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Abstract

Some therapies for diabetes increase the risk of hypoglycaemia, in particular all insulins and

insulin secretagogues, including the glinides and sulfonylureas. Hypoglycaemia remains a

major limiting factor to successful glycaemic management, despite the availability of pre-

vention options such as insulin analogues, continuous glucose monitoring, insulin pumps,

and dogs that have been trained to detect hypoglycaemia. Non-severe (self-treated) and

severe (requiring assistance for recovery) hypoglycaemia rates are higher in people with

type 1 diabetes, but those with insulin-treated type 2 diabetes are also at risk. Education

and regular review are essential between people with diabetes and their caregivers and

healthcare professionals about symptoms, prevention and treatment. Awareness of the

potential dangers of hypoglycaemia is fundamental to the optimal management of diabe-

tes. When therapy is intensified to achieve glycaemic targets, it is important that people at

risk of severe hypoglycaemia, and particularly their caregivers, have ready access to effec-

tive treatment for hypoglycaemia emergencies. The current and potential formulations

of glucagon available for treatment of severe hypoglycaemia are reviewed.

K E YWORD S

glucagon, severe hypoglycaemia, type 1 diabetes, type 2 diabetes

1 | INTRODUCTION

Chronic hyperglycaemia associated with diabetes can result in long-term

vascular and tissue dysfunction and damage, and organ failure. Good

glycaemic control is therefore a major aim in the treatment of diabetes.

Therapeutic options that are currently available for diabetes include differ-

ent types and formulations of insulin, glucagon-like peptide-1 receptor

agonists, glinides, sulfonylureas, dipeptidyl peptidase-4 inhibitors and

thiazolidinediones. Some of these drug classes, particularly insulin and the

insulin secretagogues, increase the risk of hypoglycaemia.

Hypoglycaemia associated with insulin therapy is much feared by

people with diabetes, and also by their relatives, and is often a major

barrier to maintaining good glycaemic control.1 People often do not

discuss their fear of hypoglycaemia with their healthcare providers

(HCPs), and it may be associated with behaviours like defensive

snacking, decreased physical activity, reduced insulin dosage and sub-

optimal management of blood glucose.2-4 As a result, HCPs increase

doses of oral drugs or insulin, or prescribe additional medications to

improve glycaemic control. This may provoke further hypoglycaemia,

causing people to become even more fearful about hypoglycaemia risks.

New treatments for severe hypoglycaemia, which may help to alleviate

ongoing concerns and fear of hypoglycaemia, have recently been

approved or are in development and are included in this review.

1.1 | Epidemiology of Hypoglycaemia

Hypoglycaemia is potentially one of the most serious acute adverse

effects of therapies for diabetes. Clinical and functional criteria define
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different degrees of hypoglycaemia severity: non-severe and severe.5

