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Abstract
Insulin exerts a vasodilator effect by stimulating endothelial nitric oxide (NO) production. Studies in cultured cells suggest that insulin

might activate endothelial nitric oxide synthase (eNOS) by an atypical, calcium-independent mechanism. This study investigates the

mechanism of insulin-stimulated endothelial NO production in intact aortic wall. Real time fluorescence imaging with 4,5-diamino-

fluorescin diacetate (DAF-2 DA) or 4-amino-5-methylamino-20,70-difluorofluorescein diacetate (DAF-FM DA) and FURA 2-AM was

used to simultaneously visualise NO and intracellular calcium concentrations at multiple locations in the endothelium and vascular

smooth muscle of isolated rat and mouse aorta after exposure to insulin. Inhibitors of intracellular insulin signalling were used to

determine the pathway for insulin-stimulated NO production. Unlike acetylcholine, which stimulated endothelial NO production with a

typical increase in free intracellular calcium, insulin (10�8 to 10�6 M) stimulated endothelial NO production without elevating

intracellular calcium levels. Insulin-stimulated NO production was concentration dependent and detected within 30 s of application.

Peak increases in NO occurred between 60 and 120 s and declined slowly thereafter. Separate measurements of NO production by

fluorescence of 2,3-diaminonaphthalene (DAN) noted that selective inhibitors of phosphatidylinositol 3-kinase (PI3K) and protein kinase

B (PKB) inhibited insulin-stimulated NO production, whereas these inhibitors alone did not alter NO production or acetylcholine-

stimulated NO production. Insulin-stimulated NO production by endothelium is an acute calcium-independent effect mediated via the

PI3K-PKB signalling pathway.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Insulin exerts a direct vasodilator effect on the vascular

wall [1]. This effect is mediated via the endothelium where

insulin activates endothelial nitric oxide synthase (eNOS),

catalysing the conversion of L-arginine to L-citrulline,

and liberating nitric oxide (NO) [2–4]. NO passes into

the sub-endothelial space and diffuses to the vascular
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smooth muscle (VSM). Within the VSM, NO binds to

the haem group of guanylate cyclase, stimulating produc-

tion of cyclic guanosine monophosphate. Raised cyclic

guanosine monophosphate reduces the intracellular free

calcium concentration, causing the VSM to relax [5,6].

The mechanism by which insulin activates eNOS is

uncertain. Activation of eNOS is generally a calcium

dependent process [7]. For example, the vasorelaxation

effect of acetylcholine is mediated via muscarinic receptors

that promote the release of calcium from intra-

cellular stores. This raises the intracellular free calcium

concentration, enabling calcium-calmodulin to bind to

eNOS, displacing caveolin-1 and activating eNOS [8].

However, recent studies in cultured 3T3IR fibroblasts expres-

sing human insulin receptors and transfected with eNOS

found that insulin rapidly activated eNOS without increas-

ing intracellular free calcium [9]. Calcium-independent
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activation of eNOS is not unknown since there have been

reports that insulin-like growth factor-1 (IGF1), oestrogens

and shear stress can increase NO production by endo-

thelium without increasing intracellular free calcium

[10–12]. Such a mechanism of activation of eNOS might

involve protein kinase B (PKB (Akt)), which has recently

been shown to phosphorylate eNOS and alter its sensitivity

to calcium so that it is active at sub-physiological con-

centrations [9,13,14]. PKB is a post-receptor insulin sig-

nalling intermediate for stimulation of glucose transport

[15].

Herein, we examine the effect of insulin on rat and

mouse arterial wall using digital fluorescence imaging

with simultaneous real time measurements of intracellular

calcium and NO at multiple sites in the endothelium

and VSM. Additionally, we have measured insulin-

stimulated NO production with inhibitors of the insulin

signalling cascade to identify the intracellular pathway

involved.
2. Materials and methods

2.1. Chemicals

Chemicals and their sources were: 2,3-diaminonaphtha-

lene (DAN) from Sigma, Poole, UK; 4,5-diaminofluor-

escin diacetate (DAF-2 DA) and wortmannin from

Calbiochem, Nottingham, UK; 4-amino-5-methylamino-

20,70-difluorofluorescein diacetate (DAF-FM DA) from

Molecular Probes; SB202190 (p38 MAP kinase inhi-

bitor) and hydroxymethyl-chiroinositol-methyl-octadecyl-

carbonate (PKB inhibitor) from Merck Biosciences.

