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Abstract. Systemic hyperinsulinaemia induces vasodi-
latation in human skeletal muscle. This effect 1s gra-
dual 1n onset, and at low 1nsulin levels not maximal
untif at least 3 h, To investigate whether the vasodi-
lator response to insulin results from a direct vascular
effect, we infused insulin directly into the cannulated
brachial artery (perfused forearm technique) in a total
of 30 experiments in 20 healthy, lean, normotensive
volunteers. Local, intra-arterial, infusion of insulin
(180 min, 0-3mU dL~! forearm volume min~'. n =15,
forearm venous insulin concentration approximately
540 pmol L™') induced a gradual increase in forearm
blood low (FBF; venous occlusion plethysmography)
from 1'86 = 0-17 to 364 & 0-64mL dL"' min~! after
180min (ANovA P < (-001). Percentage increases in
FBF after 60, 120 and 180 min averaged 14-4 4 5-9,
59-4 & 255 and 124-6 &+ 51-2% respectively. Fore-
arm glucose uptake increased from 0-24 + 0-05 to a
maximum of 1-98 & 0-28 umoldL ™' min (P < 0-001).
Furthermore, insulin infusion increased forearm lac-
tate release and potassium uptake. In 10 out of these
| S individuals, the forearm glucose uptake was further
increased i a second, separate, repeat experiment
with concomitant intra-arterial infusion of glucose
5% (0-2mLdL'min~!), resulting in forearm
venous glucose concentrations of approximately
1Smmol L™, This combined infusion achieved a simi-
lar vasodilator response to the infusion of insulin
alone. The individual vascular responses of the two
paired experiments showed a strong correlation
(r = 0-87, P < 0-01). In five subjects time and vehicle
control experiments were performed, showing no
changes in FBF or metabolism during the 180 min.
We conclude that the slow vasodilator response to
insulin (as observed during systemic infusion) can, at
least partly, be explained by a direct vascular effect of
insulin. Insulin-mediated skeletal muscle glucose
uptake precedes this effect, but seems not to be an

important determinant of the vasodilator response to
insulin.

Correspondence: C. J .J. Tack, Diviston of General Internal
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Introduction

In acute experiments in humans, systemic insulin
infusion with maintenance of euglycaemia, €Xerts a
vasodilator effect in skeletal muscle [1-3]. This insulin-
induced vasodilatation has been found to be reduced in
disorders characterized by insulin resistance such as
obesity [1], hypertension [4] and non—insulin-depeqdent
diabetes mellitus (NIDDM) [5]. As insulin—meghated
skeletal muscle vasodilatation significantly contributes
to the disposal of glucose, a diminished vasodilator
capacity in itself explains part of the decreased insulin
sensitivity in insulin-resistant states [1,4,5]. Therefore,
further research on the phenomenon of insulin-induced
vasodilatation may be of clinical importance.
Controversy exists as to whether the vasodilator
response to physiological hyperinsulinaemia results
from a direct effect of insulin on the vascular Wa!l.
Whereas some authors have found an increase in
blood flow in response to local insulin administration
6,7], others have not [8—10]. Based on the latter
findings it has been concluded that the insulin-induced
vasodilatation is centrally mediated [[1,12]. In the
present study we have carefully investigated the
effect of regional hyperinsulinaemia on the putative
vasodilatation in the skeletal muscle vascular bed,
with special attention to the time course. Until now
very little attention has been given to the time course
of the insulin-induced vasodilator effect, which may
be an important clue with respect to the controversial
observations in the literature. From data of Laakso
et al. [1], it is obvious that the vasodilator effect of
systemic insulin infusion (physiological plasma insulin
concentrations) is not maximal until 3 h of infusion,
and that after 30 and 60min, respectively, only
approximately 10% and approximately 30% of the
maximum effect has been reached. Recently, even
slower increases in blood flow in response to insulin
have been reported {13,14]. On the other hand, several
studies in which insulin was administered locally have
used only 20—30 min of infusion time [9,10,15].
Finally, as insulin-mediated glucose uptake may be
an important determinant of the vasoactive effects of
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insulin [14,16], this parameter was measured through-
out our studies and was artificially raised in a sub-
group by regional glucose infusion.

