
Tyramine-Mediated Activation of Sympathetic Nerves Inhibits
Insulin Secretion in Humans

Lisa K. Gilliam, Jerry P. Palmer, and Gerald J. Taborsky Jr.
Department of Medicine (L.K.G., J.P.P., G.J.T.), University of Washington, and Veterans Affairs
Puget Sound Health Care System (J.P.P., G.J.T.), Seattle, Washington 98195

Abstract

Context—Older studies have shown that high doses of norepinephrine infused into human

subjects can inhibit insulin secretion. Similar inhibition during electrical stimulation of

sympathetic nerves in animals raises the possibility that the suppression of insulin secretion seen

in humans could reflect a physiological effect of sympathetic nerves on islet β-cells. However, a

direct test of the hypothesis that moderate and selective activation of these nerves is sufficient to

inhibit insulin secretion in humans is lacking.

Objective—We sought to test this hypothesis by releasing moderate amounts of endogenous

norepinephrine selectively from the sympathetic nerves of normal human subjects by infusing

them with low doses of the indirect sympathomimetic agent tyramine.

Methods—During a single study visit, 11 healthy subjects received iv injections of arginine

either alone or in combination with a low-dose tyramine infusion. Physiological (blood pressure)

and biochemical (insulin, glucose, and norepinephrine) parameters were measured.

Results—The acute insulin response to arginine was significantly reduced during tyramine

compared with that seen in the absence of tyramine (P = 0.036).

Conclusions—These data suggest that moderate and selective activation of sympathetic nerves

inhibits insulin release in humans.

Porte et al. (1) first demonstrated that exogenous norepinephrine (NE) could inhibit insulin

release in humans. In that study, NE infusions impaired the insulin response to either

glucose or tolbutamide (1). Later measurements of the plasma NE levels achieved during

similar NE infusions in humans made it clear that these plasma levels were seen only during

severe exercise and pathophysiological stress (2). However, because NE is a

neurotransmitter, synaptic levels achieved during activation of sympathetic nerves might

approach the concentrations reached during these infusions. Thus, these studies suggested,

but did not demonstrate, that physiological activation of sympathetic nerves might regulate

the islet β-cell in humans.
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Studies in animals, where it was possible to selectively activate these nerves electrically, did

show the expected inhibition of insulin release (3–5), but to our knowledge, there are no

analogous studies in humans. Thus, it remained unknown whether the inhibitory effect of

exogenous NE on insulin secretion in humans, demonstrated decades ago, reflects a

physiological effect of sympathetic nerves on the islet β-cells or simply the pharmacological

effect of an endogenous compound. To answer this question finally, the present study sought

to release moderate amounts of endogenous NE selectively from sympathetic nerves in

normal human subjects.

To that end, we infused a low dose of tyramine and measured plasma insulin. Tyramine is an

indirect sympathomimetic that releases vesicularly stored NE from sympathetic nerve

terminals. It competes with axoplasmic NE for uptake into the synaptic vesicles within the

nerve terminal. This in turn markedly elevates axoplasmic NE levels, inducing a carrier-

mediated transport of NE out of the nerve terminal (6). Thus, tyramine elevates the synaptic

levels of NE, yet has only a modest effect on circulating NE levels, thus permitting one to

assess the role of sympathetic nerves (for example, in the pancreatic islet), independent of

the effects of circulating NE.

Subjects and Methods

Experimental subjects

Eleven healthy individuals (eight men and three women) were recruited by advertisement

for this study. The subjects had a mean age of 32 yr (range 18–44 yr) and a mean body

weight of 70.9 kg (range 50–98 kg). Subjects were excluded if they had serious medical

problems, elevated blood pressure (>130/80 mm Hg), or low hematocrit (<38%) or if they

were significantly overweight (body mass index ≥ 28 kg/m2) taking monoamine oxidase

inhibitors, or pregnant. Informed consent was obtained from each study participant, and the

investigations were carried out in accordance with the guidelines in the Declaration of

Helsinki.

