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Summary. The sympathetic nervous system may contribute
to excessive hepatic glucose output in Type 2 (non-insulin de-
pendent) diabetes mellitus and could be implicated in the in-
terrelated problem of hypertension. The aim of these studies
was to determine whether subjects with Type 2 diabetes had
normal sensitivity (compared with age- and weight-matched
non-diabetic subjects) to noradrenaline infusion (60 ng-
kg~'-min~! for 60 min) and to compare the responses with
oral tyramine administration (800 mg), and psychological
stress (using competitive computer games). Noradrenaline
infusion caused significantly greater plasma glucose (mean
increment 2.1+0.4 vs 0.6+£0.1 mmol/l, p <0.005) and
pressor responses (mean systolic increment 21+3 vs
11+1mmHg, p <0.02) in the diabetic subjects. The ex-
cessive glycaemia was due to increased hepatic glucose out-
put rather than reduced glucose disposal. Tyramine adminis-
tration caused significantly increased hepatic glucose output

and plasma glucose levels, but with similar responses in the
diabetic and non-diabetic subjects; the pulse and pressor re-
sponses were also similar between the groups. The psycho-
logical stressor induced significant increases in pulse, blood
pressure and non-esterified fatty acid levels in the combined
group of subjects (p <0.01) but did not influence plasma glu-
cose levels in either diabetic or non-diabetic subjects. We
conclude that pharmacologically-induced sympathetic ner-
vous stimulation can induce hyperglycaemia. Subjects with
uncomplicated Type 2 diabetes have increased sensitivity to
exogenous noradrenaline but may not hyperrespond to
endogenous sympathetic activation.

Key words: Type 2 (non-insulin-dependent) diabetes melli-
tus, sympathetic nervous system, noradrenaline, tyramine,
blood pressure.

Increased liver glucose production is a major determinant
of hyperglycaemia in Type2 (non-insulin-dependent)
diabetes mellitus. The cause of excessive hepatic glucose
production is unknown but could involve hormones, neu-
roendocrine factors, gluconeogenic substrate supply and
impaired glucose autoregulation. The sympathetic ner-
vous system may modulate hepatic glucose output [1-3]
and hepatic nerve stimulation has increased plasma glu-
cose levels in humans [4]. Sympathetic activation may also
affect hepatic glucose output via changes in insulin, gluca-
gon and catecholamine levels.

Type 2 diabetes may be characterised by increased
basal sympathetic tone. Alpha-adrenergic receptor block-
ade increases basal and stimulated insulin levels in Type 2
diabetes more than in non-diabetic subjects [5, 6] and the
alpha-; adrenergic receptor blocking agent Midaglizole
(DG5128) improves glucose tolerance [7]. Alternatively,
increased sensitivity to sympathetic nervous stimulation
may be induced in Type 2 diabetes during stress [8]; relax-
ation therapy has improved glucose tolerance in subjects

with Type 2, but not Type 1 (insulin-dependent) diabetes
[9, 10]. Induced psychological stress does not alter gly-
caemia in Type 1 diabetes [11] but has not been examined
in Type 2 diabetes. High blood pressure is associated with
both Type 2 diabetes and insulin resistance [12, 13].

The present studies aimed to determine whether sub-
jects with Type 2 diabetes had increased sensitivity to di-
rect noradrenergic stimulation, to pharmacological acti-
vation of the sympathetic nervous system (oral tyramine)
and to psychological stress.

Subjects and methods

Eight male subjects with Type 2 diabetes (duration 0.5-18, mean
5.1 years) and six male non-diabetic subjects were selected based on
the following criteria: absence of treatment for hypertension, no
clinical autonomic neuropathy (heart rate interval variation was
tested [14] in diabetic subjects), no contraindication to receiving
adrenergic agents, normal serum creatinine levels and absence of
proteinuria. The diabetic and non-diabetic groups were well
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Table 1. Mean baseline data for the diabetic and non-diabetic subjects. Values are the mean of basal values before each study condition (i.e.
two or four studies)

