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insulin treatment, long-term complications of 
diabetes, and the pathophysiology, prevention and 
modern management of diabetes. This special series 
is in collaboration with the University of Toronto’s 
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EDITORIAL

Celebrating 100 years of insulin

Sally M. Marshall1

# The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abbreviation
EDIC Epidemiology of Diabetes Interventions and

Complications

Work in the University of Toronto (ON, Canada) during 1921
culminated in January 1922, when Leonard Thompson received
his first injection of a purified pancreatic extract containing insu-
lin. This remarkable event built on many years of ground-
breaking scientific work by a number of individuals around the
world, including Claude Bernard, Paul Langerhans, Oskar
Minkowski, Joseph von Mering, Eugene Opie, Georg Ludwig
Zülzer and Nicolas Paulesco, to name but a few. The unique
achievements of the Toronto team, collaborating with industry,
includes the speed at which they were able to purify, test and
produce insulin in sufficient quantities for it to become a viable
treatment for diabetes. These events have been described
eloquently by Michael Bliss in his book: The Discovery of
Insulin [1]. The immediate and long-term consequences of insu-
lin therapy are life-changing for individuals with diabetes and
continue to stimulate scientific research and learning.

The University of Toronto has arranged a series of events
for clinicians, scientists and people with experience of diabe-
tes to celebrate the remarkable beginning of this journey, to
learn about our current knowledge and to look to future oppor-
tunities (https://insulin100.com/). Diabetologia is fortunate to
be a partner in this venture, with a Diabetologia symposium
on hypoglycaemia and publication of this special edition
containing reviews by a number of contributors to the varied
scientific symposia (https://insulin100.com/speakers). The
articles included in this special issue take us through the
events related to insulin discovery in Toronto in 1921/1922,
the acute complications of insulin treatment, long-term

complications of diabetes, and the pathophysiology, preven-
tion and modern management of diabetes.

Fralick and Zinman [2] set the scene by recounting the
story of the discovery of insulin in Toronto in 1921. They
outline how, 100 years ago, Frederick Banting and Charles
Best began their summer research project in the laboratory
of John James Rickard Macleod, with a goal to isolate and
produce a stable form of insulin that could be used to treat
people with diabetes. With the help of James Collip, they
miraculously achieved this goal, and on 23 January 1922,
insulin was successfully administered to a 14-year-old boy
with type 1 diabetes. This discovery meant that type 1 diabetes
went from being a death sentence to a chronic condition.

Nonetheless, despite insulin being a life-savingmedication,
regrettably it is not accessible to all who need it. In fact, glob-
ally, only one in two people have access to the insulin they
require. In their review, Mbanya and colleagues [3] present
the different barriers to insulin access using a framework
proposed by the WHO that looks at the whole pathway of a
medicine, from its discovery until its use. The obstacles faced
by individuals in accessing insulin are complex and occur at
both global and national levels; the authors propose that major
changes at societal and political levels are needed to overcome
these, as well as more international collaborations. They
suggest that emphasis should be laid on innovations that
decrease global inequalities and should be driven by people
with diabetes or designed with people with diabetes in mind,
so as to effectively drive the changes needed.

For those that are fortunate enough to have access to insu-
lin, as with the majority of drugs, its use does not come with-
out side effects. Despite considerable advances in insulin
formulation and modes of delivery in the 100 years since its
discovery, hypoglycaemia remains a frequent complication of
insulin therapy. A hypoglycaemic event has physiological,
psychological and pathological effects, the full impact of
which are not fully appreciated or understood. As part of this
special issue, Stephanie Amiel [4] describes immediate and
cumulative consequences of hypoglycaemia, including
known and suspected circulatory, neurological, psychological
and socioeconomic effects. The author concludes that good
management of diabetes can only be defined when risk of
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hypoglycaemia, as well as hyperglycaemia, has been
minimised.

Following on, RoryMcCrimmon [5] summarises the impact
of recurrent hypoglycaemia on brain function. Impaired aware-
ness of hypoglycaemia is considered to develop owing to adap-
tation by the brain and peripheral organs to recurrent
hypoglycaemia, which paradoxically renders insulin-treated
individuals more susceptible to severe hypoglycaemia. The
author also highlights that repeated hypoglycaemia and a back-
ground of chronic hyperglycaemia may lead to an acceleration
of cognitive decline in diabetes, explaining why increased
glycaemic variability is now commonly considered a risk factor
for the complications of diabetes.

Thus, it is clear that there is a need to minimise the risk of
hypoglycaemia with insulin therapy, but how can this be
achieved? Chantal Mathieu [6] aims to answer this question.
The author explains that, over the years, clinicians have
learned to reduce the burden of hypoglycaemia through inten-
sive patient education and coaching. In addition, the advent of
insulin analogues and novel technologies for insulin adminis-
tration, like insulin pumps and glucose-sensing tools, have
reduced the occurrence of hypoglycaemic episodes. Use of
adjunct therapies and the promise of better, preferably
glucose-sensitive, insulin analogues also provide hope of
reducing the risk of hypoglycaemia even further in people
treated with insulin.

In order to understand how insulin therapies (both
established and proposed) work, it is important to discuss
the complex mechanisms that ensure that glucose levels
remain in the tight range of normoglycaemia in healthy indi-
viduals. In their review, Yoon and Diano [7] focus on central
glucose-sensing mechanisms involved in the regulation of
glucose metabolism, underscoring the importance of specific
areas of the hypothalamus. They also highlight the complexity
and variety of glucose-sensing mechanisms, both at the cellu-
lar and circuit levels, and how alterations in these mechanisms
affect glucose homeostasis.

Meanwhile, Kahn and colleagues [8] discuss how most
people with disordered glucose metabolism exhibit insulin
resistance, rather than insulin deficiency. The authors outline
current and evolving concepts of insulin action and insulin
resistance, specifically in type 2 diabetes. While it has been
demonstrated that insulin resistance in type 2 diabetes associ-
ates with alterations in extrinsic factors, such as circulating
lipids, cytokines and metabolites, the identification of intrinsic
factors programmed by genetics and epigenetics that underlie
the disease has been a greater challenge (these elements that
manifest cell-autonomously are only now beginning to be
defined). The authors conclude that understanding the primary
source of metabolic disturbances and elucidating how accu-
mulating ‘multi-omics’ information fits into drivers of disease
remain challenging but offer important new avenues for the
development of novel therapies.

An excellent example of a novel therapeutic approach for
diabetes is the closed-loop insulin-delivery system, which is
starting to transform the management of type 1 diabetes in
children and adults. In their review, Boughton and Hovorka
[9] summarise the supporting evidence for currently available
closed-loop systems, whilst also highlighting the benefits of
and challenges surrounding non-regulated ‘do-it-yourself’
closed-loop systems. Successful clinical adoption of these
systems, however, requires training of healthcare profes-
sionals and users alike, and equitable access should be
prioritised. The authors explain that challenges remain with
regard to management of postprandial glucose excursions and
blood glucose levels upon physical activity with insulin-
delivery systems, with some systems having usability issues.
They propose that future closed-loop systems would benefit
from improved components to minimise device burden, and
faster-acting insulin analogues or dual-hormone approaches to
enhance performance towards development of fully closed-
loop systems.

Developing the ‘technology’ theme, Weiss and colleagues
[10] take us into the fascinating world of ‘smart’ insulin-
delivery devices and molecular technologies designed to
exploit feedback regulation. Whilst current pump-based
closed-loop systems exploit algorithmic control based on the
output of a continuous glucose monitor, the authors highlight
the promise of molecular strategies to provide intrinsic in vivo
feedback based on glucose-regulated insulin bioavailability or
bioactivity. They also discuss strategies and prospects for
unimolecular glucose-responsive insulin analogues in the
treatment of diabetes.

But what if we were able to take away the need for insulin
altogether? Douglas Melton [11] explores this by discussing
the promise of stem cell-derived islet replacement therapy for
individuals with diabetes. The fact that cadaveric islet trans-
plantation achieves insulin independence for some patients
with type 1 diabetes has motivated the search for a reproduc-
ible and inexhaustible supply of functional human beta cells.
Human pluripotent stem cells, having a virtually unlimited
capacity for self-renewal and differentiation, provide an excel-
lent starting material to solve this problem. Excitingly, it is
now possible to direct the differentiation of human pluripotent
stem cells in vitro into functional islet endocrine cells, includ-
ing beta cells. Melton reviews the recent history of making
beta cells from stem cells, points to areas for potential
improvements and outlines the challenges ahead as stem
cell-derived islets enter clinical trials.

Another approach to avoid the need for insulin therapy
would be to prevent the destruction of beta cells in the first
place. In type 1 diabetes, autoimmune processes destroy the
insulin-producing beta cells, leading to hyperglycaemia. In
their review, von Herrath and colleagues [12] give a concise
overview of current and potential future therapeutics that may
help to prevent and better manage the disease. Previous
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attempts to preserve functional beta cells have been partially
successful and a reinforced focus on the beta cell incites hope
that novel therapies will, at least, be able to slow down the rate
of beta cell demise. For example, vaccination against beta cell
antigens or various stress-relief approachesmay help to ensure
that the beta cell is not targeted by immune cell populations.
The authors state that complications associated with
established type 1 diabetes, including cardiorenal risk and
increased body weight, could also be managed using drugs
already approved in type 2 diabetes.

Turning to the long-term complications of diabetes, David
Nathan [13] writes about the long-term promise of insulin
therapy using findings from the Diabetes Control and
Compl ica t ions Tr ia l (DCCT) and the fol low-up
Epidemiology of Diabetes Interventions and Complications
(EDIC) study. The DCCT demonstrated that, compared with
conventional treatment, intensive insulin therapy reduced reti-
nopathy, nephropathy and neuropathy by 34–76%.Moreover,
a strong, continuous relationship was demonstrated between
meanHbA1c levels and complications. Longer-term follow-up
during the EDIC study showed persistent effects of the origi-
nal DCCT interventions, even though the separation of HbA1c

levels observed during the DCCT dissipated. The persistent
effect of prior HbA1c levels was termed ‘metabolic memory’.
Nathan states that the more than 28 years of EDIC follow-up
to date have shown a significant ~50% reduction in severe eye
and kidney complications and CVD events, and a 33% reduc-
tion in mortality, with intensive therapy. The author concludes
that DCCT/EDIC have shown how insulin therapy amelio-
rates the long-term complications of type 1 diabetes.

In summary, the tremendous advances in the therapy of type 1
diabetes have seen type 1 diabetes move from a fatal illness to a
manageable chronic condition. These advances encompass the
continuous sensing of glucose to the development and automated
delivery of new insulin analogues. To complete this special series
celebrating the discovery of insulin a century ago, Daniel
Drucker [14] looks to the future by examining emerging areas
of transformational science. In doing so, Drucker highlights the
potential of smart insulins, fully automated insulin delivery,
reprogramming of the immune system and the generation of fully
functional differentiated stem cell-derived islets to alter the natu-
ral history and treatment of type 1 diabetes.

Conclusions

Almost like no other condition, the ramifications of diabetes
cross all societal, medical and scientific boundaries. The events
in Toronto in 1921 were led by a science student, a surgeon, a
physiologist and a biochemist, latterly in collaboration with Eli
Lilly and company. The articles in this special issue illustrate
how improvements in our understanding and management of
diabetes until now has rested on such multidisciplinary input,

and how further advances will depend on continued strong
cross-disciplinary collaborations, sometimes from unexpected
sources. It has truly been a remarkable journey, and the new
developments to come suggest even more exciting progress.
However,my enthusiasm for our increasing knowledge and tech-
nological advances is tempered by the shameful fact that many
individuals worldwide do not have access even to basic diabetes
care, including regular, reliable provision of insulin. The best
treatment in the world is useless if people who need it are denied
access. As we push our scientific endeavours forward, we must
also all collaborate to ensure that everyone has equitable access
to the best possible diabetes care.

References

1. Bliss M (1982) The Discovery of Insulin. The University of
Chicago Press, Chicago

2. Fralick M, Zinman B (2021) The discovery of insulin in Toronto:
beginning a 100 year journey of research and clinical achievement.
Diabetologia. https://doi.org/10.1007/s00125-020-05371-6

3. Beran D, Lazo-Porras M, Mba CM, Mbanya JC (2021) A global
perspective on the issue of access to insulin. Diabetologia. https://
doi.org/10.1007/s00125-020-05375-2

4. Amiel SA (2021) The consequences of hypoglycaemia.
Diabetologia. https://doi.org/10.1007/s00125-020-05366-3

5. McCrimmon RJ (2021) Consequences of recurrent hypoglycaemia
on brain function in diabetes. Diabetologia. https://doi.org/10.1007/
s00125-020-05369-0

6. Mathieu C (2021) Minimising hypoglycaemia in the real world: the
challenge of insulin. Diabetologia. https://doi.org/10.1007/s00125-
020-05354-7

7. Yoon NA, Diano S (2021) Hypothalamic glucose-sensing mecha-
nisms. Diabetologia. https://doi.org/10.1007/s00125-021-05395-6

8. Batista TM, Haider N, Kahn CR (2021) Defining the underlying
defect in insulin action in type 2 diabetes. Diabetologia. https://doi.
org/10.1007/s00125-021-05415-5

9. Boughton CK, Hovorka R (2021) New closed-loop insulin systems.
Diabetologia. https://doi.org/10.1007/s00125-021-05391-w

10. Jarosinski MA, Dhayalan B, Rege N, Chatterjee D, Weiss MA
(2021) ‘Smart’ insulin-delivery technologies and intrinsic
glucose-responsive insulin analogues. Diabetologia. https://doi.
org/10.1007/s00125-021-05422-6

11. Melton D (2021) The promise of stem cell-derived islet replacement
therapy. Diabetologia. https://doi.org/10.1007/s00125-020-05367-2

12. von Scholten BJ, Kreiner FF, Gough SCL, von Herrath M (2021)
Current and future therapies for type 1 diabetes. Diabetologia.
https://doi.org/10.1007/s00125-021-05398-3

13. Nathan DM (2021) Realising the long-term promise of insulin ther-
apy: the DCCT/EDIC study. Diabetologia. https://doi.org/10.1007/
s00125-021-05397-4

14. Drucker DJ (2021) Transforming type 1 diabetes: the next wave of
innovation. Diabetologia. https://doi.org/10.1007/s00125-021-
05396-5

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Diabetologia

https://doi.org/10.1007/s00125-020-05371-6
https://doi.org/10.1007/s00125-020-05366-3
https://doi.org/10.1007/s00125-020-05369-0
https://doi.org/10.1007/s00125-020-05369-0
https://doi.org/10.1007/s00125-020-05354-7
https://doi.org/10.1007/s00125-020-05354-7
https://doi.org/10.1007/s00125-021-05395-6
https://doi.org/10.1007/s00125-021-05415-5
https://doi.org/10.1007/s00125-021-05415-5
https://doi.org/10.1007/s00125-021-05391-w
https://doi.org/10.1007/s00125-021-05422-6
https://doi.org/10.1007/s00125-021-05422-6
https://doi.org/10.1007/s00125-020-05367-2
https://doi.org/10.1007/s00125-021-05398-3
https://doi.org/10.1007/s00125-021-05397-4
https://doi.org/10.1007/s00125-021-05397-4
https://doi.org/10.1007/s00125-021-05396-5
https://doi.org/10.1007/s00125-021-05396-5


REVIEW

The discovery of insulin in Toronto: beginning a 100 year journey
of research and clinical achievement

Michael Fralick1,2,3 & Bernard Zinman1,3

Received: 5 October 2020 /Accepted: 30 November 2020
# The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
There has been a great deal of controversy regarding priority of discovery of insulin. Indeed, many scientists made important and,
in some cases, seminal contributions to identifying the endocrine role of the pancreas and the potential for pancreatic extracts to
have a glucose-lowering effect. The purpose of this article is to describe the early experiences with respect to research leading to
the discovery of insulin in Toronto (ON, Canada). The experiments conducted at the University of Toronto resulted in the first
demonstration that a pancreatic extract could be prepared that would consistently lower glucose, reverse ketosis and arrest the
catabolic effects of type 1 diabetes. The remarkably rapid commercial production of insulin soon followed. The Toronto story
begins on 17May 1921, when Frederick Banting and Charles Best began their summer research project in the laboratory of John
James Rickard Macleod, and we are now celebrating the 100th anniversary of this landmark achievement. The article herein
outlines the steps leading up to the discovery of insulin and provides an overview of some of the key developments in insulin
therapy over the past 100 years.