Non-severe hypoglycaemia events usually generate autonomic and/or

neuroglycopenic symptoms, which enable the individual to identify

the onset, and to treat the falling blood glucose without requiring

assistance. Severe hypoglycaemia is an event associated with impaired

cognitive and/or physical functioning, and the progressive neuro-

glycopenia interferes with the ability to self-treat so the assistance of

another person is necessary for recovery.6

Reviews comparing randomized controlled trials (RCTs) and observa-

tional studies in real-world settings in adults with diabetes who received

insulin treatment have indicated that RCTs underestimate the incidence

and prevalence of hypoglycaemia that are observed in real-world set-

tings.7,8 Incidence rates of severe hypoglycaemia in people with type 1 dia-

betes (T1D) ranged from 70 to 159 events/100 person-years.7 For people

with type 2 diabetes (T2D), the frequency of hypoglycaemia varied

depending on the type of insulin regimen employed. Incidence rates ranged

from 0 to 12, 0 to 20, and 0 to 20 per 100 person-years in people on a

basal-oral regimen, a basal-bolus regimen, and a premix regimen, respec-

tively.7However, hypoglycaemia incidence rates in T2D, regardless of insu-

lin regimen,were generally about one third of those observed in T1D.7

1.2 | Severe hypoglycaemia in T1D

In unselected cohorts that included people with T1D who were at

high risk of hypoglycaemia, the incidence of severe hypoglycaemia

was much higher than that observed previously in the Diabetes Con-

trol and Complications Trial (DCCT),1 a widely cited prospective study,

in which the participants were selected on the basis of having a low

risk of severe hypoglycaemia. Compared with the DCCT, in which the

intensively treated group experienced 0.62 events/person/year, in

unselected cohorts the incidence rate ranged from 0.98 to 3.2

events/person/year.1 The incidence of severe hypoglycaemia also

rose with increasing duration of T1D.1

1.3 | Severe hypoglycaemia in T2D

In a global meta-analysis, pooled incidence data from 19 observational

studies with 76 254 people with T2D reported an incidence rate of

severe hypoglycaemia of 80 (95% CI: 0, 215) events/100-person years.8

When stratified by treatment type, pooled mean incidence rates of

105 (0, 369) and 1 (0, 55) event(s)/100-person years were estimated for

people on insulin and sulfonylureas, respectively. The frequencies of

severe and non-severe hypoglycaemia increased the longer patients with

T2D were treated with multiple daily injections of insulin.9

2 | SEVERE HYPOGLYCAEMIA

2.1 | Pathophysiology

In β-cell failure, as occurs in T1D and in advanced T2D, normal physi-

ology is disrupted, whereby a decrease in plasma glucose does not

suppress β-cell insulin secretion, and the signal to increase pancreatic

α-cell glucagon secretion during hypoglycaemia is absent.10,11 Addi-

tionally, the sympathoadrenal response is reduced with diminished

release of catecholamines, which would normally be secreted to raise

blood glucose and thus compensate for a deficiency of glucagon; this

results in compromised glucose counter-regulation and is also associ-

ated with impairment of hypoglycaemia awareness.10,11 Although

excess insulin per se is sufficient to cause hypoglycaemia, the influ-

ence of both relative or absolute therapeutic hyperinsulinaemia, and

compromised physiological and behavioural defences against falling

plasma glucose concentrations, ultimately contribute to iatrogenic

hypoglycaemia.12

Hypoglycaemia can induce a myriad of pathophysiological

adverse effects including oxidative stress,13 result in life-threatening

events such as cardiac arrhythmias,14 contribute to sudden cardiovas-

cular death,14 and cause ischaemic cerebral damage.15,16 These

responses may potentially exert adverse effects via various mecha-

nisms whereby acute and chronic hypoglycaemia events could

increase cardiovascular risk.17 Evidence suggests an association

between severe hypoglycaemia and mortality among patients with

diabetes.18,19 In the Action in Diabetes and Vascular Disease

(ADVANCE) trial, death from cardiovascular and non-cardiovascular

causes was associated with severe hypoglycaemia.19 That trial

included 11 140 patients with T2D, and 19.5% of those who reported

severe hypoglycaemia died versus 9.0% of those who did not.19 Of

those who died, 49% died from cardiovascular causes in those who

reported severe hypoglycaemia compared with 53% in those who

reported no hypoglycaemia.19 Possible reasons for the impact of

hypoglycaemia upon cardiovascular death were assumed to be

sympathoadrenal activation, increased thrombogenesis or inflamma-

tion.19 Additionally, while 16.8% and 11.5% of patients who had

reported severe hypoglycaemia experienced major subsequent

macro- and microvascular events, respectively, only 10.2% and 10.1%

of patients who had no reported severe hypoglycaemia experienced

events.19 However, the authors cautioned that hypoglycaemia should

not be causally linked to the outcomes reported in the ADVANCE

trial, rather that hypoglycaemia might instead indicate a vulnerability

to adverse events.19 Similar results were reported in the Action to

Control Cardiovascular Risk in Diabetes trial, whereby a history of

severe hypoglycaemia was associated with higher mortality, and the

authors cautioned that hypoglycaemia might be a risk factor for car-

diovascular disease or an indicator of patient vulnerability.18

2.2 | Risk factors

Impaired awareness of hypoglycaemia is one of the major risk factors

for severe hypoglycaemia; awareness and the physiological responses

to hypoglycaemia are diminished, increasing the risk of further

hypoglycaemia events.11,20 Additional hypoglycaemia risk factors can

be categorized as clinical (eg, increased insulin sensitivity),

medication-related (eg, insulin therapy) and lifestyle factors (eg, del-

ayed or missed meals) (Table 1).

470 THIEU ET AL.



Some patient groups have a higher risk of hypoglycaemia. Very

young and older people have an increased risk as they may have diffi-

culties in recognizing the onset of hypoglycaemia, and/or asking for

assistance.21 People with diabetes who do not understand therapeutic

principles, or do not have adequate education about the risk of

hypoglycaemia, also have an increased risk of hypoglycaemia.22

2.3 | Ways to limit hypoglycaemia

Several prevention and treatment options have been evaluated to

reduce the occurrence of hypoglycaemia. In general, while insulin ana-

logues reduce the frequency of non-severe hypoglycaemia, they have

not had a significant impact on minimizing the risk of severe

hypoglycaemia. Both flash glucose monitoring and continuous glucose

monitoring (CGM) have been shown to reduce the frequency of

severe hypoglycaemia in people treated with insulin.23-27 Real-time

CGM can reduce the frequency of severe hypoglycaemia in people

with an impaired awareness of hypoglycaemia28 and in those with

long-standing T1D.29 The use of continuous subcutaneous insulin

infusion with insulin pumps has shown that the frequency of

hypoglycaemia can be reduced,30 and increasing sophistication with

the addition of insulin suspension has further lowered the risk of

severe hypoglycaemia.31,32 Dogs that have been trained to identify

the onset of hypoglycaemia have been shown to reliably detect diur-

nal and nocturnal hypoglycaemia episodes and improve the clinical

and psychosocial outcomes in people with insulin-treated diabetes.33

Lastly, various adjunctive therapeutic agents, including beta-

adrenoreceptor agonists,34 adenosine-receptor antagonists (ie,

theophylline),35 modafinil36 and caffeine,37 have been tried for the

prevention and treatment of hypoglycaemia. Despite advancements

in technology and therapeutics to reduce the occurrence of

hypoglycaemia, severe hypoglycaemia remains a major concern of

successful glycaemic management.

