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Abstract Hyperinsulinemia associated with type 2 diabetes
may contribute to the development of vascular diseases. Al-
though we recently reported that enhanced contractile re-
sponses to serotonin (5-hydroxytryptamine, 5-HT) are ob-
served in the arteries of type 2 diabetes models, the causative
factors and detailed signaling pathways involved remain un-
clear. The purpose of this study was to investigate whether
high insulin would be an amplifier of 5-HT-induced contrac-
tion in rat carotid arteries and whether the contraction involves
phosphoinositide 3-kinase (PI3K)/3-phosphoinositide-depen-
dent protein kinase 1 (PDK1) signaling, an insulin-mediated
signaling pathway. In rat carotid arteries organ-cultured with
insulin (for 24 h), (1) the contractile responses to 5-HT were
significantly greater (vs. vehicle), (2) the insulin-induced en-
hancement of 5-HT-induced contractions was largely sup-
pressed by inhibitors of the insulin receptor (IR)
(GSK1838705A) , PI3K (LY294002) , and PDK1
(GSK2334470), and (3) the levels of phosphorylated forms
of both PDK1 and myosin phosphatase target subunit 1
(MYPT1) were greater upon 5-HT stimulation. In addition,
in rat carotid arteries organ-cultured with an activator of
PDK1 (PS48), the 5-HT-induced contraction was greater,
and this was suppressed by PDK1 inhibition but not PI3K

inhibition. In addition, MYPT1 and PDK1 phosphorylation
upon 5-HT stimulation was enhanced (vs. vehicle). These re-
sults suggest that high insulin levels amplify 5-HT-induced
contraction. Moreover, the present results indicated the direct
linkage between IR/PI3K/PDK1 activation and 5-HT-induced
contraction in rat carotid arteries for the first time.
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Introduction

The prevalence of diabetes, particularly type 2 diabetes, has
emerged as a significant problem worldwide in recent years.
Although type 2 diabetes is remarkably associated with an
increased incidence of vascular complications [5, 11, 13, 18,
31, 52, 53], the exact relationship between type 2 diabetes and
vascular disease is not completely understood because multi-
ple factors are involved in the development of these phenom-
ena. Therefore, it is important to investigate and understand
causal factors for altered vascular functions to prevent devel-
opment of vascular complications in type 2 diabetes.

Serotonin (5-hydroxytryptamine, 5-HT) is a potent vasoac-
tive amine that is considered to play pivotal roles in the phys-
iological control of vascular tone and blood pressure as well as
in the genesis and development of cardiovascular diseases
such as atherosclerosis and hypertension [14, 22, 23, 55, 66,
67]. Several reports suggest a role of 5-HT in the pathogenesis
of diabetic vascular complications [16, 21, 44, 48]. For in-
stance, we recently found that the 5-HT-induced contractions
were increased in superior mesenteric arteries of type 2 dia-
betic ob/ob mice [36] and in the carotid arteries of type 2
diabetic Goto-Kakizaki (GK) rats [40]. Although
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responsiveness to 5-HT is altered in chronic type 2 diabetes,
the causal factors of alterations in 5-HT signaling remain
unclear.

It is a well-established theory that one of the important
causative factors related to diabetic vascular dysfunction
may be associated with hyperinsulinemia and insulin resis-
tance [4, 5, 24, 61]. In vascular cells, including endothelial
cells (ECs) and smooth muscle cells (VSMCs), various reports
suggest that intracellular insulin signaling is altered under
hyperinsulinemia and insulin resistance [4, 5, 24, 61, 62].
Indeed, several reports suggest that insulin resistance plays a
key role in the development of hypertension and impairment
of endothelium-dependent relaxation observed in insulin-
receptor substrate (IRS)-1- or IRS-2-deficient mice [1, 30].
A major feature of insulin resistance in vascular cells is the
specific impairment of insulin-induced IRS/phosphoinositide
3-kinase (PI3K) signaling with alteration of insulin signaling
through mitogen-activated protein kinase (MAPK) and other
growth pathways [5, 24, 61]. Previously, we reported that the
coexistence of a high insulin level and established diabetes led
to (1) excessive peroxynitrite generation and resulted in im-
paired endothelium-dependent relaxation in aortae [29] and
(2) increased endothelin-1-induced aortic contraction via en-
hanced ETA receptor/extracellular-signal-regulated kinase
(ERK) signaling [27]. Therefore, insulin signaling could mod-
ulate arterial contractile responses to endogenous ligands;
however, the mechanism by which signaling between insulin
and 5-HT is integrated remains elusive.