Methods

Subjects

The study group consisted of 20 healthy volunteers.
All met the inclusion criteria: age between 18 and 35
years, non-smoking, absence of hypertension (office
blood pressure <140/90 mmHg, measured after 5min
rest In the supine position), body mass index
<25kgm™=. Participants used no medication, with
the exceptlon of oral contraceptives. The participants
were selected by advertisement and received a payment.
All subjects had a negative family history of diabetes
and hypertension. All participants gave written
informed consent. The experimental protocol was
approved by the hospital ethics committee.

Procedures

The experiments were performed with the subjects in
supine position after an overnight fast, in a quiet,
temperature-controlled room (23-24°C). Under local
anaesthesia (0-3~0-4 mL lidocaine HCI 20 mgmIL ™),
a 20-gauge catheter (Angiocath, Becton Dickinson,
Sandy, UT, USA) was inserted into the left brachial
artery and connected with an arterial pressure moni-
toring hine (Viggo Spectramed, 5269-129) to a Hewlett
Packard 78353B Monitor. Mean arterial pressure
(MAP) was determined by the electronically integrated
area under the brachial arterial pulse-wave curve. The
arterial lme was kept patent w1th saline infusion
(3mLh™" with 2 U heparinmL™" added). In the same
arm a catheter (Venflon, 20G, 32mm) was inserted
retrogradely into a deep forearm vein to obtain venous
blood samples. On the contralateral side an identical
catheter was inserted into a large forearm vein for
blood sampling.

Forearm volume (FAV) was measured with the
water displacement method. Forearm blood flow
(FBF) was measured simultaneously in both arms,
with the arms elevated just above heart level, using
mercury-in-silastic strain-gauge venous occlusion
plethysmography as prewously described [17] FBF
was expressed in mL dL ™' FAVmin~', and in the text
abbreviated to mL dL ™' min~'. One minute before the
start of the measurements, a wrist cuff was inflated to
100 mmHg above systolic blood pressure. The collect-
ing cuff around the upper arm was inflated to a
pressure of 40 mmHg during eight heart cycles using
a Hokanson E20 rapid cuff inflator. The strain gauges
were connected with the Hokanson EC4 plethysmo-
graphs. During a measurement pertod, 8—~10 measure-
ments of FBF were performed, each lasting
approximately eight heart cycles.

Net uptake or release of giucose, lactate and potas-
siun was calculated by simultaneous arterial and

venous blood sampling (see calculations). Venous
blood was sampled while the wrist cufls remained
inflated. Samples for insulin, potassium, lactate and
pyruvate were taken atl hourly intervals.

Protocols

Insulin (I} experiments. In 15 individuals, after
complete instrumentation, al least 30 min ol rest
were Included to obtain a steady state, after which
baseline measurements were performed and repeated
after 15 min. When FBF was stable, insulin (Actrapid,
Novo-Nordisk, Denmark) was in&1sed into the bra-
chial artery, at a dose of 0-3mUdL ™ 'min™' (volume
50 L dL“ mm# '} and continued for 180 min. Insulin
50 U mL™" was twice diluted in 100 mL of 0-9% NaCl

each time with the addition of 2 mbL of human
albumin 20% (Central Laboratory of Blood transfu-
sion, Amsterdam). FBEF was measured after 5, 15 and
thereafter every 15min until 180 min.

Insulin + glucose (I + G) experiments. In 10 1ndi-
viduals, randomly selected out of the 15 who
had participated in the first protocol, the entire
experiment was repeated after at least 4 wecks but
now with the addition of 0-2mLdL ™ 'min™' glucose
5% nfusion.

Control (C) experiments. In five different indivi-
duals, time and vehicle control experiments were
performed, following exactly the same protocol, but
now saline with the addition of albumin 20% (as
mentioned above) was infused into the brachial
artery for 180 min.

Analytical methods. Plasma glucose was measured
in duplicate using the glucose oxidation method
(Beckman glucose analyzer 2, Beckman Instruments,
Fullerton, CA, USA).

Plasma insulin was measured with an in-house
double antibody radioimmunoassay (interassay coefhi-
cient of variation 6-2%). For quantification of L-lactate
(and pyruvate) in deproteinized blood (6% perchloric
acid) an enzymatic assay (Lactate UV-kit; Boehringer
Mannheim, Mannheim, Germany) with r-lactate
dehydrogenase (L-LDH; EC 1.1.1.27) was performed.
Because pyruvate concentrations remained at or below
detection limit, these results were not used for further
analyses. Potassium was measured with a standard
procedure using a K"-jon selective electrode with a
Hitachi 747 autoanalyser (Boehringer Mannheim).

