
Br. J. Pharmacol. (1994), 111, 35-41

Prevention by insulin treatment of endothelial dysfunction but
not enhanced noradrenaline-induced contractility in mesenteric
resistance arteries from streptozotocin-induced diabetic rats
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1 Streptozotocin-induced diabetic rats (Wistar) were implanted with sustained release insulin pellets
(release rate =4 u day-') or with placebo pellets (palmitic acid) from the onset of glycosuria.
2 Noradrenaline sensitivity, endothelium-dependent relaxation to acetylcholine and endothelium-
independent relaxation to sodium nitroprusside were assessed in mesenteric resistance arteries from the
insulin-treated (IT) diabetic animals and compared to placebo-implanted (PI) diabetics and age-matched
controls.
3 Arteries from PI-diabetic rats (8-10 weeks) demonstrated an enhanced maximal response to
noradrenaline compared to controls, which was not prevented by insulin treatment (control
2.65 ± 0.17 mN mm'1, n = 18 arteries versus PI-diabetic 3.73 ± 0.40 mN mm-', n = 5, P <0.05; control
versus IT-diabetic 4.02 ± 0.19 mN mm' , n = 22, P <0.001). Sensitivity to noradrenaline was similar
between the three groups.

4 In the presence of the nitric oxide synthase inhibitor N0-nitro-L-arginine methyl ester (L-NAME), IT
and PI arteries were more sensitive to noradrenaline than control arteries (pECm: control 5.75 0.08,
n = 17, versus PI-diabetic 6.14 ± 0.09, n = 8, P <0.05; control versus IT-diabetic 6.38 ± 0.08, n = 20, P
<0.001).
5 The maximum contractile response to depolarizing 125 mM K+ was significantly enhanced in
IT-diabetic arteries but not PI-diabetic when compared to control arteries (maximum response: control
3.74±0.15mNmm-', n = 18, versus PI-diabetic 3.61 ±0.19mNmmnr, n = 11, NS; control versus

IT-diabetic 4.66 ± 0.18 mN mm-', n = 22, P <0.001).
6 Endothelium-dependent relaxation to acetylcholine was profoundly impaired in the PI-diabetic
arteries, but in the IT-diabetic arteries was not significantly different from controls (pECm: control
7.64 0.19, n = 17, versus PI-diabetic 6.07 ± 0.12, n = 8, P <0.001; control versus IT-diabetic
7.36 0.09, n = 22, NS).
7 Endothelium-independent relaxation to sodium nitroprusside was slightly but significantly impaired
in the PI-diabetic arteries, but was not significantly different in the IT-diabetic arteries compared to
controls (pEC50: control 7.78 ± 0.10, n = 13, versus PI-diabetic 7.31 ± 0.13, n = 13, P <0.05; control,
versus IT-diabetic 7.64 ± 0.09, n = 16, NS).
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Introduction

Abnormal function of the vascular endothelium has been
implicated as one of the underlying mechanisms of microvas-
cular disease in diabetes. Recent studies in man have
identified impaired endothelium-dependent relaxation to
acetylcholine in the smooth muscle of the corpora cavernosa
of impotent diabetic men (De Tejada et al., 1989), in isolated
resistance arteries from gluteal subcutaneous fat from type I
(insulin-dependent) diabetic subjects (McNally et al., 1992),
and in the forearm of subjects with type II (non-insulin
dependent) diabetes mellitus (McViegh et al., 1992). Elliot et
al. (1992), have also reported altered basal and stimulated
nitric oxide (NO) synthesis to carbachol in the forearm of
microalbuminuric type I diabetic patients. There is also some
evidence to suggest that the sensitivity of the underlying
smooth muscle to exogenously derived nitric oxide may be
altered in human diabetes (McViegh et al., 1992; Calver et
al., 1992). Endothelium-dependent and -independent defects
could, therefore, account for impaired NO mediated relaxa-
tion. In a recent study by Smits et al. (1993), however,
forearm blood flow responses to both endothelium-dependent
and -independent relaxation were found to be normal.

I Author for correspondence.

