
1 
 

Review - British Journal of Pharmacology 
 
 

Adrenaline: insights into its metabolic roles in hypoglycaemia and diabetes 

 

A. J. M. Verberne1*, W. S. Korim2, A. Sabetghadam2 and I. J. Llewellyn-Smith3 

 
 

1 University of Melbourne, Clinical Pharmacology and Therapeutics Unit,  

Department of Medicine, Austin Health,  

Heidelberg, Victoria 3084, Australia 

 

2 The Florey Institute of Neuroscience and Mental Health,  

University of Melbourne, Parkville Victoria 3010, Australia  

 

3 Cardiovascular Medicine and Human Physiology,  

Flinders University, Bedford Park, SA 5042 Australia 

 
 

 

 

Keywords: Adrenaline; hypoglycaemia; hypothalamus; cardiovascular control  

 

Running title: Adrenaline and glucose homeostasis 

 
* Address for correspondence: Email: antonius@unimelb.edu.au 

This article is protected by copyright. All rights reserved.

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/bph.13458

http://dx.doi.org/10.1111/bph.13458
http://dx.doi.org/10.1111/bph.13458


2 
 

 
 
 
Words: 5,008 
  

This article is protected by copyright. All rights reserved.



3 
 

Abstract 

Adrenaline is a hormone that has profound actions on the cardiovascular system and is also a 

mediator of the fight-or-flight response. Adrenaline is now increasingly recognised as an 

important metabolic hormone that helps mobilise energy stores in the form of glucose and 

free fatty acids in preparation for physical activity or for recovery from hypoglycaemia. 

Recovery from hypoglycaemia is termed counter-regulation and involves suppression of 

endogenous insulin secretion, activation of glucagon secretion from pancreatic α-cells and 

activation of adrenaline secretion. Secretion of adrenaline is controlled by presympathetic 

neurons in the rostroventrolateral medulla which are, in turn, under the control of central 

and/or peripheral glucose-sensing neurons. Adrenaline is particularly important for 

counterregulation in individuals with Type 1 (insulin-dependent) diabetes since these patients 

do not produce endogenous insulin and also lose their ability to secrete glucagon soon after 

diagnosis. Type 1 diabetic patients are therefore critically dependent on adrenaline for 

restoration of normoglycaemia and attenuation or loss of this response in hypoglycaemia 

unawareness can have serious, sometimes fatal, consequences. Understanding neural control 

of hypoglycaemia-induced adrenaline secretion is likely to identify new therapeutic targets for 

treating this potentially life-threatening condition.   
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Abbreviations: 
 
2DG  2-deoxyglucose 
 
ASNA  Adrenal sympathetic nerve activity 
 
CART  Cocaine- and amphetamine-regulated transcript 
 
CVLM  Caudal ventrolateral medulla 
 
IML  Intermediolateral cell column 
 
PeH  Perifornical hypothalamic 
 
RVLM  Rostroventrolateral medulla 
 
SPNs  Sympathetic preganglionic neurons 
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Introduction 

The path to the discovery of adrenaline began when Oliver and Schafer described the 

pressor effect of extracts of the adrenal gland (Oliver et al., 1895). Although they neither isolated 

the active principle nor gave it a name, they concluded that it was confined to the adrenal 

medulla and not the cortex. At the turn of the 20th century, purification of a similar extract was 

achieved by Abel in Baltimore and independently by Takamine in New York working under the 

auspices of the Parke-Davis Company: Takamine referred to the new compound as ‘adrenalin’ 

(Takamine, 1902) while Abel preferred ‘epinephrin’ (Abel, 1898). As pointed out by Davenport, 

the Merck Index lists as many as 35 names for adrenaline including ‘adrenine’ (Davenport, 1982; 

Merck, 1968). In 1849 Addison noted that the adrenal glands were necessary for life; and, for a 

short time, some thought that the essential principle, which we now know to be cortisol, was the 

pressor substance isolated from the adrenal medulla (Addison, 1855; Davenport, 1982). 

In this review we examine the importance of adrenaline as a metabolic hormone that 

mobilises energy stores in the form of glucose and free fatty acids during the counter-regulatory 

response to hypoglycaemia (Cryer, 1981).  

Pharmacology of adrenaline 

Adrenaline is best known to pharmacologists as a substance that has profound effects on 

the cardiovascular system. In general, the effects of exogenously administered adrenaline on the 

cardiovascular system are similar to that of sympathetic nerve stimulation. This was noted by 

Walter B. Cannon when he attempted to prove that adrenaline was the sympathetic 

neurotransmitter or, as he termed it, ‘sympathin’ (Cannon et al., 1935). However, as Cannon 

discovered, there are differences between the pharmacological effects of adrenaline and the 
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sympathetic neurotransmitter. Firstly, the transmitter released at the sympathetic vascular 

neuroeffector junction is the N-demethylated catecholamine, noradrenaline (von Euler, 1946); 

and secondly, adrenaline and noradrenaline have different potencies at α- and β-adrenoceptors 

(Ahlquist, 1948; Westfall et al., 2011). Finally, Cannon’s attempts to identify the sympathetic 

transmitter (Cannon et al., 1935) were confounded by contamination of the preparations of 

adrenaline that Cannon had available to him by variable amounts of noradrenaline (Davenport, 

1982; von Euler, 1966).  