2.4 | Tools to identify people with diabetes and at
risk of hypoglycaemia

The risk factors discussed above can be used to identify people

with T2D who are at greater risk of developing hypoglycaemia. A

validated risk stratification tool based upon six inputs is available to

identify those with T2D at risk of hypoglycaemia.38 The tool iden-

tifies those at low, intermediate and high risk of hypoglycaemia,

and it has the potential to facilitate targeted intervention manage-

ment to reduce hypoglycaemia and improve patient safety.38 The

International Hypoglycaemia Study Group (IHSG) has developed a

tool for patients and their caregivers,39 and also a tool for HCPs40

to identify those with diabetes at risk of severe hypoglycaemia.

Both tools identify those at low, moderate and high risk, and also

provide treatment recommendations and risk-reduction strategies

for each risk range.39,40

2.5 | Education on how to treat a severe
hypoglycaemia event

Several treatment guidelines are available to educate people and their

caregivers to prevent or minimize the risk of hypoglycaemia. A working

group of the American Diabetes Association (ADA) and the Endocrine

Society has recommended that people with diabetes and their caregivers

receive formal training and education on recognition of hypoglycaemia

symptoms and effective treatment of hypoglycaemia.41 Recommenda-

tions for HCPs include assessment of the risk of hypoglycaemia by clini-

cians and educators at every consultation with people who are being

treated with insulin and insulin secretagogues, and have knowledge of

the pharmacokinetics (PK) of medications.41 People who have developed

an impaired awareness of hypoglycaemia require specific therapeutic

strategies, including frequent blood glucose testing or the use of CGM,

frequent snacks and meals and the possible use of continuous subcuta-

neous insulin infusion, all of which may be valuable prophylactic mea-

sures.42 Training strategies are also available for people with an impaired

awareness of hypoglycaemia to identify subtle warning symptoms of

hypoglycaemia.41,43

Psychoeducational interventions, like Blood Glucose Awareness

Training and HypoAware, are available to help people with diabetes

to effectively recognize, treat and prevent hypoglycaemia.43,44 It is

possible that psychosocial interventions can significantly reduce

severe hypoglycaemia events, which would have a beneficial effect on

psychosocial outcomes and healthcare costs. Additionally, these inter-

ventions, along with adequate self-monitoring of blood glucose, regu-

lar discussion of treatment regimens and reviews of dietary intake,

may contribute to better glycaemic control and subsequent reduction

in fear of hypoglycaemia.

TABLE 1 Risk factors for hypoglycaemia

Type Risk factor

Clinical86-88 Increased insulin sensitivity

Long duration of diabetes (type 1 diabetes)

Increasing duration of insulin therapy (type

2 diabetes)

Extremes of age (very young and very old)

Renal or hepatic impairment

Previous severe hypoglycaemia events

Impaired awareness of hypoglycaemia

C-peptide negativity

Medication-

related22,86,87,89,90
Insulin therapy

Insulin secretagogues (sulfonylureas, glinides)

Concomitant medication that aggravates

hypoglycaemia or masks hypoglycaemic

symptoms

Lifestyle22,87 Delayed or missed meal

Errors in administration of medication

Alcohol consumption

Exercise
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3 | CURRENT TREATMENTS FOR SEVERE
HYPOGLYCAEMIA

