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Summary. The endothelium plays a pivotal role in modulat-
ing the reactivity of vascular smooth muscle through the for-
mation of several vasoactive substances. We examined the
effects of endothelium-dependent and independent vasodi-
lators on forearm blood flow in 29 patients with Type 2 (non-
insulin-dependent) diabetes mellitus and in 21 control sub-
jects, using venous occlusion plethysmography. Via a
brachial artery cannula, increasing amounts of acetylcholine
and glyceryl trinitrate were infused in doses of 60, 120, 180
and 240 mmol per min and 3, 6 and 9 nmol per min respec-
tively. N monomethyl-L-arginine, a stereospecific inhibitor
of endothelium derived relaxing factor, was infused to inhibit
basal and stimulated release of this dilator substance. Reac-
tive hyperaemic forearm blood flow did not differ between
groups. Forearm blocd flow responses to each dose of ace-
tylcholine were significantly greater in control than diabetic

subjects (p <0.01 for all doses). N® monomethyl-L-arginine
attenuated forearm blood flow from maximal stimulated
values when responses were compared with the natural
decline to acetylcholine in forearm flow in both control and
diabetic subjects (p < 0.05 for both groups), but had no effect
on basal blood flow responses. Forearm blood flow re-
sponses to each dose of glyceryl trinitrate were significantly
greater in control than diabetic subjects (p < 0.05 for all).
These data provide evidence for endothelial and smooth
muscle dysfunction in diabetes which may have important
therapeutic implications.
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Accelerated atherosclerotic vascular disease is the princi-
pal cause of mortality in patients with Type 2 (non-insulin-
dependent) diabetes mellitus [1]. The critical initiating
event in the genesis of atherosclerosis may be endothelial
injury with subsequent platelet adhesion and aggregation
at the site of injury [2]. Evidence that endothelial dysfunc-
tion occurs in diabetes is shown by the finding of elevated
plasma von Willebrand factor, impaired prostacyclin and
plasminogen activator release and decreased lipoprotein
lipase activity [3, 4]. Although several conventional car-
diovascular risk factors predisposing to endothelial dam-
age including hyperglycaemia, hypertension and abnor-
malities in lipid and lipoprotein metabolism exist in these
patients, they do not fully account for the marked increase
in cardiovascular mortality 5]

The finding that the endothelium has an obligatory role
in regulating vascular relaxation induced by acetylcholine
through the liberation of endothelium derived relaxing
factor (EDRF) [6], now identified as nitric oxide [7] or
s-nitrosocysteine [8], has stimulated interest into its possi-
ble role in vascular disease [9]. Basal and stimulated re-

lease of EDRF is important in regulating blood vessel
tone and inhibiting platelet adhesion and aggregation,
possibly protecting against vasospasm and thrombosis [9—
10]. The impaired release of EDRF in response to phar-
macological stimulation has been documented in patients
with hypercholesterolaemia, atherosclerosis and hyper-
tension [11-13], but has not been previously studied in
vivo in Type 2 diabetic patients.

The aim of this study was to investigate endothelium-
dependent and independent responses in the human fore-
arm vasculature of patients with Type 2 diabetes.

Patients and methods

Patients

Twenty-four male and five female Type 2 diabetic patients of mean
age 53 years (range 45-61 years) were recruited from the diabetic cli-
nics at the Belfast City and Whiteabbey Hospitals. The known dura-
tion of diabetes was 5.2 years (range from 9 months to 16 years). Pa-
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Table 1. Characteristics of the study population

Characteristic Diabetic patients  Control subjects
Sex (male/female) 24/5 16/5
Age (years) 53 52

(range 45 to 61) (range 44 to 60)
Body mass index (kg/m?) 26.6 (24.8t0284) 25.3(23.6t026.7)
Total cholesterol
(mmol/1)* 5.5(5.1t05.9) 55(51t059)
LDL cholesterol
(mmol/)? 3.6(3.2t04.0) 3.6(3.3103.9)
Fasting blood glucose 9.9
{(mmol/l) (range 5.4t015.7)
Glycated haemoglobin 9.7
(%) (range 6.3t0 12.9)