Adrenaline has powerful, dose-dependent effects on the cardiovascular system. 

Intravenous doses of adrenaline administered rapidly produce a powerful vasopressor effect as a 

result of profound vasoconstriction, an increase in the rate and force of contraction of the heart, 

increased myocardial cell automaticity, bronchodilatation, increased respiratory rate and 

redistribution of blood toward the brain, heart and skeletal muscle and away from skin, kidneys 

and gut (Goldstein, 1999; Westfall et al., 2011). Ahlquist (1948) first described the differences in 

the rank order of potency of adrenaline, noradrenaline and isoprenaline in a variety of peripheral 

tissues. These observations led to the proposal that the differences in the actions of the 

catecholamines could be explained by the existence of distinct receptors that ultimately were 

termed α- and β-adrenoceptors (Ahlquist, 1948). The development of more selective agonists and 

antagonists, as well as molecular cloning of G-protein coupled receptors, led to further sub-

classification of the adrenoceptors as α1A-, α1B-, α1D-, α2A-, α2B-, and α2C-adrenoceptors as well as 

β1−, β2- and β3-adrenoceptors (Alexander et al., 2013). Despite its profound effects on 

cardiovascular function, the contribution of adrenaline to normal cardiovascular regulation or to 

the development of essential hypertension is probably minimal since plasma levels of adrenaline 

are not consistently elevated in this condition (Goldstein, 1983). Circulating adrenaline can be 
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taken up and released by sympathetic nerves but the contribution of such a mechanism to 

essential hypertension is far from clear (Esler, 1993). 

 

 

 

Biosynthesis and catabolism of adrenaline 

The biosynthesis and catabolism of adrenaline are depicted in Figure 1. Tyrosine is 

hydroxylated in the meta position to form dihydroxyphenylalanine (DOPA) by tyrosine 

hydroxylase, the rate-limiting step in catecholamine biosynthesis (Kuhar et al., 1999). DOPA is 

subsequently decarboxylated by DOPA decarboxylase to produce dopamine, which is 

subsequently hydroxylated at the β-carbon by dopamine β-hydroxylase to produce noradrenaline. 

The final step of adrenaline biosynthesis occurs when noradrenaline is N-methylated by 

phenylethanolamine N-methyltransferase (PNMT) (Axelrod, 1966). When released into the 

circulation from the adrenal medulla, adrenaline and noradrenaline are O-methylated by 

catecholamine methyltransferase (COMT) to produce metanephrine and normetanephrine, which 

are then deaminated by monoamine oxidase (MAO) to form 3-methoxy-4-hydroxy-mandelic 

acid (Axelrod, 1966).  

Disorders of catecholamine metabolism, such as dopamine β-hydroxylase deficiency, are 

very rare with perhaps 20 or so cases described in the world. Since dopamine β-hydroxylase 

catalyses the conversion of dopamine to noradrenaline, individuals with this disorder have 

defective sympathetic nerve function manifested by absent noradrenaline spillover into the 

circulation and impaired adrenal catecholamine synthesis (Rea et al., 1990; Thompson et al., 

1995). The symptoms of the disease include postural hypotension, low blood pressure, difficulty 
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in maintaining body temperature, ptosis, exercise intolerance and importantly, hypoglycaemia. 

Microneurographic studies in these patients indicate elevated sympathetic nerve traffic and 

normal baroreflex inhibition. Therefore, noradrenaline released from sympathetic nerves is 

critical to maintenance of resting arterial blood pressure as well as a range of other functions. In 

contrast, the cardiovascular effects of depletion of peripheral adrenaline in response to treatment 

with inhibitors of PNMT are much less dramatic. Thus, peripheral adrenaline is not essential for 

maintenance of hypertension or centrally-evoked hypertension in stroke-prone hypertensive rats 

(Rogers et al., 1991). Similarly, PNMT inhibitors, such as LY13406 which has minimal 

adrenoceptor blocking activity, does not alter blood pressure in rats with deoxycorticosterone 

acetate-salt-induced hypertension despite pronounced PNMT inhibition (Biollaz et al., 1984). 

Adrenaline biosynthesis is strongly influenced by glucocorticoids released from the 

adrenal cortex (Wurtman et al., 1972). Glucocorticoids are transported in high concentration by 

the intra-adrenal portal vascular system directly to the chromaffin cells to induce the synthesis of 

PNMT (Wurtman et al., 1965; Wurtman et al., 1966). The dependence of PNMT synthesis on 

the presence of glucocorticoids is present in most mammals including man and rats. In species in 

which the chromaffin tissue is not surrounded entirely by steroid-secreting adrenal cortex (for 

example,  the rabbit), little adrenaline is present in chromaffin cells not in contact with the 

adrenal cortical cells (Coupland, 1956). In other species where the steroid-secreting cells and 

catecholamine-secreting cells are located in independent glands (for example, the dogfish), no 

adrenaline is synthesised (Coupland, 1953). 