In people with insulin-treated diabetes, plasma insulin concentrations

cannot be regulated because of passive absorption of the injected

insulin; as glucose levels fall, plasma insulin concentrations do not

decline.45 Additionally, as blood glucose falls, glucagon secretion does

not increase.46 Glucagon raises blood glucose concentration in the

fasting state by increasing the hepatic production of glucose, initially

via glycogenolysis and subsequently via gluconeogenesis. In the fed

state in a person without diabetes, secretion of glucagon from α-cells

is inhibited by insulin, which signals to the liver to stop producing

endogenous glucose.47 In people with T1D or advanced T2D,

hypoglycaemia arises from a combination of relative or absolute insu-

lin excess and impaired physiological defences against a fall in plasma

glucose.48

Treatment of hypoglycaemia depends upon the severity and

duration of the hypoglycaemia event, and is represented by a spec-

trum of increasing therapeutic complexity.49 At one end of the spec-

trum is self-administration of oral carbohydrate, and at the other

extreme is the administration of intravenous dextrose or glucagon,

often in a hospital setting (Table 2). Current ADA standards of care

for glycaemic control provide guidance regarding the prevention and

treatment of hypoglycaemia. The ADA has recommended that people

at risk of hypoglycaemia should be asked by their HCP about the

occurrence of symptomatic and asymptomatic hypoglycaemia at each

consultation.6 Oral glucose (15–20 g) is the preferred treatment for

the fully conscious individual with impending hypoglycaemia, mea-

sured as a blood glucose concentration of ≤3.9 mmol/L (70 mg/dL).6

The ADA recommends that HCPs advise people to treat

hypoglycaemia with fast-acting carbohydrates.6 Furthermore, the

acute glycaemic response is better associated with the glucose con-

tent of food rather than the carbohydrate content; thus pure glucose

is the preferred treatment but any carbohydrate that contains glucose

can increase blood glucose.6 Treatment of hypoglycaemia by consum-

ing 15–20 g of fast-acting carbohydrates will usually raise blood glu-

cose levels within 15 minutes.50-53 Fifteen minutes after treatment, if

self-monitored blood glucose shows persisting hypoglycaemia, the

treatment should be repeated until capillary blood glucose returns to

normal, and should be followed by a meal or snack containing complex

carbohydrate (slow-acting) to prevent hypoglycaemia recurring.6

When an individual is unconscious or unable to swallow, glucagon

should be administered.6

Glucagon should be prescribed for all individuals at increased risk

of level 2 hypoglycaemia, defined as blood glucose <3.0 mmol/L

(54 mg/dL), so that it is available in emergency situations.6 In a study

of people with insulin-treated diabetes who were admitted to the

emergency department with severe hypoglycaemia, less than 10%

filled a glucagon prescription within 90 days of their emergency

department visit.54 However, severe hypoglycaemia events may not

be apparent to HCPs, because 33%–50% of people with diabetes do

not discuss their most recent severe hypoglycaemia event with their

HCP; additionally, more than 40% of people wait more than a month

to discuss the severe hypoglycaemia event.55 Caregivers, school per-

sonnel or family members of these individuals should be informed as

to where glucagon is stored and know when and how to administer

it. Importantly, glucagon administration is not limited to HCPs.

In children and adolescents, severe hypoglycaemia is defined by

the International Society for Paediatric and Adolescent Diabetes

(ISPAD) as an event associated with severe cognitive impairment

(including coma and convulsions) requiring external assistance from

another person to actively administer carbohydrates, glucagon or

other corrective actions.56 A subgroup of severe hypoglycaemia is

severe hypoglycaemic coma, which is defined as a severe

TABLE 2 Treatment of hypoglycaemia

Duration of
hypoglycaemia

Administrator Treatment

minutes Patient Oral carbohydrate (>20 g)

hours Caregiver • Oral carbohydrate (liquid/solid)

• 1 mg glucagona

Primary

healthcare

setting

• 1 mg glucagon intramuscular

or intravenousa

• 25 g dextrose intravenous

Hospital setting • 25 g dextrose intravenous

• 1 mg glucagon intravenousa

aOral carbohydrate (20–40 g) should be given when consciousness has

been regained.49

F IGURE 1 Injectable glucagon administration: steps required
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hypoglycaemia event resulting in coma or seizure requiring parenteral

therapy. ISPAD guidelines recommend that glucagon should be readily

accessible to all parents and caregivers, especially when there is a high

risk of severe hypoglycaemia.56 Additionally, the guidelines note that

education on how glucagon should be administered is essential.

Currently available treatments for severe hypoglycaemia, when a

person is unable to safely swallow oral carbohydrates, are limited to

intravenous dextrose, injectable glucagon emergency kits, and

recently approved nasal glucagon (United States approval was granted

in July 2019) and liquid glucagon rescue pen (FDA approval was

granted in September 2019). Intravenous dextrose requires adminis-

tration by HCPs or medically trained professionals within a hospital or

emergency medical setting.57,58 Different concentrations of dextrose

are used in prehospital and hospital settings (ie, 5%–50%).57,58 Stron-

ger concentrations can cause rebound hyperglycaemia, and localized

tissue damage if it leaks out of the vein59; thus, injectable glucagon

and nasal glucagon are the only therapeutic options for caregivers to

use outside of these settings. When delivered correctly, glucagon is

efficacious as a rescue therapy for severe hypoglycaemia.60 The Glu-

cagon Emergency Kit (Eli Lilly and Co, Indianapolis, IN)61 and the

GlucaGen HypoKit (Novo Nordisk A/S, Bagsværd, Denmark)62 are the

currently available glucagon kits administered by intramuscular or sub-

cutaneous injection.48

Because aqueous glucagon is unstable it must be used immedi-

ately63; the currently available glucagon emergency kits contain

powdered glucagon that must be reconstituted using a multiple-step

process before the drug can be administered parenterally.61,62 Dur-

ing the stressful situation that surrounds the attempt to treat severe

hypoglycaemia, caregivers may become overwhelmed and panic so

that they do not know what to do, or they forget the necessary

steps to be taken to prepare and administer glucagon by injection.64

Additionally, caregivers may be fearful or reluctant to administer

glucagon injections with the concern that they may injure the per-

son with hypoglycaemia.48 The glucagon dose requirement may vary

based on factors like a person's body weight, which may place the

added burden of dose calculation on those administering gluca-

gon.61,62 Overall, these glucagon kits require several steps61,62 and

are not user-friendly65 (Figure 1), which can be perceived to be

both an inconvenience and a serious risk to safety if the glucagon is

not reconstituted correctly and the correct dose is not administered

in an emergency. There continues to be an unmet need for an

effective, safe and easily administered treatment for severe

hypoglycaemia.

