of GRK2 inhibitor (10

26
mol/L). C and D: Effects of siRNA against GRK2 (300 nmol/L). E and F: Effects of Chariot-mediated delivery of

GRK2 antibody (4 mg), together with its controls (GRK2 antibody alone or Chariot alone). Western blots showing efficiencies of siRNA trans-
fection (G: GRK2 siRNA) and Chariot protein delivery (H: anti-GRK2 antibody) in aortas. No effects were seen on either Akt or eNOS expression.
Lanes were run on different gels, but under the same conditions. Values are mean 6 SE; n = 4–6. *P < 0.05 vs. Lean; ***P < 0.001 vs. Lean; ††P <
0.01 vs. ob/ob, ob/ob GRK2 siRNA, or ob/ob (anti-GRK2:Chariot); †††P < 0.001 vs. ob/ob GRK2 siRNA. In G: *P < 0.05 vs. control siRNA; ***P <
0.001 vs. control siRNA; †P < 0.05 vs. Lean control.
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the effects of insulin on the following, but only in ob/ob
aortas: Thr308-phosphorylated Akt (whole aortas and
membranes), Ser117-phosphorylated eNOS (membranes),
and Thr495-phosphorylated eNOS (whole aortas and mem-
branes). Moreover, in the ob/ob group, GRK2 inhibitor
pretreatment significantly reduced the eNOS membrane-
to-cytosol ratio under insulin stimulation (Supplementary
Fig. 5F).

DISCUSSION

In the current study, the most important question was
whether GRK2 negatively controlled the insulin-induced
Akt/eNOS pathway in aortas from diabetic mice with
hyperinsulinemia. An important vascular action of insulin
is its vasodilator effect, which is associated with increased
NO production by endothelial cells (4,5,22,23). The results
shown in the present Fig. 1A and B are consistent with our
previous report (14). In that previous report, we discussed
why GRK2 was increased in the diabetic aorta and how

it affected the dysfunction of the endothelium-dependent
relaxation to insulin that is mediated via the Akt pathway.
We drew the conclusion that PKC activation mediated
GRK2 overactivation and that the upregulation of GRK2
led to inhibition of the insulin-induced stimulation of the
Akt/eNOS pathway (14). In the current study, we were
interested in the pathway downstream of GRK2. From the
results, we can propose that GRK2 acts by competing for
b-arrestin 2 upon insulin-induced Akt/eNOS activation in
the control or diabetic aorta.

FIG. 2. Analysis of NOx production under insulin stimulation. A: Aortic
strips from ob/ob and Lean mice were treated with insulin (10

26
mol/L

for 20 min), insulin + GRK2 inhibitor (10
26

mol/L), insulin + Akt
inhibitor (7 3 10

27
mol/L), or insulin + both GRK2 inhibitor and Akt

inhibitor. B: Effects of siRNA against GRK2. C: Effects of Chariot-
mediated delivery of GRK2 antibody. Values are mean 6 SE; n = 6–8.
***P < 0.001 vs. Lean; †P < 0.05 vs. ob/ob (anti-GRK2:Chariot); †††P <
0.001 vs. ob/ob or ob/ob GRK2 siRNA.

FIG. 3. Effects of Chariot-mediated delivery of b-arrestin 2 antibody
(6 mg), together with its controls (b-arrestin 2 antibody alone or
Chariot alone), and siRNA against b-arrestin 2 (300 nmol/L) on insulin-
induced relaxation and insulin-stimulated NO production. Insulin-
induced relaxations of aortic rings from ob/ob (B and D) and Lean mice
(A and C). E and F: NOx production under insulin stimulation. Aortic
strips were treated with insulin (10

26
mol/L for 20 min). Western blots

showing efficiencies of siRNA transfection (G: b-arrestin 2 siRNA) and
Chariot protein delivery (H: b-arrestin 2) in aortas. No effects were
seen on either Akt or eNOS expression. Lanes were run on different
gels, but under the same conditions. Values are mean 6 SE; n = 5. *P <
0.05 vs. Lean; **P < 0.01 vs. Lean b-arrestin 2 siRNA. In G, **P < 0.01
vs. control siRNA; †P < 0.05; ††P < 0.01 vs. Lean control.
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In this study, we used a GRK2 inhibitor. The efficacy and
specificity of this inhibitor are unknown. However, we
decided to use the inhibitor in the current study because
Iino et al. (24) reported that it is selective. Indeed, in our
experiment, the GRK2 inhibitor at a concentration of 1026