Study design

After an overnight fast, an iv catheter was inserted into each arm of the study subject. One

arm was used for the infusion of tyramine and arginine, and the other was used for collection

of blood samples. First, a bolus dose of arginine was given (2.5 or 5 g; Pharmacia, New

York, NY). Blood samples for the measurement of insulin, NE, epinephrine, and glucose

were drawn every 2 min for the first 10 min and every 5 min thereafter. Vital signs (blood

pressure and heart rate) were monitored on the same schedule. Thirty minutes after the

arginine bolus, tyramine (Clinalfa, Laäufelfingen, Switzerland) was infused at a rate of 30

μg/ kg·min for 10 min. Our preliminary dose-response study had shown that the 30 μg/

kg·min dose caused a clear but safe rise in systolic blood pressure (Δ = +33 ± 4 mm Hg),

indicating significant neuronal NE release, accompanied by only a modest increase of

plasma NE (Δ = +217 ± 28 pg/ml). Three minutes into the tyramine infusion, a second

identical dose of arginine was given. We have previously shown that the insulin secretory

response to repeated arginine injections is highly reproducible within individuals, indicating
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that repetitive arginine pulses neither exhaust nor prime the β-cell (7). Laboratory and vital

sign measurements were repeated on the same schedule as described above.

Materials and Methods

Blood for the catecholamine assays was collected on EGTA/glutathione (2.3:1.5 mg/ml).

Blood for insulin and glucose was collected on EDTA. Immediately after collection, blood

samples were placed on ice and centrifuged, and plasma was stored at –80 C until assayed.

Plasma epinephrine and NE concentrations were measured in duplicate using a

radioenzymatic assay, as previously described (8). The intra- and interassay coefficients of

variance in this laboratory are 6 and 10%, respectively. Plasma insulin concentrations were

measured in duplicate using a modified double-antibody RIA technique (9). The intra- and

interassay coefficients of variance in this laboratory are 6 and 12%, respectively. Plasma

glucose concentrations were measured in duplicate using a Beckman glucose analyzer.

Data analyses

Statistical comparisons were made using paired Student's t tests. Results are expressed as

mean ± SEM. All tests were two-tailed with significance set at P < 0.05.

Results

As expected, tyramine caused a significant but moderate increase in systolic blood pressure

(Δ = +33 ± 4 mm Hg), suggesting a significant activation of sympathetic nerves coupled

with a modest increase in circulating NE (Δ = +217 ± 28 pg/ml; baseline level = 274 ± 34).

Epinephrine levels did not increase during tyramine (data not shown).

As shown in Fig. 1 and Table 1, the acute insulin response (AIR) to arginine was

significantly reduced during tyramine, compared with the AIR to arginine alone (P = 0.036),

despite no difference in the prearginine glucose levels (Δ = 0.3 ± + 1.6 mg/dl; P = 0.842) or

the glucose response to arginine before vs. during tyramine (data not shown). The AIR to

arginine before tyramine varied widely between individuals [range for area under the curve

(AUC), 208-2812], but the decrement of the AIR induced by tyramine was closely

correlated with the magnitude of the original response (r = 0.81). In contrast, there was no

correlation (r = 0.03) between the decrement of the AIR to arginine and the increment of NE

induced by tyramine.

Discussion

In this study, we used tyramine to activate the sympathetic innervation of the pancreatic β-

cell and found that insulin secretion was inhibited. Although we believe that the sympathetic

input to the β-cell is responsible for the observed inhibition of insulin secretion, we have not

definitively proved this, but we have ruled out several other possible mechanisms. One

alternative explanation for tyramine's suppressive effect on insulin secretion is that, in high

doses, tyramine enhances glucose uptake into peripheral tissues (10), lowering plasma

glucose and thereby its stimulation of insulin release. However, at the doses of tyramine

used in the present study, the prearginine glucose levels, as well as those immediately after
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the arginine bolus, were identical before vs. during tyramine, ruling out differences in

glycemia as responsible for the observed inhibition of insulin secretion.

Another alternative is that tyramine might exert its sympathomimetic effect directly on the

β-cell, thereby inhibiting insulin secretion. However, other studies, using similar doses of

tyramine in humans, have demonstrated that tyra-mine's action requires NE release. For

example, the acute pressor effect of tyramine is inhibited by duloxetine, a compound that

inhibits tyramine uptake into, and therefore subsequent NE release from, nerve terminals

(11). Thus, in humans, tyramine's effect on blood pressure occurs via local release of NE

from sympathetic nerve terminals rather than by a direct action of tyramine on the

vasculature, and we suggest a similar mechanism of action at the pancreatic β-cell.

