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Abstract
Aims/hypothesis—We have previously reported that local activation of β2-adrenergic receptors
(B2ARs) in the ventromedial hypothalamus (VMH) enhances hypoglycaemic counter-regulation.
This study examines whether peripheral delivery of a selective B2AR agonist could also promote
counter-regulatory responses and thereby has potential therapeutic value to limit hypoglycaemia
risk.

Methods—Conscious male Sprague–Dawley rats received an intra-arterial injection of the B2AR
specific agonist, formoterol, or a control solution either before a hyperinsulinaemic–
hypoglycaemic clamp study or immediately before recovery from insulin-induced hypoglycaemia.
In addition, the capacity of a VMH-targeted microinjection of a B2AR antagonist to limit the anti-
insulin effect of the B2AR agonist was assessed.

Results—Systemic delivery of B2AR agonist markedly reduced the exogenous glucose infusion
rate (GIR) required during the hypoglycaemic clamp study. This effect was mediated by blockade
of insulin’s inhibitory effect on endogenous glucose production. Local blockade of B2ARs within
the VMH using a specific antagonist partially diminished the effect of systemic activation of
B2ARs during hypoglycaemia at least in part by diminishing the adrenaline (epinephrine)
response to hypoglycaemia. Peripheral B2AR agonist injection also enhanced glucose recovery
from insulin-induced hypoglycaemia.

Conclusions/interpretation—Systemic B2AR agonist administration acts to limit insulin-
induced hypoglycaemia by offsetting insulin’s inhibitory effect on hepatic glucose production.
This effect appears to be predominately mediated via a direct effect on liver B2ARs, but a small
stimulatory effect on B2ARs within the VMH cannot be excluded. Our data suggest that
formoterol may have therapeutic value to limit the risk of hypoglycaemia in patients with diabetes.
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Introduction
Hypoglycaemia is the major factor limiting the use of intensive insulin treatment in
individuals with type 1 diabetes [1, 2]. Rapid compensatory responses designed to defend
against hypoglycaemia include the stimulation of counter-regulatory hormone secretion (e.g.
glucagon and adrenaline [epinephrine]) as well as the activation of the sympathetic nervous
system. Together these responses result in increased endogenous glucose production,
reduced tissue glucose use and reduced generation of hypoglycaemia-related symptoms [3,
4]. These protective responses are commonly disrupted in individuals with type 1 diabetes
and long-lasting type 2 diabetes [5, 6]. As a result, such individuals are particularly
vulnerable to severe hypoglycaemia, leading to the disruption of cognitive function. This
vulnerability often occurs without warning symptoms or during sleep [7]. Therapeutic
interventions in the outpatient setting are currently limited to consumption of carbohydrate-
containing foods by the patient or the injection of glucagon, often by a family member [8].

There is growing evidence that the activation of protective responses against hypoglycaemia
are triggered by specialised glucose-sensing neurons within the periphal [9] and central
nervous system, in particular within the ventromedial hypothalamus (VMH) [10]. Previous
studies have shown that the activation of VMH neurons during hypoglycaemia is in part
mediated by the local synaptic release of noradrenaline (norepinephrine) [11], an effect that
appears to be specifically mediated via β2-adrenergic receptors (B2ARs), which act to
modulate the magnitude of the adrenaline and to lesser extent the glucagon responses to
insulin-induce hypoglycaemia [12]. The current study was undertaken to assess the whether
the systemic delivery of the widely available long-acting specific B2AR agonist, formoterol,
could promote glucose counter-regulation, thereby diminishing hypoglycaemia risk. We also
investigated whether the systemic effects of formoterol were mediated at the peripheral or
central level.

Methods
Animals

Male Sprague–Dawley rats (Charles River, Wilmington, MA, USA) weighing 275–320 g
were individually housed in the Yale Animal Resource Center in temperature- (22–23°C)
and humidity-controlled rooms. The rats were fed rat chow, given free access to water and
were acclimatised to a 12 h light–dark cycle. The Yale University Institutional Animal Care
and Use Committee approved the experimental protocols.