R, Ry Glucose clearance Insulin Glucose
(umol-kg~-min~1) (umol-kgt-min-1) (UVmin) (pmol/l) {mmol/)
Diabetic subjects 27+14 23.7+1.4° 0.20 £0.01 86+ 14¢ 9.3+ 1.7
Non-diabetic subjects 16 £0.9 163+0.9 0.23+0.01 36+14 54+02
C-peptide NEFA Glucagon Adrenaline Heart rate
(nmol/l) (mmol/l) (ng/l) (nmol/l) (beats/min)
Diabetic subjects 0.9+0.1° 0.66 £ 0.08 3315 0401 70+ 4
Non-diabetic subjects 04+0.1 0.67 £0.06 41x5 04+0.1 67%5
NA (radio) NA (GC/MS) MHPG DHPG
(nmol/1) (nmol/l) (nmol/l) (nmol/l)
Diabetic subjects 12£02 25+02 211424 6.5+0.8
Non-diabetic subjects 1.3£03 25+03 24+14 68104

3indicates significant difference between groups
R,, Glucose appearance; Ry, glucose disappearance; GC/MS, gas
chromatography/mass spectroscopy; MHPG, methoxyhydroxyphe-

matched for age (56.5+2.4 vs 50.5£4.2 years, mean + SEM) and
blood pressure (systolic 120+6 vs 119+5, diastolic 79+4 vs
78 £2 mmHg) though two diabetic subjects had mildly elevated di-
astolic pressures (138/99 and 132/96 mm Hg) while body mass index
differed by less than 12% (27.2 £0.9 vs 24.1 +0.5 kg/m?); all but one
diabetic subject were within 15% of ideal body weight. Three sub-
jects were treated with sulphonylureas (glibenclamide or gliclazide),
the rest with diet alone. Two diabetic subjects had an asymptomatic
sensory peripheral neuropathy and two had aheart rate interval vari-
ation more than one SD less than age-matched control subjects [14].
One non-diabetic subject was euthyroid and being treated with thy-
roxine for hypothyroidism. Informed consent was obtained from all
subjects prior to the study, which was approved by the St. Vincents
Hospital Research Ethics Committee and was performed in accor-
dance with the principles of the Declaration of Helsinki.

Studies were performed in random order, at intervals of at least
2 weeks, on the morning after an overnight fast. The subjects werein
the sitting position with sulphonylurea therapy having ceased 48 h
beforehand. Fasting blood glucose in the diabetic subjects was
9.3 + 1.0 mmol/l. All subjects participated in all studies, except one
diabetic subject who suffered a vaso-vagal attack following his first
study (psychological stress) and returned only for a control study.

Catheters were inserted into an antecubital vein for [3-°"H]glu-
cose infusion and an ipsilateral dorsal hand vein, with the hand kept
warm in a heating pad, for arterialised venous blood sampling [15].
An additional contralateral venous catheter was inserted for nor-
adrenaline infusion. A 90-min period was allowed for equilibration
of the [3-*H]glucose infusion prior to any intervention [16]. Blood
pressure (mercury sphygmomanometer) and pulse rate (continuous
ECG monitor) were measured throughout. Blood was drawn for
plasma glucose and [3-*H]glucose specific activity at 5-10 min inter-
vals and for serum insulin, C-peptide, non-esterified fatty acid
(NEFA), adrenaline, noradrenaline, noradrenaline metabolites,
cortisol and plasma glucagon at 15-30 min intervals.

Noradrenaline hydrochloride solution was dissolved in 0.9%
NaCl with 0.05% ascorbic acid to give a concentration of 8 ug/ml
and was protected from light; noradrenaline was infused at
60 ng-min~!-kg~! for 60 min to elevate circulating noradrenaline
levels well above the physiological range in order to achieve an in-
crease in concentration at noradrenaline receptors approximating a
physiological stimulus, i.e. a 10-25 mmHg rise in systolic blood
pressure (see Results). Tyramine hydrochloride, 4x 200 mg cap-
sules, was administered orally.