Extensive functional studies in conduit arteries from
animals with chemically-induced diabetes comprise a largely
confusing literature. Several studies, however, describe
enhanced reactivity to noradrenaline (MacLeod & McNeill,
1985; Harris & MacLeod, 1988; Pieper & Gross, 1988; White
& Carrier, 1988; Cohen et al., 1990) and impaired
endothelium-dependent relaxation (Oyama et al., 1986;
Pieper & Gross, 1988; Durante et al., 1988; Kamata et al.,
1989; Tanz et al., 1989; Mayhan, 1989; Abiru et al., 1990;
Tesfamariam et al., 1990; Mayhan et al., 1991; Cameron &
Cotter, 1992). We have previously demonstrated in streptozo-
tocin-induced diabetes in rats, that both sensitivity to
noradrenaline and endothelium-dependent relaxation to
acetylcholine are abnormal in isolated mesenteric resistance
arteries (Taylor et al., 1992) and in the whole perfused
mesenteric circulation (Taylor et al., 1994 following paper).
The first of these studies (Taylor et al., 1992) also suggested
the observed abnormalities can be explained, at least in part,
by a deficit in the production of NO in the endothelial cells
of the resistance vasculature.

In animal models of diabetes, insulin treatment has been
shown to reverse the decreased responsiveness to endothelin-1
in aorti9 rings (Hodgson & King, 1992), to prevent impaired
endothelium-dependent relaxation to histamine in aortic rings
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(Tanz et al., 1989) and to prevent both contraction and
relaxation defects (Takiguchi et al., 1989) in the rat perfused
mesentery. No previous study has determined the effect of
insulin treatment on abnormalities of isolated resistance
arteries. In the present study, therefore, we aimed to investi-
gate the effect of sustained release insulin replacement on
resistance vascular function in rats with streptozotocin-
induced diabetes.

Methods

Induction of experimental diabetes

Diabetes was induced in female Wistar rats by intraperi-
toneal injection of streptozotocin (45 mg kg-') dissolved in
citrate buffer. Onset of diabetes was confirmed by the
presence of glycosuria 48 h after injection. Blood samples for
the measurement of plasma glucose (glucose oxidase method:
YSI model 23 AM Glucose Analyser, Yellow Springs, OH,
U.S.A.) and rat and bovine plasma insulin concentrations
(RIA, S6nksen, 1976) were obtained by cardiac puncture
after cervical dislocation. Control rats were housed separately
from the diabetic animals and all animals were given free
access to food and water.

Insulin treatment

Following the onset of glycosuria, 48 h after streptozotocin
administration, diabetic animals were treated with insulin
with sustained release insulin pellets, containing bovine
insulin (17%) and palmitic acid (83%) as an excipient
(Wang, 1991). Slow surface erosion of the implants in vivo
gradually releases the entrapped insulin, equivalent to a dose
of 4 units day-'. The insulin pellets (2 mm x 7 mm) were
sterilised in 10% betadine solution before being implanted
subcutaneously between the scapulae using a specially
designed (12 gauge) trocar and stylet. This procedure was
carried out under a short acting anaesthetic (Hypnorm,
0.5 ml kg' bodyweight, i.m.) requiring no suturing or clips
for closure; 48 h after implantation of the insulin pellets, and
in all subsequent routine tests, there was no evidence of
glycosuria or ketonuria using reagent strips for urinalysis
(Labstix). As controls for the implantation of the insulin,
diabetic animals were implanted with placebo pellets contain-
ing only palmitic acid which were otherwise identical to the
insulin pellets.

After 8-10 weeks animals were killed by cervical disloca-
tion and a blood sample was taken by cardiac puncture for
the plasma insulin assays and the determination of plasma
glucose concentrations.

Assessment of vascular function

The mesentery was removed and placed in physiological salt
solution (PSS). The solution consisted of (mM): NaCl 119,
NaHCO3 25, D-glucose 5.5, KH2PO4 1.18, MgSO47H2O1.17,
KC1 4.7, CaCl2 2.5, ethylenediamine-tetra-acetic acid disodium
salt (EDTA) 0.026. In order to obtain arteries of approxi-
mately equal diameter in control and experimental animals,
the third branch mesenteric arteries were routinely dissected
from control and insulin-treated (IT)-diabetic rats and the
fourth order mesenteric arteries dissected from the placebo-
implanted (PI)-diabetic animals (mean internal dia-
meter ± s.e.mean: control 286 ± 9 Ism, n = 18: IT-diabetic
316 ± 12 tm, n = 22: PI-diabetic 293 ± 12 Jim, n = 13, P not
significant). The arteries were dissected free of connective
tissue under a light microscope and mounted as ring prepara-
tions on a small vessel myograph (Mulvany & Halpern, 1977)
capable of measuring isometric tension. Arteries were bathed
in PSS at 37°C and bubbled with 5% C02/95% 02 and their
passive tension and internal circumference were determined.
The arteries were then set to an internal circumference