To our knowledge, this is the first study to demonstrate that selective activation of

sympathetic nerves inhibits insulin secretion in humans. An earlier in vitro study using tyra-

mine also showed an inhibition of insulin secretion, albeit from the perfused pancreas of the

Zucker fatty rat (12). Additionally, because tyramine causes release of endogenous NE from

nerve terminals, this approach can be viewed as similar to previous studies in animals, in

which direct electrical stimulation of sympathetic nerves inhibited insulin release (5). Thus,

the present study extends similar studies in animals but, more importantly, demonstrates that

the previously described inhibitory effect of exogenous NE on insulin secretion in humans

did, indeed, mimic the effect of sympathetic nerves on the human islet β-cells. In this regard,

previous studies in exercising humans have also implicated sympathetic nerves as causing

an inhibition of insulin secretion (13). For example, α-adrenergic blockade reduced the

magnitude of the fall of insulin during exercise (13). Early during exercise the NE/

epinephrine ratio was high, suggesting that the sympathetic innervation, rather than the

adrenal medulla, was the mediator. Thus, both our current study employing tyramine and the

study above employing exercise suggest that activation of sympathetic nerves can inhibit

insulin secretion in humans.

One criticism of earlier NE infusion studies in humans is that the plasma NE levels required

to achieve suppression of the β-cell were supraphysiological (2, 14). Thus, in the present

study, we sought to achieve a moderate activation of sympathetic nerves in our human

subjects. The increment of systolic blood pressure during tyramine is evidence that this goal

was achieved. For example, studies in humans show that similar increments of systolic

blood pressure occur during moderate exercise (15). Likewise, the modest increment of

circulating NE we observed during tyramine (~200 pg/ ml) argues for a moderate activation

of sympathetic nerves because about 5-fold larger increments of plasma NE (~1000 pg/ml)

are observed during moderate exercise (16, 17), and about 9-fold larger increments of

circulating plasma NE (~1800 pg/ml) are required to inhibit insulin secretion (2) in the

absence of activated sympathetic nerves. Thus, both the systolic blood pressure and the

plasma NE response to tyra-mine in this study argue that we achieved an activation of

sympathetic nerves within the physiological range, albeit using a pharmacological agent to

do so.

The importance of this sympathetic inhibition of insulin secretion may be related to the

suppression of endogenous insulin that occurs during insulin-induced hypoglycemia in
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humans, in addition to that that occurs during exercise (see above). Although the falling

glucose certainly decreases the direct stimulation of insulin secretion, some studies have

suggested active inhibition via sympathetic nerves as well (18). Evidence that pancreatic

sympathetic nerves are activated during hypoglycemia comes from animal studies (19),

although there is evidence that hypoglycemia also activates sympathetic nerves in humans,

albeit those to muscle (20). Thus, the inhibitory effect of sympathetic nerves upon insulin

secretion that we demonstrate here in humans may contribute to suppression of endogenous

insulin secretion during insulin-induced hypoglycemia. Such suppression would limit the

depth and duration of that hypoglycemia.
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FIG. 1.
AIR to arginine before and during a tyramine infusion. Total insulin was first measured in response to an arginine bolus (2.5 or

5 g). Thirty minutes later, total insulin was measured in response to the same dose of arginine administered 3 min after starting a

10-min tyramine infusion (30 μg/kg·min). Data are presented as mean ± SEM (n = 11).
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TABLE 1

Effect of tyramine on NE, systolic blood pressure, and the AIR to arginine

Subject Acute NE response to TYR (AUC) Acute SBP response to TYR (AUC) AIR ± TYR (AUC)

– TYR + TYR Δ %Δ

1 +2564 +453 +1372 +689 –683 –50%

2 +1042 +276 +1147 +961 –186 –16%

3 +1969 +164 +527 +327 –200 –38%

4 +1227 +265 +1102 +663 –439 –40%

5 +2002 +123 +1564 +989 –575 –37%

6 +2523 +152 +2812 +1007 –1805 –64%

7 +967 +265 +329 +460 +131 +40%

8 +3649 +316 +1662 +1767 +105 +6%

9 +2859 +424 +208 +175 –33 –16%

10 +1304 +140 +925 +488 –437 –47%

11 +2303 +69 +1000 +802 –198 –20%

Mean +2037 +241 +1150 +757 –392 –26%

SEM 256 37 219 131 162 9%

P value <0.001 <0.001 0.036 0.016

SBP, Systolic blood pressure; TYR, tyramine.
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