Psychological stress was achieved by requiring challenging com-
petitive computer games to be performed; this induces moderate psy-

nylethyleneglycol, DHPG, dihydroxyphenylethyleneglycol; NA,
noradrenaline; radio, radioenzymatic measurement

chological tension and alterations in blood pressure and pulse in non-
diabetic individuals [17]. Subjects were seated in front of a personal
computer (Apple Ile, Apple Computer Inc. Cupertino, Calif., USA)
and asked to perform a series of unspecified psychological tests, and
were told that the results would be compared with other subjects.
After the 90-min equilibration period, they played a series of com-
puter games for 60 min, being given a (difficult to achieve) target
score, said to be the average obtained by previous subjects, to be
reached within 20 min. They were given a new task after 20 min or if
theyreachedthetarget. Their performance was critically evaluated at
intervals to encourage greater effort. Prior to this study, the subjects
completed the State-Trait Anxiety Inventory [18] which measures
bothchronic (trait) and acute (state) anxietylevels. The ‘state’section
was completed again after the study to assess the level of anxiety in-
duced [18]. The control study involved quiet reading and relaxation.

Hormone and substrate measurements

Plasma glucose, serum insulin, C peptide, NEFA, cortisol and plas-
ma glucagon were measured as previously described {16, 19]. Plasma
catecholamines were measured using two methods. Plasma nor-
adrenaline and adrenaline levels were measured using a radioenzy-
matic assay (CAT-A-KIT, Amersham Int., Amersham, Bucks., UK).
The intra- and inter-assay coefficients of variation are 4.2% and
7.5% for noradrenaline and 3.6 % and 10 % for adrenaline. Plasma
free levels of noradrenaline and its metabolite, dihydroxyphenyl-
ethylene glycol (DHPG), were also measured at baseline and at
60 min after commencement of each study using a specific and pre-
cise gas chromatograph/mass spectrometry (GC/MS) assay with
deuterated internal standards [20]. Differences were noted for the
two methods in absolute noradrenaline levels but relative changes
were similar. Plasma free methoxyhydroxyphenylethylene glycol
(MHPG), another metabolite of noradrenaline, and tyramine levels
were also determined using GC/MS [21]. Tyramine levels were esti-
mated semi-quantitatively by reference to the internal deuterated
MHPG standard and expressed in arbitrary units per ml.

Statistical analysis

Glucose turnover in the non-steady state was determined as de-
scribed previously using a pool-fraction model of the glucose space
assuming a rapidly mixing glucose pool equivalent to 17 % of body
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Fig.1. Mean (+ SEM) incremental systolic, diastolic pressor and
heart rate responses to (a) noradrenaline (NA) infusion (from
0-60 min), (b) oral tyramine administration and (¢) psychological

weight [16]. Information published since the performance of this
study [22] indicates that, especially in subjects with reduced glucose
clearance and a large pool size, steady-state tracer specific activity
may be underestimated and systemic glucose appearance overesti-
mated. Qualitative responses within groups can be interpreted with
confidence but quantitative comparisons between groups are only
made with comparative changes in glycaemia. Hormone, substrate
and turnover data were evaluated as absolute responses and in-
cremental responses above baseline. Where any parameter altered
during the control studies, total and incremental (relative to control)
responses were assessed. Total incremental responses were com-
pared between diabetic and non-diabetic groups by unpaired Stu-
dent’s ¢-test. Paired ¢-tests were used when appropriate. Other sta-
tistical comparisons used simple regression analysis. All significant
differences in blood pressure or blood glucose responses were addi-
tionally assessed by the non-parametric Wilcoxon and Mann-Whit-
ney tests, in each case confirming the significance.

Results
Baseline values (Table 1)
Mean basal concentrations (mean for all studies) of plas-

ma glucose (p <0.01), insulin (p <0.02) and C peptide
(p <0.02) and basal hepatic glucose output (p <0.005)

stress, in the diabetic (closed symbols, solid line) and non-diabetic
subjects (open symbols, broken line)

and peripheral glucose disposal (p < 0.005) were signifi-
cantly increased in diabetic vs non-diabetic subjects (rec-
ognising the limitations in the last two comparisons); there
was no difference in basal levels of NEFA, noradrenaline,
MHPG, DHPG, adrenaline, glucagon and cortisol. There
was no difference in basal values for any parameter before
each of the four studies in either group nor was there any
change in any parameter during the control study except
for plasma glucose levels which fell in the diabetic subjects
only.