equivalent to 90% of that which they would experience when
relaxed in situ under a transmural pressure of 100 mmHg (the
maximum active tension for the minimum resting tension is
developed at approximately this circumference; Mulvany &
Halpern, 1977). Arteries were then subjected to a routine
run-up procedure in which they were contracted for 2 min
every 10 min on four occasions according to the following
protocol. The first and fourth contractions were produced
with S JiM noradrenaline in 125 mm potassium solution
(KPSS, equimolar substitution of KCl for NaCl in PSS). The
second was with 5 LM noradrenaline in PSS and the third
with KPSS. Arteries failing to produce a maximum active
tension equivalent to a pressure of 100 mmHg on the final
contraction were rejected.

All experiments were conducted in the presence of the
cyclo-oxygenase inhibitor indomethacin; as in a previous
study of endothelial function of STZ-diabetic rats (Taylor et
al., 1992) we found no evidence for abnormalities of indo-
methacin-sensitive components of relaxation. Following the
routine run up procedure, the vessels were incubated for
10 min in indomethacin (1O fM) and their responses to in-
creasing concentrations of noradrenaline then determined at
3 min intervals (0.1 mM- 10.0 mm cumulative addition). The
bath was then washed three times with PSS and a further
15 min washout period allowed before the arteries were sub-
maximally contracted for 3 min with the concentration of
noradrenaline required to produce approximately 80% of the
maximum response. Relaxation to acetylcholine was subse-
quently assessed by adding increasing concentrations of
acetylcholine at 2 min intervals (final bath concentrations
1 nM- 10 jAM). After a washout period of 5 min, the NO
synthase inhibitor, L-NAME (NG-nitro-L-arginine methyl
ester I0- M) was added to the bath and 10 min later a
cumulative concentration-response to noradrenaline repeated.
Finally, and in the continued presence of L-NAME, arteries
were precontracted with noradrenaline as described, and after
3 min were subjected to increasing concentrations of the
endothelium-independent nitrovasodilator sodium nitroprus-
side (SNP), at 2 min intervals (0.01-10 jAM).

Drugs

Chemicals used in this investigation were noradrenaline
(Winthrop Laboratories): acetylcholine, indomethacin,
sodium nitroprusside, L-NAME, (all from Sigma); strep-
tozotocin (gift from Dr MacLeod, Upjohn Co. Kalamazoo,
U.S.A.) and Hypnorm (Jannsen Pharmaceutics). Chemicals
were prepared as stock solutions solubilized in PSS, except
indomethacin which was prepared as a 1 mM stock solution
in phosphate buffer consisting of (mM): KH2PO4 20,
NaH2PO4.2H2O 120, pH balanced to 7.8. All concentrations
are expressed as the final molar concentrations in the organ
bath. Sustained release insulin implants and placebo implants
(Linplant) from Mollegaard, Denmark.

Statistical analysis

All values are given as the mean ± s.e.mean. Tension is given
as active wall tension (mNmm-' artery length) ± s.e.mean
and the relaxation responses to acetylcholine as a percentage
of the initial precontraction to noradrenaline. The negative
log of the concentration of a drug required to affect 50% of
the maximum response (pEC50) was calculated as the
mean ± s.e.mean of the individual pEC50s using non linear
regression, and the sigmoid equation of the curve fitting
programme 'GraphPad' (GraphPad Software Inc., San
Diego, CA, U.S.A.). Statistical comparisons of the pEC5o
values and maximum responses between the groups were
achieved by one way analysis of variance with the Bon-
feronni correction of P values for multiple comparisons.
Paired two-tailed t tests were employed in the comparisons of
sequential concentration-effect curves in the presence and
absence of inhibitors. Significance was assumed if P <0.05.
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Results

The glucose concentration of the plasma obtained from PI-
diabetic animals at the time of study (8-10 weeks after
induction of diabetes) was 44.28 ± 4.10 mM (n = 5) whereas
the plasma glucose of the insulin-treated diabetic animals was
not significantly different from that of controls (8.72 +
1.81 mM, n = 11, versus 6.31 ± 0.44 mM, n = 14). Bovine
insulin concentrations in the implanted animals were
46.68 ± 11.11 mu I` (n = 11) and below the detectable limit
in the control and placebo-treated animals. Endogenous
levels of insulin in the control animals were 19.64 ±
6.25 mu 1' (n = 14), lower than that of bovine insulin in the
treated animals (P < 0.05). At the time of implantation,
IT-diabetic animals weighed 222 ± 2 g, and following insulin
treatment weighed 302 ± 4 g, a significant weight gain
(P <0.0001), and greater than the normal weight for age
matched animals (250-270 g). In contrast PI-diabetics did
not show any significant weight gain, being 240 ± 8 g before,
and 249 ± 4 g after treatment (P not significant).