Keywords Banting . Best . Diabetes . Insulin . Review . Type 1 diabetes

Introduction

There has been a great deal of controversy regarding priority
of discovery of insulin. Indeed, many scientists made impor-
tant and, in some cases, seminal contributions to identifying
the endocrine role of the pancreas and the potential for pancre-
atic extracts to have a glucose-lowering effect. However, it is
not the purpose of this article to review the scholarly discus-
sions with respect to priority of discovery of insulin, but rather
to describe the early experiences with respect to insulin
discovery in Toronto (ON, Canada). Irrespective, it is clear
that the work described below, which occurred in Toronto,
resulted in the critical event of demonstrating that an effective

pancreatic extract could be prepared that would consistently
lower glucose, reverse ketosis and arrest the catabolic effects
of type 1 diabetes. This resulted in the remarkably rapid
commercial production of insulin, saving millions of lives.

The Toronto story begins on 17May 1921, when Frederick
Banting and Charles Best began their summer research project
in the laboratory of John James Rickard Macleod, and we are
now celebrating the 100th anniversary of this landmark
achievement [1–4]. Following their success, insulin was
heralded in the lay press as a ‘miracle substance’, and for good
reason. Prior to the availability of insulin, the treatment of type
1 diabetes mellitus primarily consisted of severe energy
restriction. This negative energy balance, coupled with the
progressive decline in endogenous insulin secretion as a
consequence of the ongoing autoimmune destruction of the
beta cells, resulted in continued weight loss, emaciation and,
ultimately, diabetic ketoacidosis, coma and death. In fact,
diabetes in childhood prior to 1922 was universally fatal. In
contrast, the results of the treatment of the first 50 patients
with insulin in Toronto highlights the truly dramatic clinical
response of this lifesaving therapy. The following report was
published in the BMJ in 1923 [5]:

Up to the present time over fifty cases of diabetes
mellitus have been treated with insulin. ... Many of
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the patients have come to the hospital in the state of
extreme under-nutrition, suffering from great weak-
ness along with an indisposition to any physical
activity. On the first or second day of treatment, if
sufficient insulin is given, the urine becomes sugar-
free, and on the second or third day ketone-free.
These patients become conscious of increasing
strength before the end of the first week. …
Hunger is replaced by appetite; the thirst is less-
ened, oedema, which is common in these cases,
disappears. Patients find they are less irritable and
state that they begin to sleep well. The expression
improves; the skin becomes less harsh and dry; even
the hair becomes softer; in fact, the patient loses
that appearance which characterizes the diabetic.
In ten days a very considerable amount of physical
vigour is restored. Some patients have been able to
return to work after a month of treatment.
Frederick Banting, Walter Campbell, Almon Fletcher

Interestingly, despite this remarkable therapeutic
response, the discoverers of insulin knew that their early
treatment with insulin was only the beginning, with
Macleod and Campbell indicating, in 1925, that in using
insulin it would, of course, be ideal if it could be supplied
so as to imitate the natural process. Indeed, the next
decades (1930–1970) revealed the devastating microvas-
cular and macrovascular complications associated with
conventional insulin treatment of type 1 diabetes. These
included an increased risk of visual impairment by 31%,
stroke by 10%, amputation by 12%, myocardial infarction
by 21% and renal failure by 22% [6].

Advances in insulin therapy have indeed been substan-
tial over the past 100 years. In 1993, the landmark trial,
the DCCT, demonstrated that with appropriate intensive
diabetes regimens (insulin pumps or multiple daily injec-
tions), diabetes complications could be prevented in indi-
viduals without existing complications (primary preven-
tion cohort), or the progression slowed in those with early
complications (secondary intervention cohort) [7]. This
landmark study conclusively established the validity of
the glucose hypothesis: that hyperglycaemia is the princi-
pal cause of the microvascular complications of diabetes.
More recently, the long-term epidemiological follow-up
study of the DCCT, the Epidemiology of Diabetes
Interventions and Complications (EDIC) study, demon-
strated that with improved glucose control, individuals
with type 1 diabetes can achieve an essentially normal life
expectancy [7, 8]. This 100th anniversary of the discovery
of insulin and its subsequent development as a therapy for
diabetes provides an opportunity to reflect on the history
of the discovery of insulin, a story that has its beginnings
in the 1800s.

Pivotal early research on diabetes

In 1869, Paul Langerhans, a medical student in Germany,
identified irregularly shaped islands of cells throughout the
pancreas. Although not realised at the time, these collections
of cells (‘islets of Langerhans’) would subsequently be iden-
tified as the cells responsible for the production of insulin,
glucagon and other peptide hormones. One of the earliest
accounts of what would be later named ‘insulin’ dates back
to 1889, when researchers in Germany were studying the
effects of the pancreas on digestion [9]. Following total
pancreatectomy in a dog, the researchers noted that flies and
other insects could be found feeding on the dog’s urine. This
was an early clue that the pancreas played an important role in
glucose metabolism. Experiments conducted by M. Eugène
Gley during the subsequent decade demonstrated that pancre-
atic extracts were capable of reducing glycosuria among
depancreatised dogs [10–12]. Work by Georg L. Zülzer
confirmed this observation via parenteral administration of a
pancreatic extract to both dogs and people with diabetes [13].
He subsequently received a patent for the pancreatic extract,
though the extract was not widely used.

Following the turn of the 20th century, Eugene Opie, an
American pathologist, identified that the islets of Langerhans
produced what would later be confirmed to be insulin [14]. He
demonstrated that destruction of the islets of Langerhans
would result in diabetes mellitus. Although controversial, it
appears the term ‘insuline’ was first coined in 1909 by the
Belgian biochemist Jan de Meyer [15]. The term comes from
the Latin root insula, which means ‘island’.

By 1916, the Romanian physiologist Nicolae Paulescu
developed an extract from the pancreas that was able to lower
blood sugar levels in dogs with diabetes. His work, however,
was stalled by World War I and it was not until 1921 that it
was published [16]. Of note, while Paulescu and other
researchers had demonstrated that pancreatic extracts lead to
reductions in glucosuria, the reductions were not always
sustained, were often associated with life-threatening reac-
tions and conclusive studies in humans were not undertaken
[16, 17].

One of the pivotal contributions prior to the work of
Banting, Best, and Macleod occurred in 1919 [18]. Israel
Kleiner, working at the Rockefeller Institute in New York
City (NY, USA), was able to reproducibly demonstrate that
administration of aqueous solutions of ground pancreas
caused hypoglycaemia [18]. Prior experiments demonstrated
reductions in glucosuria rather than blood glucose because the
method to measure blood glucose was not well established
prior to 1919. Regardless, the pancreatic extracts produced
by Kleiner lacked the purity to be administered to people with
diabetes mellitus. With the work of Kleiner and many scien-
tists before him, the groundwork was laid for the ‘discovery’
of insulin by Banting and his team.
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Insulin discovery in Toronto: how the story
commenced

Banting was born in London, Ontario, and completed his
medical school training at the University of Toronto. He
intended to become a surgeon; however, his applications for
a surgical internship were unsuccessful and he returned to
London, Ontario, where he opened a general medicine prac-
tice. In addition to his medical practice, he taught in the anat-
omy laboratory at London’s Western University. In prepara-
tion for a lecture he was to give on carbohydrate metabolism,
he reviewed a recently published paper entitled ‘The relation
of the islets of Langerhans with special reference to cases of
pancreatic lithiasis’ [19]. As Banting’s bedside journal docu-
ments, he awoke from his sleep in the evening prior to the
lecture and noted the following: ‘Diabetus [sic] Ligate pancre-
atic ducts of dog. Keep dogs alive till acini degenerate leaving
islets. Try to isolate the internal secretion of these to relieve
glycosurea’ [1, 20].

Although Banting had no formal research training, the idea
that the difficulty of extracting insulin was caused by destruc-
tion of the islets of Langerhans when exposed to the other
components of the pancreas captivated him and he returned
to the University of Toronto. There, he approached Macleod,
professor of physiology, to supervise his proposed summer
research project. Macleod agreed and, while the work would
be unpaid, he did provide Banting with laboratory space and
equipment, dogs and a student assistant. The potential student,
Charles Best, was keen to be involved with the project as his
favourite aunt had recently died of diabetes [21]. After
winning a coin toss, Best was assigned the role of student
assistant.

Banting and Best first attempted to isolate insulin through a
pancreatic duct ligation, whereby the duct connecting the
pancreas to the small intestine was tied off [22]. Duct ligation
atrophied the pancreatic acinar exocrine cells that produced
digestive enzymes, thus leaving behind the islets of
Langerhans. Duct-ligated dogs, in contrast to those receiving
a pancreatectomy, did not develop diabetes mellitus. This
observation further supported Banting’s initial hypothesis
about the importance of preserving the islets of Langerhans
to isolate insulin, though a key challenge was keeping dogs
alive long enough following pancreatic duct ligation.

By July of 1921, 2 months into their summer research
project, Banting and Best had successfully isolated a solution
of atrophied pancreas dissolved in normal saline [22]. They
then injected this solution into a dog that had had its pancreas
removed. Astonishingly, they were able to keep the dog alive
with their pancreatic extract. Their results were encouraging,
albeit preliminary, as they continued to struggle to produce
stable and sufficient quantities of the pancreatic extract. At the
direction of Macleod, by the latter part of 1921, they invited
Collip to join their team.

Collip was a skilled biochemist and University of Toronto
graduate who was on sabbatical from the University of
Alberta (AB, Canada). His key contribution was helping the
team—where nearly all previous teams had failed—to purify a
safe and stable extract of insulin. The method of extraction
involved a combination of varying concentrations of slightly
acidic alcohol and cold temperature to inactivate the pancre-
atic enzymes, which required a neutral pH and a body temper-
ature to be active, and, thus, extract insulin before it was
digested by the pancreatic enzymes and without toxic contam-
inants. With his skillset, they were able to produce a pancre-
atic extract of sufficient purity and potency for human use.

First successful treatment of a patient
with insulin

On 11 January 1922, an insulin extract termed ‘Macleod
serum’ was administered to a 14-year-old boy named
Leonard Thompson (7.5 cc [ml] into each buttock) [20].
While this pancreatic extract reduced the patient’s glucosuria,
the effects were modest, at best. Following further refinements
to the pancreatic solution (principally by Collip), a second
series of injections starting on 23 January 1922 resulted in a
rapid reduction in glucosuria and resolution of ketonuria. This
marked the first successful administration of insulin to a
person with type 1 diabetes and, ultimately, led to the devel-
opment of commercially available insulin. Interestingly,
Leonard Thompson’s chart also documents the first adverse
reaction to subcutaneous insulin, with the development of an
injection-site reaction (Fig. 1). Of note, this was a reaction to
the initial pancreatic extract and not the preparation developed
by Collip.

Following the successful administration of insulin to
Leonard Thompson, a team of clinicians was formed to over-
see the administration of insulin to other patients at Toronto
General Hospital [5, 23]. Many of these patients were in a
coma owing to their diabetes and, thus, the administration of
insulin was truly lifesaving for these patients, as described by
Campbell and colleagues [5, 23].

Widespread production of insulin

While the successful administration of insulin was a monu-
mental achievement, problems began to arise in the subse-
quent months. A significant problem was that the team did
not record the precise steps of their purification method and,
by March 1922, the team was unable to re-produce insulin
[24]. This was of immediate concern for patients who received
insulin during the preceding 2 months and cast significant
doubts about the possibility of widescale production.
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By the spring of 1922, the Toronto team was again able to
successfully produce insulin, but they realised they were ill-
equipped for widescale production. Thus, they partnered with

George H. A. Clowes of Eli Lilly and Company. Collip and
Banting shared their ‘recipe for insulin’ and within weeks
Clowes and the team at Eli Lilly were able to produce larger

a

b

Fig. 1 Record from the administration of insulin in January 1922. (a)
Medical record of Leonard Thompson (December 1921/January 1922),
the first patient with type 1 diabetes to be successfully administered insulin,
from the TorontoGeneral Hospital. An initial dose of insulin extract, termed
‘Macleod serum’, was administered to the patient (7.5 cc [ml] into each
buttock) on the 11 January 1922. This was followed by successful admin-
istration of insulin on the 23 January 1922. Also documented is the first
adverse reaction to subcutaneous insulin: injection-site reactions. The text
displayed in the record reads as follows:
Provisional Diagnosis: Diabetes mellitus -
Dec. 4/21 – feeling well since administration – is drinking fluids freely.

Dec 31st/21 – Weight 65 lbs. Apparently no better. Diabetic acid still
persists at times.
Jan. 11th – 15 cc [ml] McLeod’s serum. 7½ cc [ml] into each buttock.
Jan. 18 – Area of induration – circular – 7½ cm in diameter – over left
buttock – centre raised + softened.
(b) Effect of administration of the insulin extract on glucose levels in urine
from Leonard Thompson. On the x-axis, the date ranging from 6 January
1922 to 20 February 1922 is shown, while on the y-axis is the amount of
sugar, ranging from 0 g to 240 g. (a) Used with permission from Thomas
Fisher Rare Book Library, University of Toronto; (b) reprinted from [35],
www.cmaj.ca. This figure is available as part of a downloadable slideset
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batches, albeit with impurities and not quite at the scale neces-
sary for the global demand.

Although they partnered with Eli Lilly, the patent for insu-
lin was signed over to the University of Toronto for US$1. On
an earlier version of the patent declaration, dated 3 June 1922,
bothMacleod and Banting declined to sign the patent. Banting
reportedly felt, having sworn the Hippocratic Oath, that he
could not, in good conscience, be party to the patent. Neither
Best, a medical student at the time, nor Collip felt an ethical
dilemma and were officially named as the inventors of insulin
on the initial patent declaration.

By the end of the summer of 1922, Eli Lilly was increasing
production of insulin, though further refinements were needed
to improve production yield and ‘purity’. A major break-
through came that Autumn, when chemists applied isoelectric
precipitation to produce insulin. The method of isoelectric
precipitation provided a reliable method for mass production
of insulin. By 1923, nearly all insulin was being produced by
either Eli Lilly in the USA or Connaught Laboratories in
Canada.

In 1922, August Krogh, a Danish professor in
zoophysiology and Nobel Laureate, visited Toronto to learn
about insulin [25]. His interests were both scientific and
personal, as he was married to Marie Krogh who was a physi-
cian caring for patients with diabetes mellitus who herself had
diabetes. By early 1923, Professor Krogh and Hans Christian
Hagedorn, a Danish chemist and physician, began producing
insulin in Copenhagen, Denmark, at their Nordisk Insulin
Laboratory and had successfully administered it to patients
with diabetes.

Development of insulin analogues

During the 1920s, patients with diabetes mellitus would typi-
cally receive 3–4 doses of insulin each day [26–28]. There
was a clear demand for longer acting forms of insulin to limit
the number of daily injections required. The core problem,
though, was that the time course of insulin action was relative-
ly short and multiple daily injections would be required.

By the mid-1930s, attempts were made to create a longer
acting form of insulin. The first success was by Hagedorn (in
Denmark), who identified that basic proteins (e.g., protamine)
could be added to the insulin molecule to stabilise it [29]. At
the same time, in Toronto, researchers identified that other
substrates could be used to prolong insulin’s half-life, most
notably zinc. These advances allowed for long-acting insulin
to be used in conjunction with the originally available shorter
acting version. These longer acting forms of insulin became
widely available in the late 1940s, and by the mid-1950s, even
longer acting forms existed (e.g., lente insulin).