4 | STUDIES SUPPORTING NASAL
GLUCAGON FOR TREATMENT OF SEVERE
HYPOGLYCAEMIA

To date, nasal glucagon is the only newly approved glucagon treat-

ment option since the launch of emergency glucagon kits. Nasal gluca-

gon is a ready-to-use drug/device combination to treat severe

hypoglycaemia in people with diabetes aged ≥4 years.66 A 3 mg dose

of nasal glucagon dry powder, which does not require reconstitution,

is administered by inserting the tip of the single-use device into the

patient's nostril and completely depressing the plunger until the line

at the bottom of the plunger is no longer visible (Figure 2).66 Nasal

glucagon is passively absorbed through the anterior nasal mucosa

without the need for inhalation,67 making it suitable for a comatose

person with profound neuroglycopenia. Key studies that were

included in the development programme for nasal glucagon and the

treatment of severe hypoglycaemia were a simulated usability

study,68 adult and paediatric efficacy and safety studies,67,69 adult and

paediatric real-world effectiveness studies,70,71 and a study to evalu-

ate the effect of nasal congestion on the PK/pharmacodynamics

(PD) of nasal glucagon.72

4.1 | Simulated usability studies

In a simulation study involving caregivers who were familiar with

insulin-treated diabetes and the treatment of hypoglycaemia, and

untrained acquaintances (referred to as participants hereafter) with no

previous experience, the use of nasal glucagon and a commercially

available glucagon emergency kit, providing 1 mg glucagon by intra-

muscular injection, were compared for ease of use in treating simu-

lated events of severe hypoglycaemia.68 Most participants (>90%)

delivered full doses of nasal glucagon, whereas only 13% of the care-

givers and none of the untrained participants delivered full doses of

intramuscular glucagon, despite having access to a comprehensive

description of the steps of administration for its use.68 The mean time

to deliver nasal glucagon was <30 seconds compared with several

F IGURE 2 Nasal glucagon administration steps
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minutes (full dose delivery, 1.89 minutes; partial dose delivery,

2.40 minutes) for the injectable form.68 It was particularly encouraging

that the uninstructed participants were as successful as the instructed

caregivers in administering nasal glucagon, showing the simplicity of

this method and its ease of use.

When asked which glucagon treatment they would prefer

their friends or family members to use, 69% of people with dia-

betes preferred nasal glucagon to injectable glucagon, 19% pre-

ferred injectable glucagon over nasal glucagon, and 13% did not

state a preference.68 Those who preferred nasal glucagon thought

that the nasal glucagon device was easier to use, easier to teach,

and easier to carry with no possibility of needle breakage or acci-

dental needle stick injury.68 Those who preferred injectable gluca-

gon stated that needles were better than nasal sprays, and that

their families were already familiar with using needles.68 Eighty-

one per cent of caregivers preferred nasal glucagon to injectable

glucagon, primarily because it was easier and less stressful to use,

and less embarrassing compared with injectable glucagon.68

Injectable glucagon was preferred by two (13%) caregivers; one

reported that injectable glucagon would be more effective than

nasal glucagon, and another reported that although nasal gluca-

gon was easier to administer, the syringe made it easier to see

that the dose had been administered.68 Of note, neither of these

caregivers who preferred injectable glucagon managed to admin-

ister a full dose of injectable glucagon during the simulation.68

One (6%) caregiver had no preference.68 For reasons such as ease

of use of nasal glucagon and the fact that needles are intimidat-

ing, all uninstructed participants reported that they would recom-

mend nasal glucagon, but not injectable glucagon.68 A similarly

designed study evaluating user preference for nasal glucagon and

injectable glucagon devices among trained and untrained partici-

pants reported similar results.73

4.2 | Adult and paediatric efficacy and safety
studies

In two randomized, crossover, multicentre, non-inferiority studies

in adults, the efficacy and safety of nasal glucagon (3 mg) was com-

pared with that of glucagon emergency kit (1 mg intramuscular glu-

cagon) in the treatment of insulin-induced hypoglycaemia.69,74

Treatment success was defined as an increase in plasma glucose to

≥3.9 mmol/L (70 mg/dL), or an increase of ≥1.1 mmol/L (20 mg/dL)

from the glucose nadir within 30 minutes of receiving the study

glucagon.69,74 In both studies, nasal glucagon was shown to be

non-inferior to intramuscular glucagon for treatment of insulin-

induced hypoglycaemia in adults with T1D.69,74 Reported mean

times to treatment success were 16 minutes69 and 11.4 minutes74

for nasal glucagon and 13 minutes69 and 9.8 minutes74 for intra-

muscular glucagon. Commonly reported treatment-emergent

adverse events (≥10%) in those treated with nasal glucagon were

nausea, vomiting and headache.69,74 Upper respiratory tract irrita-

tion (eg, rhinorrhoea, nasal congestion and nasal discomfort events

combined) was also frequently reported in the nasal glucagon-

treated patients.69,74

In a paediatric study, the efficacy, safety and dose–response rela-

tionships of nasal glucagon were evaluated in children and adoles-

cents aged 4 to <17 years with T1D.67 The study included three

cohorts of children aged 4 to <8 (cohort 1), 8 to <12 (cohort 2) and

12 to <17 years (cohort 3).67 The evaluations in cohorts 1 and 2 were

designed to compare the efficacy, safety and PK/PD of the 2 and

3 mg doses of nasal glucagon with one another, and with body

weight-based dose of intramuscular glucagon.67 Participants in cohort

3 were randomly assigned in a 1:1 ratio to receive either nasal gluca-

gon 3 mg or glucagon emergency kit (1 mg intramuscular glucagon).