Contractile responses to noradrenaline

The exposure of arteries to noradrenaline led to a con-
centration-dependent rise in tension in all experimental
groups. There was no significant difference in the sensitivity
between the three groups (pECm: control 5.64 ± 0.07, n = 18;
PI-diabetic 5.79 ± 0.12, n = 5; IT-diabetic 5.78 ± 0.05,
n = 22, P not significant). However, the PI-diabetic arteries
demonstrated an enhanced maximum contractile response to
noradrenaline compared to controls (maximum response; PI-
diabetic 3.73 ± 0.40 mN mm-1, n = 5, versus control 2.65 ±
0.15 mNmm', n = 18, P<0.001). Insulin treatment did
not prevent this enhanced contractile response to
noradrenaline (maximum response: IT-diabetic 4.02 +
0.19 mN mm-', n = 22, versus control 2.65 ± 0.17 mN mm',
n = 18, P < 0.001) Figure 1.
The addition of L-NAME in control arteries led to a

highly significant increase in the maximum response to
noradrenaline from 2.65 ± 0.17 mN mm-' to 3.56 ± 0.16 mN
mnrr', n = 17, P <0.001, although there was no significant
increase in sensitivity (pECm: from 5.64 ± 0.07, to 5.75 ± 0.08,
n = 17, P not significant). In the PI-diabetic arteries the addi-
tion of L-NAME did not affect the maximum response to
noradrenaline (from 3.73 ± 0.40 mN mm-' to 4.01 ± 0.18 mN
mm- 1, n = 5, P not significant) but led to a significant increase

in sensitivity (pEC5: from 5.79 ± 0.12 to 6.12 + 0.13, n = 5,
P < 0.005). The PI-diabetic arteries in the presence of L-
NAME demonstrated enhanced sensitivity to noradrenaline
compared to control arteries in the presence of L-NAME
(pEC_0: control 5.75 + 0.08, n = 17 versus PI-diabetic
6.14 ± 0.09, n = 8, P <0.05). In the arteries from the IT-
diabetic rats the addition of L-NAME caused both an increase
in maximum response (from 4.02 ± 0.19 mN mm-' to
4.65 ± 0.20mN mm-', n = 20, P <0.005) and a substantial
increase in sensitivity to noradrenaline (pEC50: from
5.80 ± 0.05, to 6.38 + 0.08, n = 20, P <0.001). In the presence
of L-NAME the IT-diabetic arteries demonstrated greater
sensitivity to noradrenaline than control arteries (pECM:
6.38 ± 0.08, n = 20, versus 5.75 ± 0.08, n = 17, P < 0.001). No
significant difference was observed between the maximum re-
sponses of the PI-diabetic arteries and that of the control
arteries (maximum response: 4.01 ± 0.18 mN mm-', n = 8
versus 3.56±0.16mN mm-', n = 17, P not significant) or
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Figure 2 Noradrenaline concentration-effect curves, in the presence
of indomethacin (10 #M) and the nitric oxide synthase inhibitor
NG-nitro-L-arginine methyl ester (10-4 M), in isolated mesenteric
resistance arteries from control (0, n = 17) placebo-implanted-
diabetic (, n = 8) and insulin-treated-diabetic rats (A, n = 20).
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Figure 1 Noradrenaline concentration-effect curves, in the presence
of indomethacin (1Op1M), in isolated resistance mesenteric arteries
from control (0, n = 18), placebo-implanted-diabetic (-, n = 5)
and insulin-treated-diabetic rats (A, n = 22).

