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The effect of insulin on the vascular reactivity of isolated resistance
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Summary Impaired reactivity of the resistance vascu-
lature may contribute to the development of diabetic
microangiopathy by altering microvascular haemody-
namics. This study investigates the acute effects of in-
sulin on the contractility and relaxation properties of
isolated human resistance arteries ( <300 um inter-
nal diameter) taken from gluteal subcutaneous fat of
33 (18 male: 15 female) normotensive healthy vol-
unteers  (supine blood pressure 115.6+1.6/
70.0 £ 1.5 mmHg [mean + SEM], with no family his-
tory of hypertension or diabetes mellitus. Resistance
arteries were mounted in a small vessel myograph to
measure isometric tension. Contractile responses to
noradrenaline were reduced after incubation in
1 mU/ml of insulin for 20 min (p < 0.01; Group 1). In-
creasing concentrations of insulin were found to re-
duce the contractile response to noradrenaline in a
dose-dependent manner (Group?2; 0.1 mU/ml by
8% [p<0.01], 1mU/ml by 17% [p<0.02] and

10 mU/ml by 22 % [p <0.01]). Sensitivity to insulin
(EDs;) only decreased at the highest concentration
of insulin. However, acetycholine-induced relaxation
was not altered by insulin (Group 2). Time control
studies (Group 3) showed that contractile and relaxa-
tion responses over the 4-h study period were un-
changed. Furthermore, the length of time the vessels
were exposed to insulin did not progressively impair
responses (Group 4). These findings suggest that in-
sulin may induce abnormalities in vascular smooth
muscle contractility, a factor that may contribute to
or exacerbate the abnormal haemodynamics ob-
served in the capillary microcirculation of numerous
vascular beds in diabetes. [Diabetologia (1995) 38:
467-473]
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An increase in capillary blood flow and pressure has
been shown in a diverse range of microcirculatory
beds in patients with diabetes mellitus, including the
kidney [1-4], retina [5], skin [6, 7] and forearm [8].
These changes also manifest at an early stage after di-
agnosis before there is clinical evidence of structural
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injury [1, 2, 8]. The mechanisms underlying these
changes are not known; however, a change in the vas-
cular reactivity of the resistance vessels may play a
contributory role by permitting alterations in regio-
nal haemodynamics. Thus, a recent study demonstrat-
ing nailfold capillary hypertension in young insulin-
dependent diabetic (IDDM) patients suggested that
the increased blood flow results from pre-capillary di-
lation [9].

Although there is considerable evidence that the
development of diabetic microangiopathy relates to
the degree and duration of hyperglycaemia, much
less is known about the influence of insulin on micro-
vascular function. Hyperinsulinaemia has been asso-
ciated with the pathogenesis of microvascular and
macrovascular injury in patients with diabetes [10]
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and also in the aetiology of hypertension in patients
with non-insulin-dependent diabetes (NIDDM), obe-
sity and essential hypertension [11]. Insulin is known
to influence cardiovascular function independent of
its hypoglycaemic action. Intravenous administration
of insulin to patients with diabetes produces a de-
crease in plasma volume [12] and circulating albu-
min concentration [13]. In patients with diabetic au-
tonomic neuropathy intravenous insulin induces a re-
duction in both blood pressure [14] and peripheral
vascular resistance [15] not found in normal subjects
[16]. In in vitro studies, insulin attenuates systemic
and regional vascular reactivity in dogs [17] and inhi-
bits noradrenaline- and angiotensin II-induced con-
tractions in isolated rabbit femoral artery and vein
[18]. On the other hand, depending on which vascu-
lar bed is studied, both vasodilator and vasoconstric-
tor responses can be elicited in the dog during infu-
sions of insulin [17]. However, there are limited data
on the microvascular effects of insulin in man. Eugly-
caemic hyperinsulinaemia in healthy subjects has
been reported to augment cardiovascular reactivity
to noradrenaline [19], while no effect was demonstra-
ted with angiotensin II [19, 20]. Moreover, acute in-
creases in plasma insulin within the physiological
range have shown conflicting responses in forearm
vasodilation [21, 22], but with no increase in blood
pressure despite increased sympathetic neural out-
flow [21] and a marked increase in forearm noradre-
naline release [22]. Local hyperinsulinaemia (using a
brachial artery infusion) attenuates neurogenic vaso-
constriction induced by lower body negative pres-
sure [23] and also the pharmacological vasoconstric-
tion of phenylephrine and angiotensin IT [24]. Most
studies have shown no changes in baseline forearm
vascular resistance detected during intra-arterial in-
sulin infusion [23-26] suggesting that a direct vasodi-
latory effect of insulin is unlikely.