Calculations and data analysis., Forearm vascular
resistance (FVR) was calculated by dividing MAP and
FBF, and expressed in arbitrary units (AU). To
correct for the icreased fluid infusion in the second
protocol, 02 was subtracted from the calculated
FBE. For every 30-min period the mean of the pre-
vious 30-min measurements was calculated and used
in the subsequent analyses. Forearm balances were

) 1996 Blackwell Science Ltd, European Journa! of Clinical lnvestigation, 26, 772-778
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Table 1. Characteristics of participants (mean =+ SD)

Insulin alone

——— AW e & — v ——

—— - v ——

P et

Number (M/F) 15 (7:8)

Age (years) 223 £ 45
BMI (kg m~=) 2007 £ 1-5
Systolic BP (mmHg) 120:5 4= 12+7
Diastolic BP (mmHg) 76-9 =76
Fasting glucose (mmol L)
Arterna] 472 £0-19
Yenous 4-47 4-()-23

L i pp— TI Rt - PV it S,

calculated as:

(Concentralion AR TERIAL — concentrationyenous ) X FPE
Forearm plasma tlow (FPF) = FBF x (1 — haematocrit)

Effects of insulin on haemodynamic parameters
were analysed using one-way repeated measures
ANOVA, with 1nsulin as dependent factor. Post hoc
(-tests were performed to test differences of the various
time points from baseline. The effect of 1nsulin alone
was compared with the effect of insulin + glucose with
the use of a two-way ANova for paired observations,
with insulin and insulin + glucose as dependent vari-
ables. All other (mainly metabolic) data met require-
ments of normality and were statistically analysed with
the use of Student's 7-test. Correlations were calculated
using Spearman’s rank correlation tests. For the rela-
tion between venous insulin concentrations and forearm
glucose extraction [(Ga — Gv)Ga '], linear regression
was performed and the coeflicients of regression were
used for further analysis. All statistical analyses were
performed using the SPSS personal computer software
package.

Results in tables and figures are expressed as
mean + SEM. unless otherwise indicated. Statistical
significance was set at a value less than 0-05 (two-
sided). NS means not significant.

Results

Baseline characteristics

Baseline characteristics of the three study groups are
given 1n Table 1. Participants were lean, young,
normotensive and had a strictly normal fasting glu-
cose level.

Vascular responses to local hyperinsilinaemia

Insulin infusion led to deep venous forearm insu-
lin concentrations of 549 +43, 497+ 53 and
404 + 50 pmol L~! after 60, 120 and i80in respec-
tively, whereas arterial levels did not increase:
57T +5, 5744, 54 44 and 49 X 4 pmol Lt (baselinc,
60, 120 and 180 min respectively).

Local infusion of insulin induced a highly signi-
ficant increase 1n forearm blood flow over time,

Insulin 4 glucose Control
10 (4:6) 5(2:3)
228 +£4-5 23 4 142
209 + 1-5 20:0 4 (-8
1179 4 12-9 [19-5+ 114
745 + 54 735+ 76
473 4+ (-18 4:66 + (-2 1
4-28 + (-24 4:36 + (-39

i F R e i s _—

from 1:86 + 0-17 (0 3-64 + 0-64mLdL ™' min™" (ANOVA
P < 0-001). This vasodilatation did not occur before
|5 min, and was significantly different from baselir}e
after 30 min. As can be seen in Fig. |, the increase in
FBF was gradual and even after 180 min, FBF did not
seem to have reached a steady state. The increase in
flow was attended by a significant decrease in FVR
from 494 + 3-6 to 331 £42 AU (anova P < 0-001).
Also the control arm showed a slight increase 1n
FBF over time (FBF from [:'57+0:16 to
2:30 + 0-42mLdL™'min~', ANova P =0-061), but
the FBchpcrimentul/FBFcoutrol arm ratio increased Sig"
niﬁcantly (ﬁ‘OITI 126 £ 009 to 1:67 £0-15, ANOVA
P < 0-001), proving a true regional effect of insulin
infusion [18].