#To convert mmol/l to mg/dl multiply by 0.026. Values expressed are
mean and 95% confidence intervals unless stated. p =NS for all
comparisons with control values

tients had a mean fasting blood glucose concentration of 9.9 mmol/l
(range 5.4-15.7). Diabetic control was achieved by diet alone or diet
plus sulphonylurea or biguanide preparations or both. Sixteen male
and five female healthy volunteers of mean age 52 years (range 44—
60 years) and on no medication were recruited from the local com-
munity to act as a control group. All participants underwent a full
medical history and physical examination. Subjects were excluded
fromstudyifthere wasahistoryof cerebrovascular disease, ischaemic
heart disease or peripheral vascular disease, hypertension (blood
pressure > 150/90 mmHg), significant renal impairment (creatinine
clearance <30 ml/min) or if they were taking any cardiovascular
drugs (e. g. B-blockers, calcium antagonists). Clinical characteristics
of all subjects recruited for study are shown on Table 1.

Each diabetic patient was carefully examined and assessed to
grade the extent of end-organ involvement. Retinopathy was as-
sessed by retinal photography. Each eye was dilated with cyclopento-
late hydrochloride 1% and four overlapping 30° horizontal fields
were taken of each eye with a Zeiss fundus camera (Zeiss, Ober-
kochen, FRG) and Professional Kodachrome25 film (Kodak, Hemel
Hempstead, UK). Negatives were analysed by an ophthalmologist
and graded using a system similar torecently modified proposals [14].
The retinopathy was assessed o1 a point-counting system and the fea-
tures counted were microaneurysms and dot haemorrhages, hard ex-
udates, blot andlargerhaemorrhages, cotton woolspots,laserlesions,
intra-retinal microvascular abnormalities and new vessels.

Renal function was assessed by a 24-h urine collection to esti-
mate creatinine clearance and urinary protein output. In addition
two timed overnight samples were collected to estimate the pre-
valence of microalbuminuria in this group. This was measured by
rate nephelometry using Beckman reagents [15]. Less than 20 ug per
min indicated normal urinary albumin excretion, 20-200 pg per min
indicated incipient diabetic nephropathy and greater than 200 pg per
min indicated clinical diabetic nephropathy. Urine microscopy and
culture were performed at these times to exclude a urinary tract in-
fection.

Vibration perception was measured at the ankle and great toes
using a biothesiometer. An age-adjusted value in an individual pa-
tient greater than the 95th centile, compared with values from a
healthy population was regarded as abnormal [16]. Measurement of
the variability in heart rate by electrocardiography during deep
breathing was used to assess cardiac autonomic function, Changes in
heart rate were compared with age-related normal ranges derived
from previously published ranges from non-diabetic control subjects
[17]. Heart rate responses below the 5th centile were taken as abnor-
mal. Finally ankle/arm doppler pressure ratios were recorded to
gauge the presence of occlusive vascular disease. A ratio of less than
0.9 confirmed significant vascular impairment.

G.E.McVeigh et al.: Arterial responses in Type 2 diabetes mellitus

All participants gave written informed consent for all proce-
dures. This study was approved by the local ethical committee of the
Queen’s University of Belfast.

Protocol

Investigations were performed between 08.00 and 09.00 hours in a
quiet temperature-controlled laboratory (26-27°C) with the sub-
jects lying supine. All participants fasted for 14 h prior to study. Al-
cohol, caffeine and smoking were prohibited during this time. Under
local anaesthesia (lignocaine 1% ) and sterile conditions, a 20-gauge
polyethylene catheter (Vygon Leader Cath, Ecouen, France) was in-
serted into the brachial artery of each subject for the regional infu-
sion of drugs and the recording of arterial blood pressure using a Bell
and Howell pressure transducer aligned to an amplifier on an elec-
tromed physiologic recorder.