Among kinases known to be involved in insulin signaling,
there is an emerging body of evidence suggesting that 3-
phosphoinositide-dependent protein kinase 1 (PDK1), which
is cytoplasmic membrane-associated enzyme activated by
PI3K [2, 10, 54, 64, 69], plays a pivotal regulatory role in
many cellular processes and signaling pathways including cell
survival, growth, proliferation, and metabolism [15, 20, 59,
69, 70]. PDK1 activates a group of protein kinases belonging
to the protein kinase A (PKA)/PKG/PKC kinase family that
plays important roles in mediating diverse biological process-
es including vascular function [3, 6, 42, 69]. Indeed, Chen
et al. [9] recently reported that PDK1 regulates platelet acti-
vation and arterial thrombosis. Tawaramoto et al. [63] found
that EC-specific deletion of PDK1 enhances insulin sensitivity
via reducing visceral fat and suppressing angiogenesis. In
VSMCs, Weber et al. [68] found that platelet-derived growth
factor (PDGF)-induced migration is reactive oxygen species
(ROS)-dependent and the Src/PDK1/p21-activated protein ki-
nase1 pathway contributes to ROS-sensitive migration. How-
ever, uncertainty surrounds the mechanisms by which PDK1
might contribute to vascular contractile response.

In the present study, we hypothesized that exposure to high
insulin levels would amplify 5-HT-induced contraction in the
carotid arteries of rats. Furthermore, we postulated that PDK1
might be involved in such alterations. To investigate our

hypothesis, we used organ culture of the entire vascular wall
[25, 26, 29, 51] because in this way, it is possible to incubate
the vessel with a constant concentration of insulin over a
prolonged period.

Methods

Reagents

The reagent sources were as follows: insulin, 5-HT, and
monoclonal β-actin antibody (Sigma Chemical Co, St. Louis,
MO, USA); (3S,6R)-1-[6-(3-amino-1H-indazol-6-yl)-
2-(methylamino)-4-pyrimidinyl]-N-cyclohexyl-6-methyl-3-
piperidinecarboxamide (GSK2334470) and (2Z)-5-(4-
chlorophenyl)-3-phenyl-2-pentenoic acid (PS48) (Tocris Bio-
science, Bristol, UK); U46619 and 2-(4-morpholinyl)-8-phe-
nyl-4H-1-benzopyran-4-one (LY294002) (Cayman Chemical,
Ann Arbor, MI, USA); 2-(2-(1-(2-(dimethylamino)acetyl)-5-
methoxyindolin-6-ylamino)-7H pyrrolo[2,3-d] pyrimidin-4-
ylamino)-6-fluoro-N-methylbenzamide (GSK1838705A)
(AdooQ Bioscience, Irvine, CA, USA); and dimethyl sulfox-
ide (DMSO) (Wako Pure Chemical Industries, Osaka, Japan).
The antibody sources were as follows: phospho-PDK1
(Ser241), PDK1, and insulin receptor β subunit (IR β) (Cell
Signaling, Beverly, CA, USA); p-MYPT1 (Thr853) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); 5-HT2A receptor
(ImmunoStar, Hudson, WI, USA); andMYPT1, ROCK1, and
ROCK2 (BD Biosciences, San Jose, CA, USA).

Animals and experimental design

Male Wistar rats were obtained at the age of 4–8 weeks (JLA,
INC., Tokyo, Japan). All animals were allowed a standard
laboratory diet (MF; Oriental Yeast Industry, Tokyo, Japan)
and water ad libitum in a controlled environment (room tem-
perature 21–22 °C, humidity 50±5 %) until the rats were 9–
17 weeks old (body weight 0.3–0.6 kg). This study was ap-
proved by the Hoshi University Animal Care and Use Com-
mittee, and all studies were conducted in accordance with
BGuide for the Care and Use of Laboratory Animals^ adopted
by the Committee on the Care and Use of Laboratory Animals
of Hoshi University (which is accredited by the Ministry of
Education, Culture, Sports, Science, and Technology, Japan).