The next major milestone occurred in 1955, when the
British biochemist Frederick Sanger sequenced insulin. It

was the first protein to be fully sequenced, an achievement
that secured Sanger the 1958 Nobel Prize in Chemistry [30].
The sequencing of insulin paved the way for a shift from
animal-based insulin to synthetic ‘human’ insulin. With the
development of recombinant DNA technology, it became
possible to produce human insulin in large amounts, indepen-
dent of the need to obtain beef or pork pancreases. The
production of human insulin essentially resolved the problem
associated with the development of anti-insulin antibodies
leading to lipoatrophy and antibody-mediated insulin
resistance [31].

While multiple forms of insulin were clinically available by
the 1980s, they did not approach physiological insulin
replacement. Specifically, there was a growing need for both
a more rapid-acting insulin for mealtime use and longer acting
forms of insulin for between mealtimes or basal coverage. By
the 1990s, the first form of rapid-acting insulin analogue was
approved (insulin lispro) and by 2000, the first truly long-
acting insulin analogue was approved (insulin glargine).
Progress continued and, to this date, newer insulin analogues
have been developed that have superior pharmacokinetic and
pharmacodynamic properties. In 1989, one of the authors
(BZ) published an article in the ‘Drug Therapy’ section of
the New England Journal of Medicine entitled ‘Physiologic
replacement of insulin: an elusive goal’ [32]. Thirty-two years
later, and 100 years since the discovery of insulin, we are
closer to this goal, but it still remains elusive. With the subcu-
taneous injection of newer insulin analogues, we are able to
approximate the insulin profiles characteristic of meal
responses and overnight basal requirements. However, to
duplicate physiological secretion, the insulin would have to
be released into the portal system, reproducing the high
concentration achieved in the liver, where it has important
effects on hepatic metabolism [33]. In contrast, when insulin
is injected subcutaneously, the hepatic and peripheral insulin
concentrations are similar. It is unclear whether this difference
has any clinical relevance other than somewhat higher periph-
eral insulin concentrations. In addition, and consistent with
most hormonal systems, closed-loop feedback would be
required. Designer insulins, with superior pharmacokinetics
and pharmacodynamics, provide important advances, but on
their own they will not achieve physiological insulin
replacement.

Insulin discovery in Toronto: what happened
next?

For their work, Banting andMacleod received the Nobel Prize
in Physiology or Medicine in 1923, 18 months after their
remarkable accomplishment. Banting shared his prize money
with Best, andMacleod shared his with Collip. Although there
was controversy regarding the appropriate recognition of the
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various members of the insulin discovery team, the 1988 tele-
vision movie (based on the Michael Bliss book, ‘The
Discovery of Insulin’ [1]) got it right in titling the movie
‘Glory enough for all’ [34]. Indeed, each member of the
research team made important and critical contributions to
the successful isolation and clinical application of insulin for
diabetes (Fig. 2).

Macleod would return to his home in Scotland in 1928,
where he lived until his death in 1935. Collip returned to the
University of Alberta before leaving for McGill University
(QC, Canada), where he would go on to be one of the first
scientists to isolate parathyroid hormone. He also served as
Dean of Medicine there from 1928 to 1941, followed by Dean
of Medicine at the University of Western Ontario from 1947
to 1961. Best continued his research into the physiological
activity of insulin, though his scientific interests expanded
beyond insulin; in the 1930s, he and his team were the first
in the world to purify heparin, which allowed it to be safely
used in humans. In 1978, Best died at 79 years of age, owing
to a ruptured aortic aneurysm. Banting continued his research
following the discovery of insulin. Banting died in a plane
crash in Newfoundland on his way to England in 1941, during
the second world war.

Leonard Thompson, the 14-year-old boy who received the
first successful administration of insulin, would live for anoth-
er 13 years. Although it pales in comparison with current life
expectancies for people with type 1 diabetes, if it were not for
the discovery of insulin by the Toronto team, Leonard would
probably not have seen his 15th birthday.

The discovery of insulin in Toronto in 1921 and its first
administration to a patient with type 1 diabetes in 1922,

followed by the remarkably rapid transition to a widely avail-
able commercial product in 1923, is truly something to cele-
brate. Although there continues to be a debate about priority
with respect to the isolation of an active glucose-lowering
pancreatic extract that lowered glucose in animal experiments,
there should be little controversy that the events in Toronto
changed the lives of countless individuals with type 1 diabe-
tes. The year 2021 will be recognised as a centennial year
globally, marking an amazing 100 years of progress in insulin
therapy with the prospect of completing the goal of physio-
logical insulin replacement.
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Abstract
The discovery of insulin in 1921 changed the prognosis for people with type 1 diabetes. A century later, availability and
affordability of insulin remain a challenge in many parts of the globe. Using the WHO’s framework on understanding the life
cycle of medicines, this review details the global and national challenges that affect patients’ abilities to access and afford insulin.
Current research and development in diabetes has seen some innovations, but none of these have truly been game-changing.
Currently, three multinational companies control over 95% of global insulin supply. The inclusion of insulin on the WHO’s
Prequalification Programme is an opportunity to facilitate entry of new companies into the market. Many governments lack
policies on the selection, procurement, supply, pricing and reimbursement of insulin. Moreover, mark-ups in the supply chain
also affect the final price to the consumer. Whilst expenses related to diabetes are mostly covered by insurance in high-income
countries, many patients from low- and middle-income countries have to pay out of their own pockets. The organisation of
diabetes management within the healthcare system also affects patient access to insulin. The challenges affecting access to insulin
are complex and require a wide range of solutions. Given that 2021 marks the centenary of the discovery of insulin, there is need
for global advocacy to ensure that the benefits of insulin and innovations in diabetes care reach all individuals living with
diabetes.
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EML Essential Medicines List
LMIC Low- and middle-income country
NCD Noncommunicable disease
PHC Primary healthcare
R&D Research and development
SDG Sustainable development goal
UHC Universal health coverage

Introduction

The year 2021 marks a momentous milestone for the diabetes
community, with the centenary of the discovery of insulin.
Insulin’s discovery by Banting and Best at the University of
Toronto (ON, Canada) in 1921 meant that type 1 diabetes
went from being a death sentence to a manageable chronic
condition. Leonard Thompson was the first person to receive
insulin as a treatment for type 1 diabetes in 1922 in Canada.
That same year, Elliot Joslin stated, ‘A new race of diabetics
[people with diabetes] has come upon the scene’ [1] due to the
discovery of insulin. Later, in 1925, in his book ‘A diabetic
life’ [2], Robert D. Lawrence declared, ‘Now modern discov-
eries, particularly insulin, have completely changed the
outlook. There is no reason why a diabetic [person] should
not, if he can be taught to do so, lead a long normal life’.

However, these initial positive views on the prospects of
insulin therapy in the 1920s are in harsh contrast to the reality
that many people with diabetes face some 100 years later,
specifically owing to lack of access to insulin. Basu et al. [3]
found that, globally, in individuals with type 2 diabetes, one in
two people had access to the insulin they needed; whilst in sub-
Saharan Africa, this number was found to be to only one in
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seven people, highlighting the impact of poor health systems,
and lack of access to insulin and other tools necessary for
diabetes management, on the effective delivery of diabetes care.

Global barriers to insulin access

In 2016, the former Director-General of theWHO declared that
‘people with diabetes who depend on life-saving insulin pay the
ultimate price when access to affordable insulin is lacking’ [4].
A study in 13 low- and middle-income countries (LMICs),
published in 2019, found that mean availability of insulin was
55–80% in facilities that should have had insulin available on
the day of study [5]. Furthermore, in looking at standardised
prices per 10 ml vial of 100 U insulin in this study, the median
price governments pay (the government procurement price) for
human insulin was shown to be US$5, with analogue (long-
acting) insulin being 6.6 times more expensive. Across public
and private pharmacies and private hospitals, the median price
that an individual has to pay for human insulin is US$9 [5].
Clearly, in LMICs, these prices are out of reach for most indi-
viduals; however, the affordability of insulin is also an issue in
high-income countries [6–8]. The WHO’s framework on
understanding the life cycle of medicines [9] provides a useful
model for understanding the complexity of the barriers to access
to insulin that are present globally (Fig. 1).

Research and development and innovation The first compo-
nent of the WHO framework [9] is research and development
(R&D) and innovation. In a study in 2016, Kaplan and Beall
looked at insulin-related patents to assess R&D and innova-
tion and found that no patents existed for human insulin and
many patents for analogue insulins expired in 2015 for prod-
ucts already on the market [10]. Most of the patents were filed
by large multinational companies, with a few of the patents
identified being from companies in China and India. In the
USA, more than half of patents were found to be for insulin-
delivery devices rather than insulin itself [11].

The transition from animal to human and then analogue
insulin is seen as an innovation [12], but one that comes at a
higher price [13, 14]. Some innovations in modes of adminis-
tration of insulin (inhalable or oral insulin) have not shown
any success [15, 16]. The promising so-called ‘smart insulin’
or glucose-responsive insulin that would reduce the risk of
hypoglycaemia associated with insulin’s use is one innovation
that is currently in the pipeline [17].

Manufacturing In looking at the manufacturing of insulin, two
factors need to be considered: (1) insulin is a complex biolog-
ical product that requires specific expertise to manufacture in
order to ensure a high quality, safe and efficacious product [6];
(2) at present, the manufacturing of insulin is concentrated in
three large multinational companies—Eli Lilly, NovoNordisk

and Sanofi (known as ‘the big three’). Eli Lilly, Novo Nordisk
and Sanofi have a 96% share of the insulin market by volume
and hold 99% of the market by value [6]. Other insulin
manufacturing companies have been identified, including
producers in India and China [18], but their current impact
on the global market is negligible. In parallel to industrial
production, so-called ‘biohackers’ are attempting to provide
an open-source method for the production of insulin to possi-
bly lower the costs of production, as well as increase compe-
tition [19]. Gotham et al. [20] estimated that the cost of
production for human insulin for a 10 ml 100 U vial would
be between US$2.28 and US$3.42, whilst the cost of
manufacturing most formulations of analogue insulin was
slightly higher (US$3.69–6.34), with the exception of insulin
detemir, with costs of production of US$13.47–17.35. In
comparing the median government procurement prices in
different countries with the cost of production, procurement
prices were found to range from 1.8 to 2.6 times higher than
production costs for human insulin, and 2.0 to 9.3 times higher
than production costs for analogue insulin (Fig. 2).

Marketing and registrationAll medicines are required to have
marketing authorisation and must be registered by a national
regulatory agency before placement on the market. This
requires scientific evaluation of the product to ensure that it
meets specific standards of safety, efficacy and quality [21].
For biological products, such as insulin, this process is more

R&D and innovation

Manufacturing

Marketing registration

Selection, pricing and reimbursement

Procurement and supply

Prescribing

Dispensing

Use

Fig. 1 Schematic of WHO framework on understanding the life cycle of
medicines [9]. This framework provides the key elements from a medi-
cine’s discovery until it is used by an individual, highlighting key barriers
along this pathway. This figure is available as part of a downloadable
slideset

Diabetologia

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-020-05375-2/MediaObjects/125_2020_5375_MOESM1_ESM.pptx
https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-020-05375-2/MediaObjects/125_2020_5375_MOESM1_ESM.pptx


complex than for chemical entities. For biosimilars, generics
of biological products, the process of regulatory assessment is
demanding and includes the need for clinical trials [22]. These
requirements affect the cost of insulin and the entry of
biosimilar products into the market.

In parallel to the complex process that is needed for insulin
manufacturers to produce and get their products approved by
regulatory agencies, there is also the challenge that many
regulatory agencies in LMICs do not have the technical capac-
ity to assess the data in the dossiers prepared for biological
products. To address this, the WHO developed the
Prequalification Programme in 2001, mainly in response to
HIV/acquired immune deficiency syndrome (AIDS), to assess
the quality of anti-retroviral products. The WHO announced
the launch of prequalification for insulin in November 2019
[23]. This allows any producer of insulin to submit their prod-
uct for regulatory review by the WHO. Through this process,
competition in the insulin market will hopefully be increased
whilst ensuring safety and efficacy of products for govern-
ments and their populations.

Selection, pricing and reimbursement Just because a medicine
meets regulatory standards, this does not necessarily mean

that it is selected and used. The WHO’s Model Essential
Medicines List (EML) is aimed at guiding individual countries
with regard to their decisions on their choice of medicines, and
only includes guidance on soluble and intermediate-acting
insulin in vial form [24]. Although long-acting insulin
analogues were put forward for inclusion on this list in
2019, they were not included because the ‘available evidence
shows efficacy and safety advantages of analogues compared
to human insulin which are insufficiently large to justify the
cost differential that continues to exist.’ [25] For analogues to
be considered an essential medicine and included in the WHO
EML, more evidence is needed on their effectiveness, as well
as a decrease in their price [26].

For pricing of medicines, different countries have different
policy measures for both the system and individuals [27]. For
example, in Europe, these processes include health technology
assessments to help determine the ‘therapeutic value’ of a
medicine, referencing pricing, value-based pricing (price
established based on ‘added therapeutic value’), policies
encouraging the uptake of generic products and tendering at
different levels of the health system [28]. Such measures do
not exist in many LMICs [27] meaning that, as in the USA,
prices are free to be set by the ‘market’. This can result in
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Fig. 2 Costs of production and government procurement, and public and
private sector patient prices for human and analogue insulin, based on 43
countries. Data for cost of production from [20]; data for government

procurement costs and public and private sector patient prices from
[60]. This figure is available as part of a downloadable slideset
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increasing prices of insulin, as has been seen in the USA [29],
due to a lack of government control on medicine pricing.
Figure 2 shows the prices for government procurement of
insulin (per 10 ml vial of 100 U insulin), which range from
US$2.2 toUS$43.5 for human insulin andUS$6.9 to US$81.7
for analogue insulin.

In many LMICs, the price of insulin is paid for in full by an
individual [27] or, in some contexts, subsidies are in place
[30]. In contrast, in most high-income countries, a variety of
government-funded or insurance schemes provide some form
of financial protection, either ensuring that insulin is provided
for free to the individual or, at least, that the person does not
bear the full cost [27, 28].

Procurement and supply Pricing policies and approaches taken
by governments will affect howmedicines are procured. In most
LMICs, insulin is purchased via centralised tenders for the public
sector [31]. In the private sector, this is done via wholesalers and
private pharmacies. Another source of insulin includes donation
programmes, such as Life for a Child or Novo Nordisk’s
Changing Diabetes in Children [32]. Although these initiatives
have had a positive impact for individuals with type 1 diabetes,
they have not been integrated into the formal health system,
which raises issues of sustainability [32].

Once insulin is procured, dependent on the sector and
health system, the price difference between the government
procurement price and patient price might increase due to
import tariffs, storage costs, transportation costs, dispensing
fees, sales taxes and other fees. These mark-ups also apply at
different stages of the supply system in the private sector. Ball
et al. [33] found that these mark-ups cumulatively equalled
8.7–47.7% of the manufacturer’s selling price for locally
produced insulin and 10.0%–565.8% for imported insulins.
It is important to note that, beyond price, a variety of
geographical and health system factors can have an impact
on access to insulin, such as distance of the patient to
healthcare facilities [31].

Prescribing The prescribing of insulin is affected by the orga-
nisation of care and where in the health system (e.g. in the
hospital or in primary healthcare [PHC]) people can receive
their diabetes care. For example, in Vietnam, access to insulin
is mainly provided in major urban areas and in hospitals [34].
In some contexts, only specialists are able to prescribe insulin
[30]. At PHC level, there is often a lack of experience and
expertise, gaps in knowledge, fear of hypoglycaemia, missing
guidelines and even fear of prescribing insulin [35, 36].
Additional challenges to insulin prescribing include the fact
that some health professionals no longer know how to use
human insulin as they have received their training in contexts
where only analogue insulin is used [37] and the possible
impact that the pharmaceutical industry might have on
prescribing decisions of doctors [38, 39].