Administration of insulin via the subcutaneous
route results in peripheral hyperinsulinaemia in pa-
tients with IDDM [27]. NIDDM is also characterised
by high levels of circulating endogenous insulin. It is
possible that abnormal reactivity of the resistance
vasculature resulting from hyperinsulinaemia may
contribute to or exacerbate the changes in microvas-
cular haemodynamics described in patients with dia-
betes. The resistance vasculature is the most impor-
tant system of vessels controlling tissue perfusion,
protecting the microcirculation from the deleterious
effects of high blood flow and maintaining a normal
intracapillary hydrostatic pressure. The purpose of
the present study was to determine whether vascular
responses of isolated subcutaneous resistance vessels
taken from healthy subjects are acutely modulated
by insulin.

P.G. McNally et al.: Effects of insulin on vascular reactivity

Subjects and methods

Subjects. Thirty-three normotensive healthy volunteers (su-
pine blood pressure, 115.6+1.6/70.0+1.5mmHg [mean +
SEM] using a random zero sphygmomanometer), within 10 %
of their ideal body weight, taking no vasoactive medication
and without a family history of hypertension or diabetes were
studied.

Four study groups were studied: Group 1 (ten subjects),
Group 2 (ten subjects), Group 3 (eight subjects) and Group 4
(five subjects) [see protocol below].

The study protocol was approved by the local ethical com-
mittee and all subjects gave informed written consent.

Preparation of arteries. Resistance arteries were dissected from
a biopsy of skin and subcutaneous fat from the gluteal region
(approximately 2 cm long x 0.5 cm wide x 1 cm deep) taken
under local anaesthesia (3 ml to 5 ml of 2 % lignocaine hydro-
chloride). Two segments of artery (2 mm in length) from each
biopsy were mounted as ring preparations on two 40 um stain-
less steel wires in a small vessel myograph [JP Trading, Aar-
hus, Denmark] [28]. One wire was attached to a force transdu-
cer to measure isometric tension and the other wire to a micro-
meter. This arrangement enables wall tension to be measured
at a predetermined internal diameter. The vessels were
bathed in physiological salt solution (PSS composition (in
mmol/l) NaCl, 118; KCl, 4.5; CaCl,, 2.5; MgSO,. 7H,0,
KH,PO,, NaHCO;, 25 and glucose 6), maintained at 37°C
and gassed with 5% CO,/95 % O, to achieve a pH of 7.4 [23].
After a 60-min equilibrium period the length tension charac-
teristics for each vessel, using the LaPlace equation (P = T/r
where P is the transmural pressure, T is the tension and r is
the internal radius of the vessel), was determined and the inter-
nal diameter set to 0.9 x Ly, where L, is the calculated inter-
nal diameter the vessel would have in vivo when relaxed and
under a transmural pressure of 13.3 kPa (100 mmHg). Pre-
vious studies have shown that the generated force is maximal
at this setting [28].

Protocol: After normalisation, the vessels were maintained in
PSS at 37°C for a further 60 min. In the first group (pilot
study) of 10 patients (Group 1), a cumulative dose contrac-
tion response to noradrenaline (10~®moll to 3 x 10~>mol/)
was performed in the presence of cocaine (10~ °mol/l) before
and 20 min after the addition of 1.0 mU/ml insulin.