Surgery
Seven to 10 days before each study, all rats were anaesthetised with 4% isoflurane solution
before undergoing surgery for the implantation of vascular catheters into a carotid artery and
jugular vein. Specifically, the left carotid artery was used for blood sampling and the right
jugular vein for the infusions, as previously described [13]. In addition, a subgroup of rats
(study 2) also underwent surgery to implant brain guide cannulae into the VMH (coordinates
from bregma: anterior-posterior −2.6 mm, medio-lateral ±0.8 mm and dorso-ventral −8.0
mm) for targeted drug delivery to the ventromedial nucleus.

Effect of B2AR agonist systemic administration on insulin action (Study 1)
In the morning after rats were fasted overnight, a primed-continuous infusion of [3H]glucose
was initiated for 90 min to assess basal glucose turnover and then continued for an
additional 90 min throughout a hyperinsulinaemic–hypoglycaemic clamp study.
Immediately before the hyperinsulinaemic–hypoglycaemic clamp was started either
formoterol (1.6 μg/kg) or normal saline (154 mmol/l NaCl) was injected intra-arterially.
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Thereafter, an intravascular infusion of regular human insulin (10 mU kg−1 min−1) was
begun and a variable infusion of 20% glucose adjusted according to 5–10 min measurements
of plasma glucose (Analox Instruments, Lunenburg, MA, USA) to achieve a target value of
3 mmol/l. Blood was drawn for assessment of glucose kinetics and measurement of plasma
insulin, glucagon, adrenaline and noradrenaline. Glucose kinetics were calculated, as
previously described [14–16].

Effect of blockade of VMH B2AR receptors on the response to systemic delivery of B2AR
agonist (Study 2)

In the morning 90 min after opening the vascular catheters, 22-gauge microinjection needles
designed to extend 1 mm beyond the tip of the guide cannula (Plastics One, Roanoke, VA,
USA) were inserted through the guide cannula bilaterally into each VMH. The rats then
received microinjections of either artificial aCSF (control) or 100 μmol/l of the B2AR
antagonist ICI-118,551 into the VMH over 10 min (0.1 μl/min, total volume 1 μl) using
CMA-102 infusion pump (CMA Microdialysis, North Chelmsford, MA, USA). At the same
time, the B2AR agonist formoterol (1.6 μg/kg) was injected intra-arterially immediately
before initiating a hyperinsulinaemic–hypoglycaemic clamp using a 20 mU kg−1 min−1 dose
of insulin. At the end of experiments, the rats were killed with an overdose of sodium
pentobarbital (Sleepaway; Fort Dogde Animal Health, Fort Dogde, IO, USA). Brains were
removed, then frozen and stored at −80°C until analysis. The accuracy of microinjection
needle placement was verified histologically as previously described [17].

Effect of B2AR agonist on recovery from acute hypoglycaemia (Study 3)
A primed-continuous intravascular infusion of regular insulin (10 mU kg−1 min−1) and a
variable infusion of 20% glucose was adjusted (based on 5 min measurements of plasma
glucose) to achieve a target value of 2.75 mmol/l within 30 min. Thereafter, formoterol (1.6
μg/kg) or normal saline were injected intra-arterially and, simultaneously, the insulin and
glucose infusions were discontinued to allow spontaneous recovery of plasma glucose.
Thereafter, glucose levels were measured during a 120 min recovery period. Throughout,
blood was obtained for measurement of plasma insulin, glucagon, adrenaline and
noradrenaline concentrations.

Effect of B2AR agonist on the development of insulin-induced hypoglycaemia (Study 4)
A continuous intravascular infusion of regular insulin (5 mU kg−1 min−1) was started and
simultaneously either formoterol (1.6 μg/kg) or normal saline were injected intra-arterially.
Thereafter, the insulin infusion was continued for 120 min, and plasma glucose was
monitored at 10 min intervals.