Other chemicals were from Sigma–Aldrich, VWR Inter-

national and Fisher Scientific. Plastic ware was from

Sarstedt.

2.2. Tissue preparation

Slices and small segments of aorta were prepared from

16 to 20-week-old, homozygous normal lean (+/+) mice of

the Aston colony or from weanling, male, Wistar rats. The

animals were maintained as described elsewhere [16].

Mice were killed by cervical dislocation and rats were

anaesthetised with isofluorane and decapitated. In both

species, the thoracic aorta was carefully removed, rinsed in

ice cold, modified Krebs Ringer bicarbonate (KRB) buffer

[17] at room temperature and connective tissue carefully

removed. Approximately, 1 cm sections were cut in half

longitudinally to expose the luminal surface. The outer

(adventitious) surface of the aorta was placed onto a

nitrocellulose membrane (13 mm diameter, 0.45 mm pore

size; Millipore Corporation), which was secured to a

marble stage at its edges with small amounts of silicon

grease. Slices approximately 0.5 mm thick were cut with a

Machilwain tissue slicer.
2.3. Preliminary spectrofluorimetric nitric oxide assay

Five milligrams segments of aorta were cut from slices

with butterfly scissors and placed one per well in a 96 well

plate. Each well contained 100 ml KRB buffer at 22 8C pre-

gassed with 95% O2:5% CO2. The buffer was supplemen-

ted with 10 mmol DAF-2 DA dye for 30 min, and then

washed twice with KRB buffer to remove free (extracel-

lular) dye. Tissue was incubated in KRB at 22 8C and NO

production was measured at intervals for up to 1 h until

there was a stable basal level. NO production was

measured using a microplate spectrofluorimeter (Gemini

Spectromax XS, Molecular Devices Corporation) with

Softmaxpro software. The dye was excited at 490 nm

and the emission was detected at 515 nm. Insulin (10�8

or 10�6 M) was added to the incubation medium and NO

production was measured at 1 min intervals for 6 min. The

principle of this NO assay relies on the DAF-2 DA dye

readily permeating cells where it is hydrolysed by intra-

cellular esterases to generate DAF-2 [18]. This active form

of the dye fluoresces on interaction with NO.

2.4. Simultaneous imaging of nitric oxide and calcium

Slices of aorta on nitrocellulose membranes were fixed

between parallel tracks of silicon grease on the bottom of a

perfusion chamber. Slices were either placed on their side

to examine the endothelium and VSM in cross-section

(transverse orientation) or with the endothelial cells upper-

most (luminal orientation). The tissue was immersed in

1 ml of gassed KRB buffer containing 10 mmol DAF-2 DA

or 10 mmol DAF-FM DA and 10 mmol FURA-2AM and

incubated at room temperature for 30 min. Compared to

DAF-2, DAF-FM is reported to be more photostable,

relatively insensitive to changes in pH above pH 5.5 and

have a greater sensitivity to NO [19]. Thereafter, the tissue

was washed for at least 30 min with KRB buffer before

being transferred to the microscope where it was super-

fused with KRB buffer at 2 ml/min at room temperature.

After a further equilibration period of at least 10 min to

assess baseline rates of fluorescence changes, test sub-

stances (acetylcholine or insulin) were added to the perfu-

sion buffer at the concentrations and for the durations.

Simultaneous measurements of calcium and NO were

obtained by alternating excitation wavelengths of 350, 380,

and 490 nm with a monochromator (Polychrome II; Till

Photonics) over a 6 s period. Emitted light (515–545 nm)

was collected with a charge-coupled device camera

(C4880-81, Hamamatsu) attached to an upright micro-

scope (BX50 WI, Olympus). The monochromator and

camera were controlled with Openlab Software (Improvi-

sion). Data were processed offline with Igor Pro Software

(Wavemetrics Inc.) using custom procedures. Free cyto-

solic calcium concentrations were estimated from ratio

images created online from images collected at 350 and

380 nm using established methods [20]. Regions of interest



N.A. Hartell et al. / Biochemical Pharmacology 69 (2005) 781–790 783
(ROI) were identified and average changes in fluorescence