In the second series of 10 patients (Group 2), a cumulative
dose contraction response to noradrenaline was performed in
the presence of increasing doses of insulin (0.01, 0.1, 1.0,
10 mU/ml). The vessels were exposed to each concentration
of insulin for at least 20 min before assessing vascular respon-
ses. Relaxation studies were performed in maximally contrac-
ted vessels (noradrenaline 10~ mol/l). After a steady plateau
of contraction was achieved (2-3 min) cumulative doses of the
endothelium-dependent vasodilator acetylcholine (10~®mol/l
to 107 3mol/l) were added to the bath and the relaxation ob-
served.

In the third series of eight patients (Group 3), the same pro-
tocol used in the second series (Group 2) was performed, with-
out the addition of insulin to act as time controls.

Finally, in the fourth series of five patients (Group 4), all
cumulative dose contraction curves and acetylcholine relaxa-
tion curves were performed in the presence of 0.1 mU/ml insu-
lin. The insulin remained in the bath and both the contraction
and relaxation curves were repeated at hourly intervals for up
to 4 h to observe whether there was a decrease in response re-
lated to the incubation time with insulin.
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Fig.1. Shows the contractile response to noradrenaline before
(@) and after the addition of 1.0mU/ml insulin (O).
* p < 0.001

All drugs (Sigma Chemical Co., Poole, Dorset UK) were
dissolved in distilled water and diluted with PSS. The molarity
is expressed as the final concentration in the bath.

Statistical analysis

The results from the two vessel segments were averaged to give
one value for each individual. The group results were expres-
sed as mean + SEM. The contractile forces were expressed as
force per length of vessel (mN/mm). Relaxation was expres-
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sed as a percentage of the maximal contraction achieved with
noradrenaline. The sensitivity to agonists was expressed as the
dose required to produce 50% of the maximum response
(EDs,). Differences between the cumulative dose response
curves were compared by analysis of variance and differences
between sensitivity (EDsy) by paired #-test, using Dunnett’s
correction for multiple comparisons, accepting p <0.05 as
being significant.

Results

The normalised internal diameter of the arteries in all
four groups was similar (Group1, 247 +16 um;
Group 2, 322+37um; Group3, 317+17 um and
Group 4, 304 28 um). In the first study (Group 1),
dose contraction responses to noradrenaline were
significantly reduced after the addition of 1.0 mU/ml
insulin (Fig.1, Table 1). This was associated with no
significant change in EDs, (Table 1).

In the second study (Group 2), increasing concen-
trations of insulin (0.01 to 10 mU/ml) significantly de-
pressed the response to noradrenaline in a dose-de-
pendent manner (Fig.2). Insulin (0.1 mU/ml) re-
duced the maximal response by 8% (p<0.01),
1 mU/ml insulin by 17 % (p < 0.02) and 10 mU/ml in-
sulin by 22 % (p < 0.01). With insulin concentrations
of 0.1 to 1 mU/ml, there was no alteration in the sen-
sitivity to noradrenaline, there being no significant
change in the EDy,. However, at a concentration of
10 mU/ml insulin in the bath, there was a significant
reduction in sensitivity to noradrenaline (p < 0.05)
(Table 1). Acetylcholine caused a dose-dependent re-

Table 1. Maximum contractile and relaxation responses to noradrenaline (NA) and acetylcholine (ACh) with measurement of

sensitivity EDs;

NA max NA EDs ACh max ACh EDg,

(mN/mm) (pmol/l) (%) (wmol/1)
Study group 1
No insulin 3.59+£0.49 0.45£0.13 - -
1.0 mU/ml insulin 2.81+£0.37° 1.40x£0.41 - -
Study group 2 (insulin concentration mU/ml)
0.0 - - 43+11 0.40£0.16
0.01 4.60£0.56 0.57+0.13 5212 0.27 £0.08
0.1 421 £0.59° 0.76 £0.20 53+12 0.17£0.05
1.0 3.82£0.55° 0951021 58+12 0.20+£0.08
10 3.61£0.50° 1.37£0.39* 58+13 027+0.15
Control group 3 (no insulin)
1st response - - 56+11 0.16 £ 0.05
2nd response 4.51+0.58 0.68 £0.11 60£9 0.15£0.02
3rd response 439+0.53 0.76 £0.14 73+£9 0.16 £ 0.03
4th response 458 £0.53 0.81+£0.13 798 0.14+0.03
5th response 4.54+047 1.10+£0.19 78+ 8 015+ 0.04
Control group 4 (insulin 0.1 mU/ml)
1st response 3.50 £ 0.87 0.45£0.12 37+13 0.21£0.10
2nd response 3.49%£0.79 0.44 £0.06 41+14 0.24 £ 0.11
3rd response 3.34£0.77 1.02+0.29 47+14 0.18 £0.09
4th response 3.04+0.71 0.91+0.30 45+ 14 0.15+0.09