Analytical procedures and data analyses
Plasma catecholamine analysis was performed by HPLC using electrochemical detection
(ESA, Acton, MA, USA); plasma insulin and glucagon were measured by
radioimmunoassay (Linco, St Charles, MO, USA). All data are expressed as means ± SEM.
Statistical analysis was performed by mix model two-way ANOVA for repeated measures,
as appropriate, followed by post hoc Bonferoni analysis to localise effects of treatment over
time using Graph Prism (Prism 4.0; GraphPad Software, San Diego, CA, USA); p<0.05 was
considered as statistically significant.
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Results
Baseline characteristics

As shown in Table 1, body weight as well as plasma glucose, insulin, glucagon, adrenaline
and noradrenaline concentrations did not differ between rats assigned to the control and the
experimental groups at baseline in each of the studies.

Effect of B2AR agonist systemic administration (Study 1)
Plasma glucose levels before and during the hyperinsulinaemic–hypoglycaemic clamp did
not significantly differ between the B2AR agonist and saline control group (Fig. 1a). In
addition, plasma insulin concentrations during the clamp (5098±299 vs 6063±694 pmol/l for
B2AR agonist and controls, respectively) were indistinguishable between the groups.

As shown in Fig. 1b systemic delivery of the B2AR agonist rapidly reduced by 60% the
exogenous glucose infusion rate (GIR) required to maintain identical target glucose
concentrations throughout the entire hypoglycaemic clamp study (2.5±0.3 vs 6.1±0.3 mg
kg−1 min−1 in controls, p<0.001). These B2AR-induced changes were accompanied by
alternations in endogenous glucose production. The B2AR agonist prevented the initial
insulin-induced decrease in hepatic glucose production (HGP) during the first 30 min of the
hypoglycaemic clamp (8.2±1.5 vs 3.4±0.1 mg/kg/min in controls, p<0.05). Moreover, HGP
during the entire hypoglycaemic clamp was increased by the B2AR agonist (8.5±1.9 vs
5.4±0.6 mg kg−1 min−1 in controls, p<0.05) (Fig. 1c). The difference in GIR during the
clamp was almost completely accounted for by HGP; no significant difference in glucose
use was detected between the B2AR agonist and control group (Fig. 1d). The delivery of the
B2AR agonist had no statistically significant effect on the glucagon (Fig. 2a), adrenaline
(Fig. 2b) or noradrenaline (Fig. 2c) responses during hypoglycaemia.

Effect of blockade of VMH B2AR receptors on the B2AR agonist response (Study 2)
To assess the potential contribution of VMH B2AR activation to the anti-insulin effect of
systemic B2AR delivery, a B2AR antagonist or artificial cerebrospinal fluid (aCSF; control)
was delivered to the VMH immediately before the agonist was administered systemically.
The VMH delivery of the B2AR antagonist did not significantly alter plasma glucose
(2.98±0.1 vs 3.17±0.1 mmol/l in controls) during the final 60 min of the hyperinsulinaemic–
hypoglycaemic clamp. Similarly, plasma insulin concentrations were not altered in rats
receiving the B2AR antagonist (8007±2180 vs 8250±1250 pmol/l in controls). As shown in
Fig. 3a, targeted VMH B2AR blockade initially had no significant effect on the exogenous
glucose required to maintain target glucose concentrations. However, during the last 30 min
of the hypoglycaemic clamp the GIR in the group that received VMH-targeted B2AR
blockade was more than twofold higher compared with the controls (5.9±1.0 vs 2.5±0.8 mg
kg−1 min−1 in controls, p<0.001). These changes were accompanied by a significant
reduction in the adrenaline response during last 30 min of hypoglycaemia (Fig. 3b). Delivery
of B2AR antagonist to the VMH did not significantly affect glucagon (Fig. 3c) or
noradrenaline (data not presented) responses during hypoglycaemia.