 

Innervation of the adrenal gland 
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The adrenal gland is often regarded as a modified sympathetic ganglion in which the 

postganglionic neurons are represented by the adrenal chromaffin cells that synthesise the 

catecholamines adrenaline and noradrenaline. These are secreted into the circulation rather than 

being released as a neurotransmitter, as is the case for conventional sympathetic postganglionic 

neurons. Sympathetic postganglionic neurons express nicotinic acetylcholine receptors and 

ganglionic transmission is blocked by nicotinic receptor antagonists, such as hexamethonium and 

mecamylamine (McIsaac et al., 1966). Similarly, adrenal chromaffin cells secrete 

catecholamines in response to acetylcholine acting at nicotinic acetylcholine receptors (Wakade, 

1981) and to a lesser extent at muscarinic receptors (Wakade et al., 1983). The unique 

innervation of the adrenal gland consists of (i) axons from cholinergic sympathetic preganglionic 

neurons (SPNs) that innervate the adrenal chromaffin cells directly (Kesse et al., 1988), (ii) from 

noradrenergic sympathetic postganglionic neurons that innervate blood vessels in the adrenal 

cortex and medulla (Carlsson et al., 1993; Parker et al., 1990; Toth et al., 1997) as well as spinal 

and vagal afferent axons (Coupland et al., 1989; Mohamed et al., 1988; Niijima, 1992) (Fig. 2). 

Chromaffin cells synthesise either adrenaline or noradrenaline and the proportion of adrenaline-

synthesising cells exceeds those that synthesise noradrenaline. In the rat ~70-80% of all 

chromaffin cells synthesise adrenaline (Verhofstad et al., 1985). Whether the chromaffin cells 

synthesise adrenaline or noradrenaline is governed by whether or not the cells express PNMT, 

since this enzyme catalyses the N-methylation of noradrenaline to produce adrenaline (Fig. 1). 

Adrenal SPNs are found in the intermediolateral cell column (IML) between thoracic spinal 

segments T4 and T12 in the rat (Strack et al., 1988) and between thoracic segment 2 and lumbar 

segment 2 in the rabbit (Jensen et al., 1992). While all adrenal SPNs release acetylcholine as 

their primary transmitter, some adrenal SPNs also express cocaine- and amphetamine-regulated 
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transcript (CART) (Fenwick et al., 2006) and these project to the noradrenaline-synthesising 

chromaffin cells (Gonsalvez et al., 2010). In contrast, SPNs that innervate the adrenaline-

synthesising chromaffin cells express the neuropeptide enkephalin (Holgert et al., 1995). In the 

cat, a proportion of the adrenal SPNs express the calcium binding protein calretinin and 

calretinin-immunoreactive terminals are associated with noradrenergic chromaffin cells in the 

adrenal medulla (Edwards et al., 1996).  

Tracing studies using neurotropic viruses have identified and labelled premotor cell groups 

in supraspinal regions that project to adrenal SPNs located in the IML of the spinal cord 

(Geerling et al., 2003; Kerman et al., 2007; Strack et al., 1989a; Strack et al., 1989b; Wesselingh 

et al., 1989; Westerhaus et al., 2001; Westerhaus et al., 1999). Labelled neurons were found in 

the rostroventrolateral medulla (RVLM), caudal raphé nuclei, ventromedial medulla, the A5 cell 

group and the paraventricular hypothalamic nucleus and the perifornical hypothalamic area 

(PeH). In the rabbit, adrenal SPNs receive input from serotonin neurons as well as from RVLM 

C1 adrenergic neurons (Jensen et al., 1995; Li et al., 1992). These same groups of hindbrain 

neurons are labelled after injection of viral tracer into the kidney as well as other sympathetic 

vascular tissue (Ding et al., 1993; Schramm et al., 1993; Sly et al., 1999; Toth et al., 2008a; Toth 

et al., 2008b). In rats, adrenal SPNs express Fos in response to glucoprivation (2-DG) and these 

neurons receive close appositions from varicosities of PNMT-immunoreactive axons (Fig. 3). 

Data from Fos and viral tracing studies suggest that the adrenergic input to adrenal SPNs arises 

from C1 neurons in the RVLM and/or C3 neurons in an around the dorsal medullary midline  

(Card et al., 2006; Menuet et al., 2014; Ritter et al., 2001; Ritter et al., 1998). These findings are 

consistent with the view that RVLM C1 neurons that are modulated by central glucose sensors 

innervate adrenal SPNs (Verberne et al., 2010). 
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Studies that have used two different neurotropic viral tracers to identify premotor neurons 

that control both the heart and adrenal catecholamine secretion (Standish et al., 1994; Strack et 

al., 1989a) are of limited value because there is a high probability that the viruses have labelled 

the one feature that the heart and adrenal gland have in common – the sympathetic 

postganglionic innervation of the blood supply to each organ. Unfortunately, no method has been 

devised for selectively labelling the adrenal chromaffin cell innervation with neurotropic viral 

tracers, as opposed to the vascular innervation of the adrenal gland. 