Dispensing Dispensing, or the provision of insulin by the
health system to an individual, faces two clear challenges in
many LMICs [30, 31, 34]: (1) the often-large distance
between communities and health facilities that provide diabe-
tes care; and (2) the fact that insulin prescriptions may only be
available from secondary or even tertiary healthcare facilities.
Beyond these factors, there is also the issue that the insulin
may not be available in the pharmacy when the individual
goes to get it. For example, in Peru, although insulin is
supposed to be available in the public sector, it is frequently
unavailable, resulting in people going to the private sector,
where insulin is more expensive [40]. Data from a variety of
countries show that median patient prices for human insulin in
the private sector are 2.2 times higher than in the public sector
(Fig. 2). In addition, in 13 countries in sub-Saharan Africa
[41–45], poor availability of insulin has been found in both
the public and private sectors (Fig. 3), as well as at different
levels of the health system, with, for example, insulin being
more highly available in hospitals than in PHC settings. The
WHO’s global action plan on noncommunicable diseases
(NCDs) [46] comprises a target of 80% availability of essen-
tial medicines, which includes insulin; of the 13 countries
studied in sub-Saharan Africa [41–45], only two met this
target in the public sector and one met it in the private sector
(Fig. 3).

Insulin use As noted by Holden et al. [47], in 1991, in the UK
most insulin was used by people with type 1 diabetes. The use
of insulin has increased globally, mainly due to the rising
prevalence of type 2 diabetes [8, 47], and will continue to do
so [3]. With this overall increase in use, a parallel increase in
the use of analogues has also been seen [6]. High insulin
prices mean that some people are not able to afford insulin
and, therefore, either forego or economise their insulin use by
not taking a full dose [6, 48]. Use of insulin is also influenced
by the patient’s socioeconomic status, poor knowledge of
diabetes, traditional beliefs, use of traditional medicine [35]
and misperception of insulin as a ‘last resort’ therapy [49].
Basu et al. [3] also highlight that overuse of insulin can have
a negative impact on disability-adjusted life years, especially
in older populations.

Beyond insulin

Since insulin needs to be injected, access to syringes or other
delivery devices are essential for insulin therapy and are often
not available and affordable [30]. Availability and affordabil-
ity of diagnostic tests in healthcare facilities and glucose
meters for self-monitoring of blood glucose was found to be
poor in many LMICs [30, 50]. Ogle et al. [51] looked at a
variety of LMICs and found that the annual median cost for
the management of diabetes (insulin, blood glucose meters,
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test strips, syringes and HbA1c tests) was US$533 (range:
US$255 in Pakistan to US$1185 in Burkina Faso). Beyond
these tools, a variety of health system factors are needed for
the management of diabetes and these are particularly lacking
in LMICs. The health system response for NCDs (including
diabetes) proposed by the WHO focuses on PHC [46] and
lacks a clear focus on access to medicines and health products
and overall integrated health system responses [52]. In addi-
tion, other barriers to diabetes care are present, such as lack of
healthcare worker training and shifting certain roles in diabe-
tes management from doctors to nurses and other healthcare
professionals, ill-adapted organisation of care, poor availabil-
ity of tailored patient education materials and approaches rele-
vant to the contexts and realities of people living in LMICs,
lack of an active role of national diabetes associations in shap-
ing diabetes care and policy, and lack of overall resources
allocated to diabetes [53]. These various factors that impair
diabetes care result in a low or decreased life-expectancy for
people with type 1 diabetes [42, 48] and a gap in access to
insulin for people with type 2 diabetes, which, in turn, can lead
to excess morbidity and mortality.

Summary

Access to insulin is truly a global challenge, with a wide range
of issues that impact on an individual’s capacity to find and
afford the insulin they need for their survival (Fig. 4). The fact
that the insulin market is concentrated by three multinational
companies affects the global market and has ramifications at a
country level [6] . True innovation is lacking with regard to

insulin and the delivery of diabetes care [14]. Regulatory
requirements for insulin need to be stringent enough to protect
the population from substandard medicines without being a
barrier to market entry. The inclusion of insulin on the WHO
Prequalification Programme [23] should be seen as a major
advance in improving access to insulin in LMICs by allowing
other insulin manufacturers entry into the market.

Insulin provides an interesting example of how evidence
has not been adequately used to guide clinical practice.
Despite analogue insulin not being included in the WHO
Model EML, its uptake has been substantial despite its higher
price [6, 14, 24]. This change in practice has an impact on the
cost of diabetes management for both the individual and the
health system. In addition, pricing policies andmark-ups with-
in the health system and supply chain affect the overall finan-
cial burden of diabetes management [6, 30, 33].

Beyond the actual access to insulin, a variety of health
system factors further hamper access to care; these include
diabetes care being provided at hospitals vs in PHC, lack of
knowledge and expertise of health professionals with regard
to insulin therapy, and availability and affordability of
diabetes-related supplies [30, 34, 40]. These health system
factors can also have an impact on the overall cost of diabetes
management, with individuals needing to pay for travel from
their home to a facility where insulin is present or only being
able to access this medicine in the private sector at higher
prices [5, 30, 34, 40]. Although donation programmes have
shown some success in demonstrating that, if access to insulin
is improved, type 1 diabetes does not need to be a death
sentence in LMICs, these programmes need to be better inte-
grated into the health system [32].
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Fig. 3 Availability of insulin in the public and private sectors in a variety of countries in sub-Saharan Africa. Availability was measured as insulin being
present in a facility (public or private) on the day of the study visit. Data derived from [41–45]. This figure is available as part of a downloadable slideset
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At a global level, the United Nations’ sustainable develop-
ment goals (SDGs) [54] include targets on NCDs, access to
medicines and universal health coverage (UHC), which
should guide the global response to diabetes [46]. For type 1

diabetes, many countries do not necessarily provide full
coverage for insulin and diabetes supplies within the context
of UHC [55]; should these be provided in a comprehensive
way, this could have an impact on mortality [56]. To date, the
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Fig. 4 Summary of barriers and solutions to overcome these to improve access to insulin. This figure is available as part of a downloadable slideset
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global response to diabetes has mainly focused on prevention
rather than diabetes care and access to medicines [57]. Both
globally and nationally, a lack of leadership, civil society
mobilisation and guiding institutions has meant that the issue
of access to insulin has not been comprehensively addressed
[7]. The launch of the Global Diabetes Compact by WHO in
November 2020 [58] is a positive step; however, the content
and approach of this initiative still needs to be defined.

All solutions for improving access to insulin (Fig. 4) need
to have people with diabetes playing a key role, both being
driven by people with diabetes and being designed with
people with diabetes in mind. They must also include innova-
tions that decrease global inequalities. Different players will
need to be involved, including the WHO, diabetes associa-
tions, academia and the private sector. International support
is needed to advance WHO prequalification, strengthen
national regulatory agencies, and improve processes
surrounding the selection, pricing, reimbursement, procure-
ment and supply of insulin. For these aspects, the WHO plays
a crucial role in supporting its member states. The WHO or
other organisations within the United Nations can also devel-
op a pooled procurement mechanism for insulin and diabetes
management-related supplies. In addition, global clinical and
scientific diabetes societies have a role in the development of
context-appropriate and conflict-of-interest-free guidelines
and training. National governments can develop comprehen-
sive policies on selection and pricing of products for diabetes
management, ensure insulin and other diabetes supplies are
included in UHC packages and remove or regulate mark-ups
within the supply chain. Overall, health systems and the way
in which diabetes care is delivered needs to be strengthened,
ensuring that it is centred on the needs of people with diabetes.

The private sector has a clear mandate, which is included in
the SDGs and can play a role in addressing the challenge of
access to insulin. Initiatives should focus on creating true part-
nerships with other players (as is the case in other areas of
health [59]) and addressing the issue of the price of insulin in a
sustainable way. As aforementioned, one area that needs to be
further strengthened at a national and global level is civil soci-
ety mobilisation. Although global and national diabetes orga-
nisations exist and provide training, guidelines and education,
so far, they have failed to materialise into a truly global move-
ment and ensure that the voice of people with diabetes is
heard. The centenary of insulin offers a policy window for
this to happen and shape the future of access to insulin and
diabetes care globally.

Supplementary Information The online version contains a slideset of the
figures for download, which is available at https://doi.org/10.1007/
s00125-020-05375-2.
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Abstract
Hypoglycaemia (blood glucose concentration below the normal range) has been recognised as a complication of insulin treatment
from the very first days of the discovery of insulin, and remains a major concern for people with diabetes, their families and
healthcare professionals today. Acute hypoglycaemia stimulates a stress response that acts to restore circulating glucose, but
plasma glucose concentrations can still fall too low to sustain normal brain function and cardiac rhythm. There are long-term
consequences of recurrent hypoglycaemia, which are still not fully understood. This paper reviews our current understanding of
the acute and cumulative consequences of hypoglycaemia in insulin-treated diabetes.
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Introduction

Hypoglycaemia as an adverse consequence of diabetes thera-
pies has been known since the early days of insulin’s discov-
ery. In their book, ‘Breakthrough: Elizabeth Hughes, the
discovery of insulin, and the making of a medical miracle’,
Thea Cooper and Arthur Ainsberg describe how Elizabeth
Hughes, diagnosed with type 1 diabetes in 1919, and her
nurse, Blanche ‘shared a bed in the hope that Blanche could
better detect and response to a night time attack’ and that
Blanche saved Elizabeth’s life ‘dozens of times … with
orange juice or a molasses kiss’ [1]. Describing events in
1922, the authors note that ‘several diabetics had suffered
hypoglycaemic shock’ [1]. In purifying insulin, James Collip
defined a unit of it as the amount that would send a rabbit into
hypoglycaemic seizure. One hundred years later,
hypoglycaemia remains a risk for everyone taking insulin [1].

Definitions of hypoglycaemia

Hypoglycaemia is defined as a concentration of glucose in the
blood that is lower than normal, traditionally defined biochem-
ically as a plasma glucose of <3.5 mmol/l. A precise

biochemical definition is complex, however. Blood glucose
concentration is a continuum and the value that is associated
with harm depends on the harm that is being described.
Homeostatic responses begin as soon as plasma glucose starts
to fall, with cessation of endogenous insulin secretion and stim-
ulation of pancreatic glucagon noted at plasma glucose values
of around 4 mmol/l. Evidence for material harm, such as
impaired cognition, cardiac arrythmia, defective responses to
subsequent low glucose values and associations with mortality
rate has accrued for a plasma glucose value of less than 3mmol/
l [2]. Such evidence has underpinned a consensus statement
from the International Hypoglycaemia Study Group, endorsed
by the American Diabetes Association, the European
Association for the Study of Diabetes and some charitable
and patient groups, which defines three levels of plasma
glucose that are important to use when describing low-
glucose episodes caused by diabetes therapies (Table 1) [2, 3].

For people with diabetes, hypoglycaemia may be better
defined by the clinical picture and by the degree of distress
and disruption an episode may cause, ranging from having to
ingest carbohydrate when not wishing for it, to unpleasant but
protective symptoms of an acute stress response, to confusion
and coma. The American Diabetes Association categorises
hypoglycaemic episodes into: severe (requiring third party
intervention because of cognitive impairment too great to
support self-treatment); documented symptomatic (also now
referred to as non-severe and described as symptomatic
episodes confirmed by a low blood glucose measurement and
by definition, self-treated); asymptomatic (detected by testing
only); probable symptomatic (symptoms of hypoglycaemia but
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not confirmed by a measurement); and pseudohypoglycaemia
(symptoms of hypoglycaemia accompanied by a non-
hypoglycaemic blood glucose concentration) [4].

The acute consequences of hypoglycaemia

Symptomatic stress response and impaired response to
subsequent hypoglycaemic episodes Hypoglycaemia elicits a
stress response, which acts to correct the glucose fall. In health,
cessation of insulin secretion and stimulation of pancreatic gluca-
gon, driven by both local and central neuroendocrine signalling,
abort a plasma glucose fall through stimulation of hepatic
endogenous glucose production. In insulin-deficient diabetes,
where exogenous insulin or an insulin secretagogue is being
taken, circulating insulin levels remain elevated and pancreatic
alpha cells, unable to detect a signal from falling beta cell stim-
ulation, do not secrete glucagon [5, 6]. Correction of the falling
glucose is, therefore, dependent on hyperglycaemic sympathetic
nerve stimulation, catecholamine secretion and, critically, the
person recognising the hypoglycaemia and ingesting carbohy-
drate. The plasma glucose concentration atwhich these responses
are triggered is influenced by prior glycaemic experience: people
with poorly controlled type 2 diabetes and no previous experi-
ence of hypoglycaemia may experience some elements of the
stress response, and certainly symptoms, at higher plasma
glucose concentration than occurs in health [7], and people with
previous experience of hypoglycaemia may downregulate the
glucose concentration at which sympathetic and hormonal
responses to a falling glucose occur, sometimes to a value below
that at which cognitive deterioration starts [8, 9]. This creates a

syndrome of impaired awareness of hypoglycaemia, in which
failure of subjective awareness of hypoglycaemia increases risk
of severe hypoglycaemia sixfold in people with type 1 diabetes
(in whom severe hypoglycaemia is more common) and 17-fold
in individuals with type 2 diabetes who are taking insulin [10,
11]. Parenthetically, we should note that other factors can affect
the hierarchy of responses to hypoglycaemia. For example, age
can have an impact on response to hypoglycaemia, with findings
showing that older people have a lower glucose concentration for
subjective awareness and hormonal responses, while the deteri-
oration of cognitive function is preserved in these individuals at
an arterialised plasma glucose of 3 mmol/l [12]. Furthermore, in
children and in elderly people with diabetes, cognitive and
behavioural signs and symptoms may be more prominent in
the clinical presentation [13, 14].

We have thus described the first two important acute conse-
quences of hypoglycaemia: the symptomatic stress response
and the impairment of responses to subsequent episodes. In
addition, we have implied a third: impairment of cognitive
function during an acute episode.

Neurological consequences The impairment of cognitive
function associated with hypoglycaemia ranges from slowing
of cerebration and performance, confusion, irrational behav-
iour and drowsiness, to coma and seizures. Other outcomes
include inconvenience, embarrassment, and physical injury to
the patient or to others, with possible employment, social and
legal implications. There is evidence that the threshold for
cognitive impairment changes less in response to antecedent
hypoglycaemia than does the threshold for subjective aware-
ness and neurohumoral responses, which provides a potential

Table 1 Levels of
hypoglycaemia that should be
reported in clinical trials, and
which have clinical implications
for people with diabetes

Level Name Plasma glucose Implications

1 Hypoglycaemia alert <3.9 mmol/la Lower limit of ‘glucose in range’

Usually asymptomatic

Treat to prevent hypoglycaemia

Consider regimen change if recurrent

2 Clinically important <3 mmol/l Associated with impaired cognitive function

Repeated episodes cause reduced awareness

Predicts severe hypoglycaemia

Associated with cardiac arrhythmias

Predicts mortality

3 Severe Not specified Cognitive decline results in the need for
treatment by another person

May be further divided to specify episodes
requiring parenteral therapy and/or episodes
associated with loss of consciousness or seizure

Data from The International Hypoglycaemia Study Group [2]
a In the original document, the International Hypoglycemia Study Group (IHSG) had defined level 1 as glucose
≤3.9 mmol/l [2] but this was refined by a subsequent consensus to make a clear distinction between this classi-
fication and the lower limit of the desirable glucose range, which is 3.9 mmol/l [3]
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mechanism for the increased risk of severe hypoglycaemia, as
the person becomes unable to self-treat [15, 16].