mol/L had no effect on the insulin-induced relaxation seen
in the Lean group (Fig. 1B), and the results of the experi-
ments we performed using GRK2 siRNA and Chariot-
mediated anti-GRK2 antibody were similar to the results
obtained in the experiments in which we used the GRK2

inhibitor. In addition, we have already used the same
GRK2 inhibitor in a study in which we showed that in ob/ob
mice, the level of GRK2 activity was significantly reduced
by pretreatment with the GRK2 inhibitor (14). Neverthe-
less, we look forward to the development of an inhibitor
with known high specificity. In the current study, to fa-
cilitate the intracellular inhibition of GRK2, we used a
newly developed carrier, Chariot (18). This noncovalent
reagent allows the delivery of proteins, including anti-
bodies, to the inside of the cell compartment. The Chariot

FIG. 4. Characterization of GRK2 expression in aortic strips from Lean and ob/ob mice. A: Total GRK2 expression. B: Total eNOS and Akt
expressions. Several bands were quantified by scanning densitometry. Ratios were calculated for the optical density of GRK2 over that of b-actin.
C: GRK2 subcellular localization. E: GRK2 activity. GRK2 (D) and b-arrestin 2 (F) expressions in membrane fraction. Aortic strips were treated
for 24 h with vehicle (basal), insulin (10

26
mol/L), or insulin + GRK2 inhibitor (10

26
mol/L). All lysates (20 mg protein) were prepared from aortas

and used in Western blotting for GRK2 or b-arrestin 2. Lanes were run on the same gel, but were noncontiguous (except, in E, the GRK2 inhibitor/
insulin-stimulated lane was run on a different gel). Values are means 6 SE; n = 4. *P < 0.05 vs. Lean; ***P < 0.001 vs. Lean; †P < 0.05 vs. insulin-
stimulated or -nonstimulated ob/ob; ††P < 0.01 vs. ob/ob.
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peptide then localizes to the cell nucleus, where it is de-
graded, leaving the macromolecule free to proceed to its
target organelle. By directly delivering protein, peptide, or
antibody, Chariot completely bypasses the transcription-
translocation process associated with gene expression.
Following its penetration through the cell membrane, the
delivered Chariot–antibody complex dissociates and so
liberates the antibody inside the cell. The liberated, func-
tional antibody then diffuses throughout the cell and inter-
acts with the target protein and would thus, for example,
allow identification and/or inhibition of GRK2. The findings
made by several independent groups provided a solid ra-
tionale for the use of Chariot in our experiments (25,26).
Furthermore, we obtained confirmatory results by the use
of a well-established method, organ culture of aortas trans-
fected with an siRNA against GRK2. Because inhibition of
GRK2 via Chariot-mediated antibody delivery and trans-
fection with GRK2 siRNA significantly enhanced insulin-
induced relaxation and NO production in the diabetic

aorta, we inferred that blocking GRK2 by these maneuvers
mimics the effects of the GRK2 inhibitor. This therefore
supports the specificity of the GRK2 inhibitor.

Probably the most important basic findings made in the
current study were that GRK2 protein was increased in the
membrane fraction of the ob/ob aorta and that in the ob/ob
aorta, GRK2 activity was greatly enhanced. That aortic
GRK2 levels were increased in our ob/ob mice is consistent
with studies on other pathologic states; for instance, GRK2
is reportedly increased in hypertension and failing human
hearts (27,28). GRK2 is a cytosolic protein kinase that is
translocated to the membrane upon activation. Our find-
ings may indicate a possible mechanism present in estab-
lished diabetes: namely, persistent GRK2 upregulation in
the aortic membrane fraction. Importantly, increased GRK2
activity is generally indicative of an inhibition of agonist-
bound GPCR activity. Furthermore, we detected a shift of
GRK2 from cytosol to membrane under insulin stimulation
in ob/ob aortas, most likely indicating translocation to Akt