Glucagon was given 5 minutes after the plasma blood glucose was

<4.4 mmol/L (80 mg/dL).67 Treatment success was defined as an

increase of ≥1.1 mmol/L (20 mg/dL) from the glucose nadir within

20 minutes of receiving the study glucagon.67 Treatment success was

achieved with all 3 mg doses of nasal glucagon in those participants

aged 4–16 years with T1D.67 The plasma glucose responses were sim-

ilar for the 2 and 3 mg nasal glucagon doses and to that of intramus-

cular glucagon.67 Gastrointestinal adverse effects including nausea

and vomiting were common with both intramuscular glucagon and

nasal glucagon in those participants aged 4–16 years, which was con-

sistent with the glucagon safety profile.67 Headache and nasal symp-

toms occurred more frequently with nasal glucagon across all age

cohorts.67 These results support use of the 3 mg dose with no adjust-

ment based on age or body weight. A single 3 mg intranasal dose

appears to be appropriate for use across the entire age range from

4 to 16 years.

4.3 | Adult and paediatric real-world effectiveness
studies

The effectiveness and ease of use of nasal glucagon (3 mg) in moder-

ate or severe hypoglycaemia events were evaluated in two real-world

studies in adults, children and adolescents with T1D.70,71 Nasal gluca-

gon (3 mg) was effective in resolving 96% of hypoglycaemia events in

adults with T1D within 30 minutes.71 All severe hypoglycaemia

events (12 of 157 hypoglycaemia events) were resolved within

15 minutes.71 The time to nasal glucagon administration was

<30 seconds for most (70%) hypoglycaemia events.71 The data from a

caregiver-reported questionnaire about each hypoglycaemia episode

showed that the most common symptoms related to nasal glucagon

administration were nasal irritation (59% of hypoglycaemia events)

and headache (32% of hypoglycaemia events).71 Nausea and vomiting,

well-known adverse effects of glucagon, were reported in 13% and

7% of hypoglycaemia events, respectively.71 When surveyed, care-

givers stated that they were satisfied with nasal glucagon use in 94%

of hypoglycaemia events.71

Nasal glucagon (3 mg) was effective in resolving all moderate

hypoglycaemia events in children and adolescents with T1D.70 The time

to administer nasal glucagon was <30 seconds for most hypoglycaemia

events.70 From the data obtained in the caregiver-reported
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questionnaires about each hypoglycaemia episode, nasal discomfort

was reported in 85% of hypoglycaemia events and headache in 54%

of hypoglycaemia events.70 Nausea and vomiting were reported in

18% and 3% of hypoglycaemia events, respectively.70 Caregivers

reported they were satisfied with nasal glucagon use in 93% of

hypoglycaemia events.70

4.4 | Effect of nasal congestion on nasal
glucagon PK/PD

The effect of nasal congestion and decongestants on nasal glucagon

have also been evaluated.72 PK and PD of nasal glucagon were not

significantly affected by nasal congestion or nasal decongestants.72

Blood glucose increased within 5 minutes after nasal glucagon admin-

istration in all groups and peaked around 30–40 minutes.72 Incidence

of adverse events was higher in participants with a common cold and

was not affected by decongestant use.72

Nasal glucagon can be delivered by a caregiver of the person

experiencing a severe hypoglycaemia event using a compact, portable,

single-use device with no reconstitution required. In addition, the data

generated from the clinical development programme have shown a

positive benefit/risk profile of nasal glucagon. An additional support-

ive study that evaluated user perceptions and preference for nasal

glucagon and autoinjector devices suggests that people with diabetes

prefer a device, like nasal glucagon, that is simple and ready to use.75

Nasal glucagon has the potential to substantially improve the treat-

ment of severe hypoglycaemia, in which simplicity is important. Nasal

glucagon might enable more caregivers to successfully administer res-

cue treatment for severe hypoglycaemia.