Other neurological consequences of a hypoglycaemic
episode include temporary focal deficits, including Todd’s
paresis, in which the person wakes after an undetected noctur-
nal hypoglycaemia with symptoms and signs mimicking a
stroke [17]. Complete recovery occurs within hours and there
is no prognostic implication to these episodes. Wewill discuss
below whether residual cognitive deficit results from
hypoglycaemia from which an apparently complete recovery
is made at the time. Here we note only that in animal studies of
extreme hypoglycaemia, the hippocampus seems particularly
vulnerable. Anecdotally, memory deficits are reported by
people with type 1 diabetes and problematic hypoglycaemia,
with some evidence to support an association [18], but
hypoglycaemia impairs formation and consolidation of
memory in type 1 diabetes acutely [19, 20] and whether the
memory deficits are resolved by hypoglycaemia avoidance
remains to be determined.

Hypoglycaemia is associated with changes in regional brain
activation, not just in the region of the hypothalamic–pituitary
axis, but also in brain regions involved in interoception (rele-
vant to symptom generation and perception) and in regions
involved in emotional salience, aversion, executive function
and memory [21]. Long duration type 1 diabetes can alter these
regional brain responses and it has been postulated that
enhanced thalamic activity in hypoglycaemia in type 1 diabetes
may support subjective awareness in the face of reduced cate-
cholamine responses [22].

Cardiovascular consequences Other potential acute conse-
quences of hypoglycaemic episodes include cardiovascular
effects, both as a result of the stress response (tachycardia,
widened arterial pulse pressure) and arrythmias [23, 24],
including lengthening of the QT interval (QTc) on an electro-
cardiogram and bradycardia. Such arrythmias are associated
with the adrenergic responses and the fall in plasma potassium
associated with hypoglycaemia [25]. Hypoglycaemia
produces endothelial dysfunction (as does hyperglycaemia)
[26], an inflammatory response [27], and creates a coagulop-
athy, which can last for several days [28].

Mortality Death during an acute hypoglycaemic episode is
rare but does occur, accounting for up to 10% of deaths in
people with type 1 diabetes under the age of 40 years, in
whom other causes of death are, happily, rare [29].

Nocturnal hypoglycaemia

Over 50% of severe hypoglycaemic episodes in insulin-
treated diabetes occur at night and this topic has been
reviewed previously [30]. Hypoglycaemia at night has

been shown to impact on recognition of hypoglycaemia
the next day [31] and, as already discussed, may have
an impact on the consolidation of memory that should
happen during sleep [20]. The counterregulatory
responses to hypoglycaemia are suppressed during deep
sleep, so episodes may remain asymptomatic and unde-
tected [32]. There is little evidence for an impact on
cognitive function the next day, but mood and well-
being have been described as adversely affected [30].
Rare, unexpected nocturnal deaths have been reported
in young people with type 1 diabetes, attributed to
hypoglycaemia and accounting for 5% of all deaths in
this population [33]. The physiological and psychologi-
cal impact of asymptomatic nocturnal hypoglycaemia
that is recognised on waking by people using retrospec-
tive intermittently monitored glucose meters vs
hypoglycaemia detected at the time by alarms from
real-time continuous glucose monitoring remains to be
determined.

The evolution of acute responses
to hypoglycaemia over time

The main driver of hypoglycaemia in diabetes is glucose
lowering therapy: exogenous insulin or insulin secretagogues,
such as sulfonylureas. Their effects are exacerbated by the
defects in the counterregulatory responses to a falling blood
glucose that occur in insulin-deficient diabetes (described
above), including the loss of glucagon responses and, later,
impaired sympathetic and catecholamine responses [5].
Severe hypoglycaemia occurs at a rate of 1.3 episodes per
person per year in people with type 1 diabetes; but its occur-
rence is extremely skewed, with only 40% of individuals
experiencing an episode in any one year, and 10% of adults
with type 1 diabetes contributing nearly 70% of all episodes in
the year, with many of these people reporting recurrent events
[34]. Interestingly, a recent study of people with insulin-
treated type 2 diabetes in the Netherlands described only
slightly lower prevalence of severe hypoglycaemia (32%)
[35]. Impaired awareness of hypoglycaemia is a major risk
factor in both types of diabetes.

The cumulative impact of hypoglycaemia

The common outcome of any hypoglycaemic episode is
complete recovery, but we have already begun to allude to
possible impacts of hypoglycaemia on future health.

Psychological, societal and economic impact There is a
psychological impact from hypoglycaemia experiences. Any
episode can be unpleasant: non-severe episodes can be
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associated with unpleasant symptoms, which may be
distressing to the person experiencing them to the extent that
the individual will describe the episode as ‘very severe’. One
person with diabetes described multiple negative experiences
of hypoglycaemia including interruption of activities, sleep
disruption and a ‘horrible force feeding one has to endure if
not remotely hungry’ (personal communication with author).
Fear of hypoglycaemia may develop and lead to behaviours
that are unhelpful either to diabetes control or to normal social
interaction [36]. One recent study described 40–50% of a clin-
ic population of adults with type 1 diabetes as expressing fear
of hypoglycaemia [37] and, in people with type 2 diabetes,
non-severe hypoglycaemia may have as big an impact on fear
of hypoglycaemia as severe episodes, with negative impact on
quality of life and on glucose management strategies [38, 39].
Other family members, perhaps particularly parents of chil-
dren with diabetes, are also affected by fear of hypoglycaemia
[40], with partners of people with problematic hypoglycaemia
(impaired awareness of hypoglycaemia and recurrent severe

episodes) expressing very high distress [41]. The societal
impact may include loss of driving privileges, restricted
employment, and breakdown of family relationships, with
restricted access to children. There are potential economic
impacts beyond the costs to healthcare providers (who are
involved in a tiny minority of cases), including time lost from
work, that have still to be fully understood [42].

Impaired awareness of hypoglycaemia Impaired awareness of
hypoglycaemia is believed to arise as a result of recurrent
exposure to hypoglycaemic episodes (under 3 mmol/l), with
evidence that avoidance of such exposure can restore aware-
ness, both in mechanistic studies (e.g. [43]), and clinically
[44]. McCrimmon’s group has described this as a condition-
ing response [45]. A small but highly vulnerable group of
patients seem resistant to interventions for hypoglycaemia
avoidance [46]. Some may have unhelpful cognitions around
hypoglycaemia, which may act as barriers to future
hypoglycaemia avoidance [47, 48]. One clinic-based study

Symptomatic stress response In health, a fall in glucose leads to inhibition of insulin secretion and a 
subsequent increase in glucagon secretion, followed by stimulation of the sympathetic nervous system and 
a catecholamine response. Later, growth hormone and cortisol are released. Symptoms of stress 
(e.g., sweating, shaking, palpitations) and of slowing cognitive function occur. In people taking insulin, this 
stress response is deficient, with the insulin and glucagon responses absent, and variable impairment of the 
rest of the response. 

Impaired responses to subsequent hypoglycaemic episodes Recurrent exposure to hypoglycaemia may 
result in lowering of the plasma glucose concentration at which stress responses are initiated, sometimes 
below the level at which cognitive deterioration starts, leading to impaired awareness of hypoglycaemia.

Impaired cognitive function Ranges from slowing of cerebration and performance, confusion, irrational 
behaviour and drowsiness, to coma and seizures, with possible employment, social and legal implications.

Temporary focal deficits Hypoglycaemic episode may lead to Todd’s paresis, in which the person wakes 
after an undetected nocturnal hypoglycaemia with symptoms mimicking a stroke. Complete recovery occurs 
within hours and there is no prognostic implication. In animal studies of extreme hypoglycaemia, the 
hippocampus is particularly vulnerable.

Impaired formation and consolidation of memory Hypoglycaemia acutely impairs formation and 
consolidation of memory in type 1 diabetes. 

Cardiovascular effects Acute effects include tachy- and bradycardia, widened arterial pulse pressure and 
arrythmias. The arrythmias have been associated with the adrenergic responses and the fall in plasma 
potassium associated with hypoglycaemia. Hypoglycaemia produces endothelial dysfunction, an inflamm-
atory response and creates a coagulopathy, which can last for several days with unknown long-term impact 
on cardiovascular health

Mortality Death during an acute hypoglycaemic episode is rare but does occur, accounting for up to 10% of 
deaths in people with type 1 diabetes under the age of 40 years.

Psychological impact Non-severe episodes can be associated with unpleasant symptoms and 
consequences (e.g. interrupted sleep, force feeding), which may be distressing. Fear of hypoglycaemia may 
develop in the patient (or their family members), with negative impact on quality of life and glucose 
management strategies.

Acute consequences of hypoglycaemia
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of people with type 1 diabetes found that one-third of people at
high risk for severe hypoglycaemia expressed low concern
about their hypoglycaemia [49]. Neuroimaging studies offer
a potential explanation, with altered activation of brain regions
involved in appetite control, emotional salience, aversion,
recall, arousal and decision making in response to
hypoglycaemia in people with established impaired awareness
and recurrent severe hypoglycaemia [50, 51]. Interventions
that target cognitions around hypoglycaemia may be helpful
in this group [52].

Risk of future mortality There is a growing body of evidence
linking severe hypoglycaemia to future mortality both in
hospital and in the community, with estimates of increased
risk ranging from 50% to 600% [53]. Some of the responses
to acute hypoglycaemia, particularly the proinflammatory and
coagulopathy effects, have been implicated as underlying
mechanisms, but the data remain compatible with
hypoglycaemia being a marker of frailty and high risk of death
[53]. Severe hypoglycaemia has been associated with approx-
imately a doubling in risk of subsequent cardiovascular
events, including death, but the relationship is bi-directional
[54].

Cognitive functionMeanwhile, concern remains that recurrent
hypoglycaemia may have a lasting impact on cognitive func-
tion. There is some evidence that recurrent severe
hypoglycaemia in children at an age when the brain is still
developing may result in subtle impairment of performance
on cognitive function testing in adolescence, especially when
seizures have accompanied the hypoglycaemia [55, 56]. In
adults data remain controversial, with consistently reassuring

da t a coming f rom long - t e rm fo l l ow-up o f the
DCCT/Epidemiology of Diabetes Interventions and
Complications (EDIC) cohort of type 1 diabetes patients and
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Fig. 1 A graphical summary of
the potential consequences of
hypoglycaemia. Elements of the
stress response to a
hypoglycaemic episode are
shown in orange text boxes; other
colours indicate different classes
of possible consequences of
hypoglycaemic episodes and of
hypoglycaemia itself (blue,
neurological/cognitive; purple,
psychological; yellow,
socioeconomic; brown, mortality;
green, cardiovascular). This
figure is available as a
downloadable slide

Cumulative impact of 
hypoglycaemia

Societal impact May include loss of driving priv-
ileges, restricted employment, breakdown of family 
relationships and restricted access to children. Stress 
levels may be high in partners.

Economic impact Potential economic impacts
beyond the medical costs to healthcare providers, 
including time lost from work. 

Impaired awareness of hypoglycaemia Believed to
arise as a result of recurrent exposure to hypo-
glycaemic episodes, with evidence that avoidance of 
such exposure can restore awareness in some 
patients. 

Future mortality Severe hypoglycaemia is estimated 
to be associated with an increased future mortality 
risk of 50–600%. Severe hypoglycaemia is also
associated with a doubling in risk of subsequent 
cardiovascular events, including death, with a bi-
directional relationship.

Cognitive function Recurrent hypoglycaemia in   
children may have a lasting impact on cognitive 
function, with a suspected but unproven impact in
adults. A bi-directional relationship between dementia 
and hypoglycaemia has been found in older adults.
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from the Outcome Reduction With Initial Glargine
Intervention (ORIGIN) trial in people with type 2 diabetes
[57, 58]. However, a recent large study in older adults with
type 1 diabetes demonstrated an association between patient-
reported history of severe hypoglycaemia events (episodes
resulting in emergency department or inpatient admission),
either recent (any) or life-time exposure, and impaired perfor-
mance in global cognition, language and executive function
and recent episodic memory, with evidence for a dose effect
[59]. An earlier meta-analysis also found a bi-directional rela-
tionship between dementia and hypoglycaemia in older adults
[60].

Conclusions

Hypoglycaemia has been a complication of diabetes treat-
ments since the discovery of insulin, and remains a major
concern for people with diabetes, their families and friends,
and healthcare professionals and providers. Experiencing
hypoglycaemia has consequences, as summarised in Fig. 1.
Individual episodes of hypoglycaemia are inconvenient,
unpleasant and potentially dangerous and recurrent episodes
have long-term negative health implications that are still being
explored [61]. Minimising hypoglycaemic exposure must
remain a key target for diabetes therapies and hypoglycaemia
experience must always be a metric for assessing the effec-
tiveness of diabetes management.

Supplementary Information The online version contains a slide of the
figure for download available at https://doi.org/10.1007/s00125-020-
05366-3.
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Abstract
The discovery of insulin and its subsequent mass manufacture transformed the lives of people with type 1 and 2 diabetes. Insulin,
however, was a drug with a ‘dark side’. It brought with it the risk of iatrogenic hypoglycaemia. In this short review, the cellular
consequences of recurrent hypoglycaemia, with a particular focus on the brain, are discussed. Using the ventromedial hypothal-
amus as an exemplar, this review highlights how recurrent hypoglycaemia has an impact on the specialised cells in the brain that
are critical to the regulation of glucose homeostasis and the counterregulatory response to hypoglycaemia. In these cells, recurrent
hypoglycaemia initiates a series of adaptations that ensure that they are more resilient to subsequent hypoglycaemia, but this leads
to impaired hypoglycaemia awareness and a paradoxical increased risk of severe hypoglycaemia. This review also highlights
how hypoglycaemia, as an oxidative stressor, may also exacerbate chronic hyperglycaemia-induced increases in oxidative stress
and inflammation, leading to damage to vulnerable brain regions (and other end organs) and accelerating cognitive decline. Pre-
clinical research indicates that glucose recovery following hypoglycaemia is considered a period where reactive oxygen species
generation and oxidative stress are pronounced and can exacerbate the longer-term consequence of chronic hypoglycaemia. It is
proposed that prior glycaemic control, hypoglycaemia and the degree of rebound hyperglycaemia interact synergistically to
accelerate oxidative stress and inflammation, which may explain why increased glycaemic variability is now increasingly
considered a risk factor for the complications of diabetes.

Keywords Glucose-sensing . Glycaemic variability . Hypoglycaemia . Impaired hypoglycaemia awareness . Insulin . Oxidative
stress . Review . Type 1 diabetes . Type 2 diabetes
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AMPK AMP-activated protein kinase
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Introduction

This year is the centenary of the discovery of insulin by
Frederick Banting and Charles Best in Professor John

Macleod’s department in Toronto (ON, Canada) in the
summer of 1921. There can be little doubt about the impact
of their discovery, which has transformed the lives of millions
of people with both type 1 and 2 diabetes in the 100 years
since. At the same time, it was soon discovered that insulin
therapy was not without risk. Physicians reported that exoge-
nous insulin, when delivered in excess, led to a low blood
glucose; the ‘hypoglycaemic reaction’. It was also soon appar-
ent that repeated exposure to low glucose led to, ‘reactions
[that] differ so much from the original ones that patients
became dangerously unaware of their onset’ [1].

Glucose homeostasis is fundamental to survival in most
vertebrate species. As such, we have evolved a number of
counterregulatory mechanisms designed to restore glucose
homeostasis when glucose levels fall below the normal range.
Over the last few decades, we have learnt that, in humans,
there exists an integrated network of specialised glucose-
sensing cells, found in certain key parts of the brain and in
the periphery, that are able to monitor and respond to
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prevailing glucose levels, as well as integrate glucose homeo-
stasis with other aspects of whole-body energy status [2, 3].
We also recognise that, in response to recurrent
hypoglycaemia, these specialised glucose-sensing cells adapt,
leading (through mechanisms still not entirely worked out) to
a clinical syndrome called impaired awareness of
hypoglycaemia. Moreover, there is increasing evidence that,
in addition to making individuals susceptible to severe
hypoglycaemia, these adaptations may also have conse-
quences in terms of end-organ disease. In this short review, I
will briefly discuss the cellular consequences of
hypoglycaemia, focusing on the impact of recurrent
hypoglycaemia in the brain. This will be illustrated by
outlining the ways in which recurrent hypoglycaemia affects
cells in glucose-sensing regions of the brain (leading to
impaired awareness of hypoglycaemia and severe
hypoglycaemia), as well as how recurrent hypoglycaemia
may affect other brain regions, potentially amplifying the
tissue damage that results from chronic hyperglycaemia.