Arterial isolation and organ culture procedure

In all experiments, non-fasted rats were anesthetized with
isoflurane (initially at 5 % and then maintained at 2.5 %) via
a nose cone for surgical procedures and euthanized by thora-
cotomy and exsanguination via cardiac puncture. After eutha-
nasia, common carotid arteries (diameter approx. 1 mm) were
isolated under sterile conditions and placed in an ice-cold,
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oxygenated, modified Krebs-Henseleit solution (KHS). Each
artery was carefully cleaned and cut into rings. Some seg-
ments were placed in 300 μl of low-glucose (5.5 mM) or
high-glucose (25 mM) Dulbecco’s modified Eagle medium
(DMEM: Gibco BRL, Grand Island, NY, USA) supplemented
with 1 % penicillin streptomycin (Gibco BRL) and 1 % fetal
bovine serum (FBS: Biological Industries, Kibbutz Beit
Kaemek, Israel) in the absence or presence of insulin or
PS48 (a PDK1 activator [19]). To investigate the effects of
various signaling pathways on prolonged insulin treatment
in carotid arteries, a given ring was incubated for 30 min in
the appropriate drug-containing DMEM (viz., 1×10−6 M
GSK1838705A [an IR inhibitor [56]], 1×10−5 M LY294002
[a PI3K inhibitor [40]], or 1×10−5 M GSK2334470 [PDK1
inhibitor [42]]), before insulin treatment, remaining present
thereafter. Also, some rings treated these inhibitors alone
(without insulin treatment). They were maintained at 37 °C
in an atmosphere of 95 % air and 5 % CO2 for approximately
24 h.

Measurement of isometric force

Vascular isometric force was recorded as described in our
previous papers [39, 40]. After organ culture, the arterial rings
were placed in oxygenated, modified KHS. This solution
consisted of (in mM) 118.0 NaCl, 4.7 KCl, 25.0 NaHCO3,
1.8 CaCl2, 1.2 NaH2PO4, 1.2 MgSO4, and 11.0 glucose. Iso-
tonic high K+ solution was prepared by replacing NaCl with
KCl. Ring segments (2 mm in length) were suspended via a
pair of stainless steel pins in a well-oxygenated (95 %O2–5 %
CO2) bath containing 5 ml of KHS at 37 °C. The rings were
stretched until an optimal resting tension of 1.0 g was loaded
and then allowed to equilibrate for at least 45 min. After sta-
bilization, the contractile response to 80 mM KCl was mea-
sured. Force generation was monitored using an isometric
transducer (model TB-611T; Nihon Kohden, Tokyo, Japan).
For the contraction studies, 5-HT (1×10−9–3×10−5 M) or
U46619 (10−10–10−7.5 M) was added cumulatively to the bath
until a maximal response was achieved.

Western blotting

Each carotid arterial ring was cultured with insulin (1×
10−6 M) or vehicle (0.0001 N HCl) and PS48 (3×10−4 M)
or vehicle (DMSO). After organ culture, the arterial rings were
suspended via a pair of stainless steel pins in a well-
oxygenated (95 % O2–5 % CO2) bath containing 5 ml of
KHS at 37 °C, and then 3×10−5 M 5-HT was applied for
5 min. Next, carotid arterial rings were washed with ice-cold
Ca2+-free solution containing sodium orthovanadate (1×
10−3 M) and EDTA (5×10−3 M) and rapidly removed, after
which they were freeze-clamped in liquid nitrogen and stored
at −80 °C for Western blotting. For measurements of IRβ and