Noradrenaline infusion resulted in similar increases in ar-
terial noradrenaline levels in both subject groups, whether
measured by GC/MS or radioenzymatic methods; there
was a disparity in levels measured by the two assays
though the relative change was similar (diabetic vs non-
diabetic: GC/MS assay, basal 2.7 +0.4 vs 2.3 + 0.2, 60 min
14.1£1.5 vs 12.9 £ 1.0 nmol/]; radioenzymatic assay basal
15+£0.4 vs 1.4+ 0.6, 60 min 5.7 £2.0 vs 4.5 + 2.4 nmol/l).
Adrenaline (0.4 £0.1 nmol/1) and DHPG levels did not
alter during noradrenaline infusion. In all subjects who
had MHPG levels determined at 30 min after noradren-
aline infusion, there was a considerable increase in
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MHPG above baseline (A+16.7+4.7 nmol/l in non-
diabetic subjects (n =3); A+ 17.3 £5.6 nmol/l in diabetic
subjects (n =5)) followed by a fall to baseline at 60 min.
Noradrenaline infusion caused a greater pressor response
(Fig.1) in diabetic than non-diabetic subjects (integrated
responses above baseline: systolic, 1112+£149 vs
599 + 53 mm Hg/60 min, p < 0.02; diastolic, 289+ 136 vs
100 + 133 mm Hg/60 min, NS, mean blood pressure re-
sponse p <0.02). There was no group difference in heart
rate responses.

The diabetic subjects had significantly greater plas-
ma glucose responses to noradrenaline than the non-
diabetic subjects (Fig.2) with greater maximal incre-
ments (above control, 2.1+04 vs 0.6+0.2 mmol/l,
p <0.005), greater integrated responses (71.3+£13.3 vs
194+ 41mmol-60 min~?-17!, p <0.01) and greater
maximum increments, expressed as percent of baseline

(21£3 vs 10£3%, p <0.05)). Hepatic glucose output
(Ra) increased significantly in both groups during nor-
adrenaline infusion (p <(.01), then waned despite conti-
nued hormone infusion (peak increment, 17.3+2.9 in
diabetic subjects and 8.1 £3.0 pmol-kg~!-min~! in con-
trol subjects, integrated increment, 521.9+145.6 vs
115.9 £57.6 umol-kg ' 60 min "', Fig.2). There were no
significant changes in peripheral glucose disposal (Ry) in
either group although in the diabetic subjects glucose
clearance fell and was significantly lower 60 min after the
start of the infusion (p <0.05). Insulin and C-peptide
(Fig.2) levels were significantly depressed 15 min after
the start of noradrenaline infusion in the diabetic sub-
jects (insulin, —32.3£12.2 pmol/l, p <0.05; C-peptide
—0.26 £0.10 nmol/l, p <0.05) but were not significantly
altered in the non-diabetic subjects. Mean plasma gluca-
gon levels tended to rise during noradrenaline infusion in
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Table 2. Mean ( £ SEM) catecholamine, hormone and tyramine levels (arbitrary units) at baseline, 30 and 60 min after oral tyramine adminis-

tration

Diabetic subjects Non-diabetic subjects

Basal 30 60 Basal 30 60
NA (GC/MS) (nmoi/l) 24402 - 33+0.3% 24+04 - 46+0.8°
NA (radio) (nmol/l) 1.1+04 13405 1.2+04 15+04 30+1.0 32+0.9%
MHPG (nmol/l) 234440 260+4.8 34.0+£6.8° 30.8+4.8 36.4+54 459+542
DHPG (nmol/) 7.0%0.6 - 153 £1.3° 6.1+1.1 - 137 +2.6
Tyramine (units®) 0 645 +£352# 1476 + 444? 0 598 +46° 840 £ 4742
Adrenaline (nmol/l) 05+0.1 0402 05+0.2 04+02 04+£02 05+03
Insulin (pmol/l) 78 +24 66+12 84+18 30112 18+6 24+6
C-peptide (nmol/l) 0.7+0.1 07+0.1 0.7+0.1 04+0.1 04+0.1 04401
Glucagon (ng/l) 32+9 44+13 30+11 26+0 68 +£27 3712
NEFA (mmol/1) 0.65+0.09 0.82 +0.13 0.83+0.12 0.77 £0.1 0.85+0.14 0.85+0.12

2 p <0.05 compared with basal levels.
® arbitrary units (see Methods)
NA, Noradrenaline; GC/MS, gas chromatography/mass spectros-

both groups (p <0.1) and integrated responses were not
significantly greater in the diabetic subjects (1862 + 770 vs
743 £326 ng/(1.60 min)). There were significant similar
increases in plasma NEFA levels (p <0.01) in the two
groups (Fig.2, integrated responses above control,
42.60 £5.85vs31.23 £2.73 mmol/(1.60 min)).