Bringing light to the dark side of insulin

Dr Philip Cryer used his 1994 Banting Lecture to the
American Diabetes Association to introduce the concept of
hypoglycaemia-associated autonomic failure (HAAF). Cryer
outlined a series of seminal physiological studies that
described how, in humans, antecedent iatrogenic
hypog l y c a em i a r e s u l t e d i n d e f e c t i v e g l u co s e
counterregulation (through reducing catecholaminergic
responses to a given level of subsequent hypoglycaemia)
and impaired awareness of hypoglycaemia (by reducing
sympathoadrenal and symptom responses to a given level of
subsequent hypoglycaemia), thereby setting up a vicious cycle
whereby hypoglycaemia begets hypoglycaemia [4].
Subsequently, Dr Robert Sherwin, in his 2007 Banting
Lecture, ‘Bringing light to the dark side of insulin: a journey
across the blood-brain barrier’, described over three decades
of research in which, using human and animal models, he and
his research group had done much to help us understand how
the brain detects and responds to hypoglycaemia [5].

Using the ventromedial hypothalamus (VMH) as an exem-
plar for a glucose-sensing region, Sherwin proposed that
glucose-sensing neurons operated in a way that appeared to
parallel the pancreatic islet [5]. In this model, like pancreatic
beta and alpha cells, neurons in the brain respond to blood
glucose levels. More specifically, glucose-excited and
glucose-inhibited neurons respond to high and low blood
glucose levels, respectively, in a coordinated manner. The
key steps in the process of transducing the glucose signal to
an alteration in neural firing rates involve sulfonylurea recep-
tor 1 (SUR1), ATP-sensitive potassium (KATP) channels,
glucokinase and AMP-activated protein kinase (AMPK) [5].

Glucokinase is a critical component of this signalling mecha-
nism because its activity is proportional to glucose concentra-
tions. As glucose rises, therefore, so does glucokinase activity,
ultimately leading to an increased ATP:AMP ratio.
Supporting the role for glucokinase in glucose sensing in the
brain, mice and humans with reduced glucokinase activity
show an exaggerated response to hypoglycaemia [6], while
glucokinase activation in hypothalamic glucose-excited
neurons reverses the hyperpolarising effect of low glucose
[7]. Subsequently, the increased ATP:AMP ratio with
increased glucokinase activity results in closure of KATP chan-
nels, depolarising the neurons and increasing their firing rate
[8]. A role for KATP channels in brain glucose sensing has
been demonstrated in cells, hypothalamic slice preparations,
transgenic mice, in vivo studies in rats [9], and humans with
type 1 diabetes and impaired awareness of hypoglycaemia
[10]. Similarly, pharmacological or genetic manipulation of
AMPK in neurons or the VMH is able to increase or decrease
the counterregulatory response to hypoglycaemia [5, 9].
Discussion of other transporters, membrane channels or
enzymes that contribute to glucose sensing, such as sodium–
glucose cotransporters (SGLTs), transient receptor potential
channels, Na+/K+ ATPase, K+ channels and nitric oxide
synthase (NOS), are beyond the scope of this review, but
interested readers are referred to a recent very detailed review
of this area by Stanley et al [8]. Sherwin proposed that it was
through the key signalling steps described above that a falling
glucose level led to suppression of glucose-excited gamma
aminobutyric acid (GABA)-inhibitory neurons, and activation
of glutamatergic glucose-inhibited neurons, leading to
progressive activation of the downstream counterregulatory
response.

This hypothesis subsequently served as a model for exam-
ining the consequences of recurrent hypoglycaemia on
glucose-sensing neurons. Electrophysiological studies
demonstrated that recurrent hypoglycaemia resulted in a left-
shift in glucose-excited neurons so that they did not
hyperpolarise until glucose levels fell further [11]. This was
consistent with reports of increased hypothalamic hexokinase
activity following recurrent hypoglycaemia [12], implying
that glucose-excited neurons were better able to maintain
intercel lular ATP:AMP ratios during subsequent
hypoglycaemia and, hence, maintain GABAergic tone in the
VMH [13]. A likely candidate mechanism for this was an
increase in glycolytic flux in neurons. Rodent studies had
shown that recurrent hypoglycaemia led to increased glucose
transport activity at the blood–brain barrier (BBB) via an
increase in total BBB GLUT1 and an increased transporter
concentration at the luminal surface [14]. Similarly, in vivo
microdialysis of brain extracellular fluid found higher glucose
levels in rodents exposed to recurrent hypoglycaemia
compared with control animals [15]. However, human studies
using magnetic resonance spectroscopy or positron emission
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tomography (PET) have produced conflicting data about the
effects of recurrent hypoglycaemia on cerebral glucose uptake
andmetabolism. This may reflect regional variation in glucose
metabolism, or even differences in how neurons and glial cells
individually respond to recurrent hypoglycaemia [8, 16, 17].

Alternatively, recurrent hypoglycaemia may induce
cellular adaptations that allow lactate or ketones to be
used as alternate fuels [8, 17]. Lactate or ketone infusions
suppress counterregulation to systemic hypoglycaemia in
humans [8], and lactate transport and lactate metabolism
by the brain are thought to be increased in both humans
[18, 19] and rodents [20] who have been exposed to
recurrent hypoglycaemia. Initial research also suggested
that recurrent hypoglycaemia led to increased astrocytic
glycogen storage (supercompensation), which could
p rov i d e add i t i ona l l a c t a t e du r i ng sub s equen t
hypoglycaemia, although these findings were not replicat-
ed in later studies [8]. Lactate might act to modulate the
counterregulatory response to hypoglycaemia via suppres-
sion of AMPK [21] and increased GABA release [22].
However, other studies in humans [23] and rodents [20]
suggest that lactate may be insufficient to support metab-
olism during hypoglycaemia and might instead act as a
regulator of glucose metabolism, indicating that the alter-
nate fuel hypothesis cannot fully explain how the brain
adapts to recurrent hypoglycaemia.

In addition to changes in cellular fuel transport and metab-
olism in glucose-sensing neurons, a number of other factors
have been proposed that could contribute, at least in part, to
the development of impaired hypoglycaemia awareness (Fig.
1). External neuronal modulators, such as opioids, serotonin,
steroids, cytokines or urocortin, have all been shown to modu-
late the counterregulatory response to insulin-induced
hypoglycaemia and can affect changes in neurotransmitter
synthesis or release, or changes in synaptic structure [2, 8].
More recently, it has also been proposed that the whole-
organism response to recurrent hypoglycaemia represents a
form of adaptive memory, referred to as ‘habituation’ [2].
This concept was tested by using a single challenge of high-
intensity exercise as a dishabituatory stimulus to restore
hypoglycaemic responses in rodents [24] and humans [25]
with defective counterregulation. Stable isotope labelling with
amino acids in cell culture (SILAC) mass spectroscopy iden-
tified a potential role for exercise-induced brain-derived
neurotrophic factor (BDNF) in restoring hypothalamic
glutaminergic transmission.

In summary, recurrent hypoglycaemia may directly or indi-
rectly lead to a series of adaptations in specialised glucose-
sensing cells throughout the body, the net effect of which is to
reduce the responsiveness of these cells to subsequent
hypoglycaemia (a ‘left-shift’ in the counterregulatory
response to subsequent hypoglycaemia; Fig. 2). Although this
is considered an adaptive response, likely to be a mechanism

to ensure the cells remain resilient to future periods of energy
deprivation, this proves ‘maladaptive’ in diabetes, largely
because of the inability to switch off exogenous insulin that
is being released continuously from a subcutaneous depot, but
also because of a hypoglycaemia-specific defect in alpha cell-
derived glucagon release that is present in all people with type
1 diabetes after a few years of diagnosis and in some people
with long-duration type 2 diabetes [9]. As a consequence,
recurrent hypoglycaemia in diabetes leads both to impaired
awareness of hypoglycaemia and a greatly increased risk of
severe hypoglycaemia.

Recurrent hypoglycaemia
and the ‘pathobiology of diabetes
complications’

The first part of this review described how recurrent
hypoglycaemia induces a series of cellular adaptations in
key glucose-sensing neurons that ultimately leads to their
reduced responsiveness to low glucose levels. This effect is
not specific to glucose-sensing neurons because the impact of
recurrent hypoglycaemia is seen on cognitive functions and
emotion, indicating cells in other brain regions are also affect-
ed [2]. This raises the question as to what the long-term effects
of recurrent hypoglycaemia may be with regards to other
aspects of brain function. Interestingly, while for many people
with type 1 and 2 diabetes strict avoidance of hypoglycaemia
can restore hypoglycaemia awareness [2], there remains a
cohort of individuals who have complete and irreversible loss
of awareness, which suggests sustained tissue damage.

Epidemiological research on the long-term impact of
hypoglycaemia on the brain is limited, largely because most
studies are only able to examine the association between
severe hypoglycaemia and cognitive performance or brain
structure. Moreover, most cases of severe hypoglycaemia do
not result in hospitalisation or even ambulance call-out and,
so, are under-recorded in healthcare databases, and the vast
majority of hypoglycaemic episodes are not severe in nature.
That being said, the various meta-analyses examining the
impact of severe hypoglycaemia on brain structure and func-
tion indicate a small negative effect on a number of different
cognitive domains, especially with early-onset type 1 diabetes
[26, 27]. There is also evidence of structural changes in the
brain in adults with type 1 diabetes who have impaired aware-
ness of hypoglycaemia [28].

The brain is considered especially vulnerable to
hypoglycaemia. This is due to its high metabolic demand,
reliance on glucose as a primary fuel and minimal fuel stores.
Rodent studies have demonstrated that severe hypoglycaemia
results in significant brain damage through a number of mech-
anisms, including activation of neuronal glutamate receptors,
production of reactive oxygen species (ROS), neuronal zinc
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Fig. 1 Potential mechanisms of cerebral adaptation to recurrent
hypoglycaemia. This figure highlights some of the major mechanisms
that have been shown to contribute to the suppression of
counterregulatory responses that follows recurrent hypoglycaemia. In
particular, research has highlighted potential roles for: (1) increased
glucose transport; (2) increased use of alternate fuels; (3) gliotransmitters,
such as cytokines; (4) increased phosphorylation and metabolism of

glucose; (5) external neuronal modulators; (6) alterations in neurotrans-
mitter release; and (7) peripheral signalling molecules, such as glucocor-
ticoids. βAdR, β-adrenergic receptor; EphA5, ephrin receptor A5; GK,
glucokinase; NorEpi, noradrenaline (norepinephrine); SGLT, sodium–
glucose cotransporters; TRP, transient receptor potential channels. This
figure is available as part of a downloadable slideset
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Fig. 2 Shifting thresholds for hypoglycaemia detection. In this hypothet-
ical model, in people without diabetes (represented by the black line), a
progressive fall in blood glucose leads to gradual suppression of glucose-
excited neuronal activity and an associated increase in glucose-inhibited
neuronal activity, up to a maximum response. Recurrent (or chronic)

hypoglycaemia leads to a left shift of this response curve (red line), while
chronic hyperglycaemia leads to a right shift (blue line), both altering the
threshold for initiating a counterregulatory hormone response to subse-
quent hypoglycaemia. Figure adapted from [2]. This figure is available as
part of a downloadable slideset
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release, activation of poly(ADP-ribose) polymerase–1, and
mitochondrial permeability transition, with oxidative DNA
damage thought to be the critical endpoint of hypoglycaemic
stress (e.g., [29–31]). However, the degree of hypoglycaemia
induced in these studies is extreme (usually <1.0 mmol/l
glucose and sufficient to produce an isoelectric EEG) and,
fortunately, this is seen rarely in humans with diabetes, albeit
with an equally poor outcome.

A number of recent studies have examined the impact of
recurrent moderate (2.5–3.5 mmol/l blood glucose)
hypoglycaemia over a period of 2–4 weeks in rodent models
of type 1 diabetes [32–34]. Recurrent hypoglycaemia was
shown to exacerbate impairments in memory function that
resulted from chronic hyperglycaemia [32, 34]. All three of
these studies reported similar findings on examination of
hippocampal tissue; recurrent hypoglycaemia in diabetic, but
not non-diabetic, rodents resulted in disruptions of mitochon-
drial structure, dynamics and membrane potential, as well as
alterations in mitochondrial energy metabolism. Evidence of
increased oxidative stress and oxidative damage was also
present, as well as increased ROS production, reduced antiox-
idant activity and increased inflammation [32–34]. There was
also evidence of changes in synaptic morphology and reduced
synaptic marker proteins [32–34]. Interestingly, recurrent
moderate hypoglycaemia in non-diabetic rodents does not
result in cognitive impairment or hippocampal damage [34]
and, in a long-term study, it actually enhanced cognitive
performance [35]. This implies that recurrent moderate
hypoglycaemia is associated with oxidative damage only in
the context of diabetes.

Chronic hyperglycaemia is well recognised as having
profound effects on many cell types. As described by
Michael Brownlee in his 2004 Banting Lecture, the
‘Pathobiology of diabetes complications: a unifying mecha-
nism’, hyperglycaemia leads to an overproduction of mito-
chondrial superoxide, resulting in protein kinase c (PKC) acti-
vation, increased advanced glycation end-products (AGE),
increased hexosamine pathway activity and increased flux
through the polyol pathway, leading to cellular damage and
inflammation [36]. This chronic stimulation impairs cellular
antioxidant responses; people with diabetes have reduced
erythrocyte super oxide dismutase (SOD) [37, 38] and
reduced total free-radical trapping capacity [39]. Chronic
hyperglycaemia, therefore, induces chronic oxidative stress/
inflammation and depletes host antioxidant defence mecha-
nisms. Moreover, hypoglycaemia is both a proinflammatory
stimulus and induces oxidative stress [40]. Therefore, the abil-
ity of cells to cope with hypoglycaemia-induced oxidative
stress may be impaired in diabetes. Consistent with this,
severe hypoglycaemia in chronically hyperglycaemic rodents
induces more neuronal damage than in non-diabetic rodents
[30], and diabetes acts synergistically with recurrent
hypoglycaemia to impair mitochondrial function and induce

oxidative damage in rodents [32–34]. Furthermore,
hypoglycaemia-induced oxidative stress and neuronal death
have been shown to occur primarily in the recovery period,
during glucose reperfusion, and superoxide production and
neuronal death increased with increasing glucose concentra-
tions during the reperfusion period [41]. Based on these find-
ings (summarised in Fig. 3) it is possible to speculate that the
consequences of hypoglycaemia in vulnerable brain regions,
such as the hippocampus are dependent not only on the extent
of hypoglycaemia, but also the quality of prior glycaemic
control and the extent of rebound hyperglycaemia on recovery
from the hypoglycaemic episode.

Summary

The value of insulin in the management of diabetes and the
evidence in support of intensive insulin therapy targeting near-
normalisation of glycaemic control to minimise the micro- and
macrovascular complications of diabetes is overwhelming.
However, hypoglycaemia remains a relatively common adverse
effect of insulin therapy that has consequences for the individual
and their carers. Asides from the immediate cognitive and
emotional impacts of acute hypoglycaemia, impaired
hypoglycaemia awareness is a consequence of repeated expo-
sure to hypoglycaemia that carries a high risk for severe
hypoglycaemia. Epidemiological and pre-clinical research also
indicates that recurrent hypoglycaemia may exacerbate chronic
hyperglycaemia-induced increases in oxidative stress and
inflammation, leading, in particular, to damage in vulnerable
brain regions and accelerated cognitive decline.