Effect of systemic B2AR agonist on recovery from hypoglycaemia (Study 3)
In the initial phase of the study before delivery of the B2AR agonist, plasma glucose
(2.80±0.01 vs 2.75±0.22 mmol/l and insulin (3764±166 vs 4326±453 pmol/l in control)
levels as well as the GIR required to achieve similar degrees of hypoglycaemia (11.6±0.4
mg kg−1 min−1 for B2AR agonist vs 11.2±0.8 mg kg−1 min−1 for controls) were similar. As
shown in Fig. 4a, systemic injection of the B2AR agonist at the time of the glucose nadir
more rapidly increased glucose recovery from hypoglycaemia. This became apparent within
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30 min after the systemic delivery of the B2AR agonist and persisted throughout the 90 min
observation period post injection (p<0.05). Plasma insulin levels were also slightly higher in
the B2AR agonist group (173±69 vs 90±69 pmol/l in controls, p=NS) during the final hour
of the recovery period. The B2AR agonist had no significant effect on the overall counter-
regulatory hormone response during the recovery period. However, the levels of glucagon
(Fig. 4b), adrenaline (Fig. 4c) and noradrenaline (Fig. 4d) showed a brief relative increase
30 min after B2AR agonist injection (i.e. at 60 min), the time at which the glucose levels
began to diverge.

Effect of systemic B2AR agonist on the development of insulin-induced hypoglycaemia
(Study 4)

The baseline glucose level before delivery of the B2AR agonist was similar between groups
(6.65±0.24 vs 6.43±0.14 mmol/l). As shown in Fig. 5, plasma glucose levels declined in the
control group, reaching 3.46±0.2 mmol/l at 60 min and 3.1±0.2 mmol/l at 120 min. In
contrast, the systemic injection of the B2AR agonist produced an initial increase in glucose
level, which reached 9.4±0.2 mmol/l at 40 min; this was followed by a gradual decrease in
plasma glucose over an 80 min period. However, the glucose level remained within the
normoglycaemic range at the end of the study (4.7±0.6 mmol/l, Fig. 5).

Discussion
Our data demonstrate that peripheral delivery of the specific B2AR agonist formoterol
prevents the decline in HGP in response to insulin-induced hypoglycaemia, thereby reducing
both the demand for glucose administration and the development of hypoglycaemia.
Similarly, peripheral delivery of a B2AR agonist after the production of insulin-induced
hypoglycaemia promoted the more rapid recovery of plasma glucose into the normal range.
These insulin-antagonistic effects of formoterol appear to be mainly caused by a direct effect
on HGP mediated via hepatocyte β2-receptors, as there were negligible changes in the
secretion of counter-regulatory hormones or in insulin-stimulated peripheral glucose uptake.
In keeping with this possibility, previous studies have shown that B2ARs mediate the
stimulatory effects of catecholamines on HGP by initially activating glycogenolysis and then
subsequently accelerating gluconeogenesis [18–21]. However, an effect of the peripherally
delivered B2AR agonist on the VMH to promote HGP by activating direct neural
innervation cannot be entirely excluded, although it is not known whether formoterol crosses
the blood–brain barrier. VMH microinjection of a B2AR antagonist induced a delayed
reduction in the effect of the peripheral infusion of B2AR agonist on glucose metabolism; a
twofold increase in the GIR required to maintain hypoglycaemia was observed. This may be
an independent effect as it was associated with a diminution of adrenaline release. The
B2AR antagonist might have also acted directly on the hypothalamus to diminish HGP
independent of counter-regulatory hormone secretion [22, 23]. The latter possibility is
consistent with data suggesting that noradrenaline neurotransmission acts locally to
stimulate VMH neurons and in turn counter-regulatory responses during hypoglycaemia [11,
12]. Thus, B2AR agonists may possibly exert multiple effects that could promote recovery
from insulin-induced hypoglycaemia.