 

Differential control of adrenal catecholamine secretion 

There is physiological and anatomical evidence that the chromaffin cells that synthesise 

adrenaline or noradrenaline are controlled differentially. Thus, hypoglycaemia selectively 

increases adrenaline release whereas cold exposure selectively increases noradrenaline release 

(Vollmer et al., 1992). However, the increase in noradrenaline secretion in response to cold 

probably arises from increased release from sympathetic nerves in order to restore normotension.  

The hypotensive response to haemorrhage is unaffected by adrenalectomy or adrenal denervation 

in awake rabbits (Schadt et al., 1988), suggesting that the recovery from haemorrhage depends 

largely on sympathetic vasomotor activation and vasopressin release. Contrary to the view that 

adrenal secretion acts in concert with sympathetic vasomotor activation, there is substantial 

evidence indicating that adrenal catecholamine release is activated by nerve pathways distinctly 

separate from those regulating the vasomotor system. The prevailing view that the vasomotor 

and adrenal catecholamine secretory systems act in concert arises, at least in part, from the 

limitations of the experimental approaches that have been used to study them. Thus, electrical or 

chemical stimulation of the RVLM produces pressor responses accompanied by adrenaline 
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secretion and hyperglycaemia because premotor sympathetic vasomotor neurons and the 

premotor neurons that drive adrenaline secretion are intermingled (Kerman et al., 2007; 

Verberne et al., 2010; Verberne et al., 1999). Interestingly, prior removal of the adrenal glands 

did not alter the magnitude of the pressor response to stimulation of the RVLM (Verberne et al., 

2010). Stimulation of the splanchnic sympathetic nerve evokes sympathetically-mediated 

vasoconstriction in the splanchnic vascular bed along with adrenal catecholamine secretion but 

the secreted catecholamines appear to contribute little to the vasoconstrictor response (Edwards, 

1982; Reed et al., 1971). Both responses occur simply because the splanchnic sympathetic nerve 

contains postganglionic nerve fibres that innervate vascular smooth muscle as well as 

preganglionic fibres that innervate adrenal medullary chromaffin cells (Celler et al., 1981; Sapru 

et al., 1982).  

Morrison and colleagues recorded from rat SPNs that were antidromically activated by 

stimulation of the adrenal nerve (Morrison et al., 2000). They showed that these neurons could 

be subdivided on the basis of their axonal conduction velocities, their response to stimulation of 

premotor sympathetic neurons in the RVLM, as well as their response to baroreceptor activation 

or systemic glucoprivation. Thus, ‘adrenaline’ adrenal SPNs are activated by glucoprivation 

produced by systemic administration of the glucoprivic agent 2-DG. Furthermore, they are 

insensitive to baroreflex activation and instead receive input from slow-conducting RVLM 

neurons. This slow-conducting pathway corresponds to slow-conducting, baroinsensitive 

neurons in RVLM that are activated by glucoprivation and are most probably C1 neurons 

(Verberne et al., 2010). In contrast, ‘noradrenaline’ adrenal SPNs are barosensitive, activated by 

RVLM stimulation over a fast-conducting pathway and were insensitive to glucoprivation 

(Morrison et al., 2000). 
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Several studies indicate that electrical stimulation of sites in the hypothalamus elicits 

selective increases in plasma adrenaline or noradrenaline (Folkow et al., 1954; Tsuchimochi et 

al., 2010). These findings suggest that adrenaline and noradrenaline secretion from the adrenal 

gland can be controlled independently.  This view is supported by observations that insulin-

induced hypoglycaemia per se or neuroglucoprivation induced by 2-deoxyglucose are not 

accompanied by marked sympathetic vasomotor changes (Bardgett et al., 2010; Korim et al., 

2014; Verberne et al., 2010). Similarly, activation of hypothalamic orexin neurons by local 

glucoprivation favours an increase in adrenaline secretion over noradrenaline secretion (Korim et 

al., 2014). It is also likely that the premotor neurons that control sympathetic vasomotor outflow 

and adrenal catecholamine secretion are controlled by separate inputs (Fig. 2). In the case of the 

vasomotor neurons, we know that a major input and regulator is the intramedullary baroreflex 

pathway (Schreihofer et al., 2002; Schreihofer et al., 2011). In contrast, presympathetic neurons 

that control adrenaline secretion are likely to receive input from central and/or peripheral 

glucose-sensing neurons but not from baroreceptors (Korim et al., 2014; Verberne et al., 2010). 