intensity for each ROI were calculated over time. In

luminal orientation regions, encompassing individual

endothelial cells were distinguished from those encom-

passing areas of smooth muscle by their characteristic

response to brief applications of acetylcholine. Data from

up to 15 separate endothelial or smooth muscle regions

were pooled per slice. These ROIs were then transferred to

images collected at 490 nm and used to measure simulta-

neous changes in DAF fluorescence. The same approach

was used for transverse slices although it was not possible

to distinguish individual cells in this orientation. Unlike

Fura-2, DAF is not a ratiometric dye. Therefore, changes in

fluorescence (DF) were normalised to the initial baseline

fluorescence intensity (F0) for each region. Since it is the

rate of change of DAF fluorescence that is proportional to

NO concentration [21], in some cases, the rate of change of

fluorescence over unit time was calculated. Images illus-

trating changes in calcium or DAF fluorescence over time

were also generated using the same procedures. To identify

acetylcholine responsive cells, changes in calcium levels

above a threshold value were superimposed upon back-

ground images of DAF fluorescence. Images illustrating

changes in DAF fluorescence with respect to baseline

levels were constructed by subtracting images collected

at identified times from a baseline (DF). The data illu-

strated represent typical results obtained during more than

three replicates of each procedure.

The specificity of DAF-2 as a NO sensor and its suscept-

ibility to photoactivation has been reviewed recently [22].

Our data underwent a persistent and gradual increase in

fluorescence with DAF-2, but this was less evident with

DAF-FM. Since images were acquired at constant intervals

it was possible to separate the effects of applications of

acetylcholine or insulin from any non-specific effects,

including photoactivation, by extrapolating baseline rates

of changes in fluorescence and subtracting these from the

data. The data presented therefore represent drug-induced

changes in DAF-2/DAF-FM fluorescence with respect to

normalised baseline levels. Consequently, no attempt to

make a quantitative comparison between different experi-

ments has been made. However, because the effects of

acetylcholine on calcium mobilisation were routinely

tested to allow us to assess the viability of the preparation

and to distinguish endothelial cells from VSM, we were

able to compare the relative changes in NO and calcium

production within different regions of the same piece of

tissue.

DAF-2 has also been reported to be sensitive to changes

in calcium and magnesium [22] and able to react with

dehydroascorbic acid and ascorbic acid, which often colo-

calise with NOS, causing an attenuation of NO-dependent

signals [23]. The reported sensitivity of DAF-2 to calcium

and magnesium [22] has recently been disputed by the

makers of the dye who found that this was an indirect

consequence of the calcium sensitivity of NO generating
systems [24]. In our experiments, we found no qualitative

difference between results obtained with DAF-2 and DAF-

FM, which is reported to have fewer non-specific effects

[19]. Our simultaneous measurements of both forms of

DAF and calcium revealed that the two signals were

capable of independent change and so we can be reason-

ably sure that changes in calcium did not directly influence

DAF-2/DAF-FM fluorescence. Moreover, since our prin-

cipal observation is that insulin increases DAF-2/DAF-FM

fluorescence without a concurrent increase in calcium, any

potential influence of calcium on DAF-2/DAF-FM fluor-

escence has no impact on our conclusions. We can also be

confident that our measurements with DAF-2 and DAF-FM

do not reflect significant changes in other reactive oxygen

species since they were sensitive to LNARG and because

DAF-2 has been shown to distinguish between NO and

reactive oxygen species [25].

2.5. Nitrite assay for nitric oxide

Five milligrams segments of mouse aorta with an intact

endothelium were placed one per well in a 96 well plate.

Tissue was incubated for 30 min at 22 8C in 200 ml cal-

cium-free KRB, since calcium can interfere with the

method of NO measurement used in this experiment.