FIG. 5. Akt/eNOS pathway activity in the aortic membrane fraction. Aortic strips were treated for 24 h with vehicle (basal), insulin (10
26

mol/L),
insulin + GRK2 inhibitor (10

26
mol/L), or insulin + Akt inhibitor (7 3 10

27
mol/L). All lysates (20 mg protein) were prepared from aortas and used

in Western blotting for eNOS phosphorylation at Ser1177 or Thr495 (A) or Akt phosphorylation at Ser473 or Thr308 (B). Lanes were run on the same
gel but were noncontiguous. Values are means 6 SE; n = 4. *P < 0.05 vs. insulin-stimulated Lean; **P < 0.01 vs. insulin-stimulated Lean; ***P <
0.001 vs. insulin-stimulated Lean; ††P < 0.01 vs. ob/ob; †††P < 0.001 vs. ob/ob.
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and eNOS. An association of GRK2 with Akt appears
to participate in the control of GRK2 activity and in de-
termining the complex subcellular distribution of the kinases
(10). Our study is the first to indicate eNOS localization
under insulin stimulation in the aorta, although the sig-
nificance of our finding for GPCR signaling and vascular
physiology remains to be established. The present data
suggest that insulin regulates GRK2 in the membrane frac-
tion in aortas from ob/ob mice and that such inhibition in
the membrane leads to inhibition of eNOS phosphor-
ylations via Akt phosphorylation at Thr308 and thereby to
impairments of eNOS activation and NO production. How-
ever, further research is needed for a fuller understanding
of why GRK2 activity is not normalized in established di-
abetic states.

Finally, we addressed the association among GRK2,
b-arrestin 2, and insulin signaling. In this study, b-arrestin
2 siRNA significantly reduced insulin-induced relaxation
and NO production, and no effects of excess b-arrestin 2
were observed on these responses, suggesting that insulin
signaling is mediated through b-arrestin 2 and that GRK2
may stimulate formational changes in b-arrestin 2, Akt,
and IR. Moreover, in the ob/ob, but not in Lean aortas,
b-arrestin 2 was severely downregulated under insulin
stimulation.

Recent data highlight a potential mechanism by which
GRK2 might couple with other proteins, in particular with
Akt (10). That study found that GRK2 binds directly to Akt
and inhibits Akt signaling (10). There are many reports
of involvements of GRK2 in multiple interactions with
nonreceptor proteins such as Akt (10,29). In particular,
Jiang et al. (29), using a two-hybrid system, reported in-
teraction between GPCR-mediated signaling (for example,
GRK2) and the Akt signaling pathway. Moreover, Liu et al.
(10), using the immunoprecipitation method, found that

GRK2 binds directly to Akt and inhibits its activation. In
the current study, we found that in ob/obmice, insulin caused
translocation of GRK2 to the membrane and inhibited Akt
phosphorylation at Thr308 and that upon insulin stimula-
tion, cytosolic b-arrestin 2 is not translocated to the
membrane in ob/ob mice. We think that taken together, the
above reports and our present results strongly suggest
direct interaction between GRK2 and Akt in the ob/ob
aorta.

From the above, our data are consistent with the fol-
lowing scenarios (Fig. 6). In the normal aorta, b-arrestin 2
binds to Akt under insulin stimulation. In diabetes, in
contrast, insulin causes translocation of GRK2 to the mem-
brane, where it binds to Akt, preventing b-arrestin 2
binding to Akt because GRK2 remains bound. GRK2 has
been identified as serine/threonine kinases that partici-
pate, together with b-arrestin 2, in the regulation of mul-
tiple GPCRs. In contrast, insulin receptor is one of the
tyrosine kinase type, not a GPCR, and insulin activates a
signaling pathway involving insulin receptor phosphatidyl-
inositol 3-kinase and Akt, and this leads to eNOS acti-
vation. So, we think that GRK2 does not act directly on
insulin receptor, and others have reported that GRK2 does
not affect insulin receptor phosphorylation (30). However,
Luan et al. (13) reported that insulin stimulated the forma-
tion of a new b-arrestin 2 signal complex, in which b-arrestin
2 scaffolds Akt to insulin receptor. Further, GPCR phos-
phorylated by GRK2 induces b-arrestin 2, and recently, we
and others (12,14,19) have reported that GRK2 is induced
by insulin stimulation. So, we speculate that GRK2 and
b-arrestin 2 compete for the insulin receptor upon insulin
stimulation. However, whether the induction by insulin of
Akt/eNOS activation is related to this agonist’s potential
cleaving effect on GRK2 is an issue that remains to be
investigated. We can say that in our study, the insulin-
stimulated Akt and eNOS phosphorylations were reduced
in the membrane fraction from the aortas of ob/ob mice
and improved by GRK2 inhibitor (Fig. 5). In this context,
further research is needed for a better understanding
of how GRK2 and b-arrestin 2 activities might be orches-
trated and their dependence on insulin receptor. It is our
aim to examine this in future papers (involving phos-
phorylation of insulin receptor after insulin stimulation
under treatment with GRK2 inhibitor). In our scheme (Fig. 6),
the interaction between GRK2 and Akt directly inhibits
Akt phosphorylation at Thr308, resulting in decreased
eNOS phosphorylation and a consequent reduction in NO
production. Although we do not yet know precisely how
GRK2 binds to Akt or how b-arrestin 2 forms a complex
with GRK2 and Akt, it seems likely that these interactions
can take place in the absence of a larger binding complex,
as already proposed (10,13). In summary, we have pro-
vided important new evidence highlighting the possible
role played by GRK2 in negatively regulating insulin/
b-arrestin 2/Akt/eNOS-mediated NO production in type 2
diabetes. Our results suggest that a maneuver that inhibits
GRK2 might counteract the endothelial dysfunction that
occurs via the Akt/eNOS pathway in ob/ob mice. If this is
true in human type 2 diabetes, GRK2 inhibition may find
a place in advanced vascular therapeutic strategies.
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reductions of Akt/eNOS signaling and NO production in the membrane.