5-HT2A receptors, protein samples were obtained from freshly
isolated carotid arteries and cultured with insulin (1×10−6 M)
or vehicle (0.01 N HCl) for 24 h. After organ culture, carotid
arterial rings were rapidly removed, and then, they were
freeze-clamped in liquid nitrogen and stored at −80 °C for
Western blotting. The protein levels of PDK1, phosphorylated
PDK1, MYPT1, phosphorylated MYPT1, ROCK1, ROCK2,
IRβ, and 5-HT2A receptor were quantified using immunoblot-
ting procedures, essentially as described previously [34,
38–40]. Carotid arterial protein extracts (20 μg/lane) were ap-
plied to 7.5 or 10 % SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Blots were incubated
with anti-PDK1 (58–68 kDa; 1:1000), anti-phospho-PDK1
(Ser241) (58–68 kDa; 1:1000), anti-MYPT1 (130 kDa;
1:1000), anti-phospho-MYPT1 (Thr853) (130 kDa; 1:200),
anti-ROCK1 (∼160 kDa; 1:500), anti-ROCK2 (∼160 kDa;
1:500), anti-IRβ (95 kDa; 1:500), anti-5-HT2A receptor
(53 kDa; 1:1000), and anti-β-actin (42 kDa; 1:5000) antibod-
ies, with detection being achieved using a horseradish
peroxidase-conjugated IgG followed by enhanced chemilumi-
nescence. The resulting bands were analyzed using CS Analyz-
er 3.0 software (ATTO, Tokyo, Japan). The phosphorylation
levels of PDK1 and MYPT1 were normalized by total PDK1
and total MYPT1, respectively, and then expressed as fold in-
crease (relative to vehicle). The protein expressions of ROCK1,
ROCK2, IRβ, and 5-HT2A receptors were normalized by β-
actin and then expressed as fold increase (relative to vehicle).

Statistical analysis

The contractile force exerted by carotid arterial rings is
expressed as a percentage of the 80-mM KCl-induced contrac-
tion. Concentration-response curves with agonists were fitted
using a nonlinear interactive fitting program (GraphPad Prism
5.0; GraphPad Software Inc., San Diego, CA, USA). Data are
expressed as the mean±SE. Statistical evaluations were per-
formed using Student’s t test for comparisons between two
groups. Statistical analysis of the values of Emax (the maximal
effect generated by 5-HT) was performed using one-way
ANOVAwith Bonferroni’s post hoc test. Statistical evaluations
of concentration-response curves were performed using two-
way ANOVAwith repeatedmeasures followed by Bonferroni’s
post hoc test. Values of P<0.05 were considered significant.

Results

Effects of prolonged treatment with insulin
on 5-HT-induced contractile responses

We firstly examined the effects of high concentration of insu-
lin or glucose on 5-HT (1×10−7–3×10−5 M)-induced contrac-
tion. Exposure of organ-cultured carotid artery rings to 5-HT
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led to a concentration-dependent rise in tension in both
insulin- (1×10−7 or 1×10−6 M) and vehicle-treated arteries,
although the contractile force of 5-HT was greater in insulin-
treated arteries than in the vehicle-treated arteries in both nor-
mal (Fig. 1a) and high glucose (Fig. 1b) conditions. The Emax

values of 5-HT-induced contractile response were significant-
ly increased in insulin (1×10−6 M)-treated arteries in both
normal and high glucose conditions (Fig. 1c). The reference
contractions induced by 80 mM KCl were similar among all
groups (Fig. 1d). On the other hand, the contractile force of
another constrictor, U46619, was similar between insulin (1×
10−7 M)-treated and vehicle-treated arteries under conditions
of normal glucose (data not shown). These results suggested
that high insulin but not high glucose could enhance 5-HT-
induced contraction in rat carotid arteries. As glucose did not
influence 5-HT-induced contraction in organ-cultured carotid
arteries, all subsequent experiments were conducted in normal
glucose DMEM for organ culture.

Effects of a selective IR antagonist and PI3K inhibitor
on the insulin-induced enhancement of 5-HT-induced
contraction

Because insulin signals were reported to involve the IR/IRS/
PI3K pathway [43, 45, 50], in the second series of experi-
ments, we examined whether 5-HT-induced contraction

augmented by insulin could be suppressed by IR and PI3K
inhibitors (Fig. 2). Cotreatment with the IR antagonist
GSK1838705A (1×10−6 M) (Fig. 2a) or PI3K inhibitor
LY294002 (1×10−5 M) (Fig. 2b) together with insulin (1×
10−7 M) suppressed 5-HT-induced contraction in organ-
cultured carotid arteries.