Metabolic responses to local hyperinsulinuemia

Arterial forearm glucose values did not change,
whereas venous forearm glucose levels decreased to
trough levels at 30 min and increased slightly after-
wards (see Fig. 1). Calculated forearm glucosc uptake
increased from 024 £0:05 to a maximum of
198 £ 0-28 yumoldL "' min™" (at 30 min, P < 0-001)
and decreased slightly afterwards to 1:29 £ 019
after 180 min (P < 0-01 vs. 30 min).

[nsulin infusion increased forearm lactate release
(from baselinc 70 + 27 to 340 + 52 nmol dL ™’ min~
after 120min, P < 0-01) and uptake of potassium
(from —0-17 + 005 to 0-24 & 0-15 umol dL ™" min~',
P < 0-05, see also Table 2). No significant correlations
were found between changes in mctabolic parameters
and blood flow changes. Inherent to its metabolic
effect, a positive relationship was observed between
deep venous insulin concentrations and glucose
extraction across the forearm vascular bed (P < 0-01).

Effects of the addition of glucose

[nfusion of glucose into the brachial artery led to
venous glucose concentrations of approximately
I5SmmolL™" (13-8+1:0, 142410, 144 +£09,
159 £ 1:6, 152 £ 08 and 156 £ 1-8 mmol 17!, after
30, 60, 90, 120, 150 and 180 min respectively). Sys-
temic venous glucose levels (measured at contralateral
side) remained approximately SmmolL™"' (47 £ 01,

) 1996 Blackwell Science Lid, Evropean Journal of Clinical Investigation, 26, 7727178
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Figure 2. Time course of increase in forearm blood flow (AFBF), in
the experimental arm during 180 min of insulin (1) or insulin + glu-

B 30 60 90 120 150 180 cose (I + G) infusion into the brachial artery.
Time (min)
Figure 1. Time course of increase in forearm blood flow (AFBF) in from 2:03 £029 : ?0 1 2:30 & 0'2:4, 2:53 4 0°23,
both experimental and control arm (bottom), and of forearm 279 028 mL dL™ " min™", values after 60, 120 and
arterial and venous glucose concentrations (top) during 180 min 180 min respectively). Also the percentage increases in

of intra-arterial insulin infusion. FBF of both patred experiments were not significantly

different between the two experiments (increase after 30
4-8 +0-1 and 49+ 0-Immol L™}, after 60, 120 and min: I, 77 £52% vs. [ + G, 21'54+81% P =012;
180 min respectively). Venous insulin levels were com- after 90min: I, 249 £ 12-0% vs. I + G, 249 £+ 15-:5%
parable with those in the first set of eXperiments P = [-00; after 150min: [, 40-8 £ 17-2% vs. [ + G,
(568 & 67, 637 4+ 67 and 566 + 89 pmol L', after 60, 40-3 & 14-9% P = 0-97).

120 and 180 min respectively). The combmation of During I 4+ G, forearm lactate release (£ = 0-012)
hyperinsulinaemi'\ and hyperglycaemia induced a sig- and potassium uptake (P = (0:086) reached higher
nificant increase in flow (FBF, crimental arm from levels than during I alone (see Table 2), indicating a
203 4£029 to 2794+ 0-28mL dL" min~'  after local increase of metabolic pathways.
180 min, aNova P < 001, see Fig. 2), whereas FBF A significant correlation between the percentage
in the control arm did not change (from 2-13 = 047 to increase in FBF during I alone and during concomi-
2:34 £ 0-54mLdL "min~!, P = NS). tant I 4+ G was established on various time points. In
Comparing the paired data sets of insulin alone vs. Fig. 3 the correlation at 90 min is shown: r = 0-87,
insulin + glucose infusion (# = 10), no significant P = 0-001.

difference in the FBF changes between the two experi-

ments was observed (FBF aynerimental arm» 111sUln alone

d): from 1-63 + 0- 1(2 toexpfﬁ'fngei“bfli 2-04 + 0-23. Vascular responses to sham procedure

2-66 £ 0-32mLdL "' min™'; insulin + glucose (I + G): In the control experiment, FBF did not change during

Table 2. Lactate release and potassium uptake at different time points (mean-+ SE)