GRK2 IN DIABETIC AORTA

1984 DIABETES, VOL. 61, AUGUST 2012 diabetes.diabetesjournals.org



No potential conflicts of interest relevant to this article
were reported.

K.T. developed the project, researched data, and wrote
the manuscript. T.M. and T.K. helped develop the project,
performed some experiments, and wrote the manuscript.
K.K. helped plan the project. T.K. is the guarantor of this
work and, as such, had full access to all of the data in the
study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.

REFERENCES

1. Pieper GM. Review of alterations in endothelial nitric oxide production in
diabetes: protective role of arginine on endothelial dysfunction. Hyper-
tension 1998;31:1047–1060

2. Eckel RH, Wassef M, Chait A, et al. Prevention Conference VI: Diabetes
and Cardiovascular Disease: Writing Group II: pathogenesis of athero-
sclerosis in diabetes. Circulation 2002;105:e138–e143

3. Shah V, Toruner M, Haddad F, et al. Impaired endothelial nitric oxide
synthase activity associated with enhanced caveolin binding in experi-
mental cirrhosis in the rat. Gastroenterology 1999;117:1222–1228

4. Kuboki K, Jiang ZY, Takahara N, et al. Regulation of endothelial consti-
tutive nitric oxide synthase gene expression in endothelial cells and
in vivo: a specific vascular action of insulin. Circulation 2000;101:676–681

5. Zeng G, Nystrom FH, Ravichandran LV, et al. Roles for insulin receptor,
PI3-kinase, and Akt in insulin-signaling pathways related to production of
nitric oxide in human vascular endothelial cells. Circulation 2000;101:
1539–1545

6. Reckelhoff JF. Gender differences in the regulation of blood pressure.
Hypertension 2001;37:1199–1208

7. Kobayashi T, Taguchi K, Yasuhiro T, Matsumoto T, Kamata K. Impairment
of PI3-K/Akt pathway underlies attenuated endothelial function in aorta of
type 2 diabetic mouse model. Hypertension 2004;44:956–962

8. Kubota T, Kubota N, Kumagai H, et al. Impaired insulin signaling in en-
dothelial cells reduces insulin-induced glucose uptake by skeletal muscle.
Cell Metab 2011;13:294–307

9. Andreozzi F, Formoso G, Prudente S, et al. TRIB3 R84 variant is associated
with impaired insulin-mediated nitric oxide production in human endo-
thelial cells. Arterioscler Thromb Vasc Biol 2008;28:1355–1360

10. Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC. A crucial role for GRK2
in regulation of endothelial cell nitric oxide synthase function in portal
hypertension. Nat Med 2005;11:952–958

11. Lymperopoulos A, Rengo G, Funakoshi H, Eckhart AD, Koch WJ. Adrenal
GRK2 upregulation mediates sympathetic overdrive in heart failure. Nat
Med 2007;13:315–323

12. Moore CA, Milano SK, Benovic JL. Regulation of receptor trafficking by
GRKs and arrestins. Annu Rev Physiol 2007;69:451–482