Effects of a selective PDK1 inhibitor on 5-HT-induced
contraction enhanced by insulin

PDK1 was reported to be an immediate downstream effector
of PI3K and a master kinase in various responses [2, 10, 54,
64, 69]. Next, to continue our investigation of the role of
PDK1 on 5-HT-induced contraction augmented by insulin,
we assessed the effect of PDK1 inhibition on the 5-HT-
induced contraction of cultured carotid arteries in the presence
of insulin (Fig. 2c). Treatment with the PDK1 inhibitor
GSK2334470 (1×10−5 M) suppressed 5-HT-induced contrac-
tion in organ-cultured carotid artery in the presence of insulin
(1×10−7 M).

When carotid rings were treated with each inhibitor alone
(without insulin treatment) for 24 h, GSK1838705A (1×
10−6 M), LY294002 (1×10−5 M), or GSK2334470 (1×
10−5 M) did not influence 5-HT-induced contractions
(Fig. 2d).

Fig. 1 Effects of insulin treatment on 5-hydroxytryptamine (5-HT)-
induced contraction in organ-cultured rat carotid arteries. Carotid
arteries were preincubated with vehicle (0.0001 N HCl) or insulin
(1×10−7 or 1×10−6 M) in normal- (5.5 mM glucose) (a) or high-glucose
(25 mM) Dulbecco’s modified Eagle’s medium (b). Emax of 5-HT-
induced contraction (c). d The 80 mM KCl-induced contraction in

carotid arteries cultured with vehicle or insulin in normal or high-glucose
medium. Each data-point represents the mean±SE from five experiments.
a, b *P<0.05, ***P<0.001, vehicle vs. insulin 1×10−7 M, ###P<0.001,
vehicle vs. insulin 1×10−6 M. c *P<0.05, vehicle vs. insulin 1×10−6 M in
normal-glucose medium. #P<0.05, vehicle vs. insulin 1×10−6 M in high-
glucose medium
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Fig. 2 Effect of an insulin receptor (IR) antagonist, phosphoinositide 3-
kinase (PI3K) inhibitor, or 3-phosphoinositide-dependent protein kinase
1 (PDK1) inhibitor on the enhancement of 5-hydroxytryptamine (5-HT)-
induced contraction in organ-cultured rat carotid arteries exposed to
insulin. Concentration-response curves for 5-HT-induced contraction in
insulin (1×10−7 M for 24 h)-treated carotid arteries in the absence or
presence of GSK1838705A (IR inhibitor, 1×10−6 M) (a), LY294002

(PI3K inhibitor, 1×10−5 M) (b), or GSK2334470 (PDK1 inhibitor, 1×
10−5 M). d Concentration-response curves for 5-HT-induced contraction
in carotid arterial rings treated with vehicle (DMSO), GSK1838705A (1×
10−6 M), LY294002 (1×10−5 M), or GSK2334470 (1×10−5 M) for 22–
24 h. Data are the means±SE from seven (a), nine (b, c), or six (d)
experiments: **P<0.01, ***P<0.001 vs. vehicle

Fig. 3 Effects of prolonged treatment with insulin on the
phosphorylation of 3-phosphoinositide-dependent protein kinase 1
(PDK1) and myosin phosphatase target subunit 1 (MYPT1) in
organ-cultured rat carotid arteries. Western blots for p-PDK1/PDK1 (a)
and p-MYPT1/MYPT1 (b) in organ-cultured carotid arteries exposed to
insulin (1×10−6 M). After organ-cultured carotid arteries were stimulated

with 5-hydroxytryptamine (3×10−5M) for 5min. RepresentativeWestern
blots (upper panels). Bands were quantified as described in the
BMethods^ (lower panels). Results were shown as the fold increase
relative to control (vehicle). Equal protein loading was confirmed using
β-actin antibody. Each column represents the mean±SE from six (a) or
eight (b) experiments. *P<0.05, **P<0.01 vs. vehicle
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Evaluations of PDK1, MYPT1, ROCK1, and ROCK2
protein expression in the absence or presence of insulin
in cultured carotid arteries stimulated with 5-HT