Tissue was incubated with or without test substances

(specific inhibitors of insulin signalling or eNOS) for

30 min followed by insulin (10�6 M) for 10 min. The

tissue was then removed, digested in 2.8 M NaOH, and

protein was determined by the bicinchoninic acid method

[26]. Medium remaining in each well was assayed for

nitrite by a fluorometric method in which nitrite is reacted

with DAN to form the fluorescent product 1-(H)-naphtho-

triazole [27]. Briefly 50 ml DAN (0.05 mg/ml in 0.62 M

HCl) was added to each well at room temperature for10 -

min, and the reaction was terminated with 10 ml of 2.8 M

NaOH. Fluorescence was read with excitation and emis-

sion wavelengths of 365 and 450 nm, respectively, using a

Gemini Spectromax XS fluorimeter (Molecular Devices

Corporation, Sunnyvale, CA, USA). Quantification was

made against a standard curve of NaNO2 in incubation

buffer, and the accuracy and sensitivity were as previously

defined [27]. Data are expressed as nitrite concentration

(mM) per 100 mg protein.

2.6. Statistical analyses

For the reasons outlined above, statistical comparisons

between imaging data from different aortic slices were not

made. Comparisons were made between changes in DAF-

2/DAF-FM and Fura-2 fluorescence levels between

endothelial cells and VSM in the same slice. All such data

are representative of at least five experiments. Other data

are expressed as mean � S.E.M. and compared by analysis

of variance (ANOVA) with a post-hoc Dunnett’s test or

Student’s unpaired t-test with a Bonferroni correction.
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Probability differences of p < 0.05 were accepted as sig-

nificant.
3. Results

3.1. Insulin-stimulated NO production in rat and

mouse aorta

Suitability of rat and mouse aorta as a model to study the

time- and concentration-dependency of insulin-stimulated

NO production was established by preliminary static incu-

bation experiments with small aortic segments. Data from

mouse aorta are shown as an example in Fig. 1. Accurate

quantitative fluorometric determination of NO production

using DAF-2 fluorescent dye noted that in mouse aorta

insulin (10�8 and 10�6 M) increased NO production (by

approximately 20 and 35%, respectively) within 1 min

(Fig. 1A). Similar increases in NO production were pro-

duced with acetylcholine (10�8 and 10�6 M) (Fig. 1B).

3.2. Simultaneous calcium and NO measurement

in aortic slices

To investigate the acute time-dependency and calcium

involvement of NO production in the endothelium, and to
Fig. 1. The effects of (A) insulin (10�8 and 10�6 M) and (B) acetylcholine

(10�8 and 10�6 M) on NO release from incubated segments of mouse aorta.

NO was measured by DAF-2 fluorescence. NO is shown as the percentage

change from baseline at time zero, mean � S.E.M., n = 6. Treatment effects

were significantly different from control (p < 0.01) by ANOVA, and mean

values at individual time points were significantly different between treat-

ments and control (*p < 0.05 and **p < 0.01), and between different

concentrations of test substance (+p < 0.05) by Dunnett’s test.
distinguish the endothelium from the VSM in an intact slice

of aorta, simultaneous, real time, fluorescence imaging of

NO and calcium was undertaken in slices of rat aorta in both

transverse and luminal orientations. As already discussed,

DAF-2 in particular is susceptible to photoactivation, lead-

ing to a steady increase in fluorescence over time. There-

fore, in all experiments, a period of at least 5–10 min was

allowed, prior to drug application, to allow an accurate

assessment of baseline fluorescence levels. Once steady

baseline levels of DAF-2/DAF-FM fluorescence and cal-

cium levels were established, acetylcholine (1 or 10 mM)

was superfused for a period of 1 min. Individual, more

brightly fluorescent cells could be identified on the luminal

surface of slices incubated with DAF-2 or DAF-FM (see

Fig. 2A). Superfusion with acetylcholine immediately

increased the calcium levels in most of these cells on the

luminal surface (Fig. 2A and C). Those cells that did

respond were identified as healthy endothelial cells. Despite

the relatively slow sampling rate, two clear phases of

calcium mobilisation could be seen. An initial fast peak,

indicative of calcium release from inositol-1,3-bis-phos-

phate sensitive intracellular stores was followed by a

slower, prolonged response that is due to calcium influx

for a review see [28]. Non-responsive, inter-endothelial

regions were collectively identified as being VSM. After a

short delay of between 30 and 70 s, a steady increase in

DAF-2/DAF-FM fluorescence was observed in all regions

(Fig. 2B and C). Since it is the rate of change of DAF

fluorescence that is proportional to NO concentration [21],

the change in DAF-2/DAF-FM fluorescence was differen-

tiated to yield the instantaneous slope (DF/Dt). In this

orientation, little if any difference in the absolute amount

or rate of DAF fluorescence increase was observed between

identified endothelial or smooth muscle regions (Fig. 2C).