5 | STUDIES SUPPORTING LIQUID
GLUCAGON FOR TREATMENT OF SEVERE
HYPOGLYCAEMIA

5.1 | Liquid glucagon rescue pen

A novel, ready-to-use, body temperature stable, rescue pen containing

liquid glucagon was recently approved for the treatment of severe

hypoglycaemia in people with diabetes aged 2 years and older.76 The

glucagon rescue pen is available in two premeasured doses: 0.5 mg

for paediatric use and 1.0 mg for use in adolescents and adults.77-79

Administration of glucagon with the rescue pen is a two-step process,

with no need for reconstitution.77-79 The clinical development pro-

gramme was conducted to evaluate efficacy and safety of the gluca-

gon rescue pen, and to characterize the PK/PD. Key investigations

included adult and paediatric efficacy and safety studies,77-80 and a

usability study.81

The time-to-treatment and usability of the glucagon rescue pen

were evaluated and compared with currently available emergency glu-

cagon kits in four separate studies: formative usability, summative

human factors and two phase 3 studies. In the formative usability

study, 87.5% of users successfully administered a complete glucagon

injection using the glucagon rescue pen compared with only 31.3% of

those using glucagon emergency kits.81 Most users (98.7%) were able

to administer the rescue pen successfully in the summative human

factors study.81 A significant improvement in preparation time with

the glucagon rescue pen in comparison with the glucagon emergency

kit users was also reported.81 In the formative usability study, the

mean total administration time was 48 and 109 seconds with the glu-

cagon rescue pen and the glucagon emergency kit, respectively.81 In

the phase 3 study, drug preparation and administration time by

trained HCPs was significantly shorter with the glucagon rescue pen

(27 vs. 97 seconds).82

A phase 3, randomized, controlled, double-blind, crossover clini-

cal trial was conducted in adults with T1D to compare a subcutane-

ous 1 mg dose of glucagon administered by the glucagon rescue pen

with glucagon given with a glucagon emergency kit to treat insulin-

induced hypoglycaemia.79 Efficacy was evaluated as either an

increase in plasma glucose to ≥3.9 mmol/L (70 mg/dL) or an increase

in plasma glucose of ≥1.1 mmol/L (20 mg/dL) from baseline glucose

of <2.8 mmol/L (50 mg/dL) within 30 minutes of dosing.79 Efficacy

was comparable between groups (glucagon rescue pen, 97.4%; gluca-

gon emergency kit, 100%), and all participants were rescued from

severe hypoglycaemia without requiring any additional measures.79

Glucose Cmax, Tmax and area under the curve (AUC, 0–90 minutes)

were also comparable between groups.79 At each treatment visit,

serial assessments of four autonomic and four neuroglycopenic

symptoms and awareness of hypoglycaemia were also performed.78

The mean time to symptom relief and mean time to resolution of the

general feeling of hypoglycaemia were comparable between the glu-

cagon rescue pen and the glucagon emergency kit.78 The incidence

of adverse events was low in both groups; and nausea (glucagon res-

cue kit, 20.5%; glucagon emergency kit, 12.7%) was the most com-

monly reported adverse event, followed by vomiting and

headache.78

A second phase 3, randomized, controlled, single-blind, crossover

clinical trial was also conducted in adults with T1D to compare subcu-

taneous 1 mg doses of glucagon administered by the glucagon rescue

pen with the glucagon emergency kit for the treatment of insulin-

induced severe hypoglycaemia. The study objective was to evaluate

symptom relief during rescue treatment of severe hypoglycaemia. The

mean time to symptom relief following glucagon administration was

comparable between glucagon rescue pen and glucagon emergency

kit for autonomic symptoms (9.9 ± 6.45 and 9.8 ± 6.86 minutes),

neuroglycopenic symptoms (10.3 ± 8.92 and 9.9 ± 7.22 minutes), for

average total symptom scores (13.0 ± 9.23 and 11.9 ± 7.57 minutes)

and mean time to resolution of the general feeling of hypoglycaemia

(11.6 ± 6.51 and 13.1 ± 7.93 minutes), respectively.80 Plasma glucose

recovery was achieved for all participants with both treatments.80 The

incidence of all adverse events was comparable among treatments;

the most commonly reported event was mild to moderate nausea (glu-

cagon rescue pen, 38.2%; glucagon emergency kit, 33.3%) followed by

vomiting (glucagon rescue pen, 6.3%; glucagon emergency kit,

14.1%).80
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Glucagon rescue pen has been evaluated for the treatment of

hypoglycaemia in children with two age-specific doses (2 to <6 years

[0.5 mg dose], 6 to <12 years [0.5 mg dose] and 12 to <18 years

[1.0 mg dose]).77 Plasma glucose <4.5 mmoL/L (80 mg/dL) was

induced by intravenous infusion of insulin or by using an insulin pump.

The primary efficacy endpoint was an increase in mean plasma glucose

from baseline (the hypoglycaemic nadir) to 30 minutes after glucagon

administration. Secondary endpoints were assessment of the time from

dosing to achieve a 1.4 mmol/L (25 mg/dL) increase in plasma glucose

and measurement of other PK/PD variables. Across the three age

groups, statistically significant increments in mean plasma glucose from

baseline to 30 minutes postglucagon administration were observed.77 All

evaluable participants achieved the target glucose elevation of

≥1.4 mmol/L (25 mg/dL) from baseline.77 No pronounced differences

across groups with respect to mean glucose AUC (0–90 minutes), Cmax

and Tmax or median time to achieve the specified glucose increment were

observed.77 Plasma glucagon AUC (0–240 minutes), Cmax and Tmax were

similar across groups.77 The most commonly reported adverse events

were nausea and vomiting.77

In summary, glucagon rescue pen is a ready-to-use, body temper-

ature stable device with no reconstitution required, which can be used

to treat a severe hypoglycaemia event quickly and effectively. The

clinical development programme has generated data that are support-

ive of a positive benefit/risk profile for the glucagon rescue pen. The

glucagon rescue pen has been shown to provide prompt relief of

neuroglycopenic symptoms, which is critical in the treatment of

severe hypoglycaemia.

6 | EMERGING RESCUE THERAPIES FOR
SEVERE HYPOGLYCAEMIA

Additional glucagon options are currently in development for the

treatment of severe hypoglycaemia that offer unique formulation and

administration compared with the currently approved glucagon kits.

To date, data for some of these emerging therapies are not available

as full peer-reviewed reports, but only in limited form as abstracts and

posters presented at scientific meetings. Thus detailed information

regarding study design, patient characteristics and other relevant

details is not available.