13. Luan B, Zhao J, Wu H, et al. Deficiency of a beta-arrestin-2 signal complex
contributes to insulin resistance. Nature 2009;457:1146–1149

14. Taguchi K, Kobayashi T, Matsumoto T, Kamata K. Dysfunction of endo-
thelium-dependent relaxation to insulin via PKC-mediated GRK2/Akt

activation in aortas of ob/ob mice. Am J Physiol Heart Circ Physiol 2011;
301:H571–H583

15. Murata T, Hori M, Lee S, et al. Vascular endothelium has a local anti-
adenovirus vector system and glucocorticoid optimizes its gene trans-
duction. Arterioscler Thromb Vasc Biol 2005;25:1796–1803

16. Kobayashi T, Taguchi K, Takenouchi Y, Matsumoto T, Kamata K. Insulin-
induced impairment via peroxynitrite production of endothelium-dependent
relaxation and sarco/endoplasmic reticulum Ca2+-ATPase function in aor-
tas from diabetic rats. Free Radic Biol Med 2007;43:431–443

17. Chen S, Feng B, George B, Chakrabarti R, Chen M, Chakrabarti S. Tran-
scriptional coactivator p300 regulates glucose-induced gene expression
in endothelial cells. Am J Physiol Endocrinol Metab 2010;298:E127–
E137

18. Morris MC, Depollier J, Mery J, Heitz F, Divita G. A peptide carrier for the
delivery of biologically active proteins into mammalian cells. Nat Bio-
technol 2001;19:1173–1176

19. Marwaha A, Lokhandwala MF. Tempol reduces oxidative stress and re-
stores renal dopamine D1-like receptor- G protein coupling and function in
hyperglycemic rats. Am J Physiol Renal Physiol 2006;291:F58–F66

20. Kobayashi T, Taguchi K, Nemoto S, Nogami T, Matsumoto T, Kamata K.
Activation of the PDK-1/Akt/eNOS pathway involved in aortic endothelial
function differs between hyperinsulinemic and insulin-deficient diabetic
rats. Am J Physiol Heart Circ Physiol 2009;297:H1767–H1775

21. Eckhart AD, Ozaki T, Tevaearai H, Rockman HA, Koch WJ. Vascular-
targeted overexpression of G protein-coupled receptor kinase-2 in trans-
genic mice attenuates beta-adrenergic receptor signaling and increases
resting blood pressure. Mol Pharmacol 2002;61:749–758

22. Feener EP, King GL. Vascular dysfunction in diabetes mellitus. Lancet
1997;350(Suppl. 1):SI9–SI13

23. Scherrer U, Sartori C. Insulin as a vascular and sympathoexcitatory hor-
mone: implications for blood pressure regulation, insulin sensitivity, and
cardiovascular morbidity. Circulation 1997;96:4104–4113

24. Iino M, Furugori T, Mori T, Moriyama S, Fukuzawa A, Shibano T. Rational
design and evaluation of new lead compound structures for selective
betaARK1 inhibitors. J Med Chem 2002;45:2150–2159

25. Buster D, McNally K, McNally FJ. Katanin inhibition prevents the re-
distribution of gamma-tubulin at mitosis. J Cell Sci 2002;115:1083–1092

26. Zhang Q, Nottke A, Goodman RH. Homeodomain-interacting protein kinase-
2 mediates CtBP phosphorylation and degradation in UV-triggered apoptosis.
Proc Natl Acad Sci USA 2005;102:2802–2807

27. Gros R, Benovic JL, Tan CM, Feldman RD. G-protein-coupled receptor
kinase activity is increased in hypertension. J Clin Invest 1997;99:2087–
2093

28. Williams ML, Hata JA, Schroder J, et al. Targeted beta-adrenergic receptor
kinase (betaARK1) inhibition by gene transfer in failing human hearts.
Circulation 2004;109:1590–1593

29. Jiang Y, Xie X, Zhang Y, et al. Regulation of G-protein signaling by RKTG
via sequestration of the G betagamma subunit to the Golgi apparatus. Mol
Cell Biol 2010;30:78–90

30. Usui I, Imamura T, Babendure JL, et al. G protein-coupled receptor kinase
2 mediates endothelin-1-induced insulin resistance via the inhibition of
both Galphaq/11 and insulin receptor substrate-1 pathways in 3T3-L1 adi-
pocytes. Mol Endocrinol 2005;19:2760–2768

K. TAGUCHI AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 61, AUGUST 2012 1985