ap <0.05; Y p <0.01; ©p <0.001. Compared with first response using a Student’s paired ¢-test with Dunnet’s correction factor for

multiple comparisons
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Fig.2. Shows the contractile response to noradrenaline in the
presence of 0.01 mU/ml (A), 0.1 mU/m! (<), 1.0 mU/ml (0)
and 10 mU/ml (O) insulin. * p < 0.05
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Fig.3. Shows the relaxation response to acetylcholine in the
absence of (O) and in the presence of 0.01 mU/ml (A),
0.1 mU/ml (<), 1.0 mU/ml (0) and 10 mU/ml (O) insulin

laxation of all precontracted vessels which was unal-
tered at any concentration of insulin (Fig.3, Table 1).

The time control experiments (Group 3), showed
no change in the contractile response to noradrena-
line or the relaxation response to acetylcholine over
the 4-h period of the study (Figs.4 and 5, Table 1).

In the final group of experiments (Group 4), when
the vessels were incubated with 0.1 mU/ml insulin for
up to 4 h, there was no alteration in the contractile re-
sponse to noradrenaline (Fig.6) or the relaxation re-
sponse to acetylcholine (Fig.7, Table 1). These re-
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Fig.4. Shows the contractile responses to noradrenaline at the
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Fig.5. Shows the relaxation responses to acetylcholine at the
first (©), second (A), third () and fourth () and fifth (0)
exposures

sults would indicate that the observed responses
with increasing doses of insulin, to noradrenaline
and acetylcholine, were not affected by the length of
time the insulin was in the bath.

Discussion

This study demonstrates that acute exposure to insu-
lin attenuates the vasoconstrictor response of isola-
ted human subcutaneous resistance arteries to nora-
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Fig.6. Shows the contractile responses to noradrenaline in the
presence of 0.1 mU/ml insulin at the first (A), second (),
third (©) and fourth (3) exposures

drenaline. By contrast, endothelium-dependent vaso-
dilator responses to acetylcholine were preserved.
These findings suggest that insulin may induce inhibi-
tion in vascular smooth muscle contractility, a factor
that may contribute to or exacerbate the abnormal
haemodynamics witnessed in the capillary microcir-
culation of numerous vascular beds in diabetes |2, 6,
7]. Thus, it can be inferred that there will be less con-
traction of the resistance vessels for any degree of
neurohumoral stimulation, leading to an increased
blood flow to the capillary microcirculation, an in-
crease in hydrostatic pressure and hence promote in-
creased vascular permeability. These findings sup-
port earlier studies in animals which demonstrated si-
milar impairment of contractile responses to noradre-
naline in vascular smooth muscle and cardiac muscle
[18, 29, 30].

Although the cardiovascular effects of insulin in
diabetic patients have been known for many years
[14], the mechanisms underlying the changes in vas-
cular reactivity are not well understood. Insulin has
been shown to induce vasodilation in diabetic pa-
tients with autonomic neuropathy [31]. However,
there have also been reports of increased pressor re-
sponses to vasoconstrictor agents in patients with dia-
betes [32-34]. Drury et al. [33] reported that the vas-
cular response to angiotensin II was increased in
IDDM patients without microvascular complica-
tions. However, impaired vascular responses to an-
giotensin II have been shown in patients with dia-
betes [15, 35]. Recently, Wamback and Lui [36] de-
monstrated that insulin attenuated the vasoconstric-
tor response to a variety of agonists, including nora-
drenaline, serotonin and potassium chloride in rat
mesenteric arterioles, suggesting that the action of in-
sulin on vascular reactivity is not specific for a given
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Fig.7. Shows the relaxation responses to acetylcholine in the
presence of 0.1 mU/ml insulin at the first (A), second (),
third (@) and fourth (O0) exposures

receptor system. The present study indicates that in-
sulin does not affect endothelium-dependent relaxa-
tion; moreover, insulin has been shown to relax the
isolated canine carotid artery with and without an in-
tact endothelium, suggesting that it acts on the vascu-
lar smooth muscle directly [37].