Using pharmacological approaches, enhanced 5-HT-induced
contraction was observed in insulin-treated arteries, and this
was suppressed by inhibiting IR/PI3K/PDK1 signaling. To
investigate the possible mechanisms underlying the alterations
in 5-HT-induced contraction in organ-cultured carotid arteries
in the presence of high insulin concentrations, we investigated
whether the activity of PDK1 and MYPT1, which is the reg-
ulatory subunit of myosin light chain phosphatase and the
phosphorylation of which at Thr853 stimulated by constrictors
in a Rho kinase-dependent manner, affects contractile re-
sponses [17, 47, 60, 65]. Moreover, we assessed that the ex-
pression of ROCK1/2 was altered in carotid arteries subjected
to prolonged insulin treatment with 5-HT stimulation. The 5-
HT-stimulated carotid arterial expression of phosphorylated
PDK1 (Fig. 3a) and MYPT1 (Fig. 3b) was significantly great-
er in the insulin-treated group (vs. vehicle). Conversely, the
protein expression of ROCK1 (Fig. 4a) and ROCK2 (Fig. 4b)
was not significantly different between insulin and vehicle
treatment.

Effects of prolonged PDK1 activation on 5-HT-induced
contraction and the activities of PDK1 and MYPT1
in organ-cultured carotid arteries

Next, to assess the direct relationship between PDK1 and con-
traction in response to 5-HT in carotid arteries, we

investigated the effect of prolonged PDK1 activator treatment
on 5-HT-induced contraction (Fig. 5) and the phosphorylation
of MYPT1 and PDK1 (Fig. 6). Prolonged treatment with a
PDK1 activator (PS48; 3×10−4 M for 24 h) [19, 58] enhanced
5-HT-induced contraction (Fig. 5a). This enhancement of 5-
HT-induced contraction induced by PS48 was suppressed by
pretreatment with GSK2334470 (1×10−5 M) but not by
LY294002 (1×10−5 M) (Fig. 5b). Moreover, the 5-HT-
induced contraction in carotid arteries cultured with (PS48
3×10−4 M) was not further modified by cotreatment with
insulin (1×10−7M) (Fig. 5c). The phosphorylation ofMYPT1
upon 5-HT stimulation was significantly greater in PS48-
treated arteries than in vehicle-treated arteries (Fig. 6a). Pre-
dictably, the expression of phosphorylated PDK1 was signif-
icantly greater in the PS48-treated group (vs. vehicle)
(Fig. 6b).

Expression of IRβ and 5-HT2A receptors

Finally, to investigate the possible mechanisms underlying the
above amplifier effects of insulin on 5-HT-induced contrac-
tions in carotid arteries, we finally examined the protein ex-
pression of the IRβ and 5-HT2A receptors (Fig. 7). Although
the protein expressions of IRβ were not significantly altered
between fresh and vehicle-cultured carotid arteries, the protein
expressions of IRβ were significantly decreased in the insulin
(1×10−6 M)-treated group compared to vehicle-treated group
(Fig. 7b) in cultured carotid arteries. Conversely, the protein
expressions of the 5-HT2A receptor were similar for the three
groups (Fig. 7c).

Fig. 4 Effects of prolonged
treatment with insulin on the
expression of ROCK in organ-
cultured rat carotid arteries.
Western blots for ROCKs in
organ-cultured carotid arteries
exposed to insulin (1×10−6 M for
24 h). After organ-cultured
carotid arteries were stimulated
with 5-hydroxytryptamine (3×
10−5 M) for 5 min. a
RepresentativeWestern blots. b, c
Bands of ROCK1 (b) and
ROCK2 (c) were quantified as
described in the BMethods.^
Results are shown as the fold
increase relative to control
(vehicle). Each column represents
the mean±SE from six
experiments
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Discussion

In the present study, we examined whether high insulin con-
centrations cause increased vascular contractile responses to 5-
HT. The major findings of the present study are that prolonged

exposure to high insulin levels but not high glucose levels in rat
carotid arteries enhances 5-HT-induced contraction and the in-
crease in 5-HT-induced contraction induced by high insulin
concentrations is due to the activation of IR, PI3K, and PDK1
pathways (Fig. 8). It was also found that PDK1 activation leads