All subjects rested for 30 min after catheter placement to estab-
lish a stable baseline before data collection. NaCl (0.9%) was in-
fused into the brachial artery at a rate of 0.3 ml/min during the con-
trol period. Forearm blood flow was measured bilaterally by venous
occlusion plethysmography [18]. This well-established method of
recording peripheral blood flow assesses variation in limb volume
arising from alterations in blood flow at the level of the arteriolar re-
sistance vessels. The forearms were rested comfortably on supports
slightly above the level of the heart. Venous occlusion was achieved
by blood pressure cuff applied proximal to the elbow and inflated to
40 mmHg by a rapid cuff inflator. The hands were excluded from the
circulation by inflating wrist cuffs to 200 mmHg for 30 s before and
during the blood flow measurements. In order to detect variations in
limb volume, indium/gallium strain gauges were placed around the
widest part of the forearm and were coupled to an electronically cali-
brated plethysmograph (Medasonics Model SPG16; Medasonics,
Mountain View, Calif. USA) connected to a two-channel chart re-
corder (Medasonics Model R12B) which recorded the forearm {low
measurements. Each forearm blood flow determination comprised
five separate measurements performed at 10-15 sintervals. Drug in-
fusions were performed in the experimental forearm to determine
the direct effect of the vasoactive drug, while the forearm flow mea-
surementsin the control arm were monitored to ensure that systemic
effects did not occur during this period. The mean values of the five
consecutive forearm flow measurements were taken for statistical
evaluation. Forearm vascular resistance was calculated as the ratio
of mean blood pressure to forearm blood flow.

The circulatory response to reactive hyperaemia induced by tem-
porary cessation (5 min) of forearm blood flow by inflation of a
sphygmomanometer cuff on the upper arm to suprasystolic pressure
was recorded in 21 diabetic and 13 control subjects. Forearm blood
flow measurements were repeated in these subjects until basal con-
ditions were re-established.

To assess endothelium-dependent vasodilation acetylcholine
chloride (Miochol; Coopervision, Southampton, UK) was adminis-
tered via the brachial artery. Acetylcholine chloride 20 mg and man-
nitol 60 mg were dissolved in 2 m! of water for injection to obtain a
1:100 solution of acetylcholine chloride in 3 % mannitol. Serial dilu-
tions were made from the stock solution and administered within
90 min of reconstitution.

NC¢monomethyl-L-arginine (L-NMMA), (Ultrafine Chemicals,
Manchester, UK) was dissolved in 50 ml of sterile physiological
saline. Prior to administration the solution was filter sterilised
through a 0.2 um disposable filter (Millipore, Boston, Mass., USA).
Suitable aliquots were stored under vacuum at —70°C and thawed
immediately before use within a 3-week period.

Forearm blood flow was recorded after 3-min infusions of ace-
tylcholine administered at 1 ml/min via Braun perfusor VI infusion
pump at increasing doses of 60, 120, 180 and 240 nmol/min. In a
group of nine diabetic and six control subjects forearm blood flow
measurements were recorded at 2, 4, 6, 8, 10, 15, 20, 25 and 30 min
after the maximum dose of acetylcholine infused to evaluate the
time course of the vasodilator response to this agent. On achieving
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Table 2. Resting forearm blood flow

Diabetic patients Control subjects
Before acetycholine 33(2.7t03.9) 39(3.3t04.5)
Before L-NMMA 3.1(2.0t04.2) 3.5(2.0t05.0)
Before glyceryl trinitrate 3.1 (2.5t03.7) 33(2.7t03.9)

Units are ml-100 mI” - min™. Values expressed are mean and 95%
confidence intervals. p =NS for comparisons with control values.
L-NMMA, N®monomethyl-L-arginine

basal blood flow the infusions were repeated once again in these
subjects to give reproducible vasodilation. Immediately after re-
cording the blood flow response to the maximum dose of acetylcholi-
ne, L-NMMA was infused at a dose of 2 pmol/min for 5 min.
Forearm blood flow measurements were then recorded after 1,3, 5,
10 and 20 min to assess the effect of the arginine analogue on the
natural decline in blood flow to the acetylcholine infusions. On at-
tainment of basal blood flow L-NMMA was again infused in all sub-
jects at a concentration of 2 pmol/min for 5 min to determine the
contribution of basal release of EDRF in maintaining forearm blood
flow. Forearm flow measurements were recorded at 1 and 5 min on
completion of the infusion.