Correlations. There was a significant (r =0.65, p < 0.02)
correlation between glycaemic and systolic pressor re-
sponses during noradrenaline infusion.

Oral tyramine administration (Table 2) resulted in signifi-
cant (p <0.05) increases in circulating levels of tyramine,
noradrenaline, MHPG and DHPG, which were similar
in both subject groups. Adrenaline levels did not change.
Tyramine caused a similar increase in systolic blood pres-
sure in both groups (Fig. 1, diabetic vs non-diabetic: pecak
systolic increment, 49 + 8 vs 40 + 7 mm Hg; integrated in-
crement, 1926 321 vs 1293 £ 254 mmHg/90 min). There
was no significant difference in the diastolic pressor and
heart rate responses.

Plasma glucose levels rose significantly in both groups
(p <0.025, Fig.3) with no significant group difference
(integrated responses above control: diabetic, 33.7 £10.9
vs 20.5+ 6.3 mmol/(1.90 min)). R, was not significantly
increased in the diabetic (0.05<p <0.1) or non-diabe-
tic subjects (integrated increment above control,
347.1+£148.6 and 111.4+288.6 umol-(kg~'-90 min~1).
When the data for all subjects were combined, there was a
significant increase in R, (p < 0.05) with no significant al-
teration in Ry or glucose clearance. There were no signifi-
cant changes in serum insulin, C-peptide or glucagon lev-
els after tyramine in the diabetic or non-diabetic subjects
but there was a significant increase in mean NEFA levels
in the diabetic subjects (Table 2, p <0.05). NEFA levels
rose comparably in four of the six non-diabetic subjects re-
sulting in no significant difference between the NEFA re-
sponses of the two groups.

Correlations. There was a significant correlation (r = 0.64,
p <0.02) between the systolic blood pressure and gly-
caemic responses after oral tyramine and between the gly-
cacmic responses and tyramine levels (r = 0.65, p < 0.05).

copy; MHPG, methoxyhydroxyphenylethyleneglycol; DHPG, di-
hydroxyphenylethyleneglycol; radio, radioenzymatic measurement

Psychological stress responses. There was no group dif-
ference in baseline anxiety scores (acute anxiety, 25 +2 vs
26 £ 2; chronic anxiety, 35 £ 4 vs 34 £ 6; possible range, 20—
80 for each). All subjects had higher scores after the task
(p <0.005) with the non-diabetic subjects scoring higher
(deltascore, 19£4vs 8+ 1, p <0.05). Three subjects (two
diabetic and one non-diabetic) reported not feeling
stressed during the study; most reported mild to moderate
irritation, frustration or anxiety; two diabetic subjects felt
(and looked) severely stressed and one suffered a vaso-
vagal syncopal attack within 5 min of completing the task.
Three diabetic subjects did not complete the anxiety in-
ventory satisfactorily.

All subjects had an increase in blood pressure and all
but one anincrease in heart rate (Fig.1). One diabetic sub-
ject, excluded from the results, had bradycardia with
episodes of Wenckebach phenomenon (second degree
heart block) as previously reported during stress [23]. The
heart rate, systolic and diastolic pressor responses were
not significantly different between groups (non-diabetic
vs diabetic subjects, maximum heart rate increase, 16 +4
vs 11+ 1beats per min; integrated systolic pressure
response, 879+235 vs 458 £ 66 mmHg/60 min, p <0.1;
maximum increase, 21+5 vs 16 +5 mmHg; integrated
diastolic pressure response, 403+147 vs 284177
mm Hg/60 min).

NEFA levels increased significantly (p <0.05, Fig.4)
during psychological stress in both groups (integrated
responses, non-diabetic 6.81£226 vs diabetic
2.35+0.86 mmol/(1.60 min)) but no significant change oc-
curred in levels of cortisol, adrenaline or noradrenaline
(Table 3). Stress did not significantly affect mean blood
glucose levels in either group (Fig.4) and no glycaemic re-
sponse was seen in any individual subject, There was also
no significant change in glucose turnover or pancreatic
hormone levels in either group (Table 3).