Measurement of adrenal sympathetic nerve activity (ASNA) is complicated by the fact that 

the adrenal nerve supply consists of several fine branches rather than a single discrete nerve 

trunk. In addition, adrenal nerve discharge consists of activity that is related to sympathetic 

preganglionic input to chromaffin cells as well as sympathetic postganglionic vasomotor drive to 

the adrenal vasculature. The relative contributions of preganglionic and postganglionic 

components to the multiunit recording can be estimated by systemic administration of a short-

acting ganglion blocker, such as trimethaphan (Sapru et al., 1982). Since trimethaphan has 

become difficult to obtain in recent years, an alternative is to use systemic administration of the 

ganglion blocker hexamethonium (20 mg/kg, i.v.) at the conclusion of the experiment. 
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Adrenaline and cardiovascular regulation 

Adrenaline modulates vascular tone in a fashion that is regionally specific. Adrenaline also 

increases myocardial contractility, heart rate and cardiac output. High, experimentally-induced 

circulating levels of adrenaline can induce hypertension (Majewski et al., 1981; Tung et al., 

1981) but adrenaline is not considered an underlying contributor to essential hypertension (see 

above). Unlike the release of catecholamine from sympathetic nerve terminals at neurovascular 

junctions, adrenaline secretion from the isolated adrenal gland is not modulated by presynaptic α- 

or β-adrenoceptors (Collett et al., 1984; Collett et al., 1982). Adrenaline can modulate the 

activity of the baroreflex although probably not through modulation of the activity of the arterial 

baroreceptors per se (Shoukas, 1982). Inhibitors of PNMT (Fig. 1) that do not cross the blood-

brain-barrier do not reduce arterial blood pressure, suggesting that peripheral adrenaline does not 

contribute significantly to resting arterial blood pressure (Black et al., 1981).  

During moderate exercise, plasma levels of adrenaline rise but there is no significant 

increase in secretion of adrenaline from the adrenal medulla (Warren et al., 1984). The increase 

appears to be largely a result of reduced clearance rather than increased adrenal secretion. 

Infusion of adrenaline to produce plasma levels that are comparable to that found during 

moderate exercise produces only a modest β2-adrenoceptor vasodilator response (Warren et al., 

1983). Infusion of adrenaline into normotensive subjects resulted in increased plasma renin, 

glucose and free fatty acids but had only minimal effects on the cardiovascular system 

(Fitzgerald et al., 1980). 
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Overall, these observations support the view that adrenaline is not of major significance in 

maintaining cardiovascular homeostasis and is not a major factor in the development of essential 

hypertension. 

 

Adrenaline and the fight or flight response 

Many previous studies performed on freely-moving and anaesthetized animals have shown 

that electrical or chemical stimulation of the hypothalamic “defence” area elicits fight or flight 

responses that involve anterior hypothalamic structures including the PeH, dorsomedial 

hypothalamic nucleus and the lateral hypothalamic area (Hilton, 1982; Smith et al., 2000). The 

responses are characterised by reactions such as pupillary dilatation, piloerection, growling, 

hissing, and other aggressive behaviour or flight (escape) behaviour (Fuchs et al., 1985). 

Connections with caudal brain structures such as the midbrain periaqueductal grey area and the 

RVLM mediate sympathetic vasomotor adjustments as well secretion of catecholamines (Carrive 

et al., 1988; Carrive et al., 1989; Lovick, 1992; Verberne et al., 1992; Yardley et al., 1987). 

These hindbrain structures mediate regional changes in blood flow produced during defense-like 

behaviour. Hindlimb vaso-dilatation associated with shifting blood away from the splanchnic 

circulation to active skeletal muscle during defense responses is, at least in part, dependent on 

adrenaline acting at β-adrenoceptors on skeletal muscle resistance vessels (Yardley et al., 1987). 

 

Do baroreceptors and chemoceptors modulate adrenaline release? 

Presympathetic neurons of the RVLM and SPNs in the IML of the thoracic spinal cord that 

control adrenaline secretion do not display a prominent cardiac rhythm nor is their activity 

depressed by activation of the baroreceptor reflex (Morrison et al., 2000; Natarajan et al., 1999; 
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Verberne et al., 2010 ). On the other hand, studies of the activity of preganglionic and 

postganglionic adrenal axons measured during multifibre recordings show similar degrees of 

baroreflex-induced inhibition (Carlsson et al., 1992b). The postganglionic activity is 

barosensitive in nature which is explained by the fact that these fibres innervate the adrenal 

vasculature. It is likely that baroreflex-induced inhibition of the preganglionic activity occurs 

because the neurons that control the noradrenaline cells of the adrenal medulla are also 

barosensitive (Morrison et al., 2000). In cats but not dogs, baroreceptor unloading results mainly 

in noradrenaline release, (Critchley et al., 1980). 

Presympathetic vasomotor neurons of the RVLM receive an inhibitory GABAergic input 

from neurons in the caudal ventrolateral medulla (CVLM) that are a critical relay in the 

baroreflex pathway. Disinhibition of the CVLM neurons results in marked elevation of arterial 

pressure, sympathetic nerve activity and plasma noradrenaline but not adrenaline (Natarajan et 

al., 1999), again supporting the view that the baroreceptor reflex does not influence adrenaline 

secretion. On the other hand, Mundinger and colleagues have demonstrated that haemorrhage in 

anaesthetised dogs elicits adrenaline secretion (Mundinger et al., 1997). While haemorrhage 

unloads the arterial baroreceptors, it can also activate cardiopulmonary baroreceptors since the 

arterial blood pressure drops to very low levels (Morita et al., 1985). Activation of this subset of 

baroreceptors may cause adrenaline release. 