Glyceryl trinitrate (Nitrocine Schwarz Pharma, Chesham, UK)
was then infused to study the responsiveness of the arterial smooth
muscle in increasing doses of 3, 6 and 9 nmol/min at 1 ml/min.
Forearm blood flow measurements were recorded on completion of
each 3-min infusion period. All forearm bleood flow calculations
were performed by an independent investigator (GDJ) blinded to
the study protocol.

Venous blood was withdrawn from each subject after 30 min
supine rest for estimation of glycated haemoglobin and fasting glu-
cose by standard techniques. An uncuffed specimen was collected in
EDTA tubes for estimation of the lipid and lipoprotein profiles by
ultracentrifugation.

Statistical analysis

Forearm vasodilator responses to increasing doses of acetylcholine
and glyceryl trinitrate in control and diabetic subjects were analysed
using the SPSS PC + package (SPSS Inc, Chicago, Ill., USA). Re-
peated measures analysis of variance was used to assess within-
group analysis and between-group responses for significant com-
parisons between doses. Multiple comparisons with baseline values
in each group were performed using Dunnett’s test. Comparisons
between groups were assessed using unpaired -tests. For regression
analysis, forearm vasodilator response was calculated as maximum
stimulated flow minus baseline flow and this variable was trans-
formed tolog, (1 + x) to normalise the skewed distribution. Correla-
tions between response and metabolic control and physical compli-
cations in diabetic subjects were sought using multiple regression
analysis. All data are reported as mean values and 95% confidence
intervals (CI) unless otherwise stated.

Results

The baseline characteristics of the normal control subjects
and the diabetic patients were similar. No differences
were found in age, body mass index, plasma cholesterol
and low density lipoprotein levels (Table 1) or in resting
forearm blood flow prior to administration of ace-
tylcholine, L-NMMA and glyceryl trinitrate (Table 2).
Baseline blood flow in the 13 control and 21 diabetic
subjects who underwent reactive hyperaemic responses
were similar (Fig. 1). Reactive hyperaemic blood flow af-
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ter a 5-min ischaemic period in control subjects was not
different from that in diabetic patients.

Mean arterial blood pressure and heart rate at baseline
were not different between control and diabetic subjects
mean 84.5 (CL: 78.1 to 90.9) and mean 83.7 (CIL: 79.4 to
88.0) for arterial pressure and mean 65 (CI: 60 to 70) and
mean 68 (CI: 64 to 72) for heart rate, respectively (NS for
both). The incremental intra-arterial infusions of acetyl-
choline produced no changes in systemic blood pressure,
heart rate or altered forearm blood flow in the non-in-
fused arm in either control or diabetic subjects.

The infusions of acetylcholine significantly increased
forearm blood flow in control and diabetic subjects from
baseline, although the magnitude of change was marked-
ly different between groups as illustrated in Figure 2. At
all doses of acetylcholine infused control subjects had
a significantly greater increase in forearm blood flow
than diabetic patients. These changes in forearm blood
flow to acetylcholine reflect changes in forearm vascular
resistance as blood pressure did not change in either
group.

Sulphonylurea preparations may block the vasodila-
tion to acetylcholine by inhibiting the effects of an endo-
thelium-derived hyperpolarising factor on the vascular
smooth muscle [19]. The vasodilator response to acetyl-
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Fig.1. Forearm blood flow at baseline and after 5 min ischaemia in
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subjects, mean and 95 % confidence intervals. *p < 0.01, **p < 0.001
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choline in diabetic subjects on sulphonylurea drugs
(11 patients) was compared with those controlled by diet
alone (12 patients). No differences in forearm blood flow
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response to acetylcholine were observed between groups
(t=127,p=0.22).