S N — g 5 — S P —— ————— ——— O S — p— s o P e e g A S ——p———_YW A, -

Lactate release (nmol.dL min 1) Potassium uptake (rmoldL -V min~')
Time _ e — .. e I — — e - e .
(min) I [+ G C i [+ G C
0 70 £ 27 102 + 47 107 + 71 —3-17 £ 005 0-14 £ 012 ~0-05 £ 0-03
60 257 £ 65 793 £ 194 113 + 68 0-10 +=0-10 0:28 +0:12 —0-07 £ 0-13
120 340 &+ 52 798 &+ 165 95 + 50 0-32 4016 0-52 +0-12 —0-00 £ 0:09
180* 0-24 +=0-15 0-48 =015 0-00 & 0-07

o s aynar DTy STy T et PPy Py P i e iy, a A TT————

P e A, g Y e i e Py e o S ai— R —

I, local hyperinsulinaemia alone; I + G, combination of local hyperinsultnaemia and hyperglycaemia; C, sham experiment.

5 1996 Blackwell Science Ltd, European Journal of Clinical Investigation, 26, 772 -778
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Figure 3. Percentage change in forearm blood flow (FBE) alter Y0
min of cither insulin (1) alone or insulin + glucose (I -+ G) mluston
into the brachial artery.

180 min intra-arterial infusion of saline + albumin
(2:25 £+ 0 41 2:10 £0-34, 1-85 4023, 2:00 4025,
183 £0-22,1-76 £ 0-18and 1'9 £ 021 mL dL ™' min "',
baseline, 30, 60, 90, 120, 150 and 180 min respectively).
Arterial and venous glucose concentrations as well as
forearm glucose uptake remained at fasting levels (data
not shown).

Discussion

The major new finding of the present study is that

local msulin administration in the vascular bed of

the human forearm skeletal muscle, leading to fore-
arm deep venous insulin levels in the physiological

range, induces a moderate, but reproducible, degree of

vasodilatation. This, however, 1s slow in onset and
preceded by maximal forearm glucosc-uptake. In
fact, the time course of the vasodilatation is very
simiiar to that found with systemic insulin administra-
tion, leading to similar insulin levels {13]. Furthermore
artificial raising of glucose uptake by local hypergly-
caemia did not influence the vasodilator response to
insulin,

In recent years, various investigators, including

ourselves, have shown the vasodilator capacities of

imsuhin [1-3]. Interestingly, 1n various related disorders
such as obesity, hypertension and NIDDM, character-
ized by insulin resistance [19,20], a decreased insulin-
induced vasodilatation has also been reported [1,4,3].
The mechanism by which msulin exerts vasodilator
elfects could therefore be of great importance.
Although not fully understood up to now, recent
data seem to point towards a nitric oxide-dependent
mechanism of action [7,21]. One of the controversies is
whether the vasodilator response results from a direct
effect on the vascular wall or from an indirect,

possibly central. mechanism [22] In favour of the
latter hypothesis is the fact that several mvestigators
were not able to show ANy vasodilatation when
insulin was infused locally [8 10,23

Until now little attention has been gl\'cu (o the time
course ol insulin-induced vasodilatation or to the
relation between the speed of onset ol the vasadilitor
cffect and the imsulin (and plucose) concentration,
FFrom the data available, 1t s clear that during cugly-
cacmic systemic hyperinsulinaenmua, insulin-induced
vasodilatation 1s stow i onset and takes at least 3h
to obtain its maximal effect at physiological concen-
trations [1.13]. This is considerably longer than the
time needed to reach maximal glucose uptake [ 10]
and means that in studying blood How responses to
insulin, not only concentration but also duration of
infusion may be critical (which will also hold true for
local infusion). In keeping with this, Lundgren of ol
[24], reported an increase i call blood low trom 23
to 32 after 2 h, but even turther to $-4ml.dl. ' min
alter 6 h of a fixed-dose insulin infusion.,

Therefore it is obvious that i studying tocal vaso-
dilator ellects of insulin, suflicient time should be
taken to allow insulin to exhibit its full eflects, as we
didd in this study. This fact could explain why some
authors were not able to wdentify any local action of
insulin, as a number of mvestigators imbused msulin
[or only 20 30 min [, 10, HI Geltand & Barrett {25]
established a small increase in blood flow atter 8O min,
as did Neahring ¢ «f. [26], and Jern {27], using a
patred study approach (2-h local insuhin mtuston). It
can be speculated that at higher insulin concentrations
the vasodilator effect will appear carlier, and henee be
found after 15 30 min [6.7].