Scislo and colleagues have examined the effect of baroreflex activation on adrenal 

sympathetic nerve discharge (Scislo et al., 1998). They demonstrated that, when compared with 

lumbar or renal sympathetic activity, ASNA exhibits prominent barosensitivity characterised by 

greater maximal sympathoexcitation in response to hypotension. Carlsson and colleagues 

examined the response of the renal sympathetic nerve to baroreceptor stimulation and 
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haemorrhage and compared these responses to recordings of preganglionic and postganglionic 

nerve activity of the adrenal sympathetic nerve (Carlsson et al., 1992b) which could be 

distinguished using trimethaphan. Baroreflex response curves for renal sympathetic activity and 

preganglionic and postganglionic ASNA were similar although maximal baroreflex-induced 

inhibition of preganglionic adrenal sympathetic nerve activity was less (adrenal reduced to 87 % 

versus renal reduced to 68% of control) than that of the renal sympathetic nerve. This result is 

somewhat unexpected since the majority of the adrenal preganglionic input probably targets the 

adrenaline-producing cells of the adrenal medulla and this input is largely baroinsensitive 

(Morrison et al., 2000). In contrast, adrenal SPNs that drive noradrenaline-synthesising 

chromaffin cells exhibit pronounced barosensitivity (Morrison et al., 2000). Chemoreceptor 

activation also activates ASNA and increases plasma adrenaline concentration in rats, cats and 

dogs (Biesold et al., 1989; Critchley et al., 1980). This effect is abolished by spinal transection, 

treatment with hexamethonium or adrenal denervation, indicating that the response is dependent 

on a central pathway (Lee et al., 1987) and the sympathetic preganglionic input to the adrenal 

gland (Seidler et al., 1986). 

In summary, hypoxia activates adrenaline secretion while baroreceptor unloading activates 

mainly noradrenaline secretion from the adrenal medulla. 

 

Current therapeutic uses of adrenaline 

Adrenaline is used as an emergency treatment for acute ventricular fibrillation and cardiac 

arrest, acute anaphylactic shock and angio-oedema and as an emergency treatment of acute 

airways obstruction in asthma (‘Epi-Pen’) (Rang et al., 2012). These therapeutic interventions 

depend on the positive inotropic and bronchodilatory effects of adrenaline mediated by activation 
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of β1- and β2-adrenoceptors, respectively. Adrenaline is also often combined with local 

anaesthetics to retard absorption of the anaesthetic agent by promoting local vasoconstriction 

induced by activation of α1-adrenoceptors. 

 

Neuroglucoprivation and adrenaline secretion 

Adrenaline is a hormone that, along with the pancreatic hormone glucagon, participates in 

the counter-regulatory response to hypoglycaemia (Cryer, 1981). Thus, an additional and 

important action of adrenaline is to increase plasma glucose by promoting glycogenolysis in the 

liver and skeletal muscle, liver gluconeogenesis and reduction of glucose uptake by tissues such 

as skeletal muscle via activation of α1- and β2-adrenoceptors (Moratinos et al., 1986). In both 

liver and skeletal muscle, glycogenolysis occurs as a result of β1-adrenoceptor-mediated 

activation of glycogen phosphorylase. In Type 1 diabetes and advanced Type 2 diabetes, 

adrenaline is of primary importance for the response to hypoglycaemia because the ability to 

secrete glucagon is lost or impaired (Cryer, 2012). Indeed, the glucagon response to 

hypoglycaemia is lost within 5 years of diagnosis of Type 1 diabetes (Amiel, 2005; McCrimmon, 

2009). Repeated bouts of hypoglycaemia can also lead to reduced adrenaline secretion and 

‘hypoglycaemia unawareness’, in which the symptoms of hypoglycaemia are no longer 

perceived, creating a vicious cycle of defective glucose homeostasis (Cryer, 2005). 

Depriving the brain of glucose (neuroglucoprivation) activates the glucose counter-

regulatory response to restore normal levels of blood glucose (normoglycaemia). In humans, the 

glucose counter-regulatory response consists of release into the circulation of the rapid-acting 

hormones: glucagon from the pancreatic α-cells and adrenaline from the adrenal medulla (Bolli 

et al., 1999). Growth hormone and cortisol, referred to as slow-acting hormones, are also 
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released during prolonged hypoglycaemia but their counter-regulatory effects do not become 

evident for some hours. Glucagon acts exclusively by stimulating glucose production in the liver 

whereas adrenaline acts by suppressing endogenous insulin secretion, stimulation of hepatic 

glucose production, stimulation of lipolysis (β3-adrenoceptor-mediated activation of lipase in 

adipose tissue) and reduction of glucose utilisation (Bolli et al., 1999). Neuroglucoprivation can 

be produced by induction of insulin-induced hypoglycaemia or by central or peripheral 

administration of glucose analogues, such as 2-DG or 5-thioglucose. 2-DG is metabolised to 2-

deoxyglucose-6-phosphate, which cannot be metabolised further and as a result blocks glucose 

utilisation (Hersey et al., 2009; Himsworth, 1970; Pelicano et al., 2006; Weindruch et al., 2001). 