In a sub-group of nine diabetic and in six control sub-
jects the time course of the decline in forearm blood flow
from the maximal stimulated values produced by acetyl-
choline was recorded. On attainment of basal blood
flow the incremental infusions of acetylcholine were
repeated. On completion of the second dose response
curve, L-NMMA was infused in a concentration of
2 umol/min for 5 min, and the forearm blood flow respon-
ses were again recorded in each group. As illustrated in
Figure 3, L-NMMA produced significant decrements in
forearm blood flow when compared with the uninhibited
decline in forearm blood flow in diabetic subjects. Very
similar changes were also observed in control subjects
(data not shown).

In all subjects the effect of L-NMMA infused in a con-
centration of 2 yimol/min for 5 min on basal blood flow
was examined. As shown in Figure 4, L-NMMA did not
alter basal forearm blood flow responses either in diabetic
or control subjects.

The infusions of glyceryl trinitrate produced no chan-
ges in mean arterial pressure, heart rate or in forearm
blood flow in the non-infused arm in either control or dia-
betic subjects.

Maximal stimulated forearm blood flow produced by
glyceryl trinitrate was not different from baseline values
in diabetic subjects, and contrasted with the effects re-
corded in control subjects where a significant increase in
forearm blood flow from baseline occurred with each
dose. The effect of glyceryl trinitrate on forearm blood
flow was significantly greater in control than in diabetic
subjects at each dose infused as shown in Figure 5.

In the diabetic population 12 patients had retinopathy,
7 had evidence of cardiac vagal denervation, 4 had abnor-
mal ankle/arm doppler ratios, 3 had evidence of microal-
buminuria and 2 had impaired ankle vibration perception.
No correlations were found between the presence of one
or more complications and the vascular response to vaso-
active drugs. Neither were any significant correlations
found between the known duration of diabetes, fasting
glucose, glycated haemoglobin and low density lipopro-
tein cholesterol with forearm blood flow response to ace-
tylcholine or glyceryl trinitrate. No direct association was
found between forearm blood flow responses to acetyl-
choline and glyceryl trinitrate in the diabetic population
(r=0.30,p=0.11).

Discussion

The principal findings of this study provide evidence for
impaired endothelium-dependent and endothelium-inde-
pendent vasoactive responses to acetylcholine and glyce-
ryl trinitrate respectively, in the forearm vasculature of pa-
tients with Type 2 diabetes.

EDREF generated by the action of acetylcholine on mus-
carinic receptors on endothelial cells appears to be nitric
oxide or an unstable nitrosocompoundrelated tonitric oxi-
de [8]. Endothelial cells synthesise EDRF from the ter-
minal guanidino nitrogen of L-arginine [20]. This process
canbeinhibitedstereospecifically by the arginine analogue
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L-NMMA. Thus, L-NMMA will specifically inhibit endo-
thelium-dependent vasodilation produced by EDRF with-
out affecting endothelium-independent vasodilation
produced by exogenous nitrovasodilators [21-23].

Reactive hyperaemic blood flow responses were simi-
lar between groups suggesting that structural changes in
the forearm arteriolar resistance vessels did not play an
important role in attenuating vasoactive responses in dia-
betic patients [24]. By contrast the vasodilator responses
to acetylcholine were markedly impaired in diabetic
patients compared with control subjects. In the sub-group
of diabetic patients who vasodilated to the acetylcholine
infusions the natural decline in forearm blood flow
was monitored until basal conditions were re-established.
L-NMMA was then infused immediately on completion
of a second set of acetylcholine infusions which resulted in
reproducible vasodilation and significantly attenuated the
decline in forearm blood flow when compared with the
uninhibited natural decline in flow. These data further
emphasise the contribution made by EDRF in producing
vasodilation to acetylcholine. Vallance et al. [23] demon-
strated that pre-treatment with L-NMMA at doses of
4 umol/min for 5 min inhibited the forearm blood flow re-
sponse to acetylcholine in healthy volunteers. However,
infusion of the arginine analogue decreased basal blood
flow and altered vascular tone, making comparisons of the
dose response curves difficult. We found L-NMMA,
although capable of inhibiting stimulated flow when infu-
sed at a dose of 2 umol/min for S min, was unable to influ-
ence basal blood flow in a consistent manner in either
control subjects or diabetic patients. The discrepancy in
these results does not necessarily suggest an absence of
basal EDRF secretion but may reflect both the lower dose
of L-NMMA administered, and also the greater age of our
control group compared with those previously studied, as
ageing alone has been shown to impair vasodilator re-
sponses to acetylcholine [25].