The current rodent data have potential clinical implications. Formoterol, a long-acting B2AR
specific agonist delivered via an inhaler to treat exacerbations of asthma, could offer
individuals with diabetes a convenient non-injectable and relatively rapid means of reversing
or preventing acute hypoglycaemia. It is intriguing to speculate whether this approach may
be particularly useful as a means of diminishing the risk of nocturnal hypoglycaemia and
whether it could be used in conjunction with glucose sensors to reverse hypoglycaemia in
diabetic patients with hypoglycaemia unawareness. In such a case, the prevention of
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hypoglycaemia using a B2AR agonist provides a potential means to restore counter-
regulatory hormonal and symptomatic responses to hypoglycaemia [24–27]. In this regard it
is worth noting that previous studies have shown that administration of the less-specific and
shorter-acting B2AR agonist [28] terbutaline reduces nocturnal hypoglycaemia in patients
with type 1 diabetes [29, 30]. The more extended duration of action and higher specificity of
formoterol may therefore offer greater potential benefit in such individuals. This possibility
will of course need to be tested in the clinical setting in individuals with type 1 diabetes.
Nevertheless, the current study provides insights into the mechanisms by which B2AR
agonists may act in the clinical setting to reduce the risk of insulin-induced hypoglycaemia.
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Fig. 1.
Effect of B2AR agonist systemic administration on glucose metabolism during
hypoglycaemic clamp. Plasma glucose concentration (a), GIR (b), glucose production (c)
and glucose uptake (d) for rats receiving injection of the vehicle (control; n=5) and the
B2AR agonist formoterol (n=5) during the hyperinsulinaemic–hypoglycaemic glucose
clamp. The arrow indicates the time at which the B2AR agonist was delivered. Circles,
B2AR agonist; squares, controls. Results are presented as mean±SEM. *p<0.05 and
***p<0.001 vs control
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Fig. 2.
Effect of B2AR agonist systemic administration on counter-regulatory hormones during the
hypoglycaemic clamp. Plasma glucagon (a), adrenaline (b) and noradrenaline (c)
concentrations. Grey bars, B2AR agonist; white bars, controls. Results are presented as
means ± SEM
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Fig. 3.
Effect of blockade of VMH B2AR receptors on the B2AR agonist response. GIR (a) and
plasma concentrations of the counter-regulatory hormones adrenaline (b) and glucagon (c)
in rats receiving microinjection of the artificial ECF vehicle (control; n=8), or the B2AR
antagonist ICI-118,551 (n=8), during the hyperinsulinaemic–hypoglycaemic glucose clamp.
The arrow indicates time when B2AR agonist was delivered. Circles and grey bars, B2AR
agonist; squares and white bars, control. Results are presented as means ± SEM. *p<0.05
and ***p<0.001 vs control
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Fig. 4.
Effect of systemic B2AR agonist on recovery from hypoglycaemia. Plasma concentrations
of glucose (a), glucagon (b), adrenaline (c) and noradrenaline (d) in rats receiving peripheral
injection of the vehicle (control; n=4) and the B2AR agonist formoterol (n=4) during the
recovery from hypoglycaemia. The arrow indicates the time at which the B2AR agonist was
delivered. Circles and grey bars, B2AR agonist; squares and white bars, control. Results are
presented as means ± SEM. *p<0.05 vs control
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Fig. 5.
Effect of systemic B2AR agonist on the development of insulin-induced hypoglycaemia.
Plasma glucose concentration in rats receiving peripheral injection of the vehicle (control;
n=4), and the B2AR agonist formoterol (n=4) during insulin-induced hypoglycaemia. The
arrow indicates the time at which the B2AR agonist was delivered. Circles, B2AR agonist;
squares, control. ****p<0.0001 vs control
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