Fig. 6 Effects of prolonged treatment with PS48 (3×10−4 M) on the
phosphorylation of myosin phosphatase target subunit 1 (MYPT1) and
3-phosphoinositide-dependent protein kinase 1 (PDK1) in organ-cultured
rat carotid arteries stimulated with 5-hydroxytryptamine (3×10−5 M for
5 min). Representative Western blots for p-MYPT1/MYPT1 (a) and p-

PDK1/PDK1 (b) (upper panels). Bands were quantified as described in
the BMethods^ (lower panels). Results are shown as the fold increase
relative to control (vehicle). Equal protein loading was confirmed using
β-actin antibody. Each column represents the mean±SE from eight
experiments. *P<0.05 vs. vehicle

Fig. 5 Prolonged treatment with a 3-phosphoinositide-dependent protein
kinase 1 (PDK1) activator augments 5-hydroxytryptamine (5-HT)-in-
duced contraction in rat carotid arteries. Effects of a PDK1 activator
(PS48: 3×10−4 M for 24 h) on 5-HT-induced contraction in organ-
cultured rat carotid arteries (a). Effects of GSK2334470 (1×10−5 M)
and LY294002 (1×10−5 M) on the concentration-response curves for 5-

HT in the presence of PS48 (3×10−4 M) in organ-cultured rat carotid
arteries (b). c Effects of coincubation with PS48 (3×10−4 M) and insulin
(1×10−7 M) for 22–24 h on the 5-HT-induced contraction. The data
represent the mean±SE from four to six experiments. a **P<0.01,
***P<0.001 vs. vehicle. b ***P<0.001, vehicle vs. GSK2334470
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to increased 5-HT-induced contraction similarly as exposure to
high insulin levels in rat carotid arteries.

Alterations of contractile responses to endogenous ligands
were often observed in the arteries of long-term models of
type 2 diabetes [33–35, 37–39, 46, 57]. Other researchers
[12, 19, 44, 48] and our group [36, 40] found that 5-HT-
induced contraction was increased in arteries from type 2 di-
abetic animal models. In addition, we suggested that the en-
hancement of 5-HT-induced contraction was attributable to
various signal transduction pathways including Src, Rho ki-
nase, MAPKs, and PI3K pathways in type 2 diabetic arteries
[36, 40]. The major hallmarks of type 2 diabetes are hypergly-
cemia and hyperinsulinemia. In the present study, we illustrat-
ed that prolonged exposure to high insulin levels could aug-
ment 5-HT-induced contraction in rat carotid arteries, whereas

high-glucose treatment did not influence this contraction. On
the other hand, high insulin could not alter other constrictor
U46619 (TP agonist)-induced contraction. Therefore, these
results suggest that high insulin levels act as a specific ampli-
fier of 5-HT-induced contraction and may speculate that insu-
lin affects specific signal-transduction cascade to contract vas-
cular smooth muscle upon stimulation of each G protein-
coupled receptor.

Among the 5-HT receptor subtypes, it has been reported
that 5-HT-induced arterial contractions were mainly mediated
by 5-HT2A receptors [67]. There was an increase in arterial
contractions in response to some endogenous agonists in vas-
cular diseases which may be associated with increase in their
receptor expression. For example, Edvinsson’s group clearly
demonstrated that 5-HT-induced vasocontractions were asso-
ciated with upregulation of 5-HT receptors (such as 5-HT2A),
in mesenteric arteries using an organ culture system [7, 32]. In
the present study, we found that the protein expression of 5-
HT2A receptors did not change among freshly isolated and
cultured (vehicle and insulin for 24 h) groups, suggesting that
the extent of altered receptor expression (via upregulation and
downregulation) did not influence the enhancement effects of
insulin on 5-HT-induced contractions. Moreover, we and
others previously observed that the increase in 5-HT-induced
contractions in diabetic arteries was attributable to an increase
in intracellular signaling rather than its receptor expression
[36, 40, 48]. Therefore, we speculate that the site(s) of action
resulted in enhancement of 5-HT-induced contraction by in-
sulin that may be related to downstream molecules.