Experiments were repeated in rat aortic slices placed on

their side (transverse orientation) to allow measurement of

fluorescence in widely separate layers of the aortic slices.

In this orientation, acetylcholine caused a similarly large

increase in calcium that was restricted to the luminal

surface of slices (Fig. 3A and C). The apparent, small

increase in calcium in the VSM in this example, where the

increase in endothelial calcium was substantial, was almost

certainly due to light reflecting from endothelial regions.

This spillover effect was much reduced in cases where the

calcium increase was less substantial (see for example

Fig. 6). Moreover, acetylcholine had no effect on VSM

in tissue that was stripped of its endothelial layer (data not

shown). As with slices placed with the luminal surface

uppermost, increases in DAF-FM fluorescence were

observed several tens of seconds after the initial increase

in calcium (Fig. 3B and D). In this example, a delayed

increase in DAF-2 fluorescence was observed in the VSM

10–15 s later. The extent of spread of the NO signal to the

VSM was very variable between tissues and dependent on

the responsiveness of individual slices. In cases where the

increase in DAF-2/DAF-FM fluorescence was compara-
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Fig. 2. NO levels rise after acetylcholine induced increases in intracellular calcium in endothelial cells. (A) representative example of a rat aortic slice

positioned with the luminal side uppermost loaded with the NO indicator DAF-2 DA and the calcium indicator Fura-2 AM (10 mM each applied externally). The

times on each image represent the times in seconds at which the images were taken. The intensities of ratio images (350/380 nm) above an arbitrary threshold

value of 0.66 were pseudocoloured and shown superimposed upon a greyscale background image of DAF-2 fluorescence, captured using an excitation

wavelength of 490 nm. Note that individual endothelial cells can be identified on the background image. (B) Pseudocoloured changes in DAF-2 fluorescence

with respect to an image captured at time zero are shown. The times on each image represent the times in seconds at which the images were taken and correspond

to the blue circles in panel C. (C) Changes in DAF fluorescence (DF) normalised to mean baseline values (F0) are shown (DF/F0), along with simultaneous

measurements of Fura-2350/380 ratio images (red traces). Shown below is the rate of change of DAF-2 fluorescence (green). The filled circles in each graph

represent ROIs placed over endothelial cells and the open circles represent VSM. Individual data points represent the means and standard errors of 10

endothelial regions and 8 VSM regions. The horizontal red dotted line shows the threshold level used to generate the images in (A).
tively small, little or no spread of the NO signal beyond the

endothelial layer was observed (compare Figs. 3D and 6A).

NO-dependent relaxation of VSM in intact preparations is

far more rapid than the observed increases in DAF-2/DAF-

FM fluorescence. The consistent delay between the

endothelial calcium elevation and the increase in DAF-

2/DAF-FM fluorescence, and any additional delay for the

signal to appear in the VSM, presumably reflects, there-

fore, the time taken for NO to accumulate to concentrations

approaching the threshold detection limits of 3–5 nM of

the dyes [19,29]. That these experiments were carried out

at room temperature (21–23 8C) may have also contributed

to delay.

These results are entirely consistent with the established

notion that acetylcholine elevates intracellular calcium in
endothelial cells and this triggers NOS activation and

production of NO, which then diffuses to the underlying

VSM. To confirm this, acetylcholine was applied in the

presence of the NOS inhibitor L-NAME (10 mM) and then

again in the same tissues after its thorough washout. As

shown in Fig. 4, the actions of acetylcholine on DAF-2

fluorescence were significantly attenuated when NOS

activity was reduced.