Control Pi IT

Figure 3 Maximal contraction to 125 mm depolarizing potassium
(KPSS) in isolated mesenteric resistance arteries from control
(n = 18), placebo-implanted (PI)-diabetic (n = 11) and insulin-treated
(IT)-diabetic rats (n = 22).
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Figure 4 Acetylcholine concentration-effect curves, in the presence
of indomethacin, in isolated mesenteric resistance arteries from cont-
rol (0, n = 17), placebo-implanted-diabetic (U, n = 8), and insulin-
treated-diabetic rats (A, n = 22).

between the PI-diabetic arteries and the IT-diabetic arteries
(maximum response: 4.01 ± 0.18 mN mm-'. n = 8, versus

4.65 ± 0.20 mNmm ', n = 20, P not significant). However, in
the IT-diabetic arteries the maximum response to noradenaline
in the presence of L-NAME was significantly raised above the
controls (maximum response: 4.65 ± 0.20 mN mm-', n = 20,
versus 3.56 ±0.16 mN m-', n = 17, P <0.001) Figure 2.

Arteries from the IT-diabetic animals demonstrated an
enhanced response to 125 mM potassium (KPSS) relative to
controls (4.66 ± 0.18 mNmm-', n = 22, versus 3.74 ±
0.15 mNmm-', n = 18, P<0.001). Those from PI-diabetic
animals were not significantly different from the controls
(3.61 ± 0.19 mN mm1 l, n = I 1) Figure 3.

Endotheliwn-dependent relaxation

The cumulative addition of acetylcholine, in half log molar
increments, led to a concentration-dependent relaxation of
arteries precontracted submaximally with noradrenaline, in all
three experimental groups. Arteries from the PI-diabetic
animals demonstrated profoundly reduced relaxation to acetyl-
choline compared to the control group (pECv: PI-diabetic
6.07 ± 0.12, n = 8, versus control 7.64 ± 0.19, n = 17,
P <0.001). Maximum relaxation was also significantly
reduced in the PI-diabetic arteries compared to controls (maxi-
mum relaxation: PI-diabetic 69.5 + 12. 1, n = 8, versus control
98.5 ± 0.4, n = 17, P <0.001). In the IT-diabetic arteries there
was, however, no obvious impairment of acetylcholine-induced
relaxation, compared with controls (pECs: IT-diabetic
7.36 ± 0.09, n = 22, versus control 7.64 ± 0.19, n = 17, P not
significant. Maximum relaxation: IT-diabetic 93.8 ± 0.6%,
n = 22, versus control 98.5 ± 0.4, n = 17, P not significant)
Figure 4.

Endothelium-independent relaxation

Concentration-dependent relaxation to increasing concentra-
tions of sodium nitroprusside was observed in arteries from all
three groups. PI-diabetic arteries did, however, show slight
attenuation of the relaxation response compared to the control
group (pEC5v: PI-diabetic 7.31 ± 0.13, n = 13, versus control
7.78 ± 0.10, n = 13, P <0.05). This attenuation of the re-

sponse was not observed in the insulin-treated group in which
the response was not significantly different from that of the
control group (pEC50: IT-diabetic 7.64± 0.09, n = 16, versus

control 7.78 0.10, n = 13, P not significant) Figure 5.
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Figure 5 Endothelium-independent relaxation responses to sodium
nitroprusside in isolated mesenteric resistance arteries from control
(0, n = 13) placebo-implanted-diabetic (U, n = 13) and insulin-
treated-diabetic rats (A, n = 16) in the presence of indomethacin
and N0-nitro-L-arginine methyl ester (10-4M).

Discussion

The results of this study, although in a different strain of rat,
are in agreement with our previous observations in the
STZ-diabetic rat model (Taylor et al., 1992) in which we
demonstrated impaired endothelium-dependent relaxation to
acetylcholine. In addition we have demonstrated that insulin
treatment prevents the development of impaired endothelium-
dependent relaxation in isolated resistance arteries from the
mesenteric circulation of these animals. This is in agreement
with two previous studies in streptozotocin-diabetic rats; Taki-
guchi et al. (1989) have demonstrated that insulin treatment
improves impaired acetylcholine relaxation in the isolated per-
fused mesentery and Tanz et al. (1989) have shown that insulin
treatment prevents impaired histamine relaxation in 12 week
streptozotocin-diabetic rat aorta. Our previous study suggested
that the impaired endothelium-dependent relaxation resulted
from reduced NO release and insulin therapy may, therefore,
prevent this deficit. This is suggested by the experiments using
the NO synthase inhibitor L-NAME which indicated greater
noradrenaline-stimulated NO release in the arteries from the
treated compared to untreated diabetic rats. Reduced NO
release in diabetes is consistent with reports of impaired
endothelium-dependent relaxation in human isolated resistance
arteries in type I diabetes (McNally et al., 1992) and in a study
of forearm blood flow in type II diabetes (McVeigh et al.,
1992). In addition, other studies in type I diabetes have
reported an impaired basal release of NO in the forearm
circulation (Calver et al., 1992; Elliot et al., 1992). However,
not all have found evidence of impaired NO production (Hal-
kin et al., 1991; Smits et al., 1993). The differences could reflect
glycaemic control: better controlled patients may be analogous
to the sustained release, insulin-treated rats, whereas, poor
control could be associated with poor endothelial function.