The lateral hypothalamus is a critical area mediating the adrenaline response to 

neuroglucoprivation.  Himsworth showed that the hyperglycaemic response to 3-O-

methylglucose as a glucoprivic agent was abolished by microinjection of the local anaesthetic 

agent lignocaine bilaterally into the lateral hypothalamus of rats (Himsworth, 1970). Although 

lignocaine is not selective for neuronal cell bodies, the importance of the lateral hypothalamus 

has subsequently been verified with local microinjections into the PeH of the GABAA agonist 

muscimol, which does not inhibit axons of passage. This treatment abolishes the increase in 

adrenal nerve discharge produced by systemic 2-DG (Korim et al., 2014). Figure 4 shows a 

proposed model of the circuitry that mediates adrenaline secretion during hypoglycaemia or 

glucoprivation.  

Orexin neurons in the PeH are activated in response to declining brain glucose 

concentration (Korim et al., 2016). One mechanism by which this may occur is through 

disinhibition of PeH orexin neurons as a result of the withdrawal of GABAergic drive from 

adjacent glucose-sensing (glucose-excited) neurons in the ventromedial hypothalamic nucleus 
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(VMH) (Chan et al., 2006). Most importantly, activation of ASNA during insulin-induced 

hypoglycaemia is abolished by blockade of orexin receptors in the RVLM (Korim et al., 2014), 

where adrenal premotor sympathoexcitatory neurons are located (Verberne et al., 2010). In 

addition, insulin-induced activation of ASNA is markedly reduced by excitatory amino acid 

receptor blockade in the RVLM (Sabetghadam, Korim and Verberne, unpublished observations). 

This observation is consistent with the finding that a proportion of PeH orexin neurons are 

glutamatergic (Rosin et al., 2003).  

While 2-DG and insulin-induced hypoglycaemia can both activate the glucose counter-

regulatory response, there are differences in the mechanism of action. As described above, 2-DG 

competes with normal glucose for utilization by brain neurons. The replacement of glucose by 

non-metabolizable 2-DG is perceived as a reduction in the brain glucose concentration and 

results in elevation of plasma levels of glucagon and adrenaline, resulting in hyperglycaemia 

(Sanders et al., 2000). In contrast, insulin-induced hypoglycaemia results in elevated plasma 

levels of glucagon and adrenaline but glucose levels remain low due to the presence of insulin. 

Hyperinsulinaemia associated with insulin-induced hypoglycaemia can be a confounding factor 

but can be controlled for experimentally by comparing the effects of hyperinsulinaemic 

hypoglycaemia with hyperinsulinaemic normoglycaemia in which the plasma glucose 

concentration is held constant by simultaneous glucose infusion (a “glucose clamp”) (Ao et al., 

2005; Bardgett et al., 2010).  

Systemic administration of insulin or 2-DG results in increased preganglionic ASNA 

(Carlsson et al., 1992a; Korim et al., 2014). The central circuitry mediating this response is still 

relatively poorly understood but almost certainly involves central and/or peripheral glucose-

sensing neurons as well as RVLM presympathetic neurons and adrenal SPNs that are activated 
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by 2-DG-induced glucoprivation (Morrison et al., 2000; Verberne et al., 2010). While the central 

mechanisms associated with insulin-induced adrenaline secretion are difficult to study in man, 

several important observations have been made. Tetraplegic patients with complete spinal 

transection between C4 and C8 have lower resting plasma levels of adrenaline and noradrenaline 

(Mathias et al., 1979). In addition, their plasma levels of adrenaline and noradrenaline do not rise 

in response to insulin-induced hypoglycaemia nor do they exhibit the sympathetic symptoms of 

hypoglycaemia. These observations strongly support the view that a spinal pathway that passes 

through spinal segments C4-C8 mediates activation of ASNA during hypoglycaemia. 

 

Diabetes and the glucose counter-regulatory response 

The previous section indicates how depriving the brain of glucose activates glucagon and 

adrenaline secretion. Severe neuroglucoprivation can occur as a result of insulin-induced 

hypoglycaemia during the treatment of diabetes (Gabriely et al., 2004). Indeed, Type 1 diabetic 

patients frequently report hypoglycaemia particularly when therapy is intensive (Diabetes 

Control and Complications Trial Research Group, 1993). Hypoglycaemia is feared by patients 

with Type 1 diabetes because of its serious and potentially life-threatening consequences (Böhme 

et al., 2013). For reasons that are still incompletely understood, patients with Type 1 diabetes 

soon lose their ability to secrete glucagon  during hypoglycaemia (Gerich et al., 1973) despite 

normal responses to other glucagon-releasing stimuli such as arginine or the muscarinic agonist 

carbachol (Fukuda et al., 1988). Loss of the glucagon response to hypoglycaemia also occurs in 

the alloxan-treated mouse model of diabetes wherein the glucagon response to insulin and 2-DG 

administration is lost despite a normal secretory response to the muscarinic agonist carbachol 