3.3. Insulin effects on calcium and NO in aortic

endothelium and VSM

Having established that these two imaging techniques

can be used to assess NO and calcium signalling in

endothelial and VSM regions of rat aortic slices, we next



N.A. Hartell et al. / Biochemical Pharmacology 69 (2005) 781–790786

Fig. 3. Selective increase in NO in endothelial layers of aortic slices after acetylcholine induced increases in intracellular calcium in endothelial cells. (A)

representative example of a rat aortic slice positioned on its side with the luminal side at the top of the image, loaded with Fura-2 AM (10 mM). The intensities of

ratio images (350/380 nm) above a threshold value of 0.69 were pseudocoloured and shown superimposed upon a greyscale background image captured before

acetylcholine application. In this example and in the example shown in panel B, the endothelial layer extends backwards, at an angle, below the plane of focus

and so it looks thicker than a single cell layer. Note also the presence of elastic fibres running through the VSM. (B) In a separate slice loaded with DAF-FM DA

(10 mM), changes in DAF-FM fluorescence before and after application of acetylcholine are shown. The differences in fluorescence between pairs of images

captured at 60 s intervals were calculated at different time points and the resulting difference image was divided by the first of the pair (D60sF/F0). Images were

then thresholded and values above 10 were psuedocoloured and superimposed on a greyscale background image. (C) Changes in Fura-2 ratio values following

application of acetylcholine are shown for endothelial (black trace) and VSM regions (grey trace) from the same slice shown in panel A. (D) DAF fluorescence

(DF) normalised to mean baseline values (F0) shown (DF/F0) for the slice illustrated in panel B. measurements from regions of interest placed over endothelial

regions are shown in black and those from VSM are shown in grey. Individual data points represent the means and standard errors of seven endothelial regions

and seven VSM regions. The horizontal red dotted lines in (C and D) illustrate the threshold levels used to generate the images in (A and B), respectively. Shown

underneath are the differentials of the data illustrating the rate of fluorescence change over unit time.
examined the effects of insulin on these two second

messengers in this preparation. Superfusion of rat aortic

slices with insulin produced substantial increases in NO in

both endothelial and VSM layers that were comparable to

those produced by acetylcholine (Fig. 5). Insulin-stimu-

lated NO production was concentration dependent and

responses were detected at concentrations as low as

10 nM (Fig. 5B). Increases in DAF-2/DAF-FM fluores-

cence were detected within 30 s. The peak rate of fluor-

escence increase, which corresponds to the time when NO

production is maximal [21], occurred between 60 and 120 s

of insulin application. The relative potency of insulin was

compared to that of acetylcholine by measuring rates of

DAF-2 fluorescence increase over a 1 min period during

applications in the same slice (Fig. 5A). Concentrations of

insulin between 1 and 10 mM produced responses that were
similar to those produced by 10 mM acetylcholine. Near

maximal increases in NO were produced by prolonged

applications of 10�8 M insulin, and only small further

increments were observed with additional insulin up to

10�6 M (Fig. 5B). Importantly, the intracellular calcium

levels measured by FURA 2 in both endothelium and VSM

were unchanged by any of the insulin concentrations

tested, despite the prompt rise in NO.

3.4. PKB and PI3K mediate insulin-induced NO

production

We next set out to identify the signalling pathway

responsible for this insulin-mediated, calcium-independent

increase in NO production. Insulin promotes NO produc-

tion from endothelial cells via the phosphatidylinositol-3-
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Fig. 4. Inhibition of NOS reduces acetylcholine induced increases in DAF-

FM fluorescence. (A) Mean � S.E.M. changes in DAF fluorescence from 15

identified endothelial cells on the luminal surface of a rat aortic slice are

shown. Acetylcholine was applied for 1 min in the presence of L-NAME

(grey trace) and then again after washing for 30 min (black trace). (B)

Mean � S.E.M. rates of fluorescence increase from these regions following

acetylcholine application are illustrated in the presence and absence of L-

NAME.