The blunted vasodilator responses to acetylcholine in
diabetic patients suggests diminished production or re-
lease of EDRF and represents a further marker of endo-
thelial cell dysfunction in Type 2 diabetes. Sub-clinical
atherosclerosis in the forearm vessels could have contri-
buted to the impaired responses observed in diabetic sub-
jects, and cannot be completely excluded as a confounding
variable. However, plethysmographic measurement of fo-
rearm blood flow reflects changes at the level of the arte-
riolar resistance vessels that do not develop atheromatous
plaques [12]. Vasodilation may also have been offset by
the simultaneous secretion of a vasoconstrictor substance.
This possibility appears unlikely as blood flow would be
expected to decrease below baseline after inhibition of
EDREF secretion by L-NMMA on completion of the ace-
tylcholine infusions.

Membrane hyperpolarisation produced by an endo-
genous endothelium-derived hyperpolarising factor is
known to contribute to the endothelium-dependent re-
laxation of vascular smooth muscle in response to acetyl-
choline. Oral sulphonylurea drugs may antagonise the va-
sodilator actions of this agent by blocking smooth muscle
potassium channels opened by the endothelium-derived
hyperpolarising factor [19]. No difference was found in
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the forearm vasodilator response in diabetic patients con-
trolled on diet only and those controlled on diet and sul-
phonylureas, indicating these drugs had no significant ef-
fect in blunting the forearm blood flow response to
acetylcholine.

The reduced responsiveness of the arterial smooth
muscle to glyceryl trinitrate was an unexpected finding
and has not been reported previously in diabetic subjects.
Recently Bucala et al. [26] have reported defective vasodi-
lation in experimental diabetes to nitric oxide and glyceryl
trinitrate. The blunted vasodilator response to glyceryl tri-
nitrate suggests that dysfunctional endothelium is not so-
lely responsible for the impaired vascular relaxation ob-
served in diabetic patients. As glyceryl trinitrate and
EDREF share a common final pathway to produce vasodi-
lation [27], a selective functional defect in the diabetic vas-
culature could account for the impaired responses to these
nitrovasodilators. However, no correlation was found be-
tween the vasodilator responses to acetylcholine and gly-
ceryl trinitrate in individual diabetic subjects, suggesting
multiple mechanisms are involved in impairing vascular
responses to these drugs.

No correlation was observed between a blunted fore-
arm vasodilator response to acetylcholine and glyceryl
trinitrate and known duration of diabetes, low density
lipoprotein cholesterol, fasting glucose and glycated hae-
moglobin levels. The presence of a physical complication
of the disease did not predict an impaired dilator response
to the vasoactive drugs, although with the small numbers
involved a beta type two error cannot be excluded.

Altered vascular responses in the forearm arterial bed
of diabetic subjects are particularly striking as this circula-
tion is often spared complications of the disease. More
pronounced damage is known to occur in the coronary, re-
nal, cerebral and lower limb circulations. For example in
diabetic patients the incidence of coronary heart disease is
increased two- to four-fold and responsible for 50-60 % of
adult deaths [28]. The results of this study suggest that dia-
betic patients may not only lack a protective mechanism
that guards against vasospasm and thrombosis but may
not respond normally to a therapeutic agent used routine-
ly to treat ischaemic heart disease.

In conclusion, impaired vasodilator responses were de-
monstrated in the forearm arterial bed to acetylcholine
and glyceryl trinitrate in patients with Type 2 diabetes.
Further studies are necessary to elucidate the mechanisms
involved in producing the impaired responses to exoge-
nous and endogenous nitrovasodilators in the diabetic
vasculature.
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