However, Wu et al. [38] have recently shown that
insulin, and more potently insulin-like growth factor
I, inhibits vasoconstriction in rat aortic rings (but in-
creases splanchnic vasoconstriction); removal of en-
dothelium abolished these effects, suggesting insulin
and insulin-like growth factor I receptors mediate en-
dothelial production of vasoactive agents. In the aor-
tic rings, insulin-like growth factor I induced a dose-
dependent increase in cyclic GMP whilst the nitric
oxide synthase inhibitor 1-N& monomethyl arginine
(at a concentration that did not affect acetycholine-
mediated relaxation) inhibited the vasodilation; both
these results implicate a role for increased nitric
oxide production in the vascular responses to insulin
and insulin-like growth factor I. The blunting of insu-
lin-like growth factor I vasodilation by N&-nitro-l-ar-
ginine methyl ester (another inhibitor of nitric oxide
biosynthesis) has also been shown in the rabbit renal
artery [39]. However, forearm studies showing de-
creased vasoconstriction to L-N# monomethyl argi-
nine in IDDM would suggest reduced nitric oxide
synthesis [40, 41].

The mechanisms responsible for impaired vascular
contractility to noradrenaline in the presence of insu-
lin are not known. Alterations in several local vascu-
lar control mechanisms could conceivably contribute
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to the impaired response. Liang et al. [17] suggested
that a beta-adrenergic dilator mechanism may be re-
sponsible after demonstrating that propranolol inhib-
ited the skeletal muscle vasodilator response to a sys-
temic insulin infusion. Similarly, in man an intra-ar-
terial administration of propranolol prevented the
forearm vasodilatation produced by a brachial artery
infusion of insulin [26]. Alternatively, insulin may act
via direct modulation of transmembrane cation ex-
change mechanisms. Thus, insulin has been shown to
stimulate Na*/K*ATPase and the Na*/K*pump in a
variety of tissues, including vascular smooth muscle
[42-44]. Stimulation of the Na*/K*pump induces hy-
perpolarisation and thereby decreases calcium influx
via voltage-operated channels [45]. In cultured rat
vascular smooth muscle cells, insulin attenuates the
peak intracellular calcium response to arginine vaso-
pressin, by reducing calcium influx by both receptor
and voltage-operated channels [46]: in contrast,
there is an increased response to angiotensin II [47].
However, in both human and rat cells, insulin caused
a marked increase in the rate of intracellular calcium
recovery to baseline after agonist stimulation; this
probably reflects insulin stimulation of plasmalem-
ma Ca?*/ATPase, sarcoplasmic reticulum Ca?*/AT-
Pase or both [47, 48].

The inhibitory effect of insulin on vasoconstrictor
responses to noradrenaline questions the role hyper-
insulinaemia plays in the development of hyperten-
sion in patients with essential hypertension and dia-
betes [11]. It is conceivable that chronic hyperinsuli-
naemia might induce vasoconstrictor responses since
insulin stimulates vascular smooth muscle cell
growth in animals and man [49, 50]. Therefore, an in-
sulin-induced structural change in resistance vessels
may be responsible for increased peripheral resis-
tance or lead to increased sensitivity to vasoconstric-
tor agonists. However, neither chronic hyperinsuli-
naemia associated with insulinoma in man [51] nor
prolonged intravenous administration of insulin to
dogs for up to 28 days [52] have been shown to ele-
vate blood pressure.

In conclusion, this study shows that high concen-
trations of insulin impair vascular reactivity and this
may contribute to diabetic microangiopathy by im-
pairing vasoconstrictor responses in vivo, thereby al-
lowing increased tissue blood flow and a rise in intra-
capillary pressure.
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