Fig. 5. Brief applications of insulin induce concentration dependent

increases in DAF-2 fluorescence without concurrent increases in intracel-

lular calcium in either endothelium or VSM. (A) A 2 min application of

acetylcholine (Ach; 1 mM) was followed by applications of insulin (Ins; 0.1,

1 and 10 mM) to a rat aortic slice. Mean fluorescence changes relative to

baseline levels are shown for nine endothelial (black trace) and eight VSM

regions (grey trace). The mean � S.E.M. peak rates of fluorescence change

for endothelial and VSM regions were measured over a 1 min period during

each application and are shown below. (B) Insulin was applied in a

cumulative manner to aortic slices incubated with DAF-2 DA and Fura-

2 AM. Insulin elevated DAF-2 fluorescence at a concentration of 10 nM.

Subsequent applications at higher concentrations had no additional effect.

No increase in Fura-2 fluorescence was observed over this entire concen-

tration range. Endothelial regions are depicted in black and VSM in grey.
kinase (PI3K) pathway [30], which is an upstream regu-

lator of PKB. Phosphorylation of endothelial NOS by PKB

has been reported to lower the calcium sensitivity of eNOS,

causing it to become active at sub-physiological concen-

trations of calcium [13,14]. We therefore compared the

effects of the selective PI3K inhibitor wortmannin [13,31]

on acetylcholine (calcium dependent) and insulin (cal-

cium-independent) mediated NO production. Incubation

of rat aortic slices with wortmannin (10 mM) for 30 min

had no effect on the ability of acetylcholine to elevate

either calcium in endothelial cells or to trigger NO produc-

tion (Fig. 6A and B). In contrast, wortmannin reduced

insulin dependent increases in NO production (Fig. 6B and

C).

To further confirm the identity of the signalling pathway

through which insulin stimulates NO release, nitrite deter-

minations were made as an index of NO production during

incubation experiments with segments of aorta. In the

example illustrated in Fig. 7, mouse aortic slices were

incubated with insulin (10�6 M) for 10 min. This increased

NO production by almost 500%, compared with a 400%

increase with acetylcholine (10�6 M) (Fig. 7). When the

tissue was incubated with wortmannin (5 nM) and the

structurally unrelated PI3K inhibitor LY294002 (1.4 nM)

before exposure to insulin, insulin-stimulated NO produc-

tion was substantially reduced. Insulin-stimulated NO

production was also reduced by prior incubation with

the PKB inhibitor, hydroxymethyl-chiroinositol-methyl-

octadecylcarbonate (5 mM) [32], but not by prior incuba-

tion with the p38 MAP kinase inhibitor, SB202190

(16 nM). None of these inhibitors altered basal NO pro-
duction alone or when stimulated with acetylcholine (data

not shown).
4. Discussion

The ability of insulin to stimulate nitric oxide synthase

and increase NO production is well established [1]. How-

ever, much of the evidence derives from cultured cells,
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Fig. 6. The effects of wortmannin on acetylcholine and insulin-dependent NO production. (A) Acetylcholine was applied to transverse rat aortic slices

incubated with Fura-2 AM and DAF-FM DA. The mean � S.E.M. of six endothelial (black symbols) and six VSM regions (grey symbols) are shown. (B)

Illustrates the actions of a second application of acetylcholine (1 mM) in the presence of 1 mM wortmannin. The effects of applications of 1 mM insulin are

shown in the absence (C) and presence (D) of wortmannin. All experiments were carried out in the same slice. Experiments shown in panels A and C preceded

those in B and D.
often not endothelial cells or cells transfected to over-

express insulin receptors or eNOS, and the mechanism by

which insulin stimulates eNOS in normal intact endothe-

lium has not been fully resolved [9,33]. Herein, the use of

real time simultaneous fluorescence imaging for NO and

intracellular calcium in intact aortic wall has demonstrated

that insulin-stimulated NO production by the endothelium

is different to that of acetylcholine: the effect of insulin is

independent of calcium and mediated by the PI3K-PKB

intracellular signalling pathway.

Real time, simultaneous measurements of NO and

intracellular calcium in the present superfusion system

have demonstrated that insulin-stimulated NO production

can be rapid in the intact endothelium of mouse and rat

aorta, reaching a maximum within 60–120 s, compared
with a slower peak at 1–2 min or longer in most cultured

isolated cells [9,30,33–35]. The present studies were con-

ducted at room temperature to discriminate the relative

time-dependent effects on calcium and NO. The effects are

too rapid at 37 8C (data not shown) to allow temporal

discrimination of the component effects. The mouse and

rat aorta data are consistent with recent evidence from

fibroblasts transfected with eNOS in which insulin con-

tinued to stimulate NO production in the presence of a

calcium chelator, indicating a calcium independent

mechanism [9]. Stimulation of eNOS by PKB is known

to be independent of calcium and involve phosphorylation

of a serine residue (S1179 for bovine eNOS) [9,14,34].