Correlations. There were significant correlations between
the delta anxiety score and NEFA (r = 0.71, p < 0.02) and
heart rate responses (r =0.70, p <0.02) during stress. A
correlation between the delta anxiety score and the adren-
aline responses approached statistical significance
(r=0.59, p <0.08). There were also significant correla-
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tions between the NEFA responses and heart rate
(r=0.73, p <0.005), systolic blood pressure (r =0.63,
p <0.02) and diastolic blood pressure (r = 0.66, p <0.02).
The cortisol and diastolic pressure responses were also
correlated (r =0.64, p <0.03).

Discussion

The main findings of this study were that: (i) infusion of
noradrenaline caused a greater hyperglycaemic and
pressor response in subjects with Type 2 diabetes com-
pared with non-diabetic subjects in the presence of simi-
lar, circulating noradrenaline levels, (ii) oral tyramine ad-
ministration caused significant pressor and glycaemic
responses which were not significantly different in Type 2
diabetes and non-diabetic subjects, (iii) acute psychologi-
cal stress of sufficient severity to elevate pulse, blood
pressure and NEFA levels failed to influence blood glu-
cose levels in either diabetic or non-diabetic subjects,

As in other studies [24], increases in blood glucose le-
vels in response to noradrenaline (and tyramine) were
due to an initial increase in hepatic glucose production
with little change in peripheral glucose uptake, although
reduced glucose uptake probably had some role in pro-
longing hyperglycaemia. It seems likely that the hepatic

glucose output responses to noradrenaline and tyramine
were mediated predominantly by direct neural or local
adrenergic receptor stimulation rather than by indirect
humoral mechanisms. Adrenergic stimulation of hepatic
glucose production is mainly driven by beta adrenergic
mechanisms [25] although alpha adrenergic stimulation
may also play a role [26] and both alpha;- and beta,-
adrenergic receptors are present in the human liver [27].
The vasoconstrictor effect of noradrenaline is mediated
predominantly by alpha;-adrenergic receptors. There-
fore, responses to noradrenaline demonstrated here could
be mediated by alpha adrenergic mechanisms alone or in
combination with beta effects. The positive correlation
between the glycaemic and pressor responses to nor-
adrenaline infusion suggests a common cause.

There was a significant initial fall in insulin and C-pep-
tide levels during noradrenaline infusion in the diabetic
subjects with similar increases in circulating glucagon
levels in both subject groups which were not statistically
significant. Thus, increased sensitivity of the islet Beta
cells to noradrenaline could have contributed to the ex-
cessive hepatic glucose output in the diabetic subjects.

One must consider central neural activation as well as
peripheral stimulation, as MHPG levels were substan-
tially elevated in the three non-diabetic and five diabetic
subjects in whom a measurement was made 30 min after
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commencing noradrenaline infusion. As the MHPG rise
was not accompanied by an increase in DHPG it seems
possible that the MHPG rise reflects hypothalamic, or at
Jeast brain, noradrenergic activity [21].

The exaggerated pressor responses in Type 2 diabetes
could conceivably be a consequence of long-term diabetes
related to changes in sodium metabolism, abnormalities
of the renin-angiotensin system or vessel wall thickening
[28]. Increased pressor responses to noradrenaline have
been recorded in hypertensive [29] and normotensive
diabetic subjects [30] and attributed to these mechanisms.
In these reports, subjects with Type 1 and the majority
with Type 2 diabetes were grouped together. The normo-
tensive younger, presumably Type 1, subjects apparently
had normal pressor responses [30], as found in other
studies of uncomplicated Type 1 diabetes [31, 32]. How-
ever, mildly increased pressor responses have been found
in subjects with retinopathy [31]. Thus, an abnormal
pressor response does not necessarily occur even with
long-term Type 1 diabetes and would seem to be a feature
of Type 2 diabetes.