Insulin therapy results not only in the normalisation of
serum glucose, but also many of the attendant sequelae of
diabetes. Reversal of hyperglycaemia is, however, the most
likely factor which prevents endothelial dysfunction. Vascular
endothelial cells are particularly susceptible targets as glucose
transport is independent of insulin (Green & Jaspan, 1990) and
the cells are, therefore, at risk of excessive glucose entry when
ambient concentrations are high. Activation of the polyol
pathway by glucose has been cited as a possible mechanism
contributing to reduced nitric oxide production (Cameron &
Cotter, 1992). However, in our recent study in which STZ-
diabetic rats were treated with the aldose reductase inhibitor,
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ponalrestat, no reversal of the endothelial dysfunction in the
mesenteric circulation was apparent (Taylor et al., 1994).
Other mechanisms by which hyperglycaemia may directly
affect endothelial function include the formation of advanced
glycosylation end products (AGEs) which can effectively
quench nitric oxide, so reducing relaxation (Brownlee et al.,
1988; Bucala et al., 1991; Makita et al., 1991; Hogan et al.,
1992). Glucose metabolites such as glucose-6-phosphate (G6P)
may also lead to intracellular glycosylation and quenching of
NO, and may cause extensive damage of intracellular cons-
tituents by the generation of free radicals (Molinatti et al.,
1990). The breakdown of nitric oxide by free radicals,
generated by hyperglycaemia-induced cyclo-oxygenase activity
may also contribute to impaired endothelium-dependent relax-
ation (Tesfamariam & Cohen, 1992). Also a decrease in
antioxidant activity, including the reported reductions in
glutathione through stimulation of the polyol pathway (Dvor-
nik, 1987), and associated superoxide dismutase activity
(Tagami et al., 1992), would lead to a reduced scavenging of
free radicals. This has been shown to be prevented in aortic
endothelial cells of alloxan diabetic rabbits by treatment with
insulin (Tagami et al., 1992).

Insulin also reverses hyperlipidaemia in man and in animal
models of diabetes. It is highly relevant, therefore, that
hypercholesterolaemia (Creager et al., 1990; Chowienczyk et
al., 1992) and atherosclerosis (Zeiher et al., 1991) in man are

associated with impaired endothelium-dependent relaxation.
Moreover, oxidised low density lipoproteins (LDLs) inhibit
relaxations mediated by NO (Jacobs et al., 1990), and LDLs
are elevated in diabetes (Sosenko et al., 1980). Reversal of
hyperlipidaemia may, therefore, provide an alternative
mechanism for insulin reversal of endothelial dysfunction.
Some lipids, notably 3-omega fatty acids, stimulate NO pro-
duction and it is of interest that McVeigh et al. (1993) have
recently reported dietary fish oil supplementation reverse to
abnormal endothelium-dependent relaxation in the forearm
of patients with type II diabetes.

Mesenteric resistance arteries from the PI-diabetic rats
demonstrated an enhanced maximum response to noradrena-
line, but no change in sensitivity, in contrast to our previous
study in which we observed both were increased (Taylor et
al., 1992). The difference could reflect the strain of rat used
or the shorter duration of diabetes (5-6 weeks) in the earlier
study. The increased contractility to noradrenaline was
unlikely to be the result of enhanced constrictor prostanoid
production as suggested by some (Agrawal & McNeill, 1987)
as the experiments were carried out in the presence of
indomethacin. In our earlier study (Taylor et al., 1992) in
rats with shorter duration of diabetes, we attributed
enhanced noradrenaline reactivity to reduced release of NO
since the addition of L-NAME to the arteries resulted in
identical tension development in control and diabetic arteries
when contracted with noradrenaline. In the present study in
animals with untreated diabetes of longer duration (8-10
weeks), the diabetic arteries continued to display an
enhanced response to noradrenaline in the presence of
L-NAME when compared to controls. This suggests a