Indeed, a point mutation at this residue (S1179A) prevents

stimulation of eNOS by PKB [9]. Overexpression of
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Fig. 7. Effect of acetylcholine, insulin, inhibitors of insulin signalling (the

PI3K inhibitors wortmannin and LY294002; the PKB inhibitor hydroxy-

methyl-chiroinositol-methyl-octadecylcarbonate, and the MAP kinase inhi-

bitor SB202190) on NO release by incubated segments of mouse aorta. NO

was measured by DAN fluorescence and expressed as nitrite concentration.

Values are mean � S.E.M., n = 6. *p < 0.05, **p < 0.01 vs. control;
+p < 0.05 vs. insulin alone by Student’s unpaired t-test.
insulin receptors increases insulin-stimulated NO produc-

tion while an ihibitory mutation of IRS-1 or inhibition of

PI3K has been shown to prevent the NO-increasing effect

of insulin [34,36]. Linking these pieces of information, the

present observations in the intact endothelium provide a

compatible explanation that the calcium-independent sti-

mulation of eNOS by insulin is mediated through the IRS-

1—PI3K-PKB signalling pathway. Since the MAP kinase

inhibitor SB202190 did not reduce insulin-stimulated NO

release, it is likely that this intracellular pathway of insulin

action is not required for insulin to acutely activate eNOS.

The calcium-independent stimulation of eNOS by insu-

lin is consistent with an early report that IGF1 can rapidly

raise NO production by cultured endothelial cells inde-

pendently of any rise in the intracellular free ionised

calcium concentration [12]. This could potentially involve

either receptor cross-talk or signalling interaction of the

IGF1 receptors with post-receptor components of the

PI3K-PKB pathway as seen with the insulin-like effect

of IGF1 on glucose uptake [15]. Some other rapidly acting

calcium-independent activators of eNOS have been iden-

tified, notably oestadiol and fluid shear stress [10–12] and

recent studies suggest that these might stimulate eNOS by

phosphorylation through the PI3K-PKB pathway [37].

Indeed insulin may increase responsiveness to the cal-

cium-independent activation of eNOS by oestradiol and

fluid shear stress [10,37]

Although the vasodilator effect of insulin is weak, and in

isolation this would appear to have only a minor physio-

logical role, it may be more important when considered in

the context of the metabolic effects of insulin [6,38]. Use of

the same intracellular signalling pathway for insulin to

acutely increase both NO release and translocation of

glucose transporters into the cell membrane suggests a

coordinated physiological process for insulin to facilitate

increased perfusion and increased glucose transport in

tissues such as skeletal muscle [6,33,38,39]. Moreover,

use of the same signalling pathway for these physiological
actions lends support to the concern that insulin resistance

has diverse implications for metabolic and cardiovascular

events, potentially sharing similarities of aetiology and

pathogenesis [4,6]. Indeed there is now evidence that mice

with IRS-1 knockout or an inhibitory mutation of PI3K

develop hypertension as well as resistance to the metabolic

effects of insulin [34,40]. Also the signalling pathway

through the insulin receptor, IRS-1, PI3K and PKB is

impaired in the vasculature of obese, glucose intolerant

and insulin resistant fa/fa rats [40] and vascular function is

impaired in mice with a 95% knockout of insulin receptors

in endothelial cells [41]. Additionally, acute vasodilator

responses involving NO production are impaired in human

insulin resistance and diabetic states, and improved by

insulin therapy [4,6,38,42,43]. Hence, a treatment strategy

to rectify defects in the signalling pathway through PKB

should benefit both metabolic and vascular aspects of

insulin resistance.

In conclusion, the present study has provided real

time visualised evidence in the intact vascular wall that

insulin can acutely stimulate NO production by a calcium-

independent mechanism that requires integrity of the

PI3K-PKB signalling pathway.
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