There remain many unanswered questions that hopefully
future research will be able to shed light on. For instance, do
the effects of recurrent hypoglycaemia on specialised glucose-
sensing neurons occur through a single signalling defect or
multiple pathways given the complexity of the hypoglycaemic
response? Moreover, is there actually a ‘defect’ in sensing or
are glucose-sensing neurons just less responsive to low
glucose? If the latter, do the major changes specifically occur
in the specialised neuron or in the periphery (e.g., adrenal
gland)? It is also uncertain whether these effects are reversible
in all people through strict hypoglycaemic avoidance or
whether, in some, these may prove irreversible as a conse-
quence of long-term damage to critical components of this
homeostatic defence mechanism.

When we consider other consequences of recurrent
hypoglycaemia on the brain, we also need clarity on the actual
level of hypoglycaemia that is clinically significant, which
may or may not be 3.0 mmol/l as recently proposed by the
International Hypoglycaemia Study Group [42]. It is also
possible that recurrent hypoglycaemia has consequences in
other metabolically active tissues, such as the heart and
kidney, whereby the interaction between prior glycaemic
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control, hypoglycaemia and the degree of rebound
hyperglycaemia may explain why increased glycaemic vari-
ability is considered a risk factor for complications in multiple
organ systems [43].
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Abstract
Insulin therapy has been a life saver for people with type 1 diabetes and has been an essential tool in the therapy of people with
type 2 diabetes, but the risk for hypoglycaemia has been a major hurdle to achieving good glycaemic control for most. Insulin
analogues, the availability of novel technologies for the administration of insulin, like insulin pumps, and, in particular, tools to
measure glucose levels, evolving from capillary measurements to continuous glucose monitoring, have revolutionised the way in
which people living with diabetes use insulin. Novel insulin concepts, like once-weekly or oral insulin administration, will have
to demonstrate safety on the side of hypoglycaemia before they will be able to move into the clinic.
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Abbreviations
CGM Continuous glucose monitoring
CSII Continuous subcutaneous insulin infusion
GLP-1 Glucagon-like peptide-1
rtCGM Real-time CGM
SGLT2 Sodium−glucose cotransporter 2
TIR Time in range

Introduction

Since its first clinical application in 1921, insulin has
become a widely prescribed glucose-lowering agent in
people with diabetes. The purpose of using insulin is
quite different depending on the situation: in people
with type 1 diabetes or those who have lost pancreatic
beta cells due to other causes, insulin is a life-saving
therapy, where the goal is to mimic the physiological
profile of insulin secretion of the original beta cells.
Typically, beta cells would provide a variable basal
insulin secretion, with the goal of keeping the body in
an anabolic state. Intricate glucose sensing in the beta
cells and neural mechanisms continuously feed back to
the beta cell, thus allowing adaptation of basal insulin

secretion to the body’s needs. Thus, in periods of low
glucose supply or increased peripheral glucose use,
insulin secretion would shut down, eventually being
accompanied by increased counter-regulatory hormone
(e.g. glucagon) secretion to prevent blood glucose levels
from falling and to avoid hypoglycaemia. In addition,
feedback signals from the brain and gut, together with
rising blood glucose levels, would stimulate insulin
secretion at mealtimes, leading to disposal of glucose
in the liver, muscle and adipose tissue [1].

In type 2 diabetes, insulin therapy can also be given to
replace failing insulin secretion by the beta cell, but often it
is given as a supplement in severely insulin-resistant individ-
uals where non-insulin therapies do not suffice to achieve tight
glycaemic control [2].

The needs of the insulin formulations used in these
different situations will, thus, differ. However, a major
challenge common to all people using insulin is the fact
that, to date, insulin is administered peripherally, whereas
endogenous insulin is secreted directly in the portal system,
ideally for targeting the liver, the primary target organ of
insulin action. In most patients, this leads to over-
insulinisation of peripheral organs (muscle and adipose
tissue) while trying to achieve the desired hepatic insulin
effect. Typically, this leads to undesired weight gain, both
in people with type 1 diabetes and type 2 diabetes. The
biggest challenge of present-day insulin formulations is,
however, the risk of hypoglycaemia due to lack of feed-
back of ambient glucose levels for the amount of insulin
released from the site of injection into the blood.

* Chantal Mathieu
chantal.mathieu@uzleuven.be

1 Department of Endocrinology, UZ Gasthuisberg, KU Leuven,
Leuven, Belgium

Diabetologia
https://doi.org/10.1007/s00125-020-05354-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-020-05354-7&domain=pdf
http://orcid.org/0000-0002-4055-5233
mailto:chantal.mathieu@uzleuven.be


Hypoglycaemia: what it means

Defining hypoglycaemia proved to be a challenge, with
learned societies issuing different descriptions, some
using absolute glucose values, others symptoms to
def ine levels of hypoglycaemia . In 2017, the
International Hypoglycaemia Study Group proposed a
workable definition, with three different levels of
hypoglycaemia [3]. Levels 1 and 2 are linked to specific
blood glucose cut offs, whereas level 3, severe
hypoglycaemia, is defined just by clinical presentation
and not linked to a blood glucose level. Level 1
(<3.9 mmol/l glucose) is to be considered an alert value
for patients and clinicians and can prompt action, even-
tually including alterations in insulin dose or type. In
contrast to level 1, where symptoms may not be pres-
ent, level 2 (<3 mmol/l glucose) denotes impaired
cognitive function and is considered serious, requiring
immediate action to resolve the hypoglycaemic event.
Level 3, or severe hypoglycaemia, is a severe event
characterised by altered mental and/or physical function-
ing, coma or seizure that requires assistance from anoth-
er person for recovery. These cut offs and definitions
have been incorporated since their publication in clinical
guidance documents worldwide. They have been used
for defining the time(s) below range(s) in the metrics
for continuous glucose monitoring (CGM) and have
appeared, for instance, in the ADA standards of care
since 2019 [4].

A major clinical problem is the phenomenon of
‘hypoglycaemia unawareness’, whereby the person
experiencing the hypoglycaemic attack does not feel
that hypoglycaemia is happening. This brings the person
treated with insulin into a dangerous situation, in partic-
ular into level 2, where cognitive function is impaired
and impacts, for instance, driving skills or other intel-
lectual capacities, without the person being aware of the
limitations, thus endangering the patient and even
othe rs . The f requency of these asymptomat ic
hypoglycaemic periods has been revealed by the use
of CGM [5].

The impact of hypoglycaemia on the life of people
living with diabetes is not to be underestimated. In both
type 1 and type 2 diabetes, severe hypoglycaemia is
linked to increased risk of mortality and morbidity [6]
and is associated with an increased societal cost due to
hospital and emergency room (ER) admissions, but also
due to work absenteeism [7]. However, minor
hypoglycaemia and, in particular, hypoglycaemia
unawareness also has an impact on quality of life of
people with diabetes [8], leads to fear of hypoglycaemia
and contributes to insufficient glucose control by defen-
sive down-titration of insulin doses [9, 10].

Striking the right balance between tight
glycaemic control and hypoglycaemia
prevention

During the past decades, insulin preparations have evolved
from purified animal insulins to human insulins (produced
by genetically modified organisms) and then insulin
analogues, with each approach being better than the last with
regard to the desired physiological profile of insulin secretion
by the beta cell. However, the ideal insulin preparation that
caters for all remains elusive [11].

Therefore, people treated with insulin have had to learn to
live with the limitations of the resulting insulin profiles, which
do not completely fit mealtime glucose curves or fail to cover
basal insulin needs in a stable way. Thus, education and moti-
vation through patient empowerment have been central to
diabetes care for those on insulin. The advent of novel insulin
analogues or new formulations of existing ones, with profiles
better suited for the clinical demands, as well as novel tech-
nologies for insulin delivery, have improved the lives of those
treated with insulin. In particular, the use of insulin analogues
has allowed better personalisation of insulin therapy and more
flexibility in lifestyle for many living with diabetes. Still, the
ideal insulin replacement strategy has not been realised yet,
and searches for adjunct therapies, added on to insulin, to limit
side effects of our present insulin administration regimens, are
being tested.

Education and motivation

Central to avoidance of insulin-induced hypoglycaemia in
day-to-day life is education and motivation in those using
insulin. Education for those using mealtime insulins should
cover, for instance, a clear representation of the profile of
the insulin, so that the person using the insulin can understand
the need for proper timing of injection and the need to wait in
between successive injections. Basal or premix insulin users
should understand the duration of action of their insulin and
learn how to adapt the dose to changing insulin needs, for
example, when exercising. Also, emphasis on the need to
collect information on glucose profiles is essential in people
using insulin, and use of capillary blood glucose measure-
ments or CGM is crucial, but it is only of value when it is
linked to education on what to do with the collected glucose
values. Intensive education on how to adapt mealtime insulin
doses to glucose values, meal content, exercise or to changing
day-to-day life should be available to all people using meal-
time insulin. Also, practical tips and tricks are essential, like
frequent injection needle change, avoidance of lipodystrophy
and correct preservation of insulin preparations. These educa-
tional interventions are essential both in people with type 2
and type 1 diabetes, from young to old age [12, 13].
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In people using insulin pumps (continuous subcutaneous
insulin infusion [CSII]), specific attention should be given to
the use of different bolus and basal profiles to allow adaptation
of the insulin profile to the content or style of the meal (e.g.,
rich in protein and fat vs pure refined carbohydrates) or to the
planned exercise (e.g., temporary basal rates) [14].

Even as progress in systems for automated insulin delivery
through a combination of CSII with CGM reduce the burden
of these insulin dose calculations, education, as well as moti-
vation and support of the person needing treatment of insulin
by a member of the medical team, will remain important.

Successful examples of educational programmes are the
US blood glucose awareness training (BGAT) and the UK-
originated Dose Adjustment for Normal Eating-
Hypoglycaemia Awareness Restoration Training
(DAFNE-HART) programme. These have demonstrated
that hypoglycaemia rates in the real world can be
reduced, even in those in whom hypoglycaemia aware-
ness is impaired [15, 16].

Mastering the match between insulin profiles and insulin
needs requires an enormous effort from the person treated
with insulin and a complex set of skills for guessing the chang-
es in insulin needs as a consequence of food intake, exercise,
stress and many other factors, which has been mastered by
few. Any minor error, such as failing to anticipate physical
activity or miscounting carbohydrate intake, can lead to
hypoglycaemic episodes, which are distressing to the person
involved and, occasionally, dangerous. The margin for error is
small, particularly if those affected are aiming for tight
glucose targets and/or are affected by hypoglycaemia
unawareness.

Insulin analogues

The purpose of manufacturing insulin analogues was to create
insulin formulations that would better mimic the insulin
profiles of the beta cell in normal physiology while adminis-
tering the insulin preparations subcutaneously. The primary
clinical aim of analogues was, thus, the avoidance of
hyperglycaemia and to allow more people to achieve lower
HbA1c levels. However, the major benefit of the introduction
of insulin analogues actually lies in the reduction of
hypoglycaemic events and greater flexibility in lifestyle for
people treated with insulin [11].

Sadly, these insulin analogues come at a higher price than
human insulins and are not affordable to all. Biosimilar insulin
analogues have been manufactured, somewhat reducing the
price. For each individual patient, the advantages (more stable
glycaemic profiles, lower risk of hypoglycaemia, more flexi-
bility, often higher quality of life) will have to be weighed
against the higher cost of these analogues. Clinicians should
discuss value in terms of benefits with their patients, rather
than pure cost of therapy.

Rapid-acting insulin analogues With the advent of lispro,
aspart and glulisin insulin, a revolution happened in the life
of people with type 1 diabetes [17]. Until then, clinicians
urged them to take in-between meal snacks and, in particular,
bedtime snacks to avoid late hypoglycaemic attacks, which
occurred due to the action of subcutaneously administered
human regular (conventional) insulin being too long (more
than 4 h). When using the more rapid- and shorter acting
analogues, these snacks became redundant. The biggest bene-
fit of using rapid- and shorter acting insulin analogues both in
trials and in the real world was the reduction in night-time
hypoglycaemia. The problem, however, with the present-day
rapid-acting insulin analogues is that clinicians and patients
have overestimated their rapidity of onset and underestimated
their variability and duration of action. Many people are, thus,
injecting just before meals, or even after meals, leading to
inadequate postprandial glucose control, with mealtime
glucose peaks and post-meal hypoglycaemic attacks. In addi-
tion, use of CGM, with which people are now continuously
seeing glucose swings, has led to the phenomenon of repeti-
tive administration of rapid-acting insulin, particularly in
pump users, with accumulation of insulin again ensuing in
increased hypoglycaemia risk. Education to provide insight
into the profile of the insulin used by the patient and guidance
on how to use the particular insulin preparation are as impor-
tant as the profile of the preparation itself.

Still, newer and ‘better’ preparations of insulin analogues
are being proposed, resulting in insulins with an even faster
onset and shorter duration of action, like the faster acting
insulin aspart and the ultra-rapid-acting insulin lispro [18,
19]. These insulin preparations now provide a profile of meal-
time insulin that has an onset of action just 5 min after the
subcutaneous injection, peaking at 90 min and completely
disappearing after 5 h [18, 19]. The impact of these even faster
and shorter acting insulins on hypoglycaemia is limited and
will depend on how they are used by the patient. In those using
CSII, in particular (hybrid) closed-loop systems, these
analogues may help tomore closely mimic physiological insu-
lin secretion of the beta cell, with more time in target blood
glucose range and less time in hypoglycaemia [20, 21].
However, this will most probably depend on the performance
of the algorithm in the system more than on the type of
analogue used.

Basal insulin analogues Themost dramatic impact of the intro-
duction of basal insulin analogues for people with diabetes
using insulin was the decrease in nocturnal hypoglycaemia
as compared with when using human NPH insulin. This
decrease was seen both in people with type 1 and type 2
diabetes and was attributed to the flatter insulin profile in the
blood, resulting from more regular release of insulin from the
depot injection site due to innovative prolongation techniques
(e.g., shifting of isoelectric point and, thus, solubility at
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different pH values for glargine, and di-heximerisation and
albumin binding due to the presence of a free fatty acid link
in detemir). However, perhaps even more important than the
flatter insulin profile was the decrease in variability of release
[9]. Pharmacokinetic studies showed a clear relationship
between decreased variability in insulin release, more reliable
insulin profiles and risk of hypoglycaemia, with an advantage
of glargine over NPH insulin and, in turn, an advantage of
detemir over glargine [22]. In particular, nocturnal
hypoglycaemia risk is decreased with basal insulin analogues,
with randomised trials reporting a 30% reduction in nocturnal
hypoglycaemia in individuals with type 1 diabetes using
glargine or detemir compared with NPH users [23, 24]. In
people with type 2 diabetes using basal insulin only (a popular
way to initiate insulin therapy in this population), considering
the fact that mainly nocturnal hepatic glucose output is
targeted, the reductions in hypoglycaemia risk with these ther-
apies also stand on the forefront, with the historic Treat-to-
Target Trial also reporting 30% reductions in (nocturnal)
hypoglycaemia in individuals with type 2 diabetes taking
basal insulin analogues vs those on NPH insulin [25]. Real-
world studies confirmed these observations, showing that the
less variable the insulin profile, the lesser hypoglycaemia risk,
with the lower nocturnal hypoglycaemia risk particularly
contributing to the rise in status of the basal insulin analogues
to the preferred basal insulins [26, 27].

The latest generation of basal insulins, the more concen-
trated form of glargine (glargine U300) and insulin degludec,
with even flatter, less variable and longer duration profiles,
have again moved the needle forward with regard to nocturnal
hypoglycaemia risk, with further reductions of 30% risk as
compared with the first generation analogues being observed
in head-to-head studies, and similar observations being report-
ed in real-world studies [28, 29, 30, 31]. Another advantage of
these very-long-acting insulin analogues, in particular insulin
degludec, is the increased flexibility in the time of injection,
again contributing to improved quality of life [32].