(Ahren et al., 2002). Similarly, in the streptozotocin rat model of Type 1 diabetes, glucagon 
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secretion evoked by electrical stimulation of the cervical vagus was markedly reduced 12 weeks 

after onset of diabetes despite a normal response to arginine (Hertelendy et al., 1992). These 

observations suggest (1) that the cellular mechanisms associated with α-cell glucagon secretion 

are largely intact in diabetes and (2) possibly that diabetes-induced autonomic neuropathy may 

lead to loss of the glucagon response. Ganglionic blockade reduces the glucagon response to 

insulin-induced hypoglycaemia by 75-90%, suggesting a pivotal role for the autonomic nervous 

system in the glucagon response to hypoglycaemia (Havel et al., 1997). This result suggests that 

diabetes induces a ‘disconnect’ between the regions of the brain that sense declining extracellular 

levels of glucose and the autonomic output to the pancreas. Despite this recent progress, several 

important questions remain about the central nerve pathways that control the counter-regulatory 

response.  First, where is hypoglycaemia sensed (Verberne et al., 2012; Verberne et al., 2014)? 

Glucose-sensing has been attributed to peripheral neural mechanisms, including vagal and 

sympathetic afferent glucose sensors (Fujita et al., 2007; Fujita et al., 2005), the carotid body 

(Koyama et al., 2000), and to several hindbrain structures including the NTS, ventrolateral 

medulla and several regions of the hypothalamus (Burdakov et al., 2009; Ritter et al., 2000; 

Routh, 2002; Routh, 2010). Donovan and colleagues have proposed that peripheral glucose 

sensors are important when there is slow and progressive decline in blood glucose concentration 

while central glucose sensors respond to a rapid decline in brain glucose concentrations 

(Donovan et al., 2014). Second, why are there so many glucose-sensing regions? Perhaps this 

redundancy occurs because glucose homeostasis is not only vital to bodily function but also 

critical for the functioning of the nervous system. Alternatively, different glucose-sensing 

circuits may have differing responsibilities, for example control of energy balance or feeding or 

glucose homeostasis.  
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Conclusion 

For over a century, pharmacologists have focussed on the substantial circulatory effects of 

exogenously administered adrenaline and on the role of adrenaline in the fight-or-flight response.  

However, recent evidence summarized here suggests that endogenous adrenaline is, in fact, 

primarily a metabolic hormone (Cryer, 1993), which is of critical importance in the glucose 

counter-regulatory response evoked by hypoglycaemia. In fact, adrenaline is now acknowledged 

as the primary counter-regulatory hormone in people with Type 1 diabetes. In these patients, 

repeated bouts of hypoglycaemia can lead to hypoglycaemia unawareness. Hypoglycaemia 

unawareness is characterised by marked loss of the sympathetic responses mediating adrenaline 

secretion and, if left unchecked, can lead to coma or even death.  Understanding how 

hypoglycaemia activates central neurons to cause adrenaline release from chromaffin cells will 

be important for identifying new therapeutic targets to combat this potentially life-threatening 

condition.  
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Figure legends 

 

Figure 1. Biosynthesis and catabolism of adrenaline.  

Adrenaline biosynthesis begins with the hydroxylation of phenylalanine to tyrosine. Tyrosine 

hydroxylase catalyses the conversion of tyrosine to DOPA (dihydroxyphenylalanine), the rate-

limiting step in catecholamine biosynthesis. The final step in adrenaline biosynthesis is the 

methylation of noradrenaline by phenylethanolamine N-methyltransferase (PNMT). 
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Figure 2. Innervation of the adrenal gland.  

The adrenal gland is innervated by preganglionic cholinergic neurons that target the adrenal 

chromaffin cells exclusively. Postganglionic noradrenergic neurons target only the vasculature of 

the entire gland. ‘Adrenaline’ chromaffin cells receive input from preganglionic neurons that 

receive premotor input from the rostral ventrolateral medulla (RVLM) that, in turn, receive input 

from glucose-sensing neurons located elsewhere in the brain and the periphery. ‘Noradrenaline’ 

chromaffin cells receive input from preganglionic neurons that receive premotor input from 

barosensitive neurons in the RVLM.  
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Figure 3. Neuroglucoprivation activates a sympathetic preganglionic neuron (SPN) with 

PNMT inputs.  

This choline acetyltransferase-immunoreactive (grey cytoplasmic staining) SPN from a rat that 

had received 2-DG (400 mg/kg. i.p.) has a black Fos-immunoreactive nucleus (star), and receives 

close appositions from varicosities of black, PNMT-immunoreactive axons (arrows). The 

presence of Fos-immunoreactivity indicates neuronal activation. 
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Figure 4.  Central neurocircuitry that controls hypoglycaemia-induced adrenaline release 

from the adrenal gland. 

Perifornical hypothalamic (PeH) orexin neurons are activated by falling brain concentrations of 

glucose that are probably detected by GABAergic ventromedial hypothalamic (VMH) neurons. 

VMH glucose-sensitive neurons are ‘glucose-excited’ and so the declining brain glucose 

concentration results in disinhibition of the orexin neurons. Orexin release onto ‘adrenal’ 

sympathetic premotor neurons in the rostral ventrolateral medulla (RVLM) activates sympathetic 

drive to adrenal chromaffin cells, which release adrenaline thereby raising blood levels of this 

metabolic hormone. 
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