6.1 | BioChaperone glucagon

A stable, ready-to-inject, aqueous formulation of human glucagon,

BioChaperone glucagon (BCG), is currently being developed to treat

severe hypoglycaemia. In a randomized, double-blind, crossover study,

the safety and efficacy of two BCG formulations (BCG1 and BCG2)

were compared with GlucaGen in people with T1D.83 Participants

received single subcutaneous doses of 1 mg of BCG1, BCG2 or

GlucaGen during insulin-induced hypoglycaemia (plasma glucose

<3.3 mmol/L; <60 mg/dL).83 Both BCGs quickly restored plasma glu-

cose to ≥3.9 mmol/L (70 mg/dL) within 30 minutes of the

hypoglycaemic nadir in all but one individual.83 Similar results were

also observed with GlucaGen. Both BCG formulations were safe and

well tolerated; nausea was the most frequent adverse event reported

with both BCGs and GlucaGen.83

6.2 | Dasiglucagon

Dasiglucagon is a novel stable peptide analogue of human glucagon in

an aqueous solution at neutral pH, with improved physical and chemi-

cal stability compared with currently available glucagon formula-

tions.84 While dosing and administration of dasiglucagon are currently

in development, completed studies have reported on single subcuta-

neous administration of dasiglucagon at doses ranging from 0.03 to

1.0 mg.84 The clinical development programme has included safety

and tolerability evaluation, and characterization of PK/PD.

In a single-centre, randomized, double-blind study, the PK/PDproper-

ties of 0.1, 0.3, 0.6 and 1.0 mg dasiglucagon, as well as its safety and toler-

ability, were compared with those of 0.5 and 1.0 mg GlucaGen in the

treatment of insulin-induced hypoglycaemia in patients with T1D.84

Dasiglucagon produced a dose-dependent and rapid increase in plasma

glucose concentrations. Similar to GlucaGen, dasiglucagon rapidly

increased plasma glucose by ≥1.1 mmol/L (20 mg/dL) to plasma glucose

≥3.9 mmol/L (70 mg/dL), but had a greater and more sustained effect on

raising plasma glucose. Median tmax values were numerically higher with

dasiglucagon compared with GlucaGen, but no significant differences

were observed in the median time to reach plasma glucose ≥3.9 mmol/L

(70 mg/dL) (dasiglucagon dose ≥0.3 mg, 6 minutes; 0.1 mg, 10 minutes;

GlucaGen [both doses], 6–7 minutes).84 All participants in both groups

reached these endpoints within 30 minutes (predefined success criteria).

Similarmedian times to achieve a plasma glucose increment of 1.1 mmol/L

(20 mg/dL) were observed with dasiglucagon in doses of ≥0.3 mg (9–-

10 minutes) and with both doses of GlucaGen (10 minutes); the median

time for dasiglucagon 0.1 mg was 14 minutes.84 Both treatments were

well tolerated, and adverse events were mild to moderate in severity and

did not appear to be dose-related.84 Gastrointestinal adverse events

occurred with similar frequency following dasiglucagon and GlucaGen

administration. Nausea was the most common adverse event followed by

headache in those treated with dasiglucagon.84 Vomiting was also com-

mon and generally occurred 2–3 hours following dasiglucagon

administration.84,85

In a phase 3, randomized, double-blind study, the efficacy and safety

of dasiglucagon 0.6 mg, GlucaGen 1.0 mg and placebo were compared in

the treatment of insulin-induced hypoglycaemia in adults with T1D.85

When comparing the median time to blood glucose recovery,

dasiglucagon 0.6 mg (10 minutes) was superior to placebo (40 minutes)

(P < 0.001) but not to GlucaGen 1.0 mg (12 minutes).85 Following

dasiglucagon administration, blood glucose recovery occurred within

15 minutes in 99% of participants, compared with 2% with placebo and

95% with GlucaGen.85 No new safety concerns for dasiglucagon

emerged in this study; nausea and vomiting were common and occurred

with similar frequencies with dasiglucagon and GlucaGen (nausea: 55%

and 53%, vomiting: 23% and 19%, respectively).85
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7 | CONCLUSIONS

Hypoglycaemia is a major limiting factor in the glycaemic manage-

ment of T1D and T2D. Risk factors for severe hypoglycaemia are

well known and risk assessment tools are available for use in clini-

cal practice. However, severe hypoglycaemia remains a substantial

clinical problem. It is important that those who are at risk of

severe hypoglycaemia have access to rescue treatments for

emergency use.

Currently available treatments for severe hypoglycaemia are

limited to intravenous dextrose, injectable glucagon, nasal gluca-

gon and liquid glucagon. Intravenous dextrose requires administra-

tion by HCPs or medically trained professionals, so injectable

glucagon, nasal glucagon and liquid glucagon are the only treat-

ment options for caregivers outside hospital or emergency

medical settings. However, injectable glucagon is currently not

available in a ready-to-use formulation and can be cumbersome

for caregivers to administer in emergency situations. Nasal gluca-

gon is a ready-to-use drug/device combination that is simple and

easy for the caregivers of people with diabetes to use. Other

treatments currently in development, such as dasiglucagon, may

also potentially provide a portable, easy-to-use drug/device

requiring no reconstitution, which caregivers can administer during

emergency severe hypoglycaemia events. Simplifying the treat-

ment of severe hypoglycaemia will greatly improve the emergency

management of this potentially life-threatening adverse effect of

insulin therapy.
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