Hypersensitivity to noradrenaline due to denervation
sensitivity from autonomic neuropathy seems an unlikely
explanation for our results. Although this phenomenon
occurs with severe symptomatic autonomic neuropathy
[32, 33], none of the present subjects had symptoms or
signs of autonomic neuropathy and the group included re-
cently diagnosed subjects with no peripheral neuropathy
and normal heart rate variation. Subclinical autonomic
neuropathy may exist in some diabetic subjects [34] and
two of our subjects had reduced heart rate interval vari-
ation; however, normal pressor responses to noradren-
aline have been found in subjects with long-term, uncom-
plicated Type 1 diabetes who would almost certainly have
subclinical autonomic dysfunction [31, 32].

Hypertension occurs commonly in Type 2 diabetes [12]
and may share a common actiology with the diabetes,
possibly related to increased sympathetic activation [12].
Our results in the diabetic subjects could be explained by
increased background sympathetic activity, if the activity
was not normally suppressed during noradrenaline infu-
sion [35].

Table 3. Mean (£ SEM) values of stress and pancreatic hormones and NEFA levels during psychological stress in the diabetic (n = 8) andnon-

diabetic subjects. Data at baseline, 30 and 60 min are given

Type 2 (non-insulin-dependent) diabetic subjects

Non-diabetic subjects

Basal 30 60 Basal 30 60
NA (radio) (nmol/l) 1.1+£0.6 1.2+04 1.0£05 1.0£05 12£04 1.6+04
Adrenaline (nmol/) 0.5+0.2 0.5+£03 0.3£01 0.7£05 0.4+0.3 0.5£03
Cortisol (nmol/l) 132+34 181+50 140 £37 203 £30 203423 159 +25
Insulin (pmol/1) 90+24 72+18 72+18 24+18 24+12 3012
C-peptide (nmol/l) 09401 0.8£0.1 0.8+0.1 04£0.05 0.3£0.05 0.3+0.05
Glucagon (ng/l) 1843 34412 30£10 59+18 50+18 34+9
NEFA (mmol/l) 0.65+0.09 0.73+0.12° 0.78 £0.15 0.68+0.11 0.87+0.16° 0.82+0.13

2p <0.05 compared with basal.
NA, Noradrenaline; radio, radioenzymatic measurement
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In contrast to the noradrenaline infusion, the plasma
glucose elevation in response to tyramine was not signifi-
cantly different between the diabetic and non-diabetic
subjects but was correlated with tyramine levels. The lack
of alteration in circulating insulin and glucagon levels sug-
gests the glycaemic effects were due to direct hepatic
stimulation. The diabetic subjects received less tyramine
on a per kg basis than the non-diabetic subjects but ex-
pressing the responses in terms of mg tyramine/kg body
weight did not create any significant differences. The gly-
caemic response to tyramine was notably less than with
noradrenaline, although the pressor responses were simi-
lar. Tyramine in vivo has weak noradrenaline releasing
actions in the liver compared with the heart, probably
because the liver is rich in monoamine oxidase which de-
grades tyramine [36].

With psychological stress, blood glucose did not in-
crease in either subject group, despite clear cut heart rate
and pressor responses and an increase in NEFA levels
similar to oral tyramine. As a group, the diabetic subjects
had significantly lower anxiety scores (which correlated
with NEFA, heart rate and adrenaline responses). It is
possible that real life stresses, particularly if prolonged,
would have a greater metabolic impact, including cortisol
and growth hormone responses, on subjects with Type 2
diabetes, or might reduce compliance with therapy. Alter-
natively, chronic psychological stress causing sustained
elevations in fatty acids might eventually inhibit glucose
metabolism [37], reduce insulin sensitivity [38] and lead to
glucose intolerance [39].

In conclusion, a group of subjects with Type 2 diabetes
with some heterogeneity of duration, body massindex and
blood pressure have an exaggerated blood glucose re-
sponse to pharmacological elevations of circulating nor-
adrenaline. The responses to noradrenaline in comparison
to tyramine and psychological stress suggest the possibility
of increased activity of the sympathetic nervous system or
increased sensitivity of catecholamine receptor mechan-
isms in Type 2 diabetes. It would be interesting to deter-
mine whether these phenomena are also associated with
impaired insulin sensitivity without hyperglycaemiain the
“syndrome X” constellation of glucose intolerance, insulin
resistance, hypertension and dyslipoproteinaemia[13,40].
Measures aimed at reducing sympathetic activation could
have therapeutic value in Type 2 diabetes.
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