It was reported that insulin acts on various target organs
including the vasculature through the activation of IR and
subsequently activates multiple signaling pathways [41]. Hy-
perstimulation of the IR alters the balance of these signaling

Fig. 7 Western blots for IRβ and
5-HT2A receptor expressions in
freshly isolated carotid arteries
and vehicle- (0.01 N HCl) or
insulin (1×10−6 M for 24 h)-
cultured carotid arteries. a
Representative Western blot is
shown. b, c Corresponding
densitometric analysis showing
the expressions of IRβ (b) and 5-
HT2A receptor (c). Results are
shown as the fold increase relative
to control (vehicle). Each column
represents the mean±SE from
eight experiments. *P<0.05 vs.
vehicle

Fig. 8 Summary of the present results. Prolonged exposure of insulin
increases 5-HT-induced contraction in rat carotid arteries via the
activation of IR/PI3K/PDK1 pathway
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pathways such as suppressing PI3K/Akt signaling and
boosting MAPK signaling [24]. In the present study, the en-
hancement of 5-HT-induced contraction induced by
prolonged insulin exposure was reduced by pretreatment with
an IR antagonist and PI3K inhibitor. It was reported previous-
ly that PDK1 is one of the major downstream targets of PI3K
upon insulin stimulation [2, 10, 28, 69]. We found that in
carotid arteries subjected to prolonged exposure to insulin,
(1) 5-HT-induced contraction was suppressed by pretreatment
with a PDK1 inhibitor, and (2) the phosphorylation
(activation) of PDK1 upon 5-HT stimulation was increased.
Moreover, prolonged exposure to a PDK1 activator increased
5-HT-induced carotid arterial contraction similarly as high in-
sulin levels. In addition, pretreatment with a PI3K inhibitor
did not influence 5-HT-induced contraction in carotid arteries
subjected to prolonged exposure to a PDK1 activator. Finally,
no additive augmentation in 5-HT-induced contraction was
seen in cotreatment with insulin and a PDK1 activator. These
results strongly suggest that the IR/PI3K/PDK1 pathway con-
tributes to increased 5-HT-induced contraction.

PDK1 has been implicated as a major hub of multiple sig-
naling cascades in the regulation of various cellular processes
[2, 6, 10, 15, 54, 64, 69]. In the present study, we focused on
the relationship between PDK1 and MYPT1 phosphorylation
because phosphorylation of MYPT1 at Thr853 by Rho kinase
is a key process of vascular smooth muscle contraction [17,
47, 60, 65]. A novel, intriguing, and potentially important
finding of the present study was that the linkage between
PDK1 and MYPT1 phosphorylation is functionally present
in rat carotid arteries. In the present study, we found that 5-
HT-induced MYPT1 phosphorylation at Thr853 was increased
by prolonged treatment with a PDK1 activator as well as high
insulin exposure and treatment with insulin did not affect the
expression of ROCK1 and ROCK2 upon 5-HT stimulation.
These results suggest that the increased MYPT1 phosphory-
lation induced by insulin (and PDK1 activation) is indepen-
dent of ROCK expression. There are few reports suggesting
an interaction between PDK1 and Rho kinase. The
colocalization of PDK1 and ROCK1 at the cell membrane
and sustained RhoA/ROCK1 activation was observed in co-
lorectal cancer cells [8]. Okada et al. [49] observed that che-
motaxis induced by PDGF-D is mediated by the activation of
the PDGF-ββ receptor/PI3K/PDK1/Akt/Rac1/ROCK path-
way in malignant mesothelioma cells. Further investigations
will be required on these points in the vasculature.

In conclusion, in the present study, we demonstrated that
prolonged exposure of rat carotid arteries to high insulin levels
enhanced 5-HT-induced contraction. Moreover, we for the
first time demonstrated that PDK1 activation promotes 5-
HT-induced vascular contraction. Further studies on PDK1
might contribute to the development of new pharmaceutical
therapies for the prevention of type 2 diabetes-associated vas-
cular diseases.
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