In our study, the mdividual response to insulin,
although Icmoduublu. showed a high variability,
ranging from no effect to more than doubling ol
the blood ftow (I7ig. ). This high mterindividual
variation has also been reported by others anc
related to the relative forearm muscle content [ 14},
Thus, studies with small sample sizes, have a con-
siderable risk of a type 2 statistical clml, which could
have further contributed to the controversial findings
up to now.

Whereas we show in this study that at least part of
insulin's vasodilator action can be explained by a local
¢flect on the vascular wall, our study was not intended
Lo explain the exact mechanism ol insulin's effect. It
seems that insulin-mediated glucose uptake precedes
vasodilatation in skeletal muscle, but this does not
mean that these two actions are coupled. In our own
study, the addition ol extra glucose, which must
certainly have accelerated glucose uptake [28], had
no additional eflect on the change i vascular resis-
tance. Only Edelman et af. have wpmlul that blood
low 1ncreased with higher glucose levels during a
constant insulin concentration, [16]. Their results
were, however, derived from complex, sequential
(‘stepped’) clamps, with a duration of approximately
8 h. Theoretically it may be possible that the changes

(3 1996 Blackwell Science Lid, European Journal of Clinical Investigation, 26, 772 778
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they observed were the consequence ol prolonged
exposure to insulin alone [24] and not of the higher
glycaemic level, Others have found no ditlerences in
Jow in relation (o didlerent glycacnie levels [28]
Furthermore, Vollenwewder e «f. [29] have shown
(hat insulin (with glucose) mtuston mduced vasodila-
tition. but Pructose infusion alone, which inereased
arbohydrate oxidation comparably but had only
minor efleets on tnsulimaemta, Jdid not stimulate skele-
tal muscle blood Qow, As such it may be concluded that
there is no Hrm evidence that hyperghyeaemia augments
insulin-induced vasadilatation,

[n our study glucose uptake increased rupidly, but
then shghtly decreased during the subsequent experi-
ment.  During  systemic  hyperisulinacmia,  this
decrease i glucose uptake over time 15 not observed.
This linding 15 probably related to our experimental
approach: owing o the merease 1n blood flow and
the fixed insulin nlusion rate, forcarm sulin con-
centrations decreased, leading (o a deercased glucose
extraction. In favour ol this explanation is the fact
that we found a significant, positve, intra-mdividual
correlation between venous msulin concentrations
and glucose uptake. Therclore tus secondary decrease
I forearm glucose uptake will be related (o the
experimental madel, and hence although partly inevi-
lable, unphysiological.

During regional hyperinsulinaemia, venous plasmi
glucose concentrations decreased to hypoglycaemic
levels, Tt s important o readize that this would adso
oceur i cuplyveaemie clamps, The term cuglyeaemia
refers to the arteral(ized) glucose concentration, but,
owing Lo the stimufatory cfleet of wsulin on glucose
uptake, venous glucose concentrations will be con-
siderably Jower, Frurther, 1t has to be stressed that,
beciuse ol the local approach, no systenie hypogly-
cacmin oceurred moour studies.,

We have Tound. as have others [30)0 that during
local msulim infusion factate release mercases, Howe
ever, there was no correlation established between
lactale  release  and  vasodilitaton, Furthermore,
during the combination of hyperglycaemia and hyper-
insulinacmia, lactate release further inereased, sug-
pesting more active metabolic pathways, but the
merease in blood flow was not aflected. Also others
have argued that it is unlikely that lactate inerease
accounts Tor insulin's vasodilator eflect |1,

[n conclusion, we report that local hyperinsulinae-
mia Jeading to physiological insulin levels in the
human forearm induces a slow-onset local vasodilata-
tion that is preceded by maximal tssue  glucose
uptake. The time course of the eflect seems to be
stmifar o that found i studies in which insulin iy
infused systemically and indicates that the insulin-
Induced vasodilator effect is mediated at least partly at
the fevel of the skeletal muscle.

Although insulin-mediated skeletal muscle glucose
uptake preceded the vasodilatory effect, 1t seems not
to be an important determinant ol the vasodilator
FeSPONSE.
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