second, duration-dependent mechanism and might be associ-
ated with autonomic neuropathy. Autonomic neuropathy
develops several weeks after STZ injection resulting in
reduced endogenous noradrenaline release (Sato et al., 1989),
and could lead to upregulation of adrenoceptors and in-
creased sensitivity to exogenous noradrenaline. Cameron &
Cotter (1992), Scarborough & Carrier (1983) and Wong &
Tzeng (1992), have all implicated an enhanced a2-adreno-
ceptor mediated component of noradrenaline contraction in
animal models of diabetes. Enhanced pressor responses to
exogenous noradrenaline have also been documented in
insulin-dependent, diabetic patients (Moorhouse et al., 1966;
Christlieb et al., 1976; Eichler et al., 1992).
The increase in reactivity to noradrenaline in the diabetic

rats was not prevented by sustained release insulin treatment
despite normalisation of plasma glucose. As these treated

animals would not have had diabetes for a sufficient duration
to develop neuropathy this is unlikely to be a reflection of
irreversible autonomic neuropathy. This would suggest that
insulin itself may be affecting contractility in the treated
group. Indeed serum levels of exogenous bovine insulin in the
treated diabetics were moderately raised compared to those
of endogenous insulin in the non-diabetic controls. The
weight gain following insulin treatment is also indicative of a
degree of hyperinsulinaemia. The observation that the con-
tractile response to 125 mM potassium (KPSS) was elevated
in the insulin-treated diabetic animals but not in the placebo-
implanted group could suggest a chronic effect of raised
exogenous insulin on the contractile mechanism. This is con-
sistent with the data of Pfaffman et al. (1982) in which there
was a tendency for K+-induced contractions (70 mM) in
insulin-treated diabetic aortas to develop greater tension than
controls. Insulin could increase contractile responses through
the promotion of cell growth and proliferation of vascular
smooth muscle (Stolar, 1988; Banskota et al., 1989).
Most studies investigating the effects of insulin on vascular

smooth muscle function have been acute studies in vitro and
are, therefore, likely to be of little relevance to the abnor-
malities of noradrenaline-induced contraction seen in diabetic
and insulin-treated animals in this in vitro preparation in the
absence of insulin. Indeed acute and chronic responses to
insulin may be quite different (Gans & Donker, 1991).
Acutely, insulin, usually at supraphysiological concentration,
causes vasodilatation in animals (Liang et al., 1982; Yagi et
al., 1989; Standley et al., 1991; Wambach & Liu, 1991) and
in a man (Scott et al., 1988), but there is also evidence that
insulin may act synergistically with noradrenaline to enhance
constriction (Gans et al., 1990; Townsend et al., 1992).

Relaxation to SNP was normal in the IT-diabetic rats but
significantly reduced in the PI-diabetic rats. This would be
expected if AGEs were present in the untreated animals, as
quenching of NO would lead to reduced efficacy of SNP
since this compound generates free NO in aqueous solution
(Ignarro et al., 1980). In our earlier study we reported a
normal response to SNP in diabetic animals of 6 weeks
duration; the difference between that and the present study
may reflect AGE production associated with the longer dura-
tion of diabetes. Bucala et al. (1991), also found impaired
acetylcholine and nitroglycerin vasodilator responses in vivo
in STZ rats of 2 month duration which were associated with
AGE formation in the artery wall. They found that short
term insulin treatment did not reverse this defect and sug-
gested that it was due to the irreversible effect of these NO
quenching compounds. It would be of interest to determine,
in this preparation, therefore, whether insulin treatment
reverses rather than prevents the endothelium-dependent and
-independent relaxation defects after prolonged diabetes.

In conclusion, sustained release insulin treatment from the
onset of streptozotocin-induced diabetes prevents the
development of impaired endothelium-dependent and endo-
thelium-independent relaxation in rat mesenteric resistance
arteries. The most likely mechanisms, would appear to be the
preservation of endothelial NO production, but the prolonga-
tion of the half-life of NO through reduced free radical,
superoxide and AGE formation may also play a role. In
contrast insulin-treatment does not prevent the enhanced
contractility to noradrenaline associated with streptozotocin-
induced diabetes. This underlying enhancement of contrac-
tility to noradrenaline in insulin-treated experimental diabetes
could contribute to increased peripheral vascular resistance
and to the development of diabetic hypertension.
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