Novel technologies for glucose monitoring and
insulin administration

The availability of capillary blood glucose measurement tech-
niques was the prerequisite for use of intensive insulin thera-
py, but it has been the arrival of CGM, under the form of
intermittent scanning CGM (isCGM) or real-time CGM
(rtCGM), that has revealed the real impact of insulin therapy
on glucose profiles in day-to-day life. As demonstrated in a
real-world study in Belgium, the biggest impact of the intro-
duction of rtCGM in the country was the reduction in
hypoglycaemic events, accompanied by a reduction in hospi-
tal admissions and absence from work or school in people
with type 1 diabetes using rtCGM vs those not using this
system [33]. A worry with the novel technologies, however,

is the false reporting of low blood glucose levels due to under-
estimation of glucose levels in the lower range, leading to
down-titration of insulin doses or defensive snacking. The
‘flat lines’ reported by sensors during the night are also noto-
rious; these are induced, in part, by sleeping on the arm where
the sensor is applied, leading to hypoxia at the sensor site and,
thus, false reporting of hypoglycaemia. Again, education and
instruction of patients using these technologies is of the
essence. Still, despite these shortcomings, the availability of
CGM systems, in particular the availability of alarm-equipped
technologies, have altered the way clinicians and insulin-
treated patients are titrating insulin. Presence of alarms and
long-distance monitoring systems have, in most patients,
installed a confidence to bring glucose levels down and up-
titrate insulin, as the systems reduce the fear of hypoglycaemia
in the majority of users [33]. Moreover, use of CGM allows
prevention of severe hypoglycaemic attacks in people with
type 1 diabetes, even in those with hypoglycaemia unaware-
ness [34]. In addition, these technologies have highlighted to
patients the shortcomings of even the modern insulins when it
comes to covering glucose excursions during meals, and have
motivated many patients to adapt the time of injection at meal-
times to deal with postprandial hyperglycaemia and late
hypoglycaemia risk.

The closed-loop systems, now available in their early
stages as sensor-augmented pumps or hybrid closed-loop
systems, will be yet another step towards better adaptation
of insulin levels to the individual patient’s demands. Clinical
trials and, in particular, real-world experience again show an
important impact of these systems on the risk of
hypoglycaemia, without compromising overall glucose
control [35].

Alternative routes of insulin administration have been test-
ed and, in particular, inhaled insulin was brought to market.
However, issues of cost, uncertainty of long-term safety and
hassle of use have led tomost development programmes being
stopped. One inhaled preparation (Technosphere insulin)
remains available in some areas, with an interestingly rapid
onset of action [36].

Reducing insulin needs

An alternative path that has been taken in type 1 diabetes, as
well as in type 2 diabetes, is trying to reduce insulin needs or
replace insulin altogether. In type 2 diabetes, the availability
of other glucose-lowering agents, some of which have proven
to go beyond glucose lowering and also have a direct impact
on comorbidities, like cardiovascular disease (particularly
heart failure) and chronic kidney disease, has changed the
place of insulin in treatment algorithms. As such, insulin has
been pushed back in priority, with drug classes like glucagon-
like peptide-1 (GLP-1) receptor agonists and sodium−glucose
cotransporter 2 (SGLT2) inhibitors moving to the front. Still,
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the most recent ADA/EASD consensus highlights the impor-
tance of introducing insulin early on in the therapy of people
with type 2 diabetes in specific circumstances, such as when in
doubt on the diagnosis of type 2 diabetes, when symptoms of
hyperglycaemia or catabolism are present or in pregnancy
[37]. For the treatment of people with type 2 diabetes, combi-
nation preparations of insulin and GLP-1 receptor agonists are
now available, allowing combination of these newer agents
and insulin, resulting in improved glycaemic control, reduced
weight gain and reduced hypoglycaemia risk compared with
the use of basal insulin alone [38].

In type 1 diabetes, insulin is the mainstay of therapy, but
adjunct therapies have been tested. The purpose of these
adjunct therapies is not to replace insulin but to achieve equal
or better overall glycaemic control (reduced HbA1c), with
more stable glucose curves (higher time in range [TIR]), less
weight gain or less risk of hypoglycaemia. In particular,
pramlintide, metformin and SGLT2 inhibitors have
progressed to acceptance as adjunct therapies for type 1 diabe-
tes by regulators or found their way into guidelines [39]. In
particular, SGLT2 inhibitors have shown a clear effect on
HbA1c lowering and increased TIR (3.9–10.0 mmol/l [70–
180 mg/dl]), while being insulin-dose sparing and resulting
in reduced weight and systolic blood pressure in individuals
with type 1 diabetes. The European Medicines Agency has
approved use of dapagliflozin at low dose (5 mg) in people
with type 1 diabetes and a BMI ≥27 kg/m2 [40].

A major limitation with adjunct therapies is the increased
risk of inducing ketosis through their insulin-sparing effect,
reaching insulin doses that are insufficient to suppress periph-
eral lipolysis. This phenomenon, combined with the increase
in ketosis directly induced by SGLT2 inhibitors, has
hampered widespread use of SGLT2 inhibitors in people with
type 1 diabetes, as these agents increase the risk for overt
diabetic ketoacidosis by two- to fourfold [41].

Finally, GLP-1 receptor agonists have also been studied
and are being used in clinic as adjunct therapies, primarily to
induce weight loss. Studies show clear benefits, particularly in
overweight type 1 diabetes patients but, to date, no label for
use of these agents in type 1 diabetes is available [42].

The future for insulin and hypoglycaemia

One hundred years after the first clinical application of insulin,
insulin is still very much alive as a therapy for people with
diabetes. No substitution therapy is available and it does not
seem that one will be available in the near future. Still, major
innovations are to be expected in the manufacturing of insu-
lins in the following years. In the short term, ultra-long-acting,
once-weekly insulins will be available [43]. Most patients
applaud this evolution, while most clinicians are sceptical, in
particular because of fear of hypoglycaemia. It is hard to

envision how a once-weekly administration of a basal insulin
would be compatible with the demands of more flexibility of
basal insulin delivery in type 1 diabetes, where CSII has clear-
ly been proven to be the answer to avoiding hypoglycaemia,
for example, when exercising. There may be a sweet spot in
people with type 2 diabetes where this weekly basal insulin
could be exploited as a ‘supplement’ to other glucose-
lowering therapies. Still, robust clinical trials will be needed
to convince clinicians to use this tool in the real world.

However, when an ultra-long-acting insulin could be
combined with another pipeline concept, namely glucose-
sensing technology, we could be facing a completely new
paradigm. For several years, a number of industry players
have already begun exploring the potential to apply one or
other ‘glucose-sensing’ tool to insulin, making delivery or
action of the injected insulin dependent on ambient glucose
levels, thus eliminating the risk of hypoglycaemia, as insulin
would only be delivered or active when glucose levels rise.
The road to this concept has, however, been one with many
disappointments to date [44].

Another development in insulin discovery is oral insulin.
Here, again, several early reports were encouraging but there
was subsequent silence and arrest of programmes. However,
no particular benefit on reduction of hypoglycaemia risk is to
be expected with this route of administration. In fact, experts
even predict an increased risk of hypoglycaemia as the absorp-
tion of orally administered insulin in the presence of food
could be more fluctuating than that achieved upon subcutane-
ous administration [44].

There have been attempts to produce liver-preferred insu-
lins, which would preferentially target the liver, thus, not only
reducing weight gain, but also reducing hypoglycaemia risk.
One product, peglispro, was terminated during a late phase.
This product had clear liver-preferred action, with less weight
gain and a trend to reduced hypoglycaemia risk, in particular
nocturnal hypoglycaemia, as compared with glargine U100.
However, the development of this programme was halted due
to liver enzyme rises, suggesting direct liver damage [45]. At
present, several liver-preferred insulins are still in
development.

In addition, combination insulins are currently being
further developed. On top of the combinations at hand, such
as combining a rapid-acting with a long-acting insulin, or a
basal insulin with a GLP-1 receptor agonist for once-daily
injection, novel formulations, such as once-weekly basal insu-
lin formulations with once-weekly GLP-1 receptor agonists,
are being considered. These could help mitigate the theoretical
increased hypoglycaemia risk of using a once-weekly basal
insulin in people with type 2 diabetes.

Finally, the future may lie in technology, with the develop-
ment of connected pens that will reflect time of injection of
insulin and link it to CGM reports, allowing both patients and
medical teams to track insulin injections and learn from their
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effect on glucose excursions. This may help prevent
hypoglycaemic events, as suggested by study findings [35].
The biggest hopes, in particular for people living with type 1
diabetes, are placed on the realisation of closed-loop systems.
As discussed, present-day smart pumps and hybrid closed-
loop systems allow people to more frequently achieve TIR
(3.9–10.0 mmol/l [70–180 mg/dl]) and have less time in
hypoglycaemia, but they require a lot of work and input by
the patients themselves and intensive guidance by the diabetes
team. The advent of real full closed-loop systems, with algo-
rithms that can cope with mealtimes and adapt to changing
demands for insulin during the life of people livingwith diabe-
tes, taking into account exercise, emotions, stress, etc., may be
the final step to full avoidance of hypoglycaemic risk despite
insulin therapy. Again, the discussion of cost and value of
such systems will need to involve the person being treated
with insulin.

Conclusions

One hundred years after its first clinical application, insulin
therapy has come a long way, with novel insulin analogues,
adjunct therapies and novel technologies for insulin adminis-
tration and glucose monitoring all contributing to better
glycaemic control. This better glycaemic control not only
means avoidance of hyperglycaemia and, thus, in the long
run, complications of diabetes, but also avoidance of
hypoglycaemia, with its dramatic impact on healthcare
budgets and the daily life of people living with diabetes.
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Abstract
Chronic metabolic diseases, including diabetes and obesity, have become a major global health threat of the twenty-first century.
Maintaining glucose homeostasis is essential for survival in mammals. Complex and highly coordinated interactions between
glucose-sensing mechanisms and multiple effector systems are essential for controlling glucose levels in the blood. The central
nervous system (CNS) plays a crucial role in regulating glucose homeostasis. Growing evidence indicates that disruption of
glucose sensing in selective CNS areas, such as the hypothalamus, is closely interlinked with the pathogenesis of obesity and type
2 diabetes mellitus. However, the underlying intracellular mechanisms of glucose sensing in the hypothalamus remain elusive.
Here, we review the current literature on hypothalamic glucose-sensing mechanisms and discuss the impact of alterations of these
mechanisms on the pathogenesis of diabetes.
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Abbreviations
AgRP Agouti-related protein
AMPK AMP-activated protein kinase
ARC Arcuate nucleus
CNS Central nervous system
CRR Counterregulatory response
CX Connexin
DRP1 Dynamin-related protein 1
GK Glucokinase
HFD High-fat diet
ICV Intracerebroventricular
KATP ATP-sensitive potassium (channel)
LDH Lactate dehydrogenase
MBH Mediobasal hypothalamus
α-MSH α-Melanocyte stimulating hormone
NPY Neuropeptide Y
POMC Pro-opiomelanocortin

PVN Paraventricular nucleus
TRPC3 Transient receptor potential canonical type 3
UCP2 Uncoupling protein 2
VMH Ventromedial hypothalamic nucleus

Introduction

The escalating global epidemic of obesity and metabolic
disorders, such as type 2 diabetes mellitus, represents one of
the most pressing and costly biomedical challenges facing
modern society. Obesity-associated type 2 diabetes is
characterised by impaired glucose homeostasis [1].
However, much about the pathogenesis of these metabolic
disorders remains unclear. The maintenance of glucose
homeostasis is essential for sustaining life in mammals.
Although essential, glucose is minimally stored in the body
and its circulating levels are maintained within a tight range,
accomplished by the complex and highly coordinated inter-
play between glucose-sensing mechanisms and multiple
effector systems in the body [2]. The central nervous system
(CNS) plays a critical role in continuously monitoring circu-
lating glucose levels and appropriately communicating to
peripheral organs in order to maintain glucose levels within
a tight range.

Notably, CNS glucose levels are significantly lower than
those in the circulation. It has been estimated that brain
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glucose levels range between 1 mmol/l and 2.5 mmol/l, and
that they may go down to 0.5 mmol/l in hypoglycaemia,
while, in hyperglycaemia, they may reach a concentration of
5 mmol/l [3]. In the CNS, the hypothalamus is the main area
involved in glucose regulation. It is comprised of several
nuclei that contain distinct neuronal populations, which
express a variety of neuropeptides and neurotransmitters that
are involved in the regulation of energy homeostasis. The
ability of the hypothalamus to control glucose and energy
metabolism is due to the ability of its neuronal populations
to sense, integrate and respond to a variety of metabolic
changes [4], including changes in glucose levels. In this
review, we summarise the current evidence on hypothalamic
sensing mechanisms and their role in the development of type
2 diabetes and hypoglycaemia unawareness in type 1 diabetic
patients.

Hypothalamic neuronal glucose-sensing
mechanisms

The hypothalamus plays a critical role in regulating blood
glucose levels due to its ability to sense, integrate and respond
to changes in circulating signals. This complex and highly
coordinated function of the hypothalamus with the periphery
is accomplished through its control of the autonomic nervous
system (ANS) and the endocrine system. Two types of
glucose-sensing neurons are present in the hypothalamus:
glucose-excited and glucose-inhibited neurons. Glucose-
excited neurons are activated by increased glucose levels,
whereas hypoglycaemic conditions cause activation of
glucose-inhibited neurons [5]. Several hypothalamic nuclei
have been identified and studied for their roles in glucose
metabolism, including the arcuate (ARC) and the ventrome-
dial hypothalamic (VMH) nuclei [6]. How neurons in these
nuclei sense changes in glucose levels has been the object of
studies in rodents and humans.

Although we are focusing on neuronal glucose-sensing
mechanisms in these two hypothalamic nuclei, it is important
to consider that glucose-excited and glucose-inhibited neurons
are also present in other hypothalamic areas, such as the lateral
hypothalamus, and in extrahypothalamic areas, such as the
brain stem, including the nucleus of the solitary tract (nucleus
tractus solitarius [NTS]) and the dorsal motor nucleus of the
vagus (DMX).

ARC neurons

The ARC plays a fundamental role in sensing whole-body
energy status. The ARC contains two main neuronal popula-
tions, each characterised by the expression of specific neuro-
peptides: neuropeptide Y (NPY)/Agouti-related protein

(AgRP) neurons and pro-opiomelanocortin (POMC) neurons.
NPY/AgRP neurons and POMC neurons regulate energy and
glucose homeostasis in an opposite manner [7]. During posi-
tive energy balance and when circulating glucose levels are
elevated, POMC neurons are activated, leading to the secre-
tion ofα-melanocyte stimulating hormone (α-MSH). α-MSH
is a POMC-derived peptide, which, by binding to and activat-
ing melanocortin receptors, including those located in the
paraventricular nucleus (PVN), induces an anorexigenic effect
and regulation of peripheral glucose metabolism [8]. On the
contrary, during negative energy balance, such as food depri-
vation and reduced circulating glucose levels, NPY/AgRP
neurons are activated, AgRP is released and, by acting as a
melanocortin receptor inverse agonist, inhibits α-MSH func-
tions [9]. The ability of these two ARC neuronal populations
to alter metabolism is due to their sensitivity to several circu-
lating signals, including hormones and nutrients, such as
glucose (Fig. 1). Indeed, electrophysiological studies have
shown that glucose alters excitability of NPY/AgRP and
POMC neurons. A decrease in glucose levels in ARC
glucose-inhibited NPY/AgRP neurons leads to Ca2+ oscilla-
tions [10] and neuronal depolarisation, possibly mediated by
plasmamembrane Cl− channels [11]. In this context, the cellu-
lar energy sensor 5-AMP-activated protein kinase (AMPK)
seems to play a key role in mediating glucose sensing. This
depolarisation, in turn, promotes food intake and restoration of
blood glucose levels [12].

In addition to the impact of glucose on AgRP neurons in
regulating peripheral glucose metabolism, insulin signalling
in these neurons has also been shown to play a role in the
control of circulating glucose levels by regulating peripheral
insulin sensitivity [13]. Insulin has been reported to cause
hyperpolarisation and alteration of the frequency of action
potentials of AgRP neurons. Exposure to the ATP-sensitive
potassium (KATP) channel blocker tolbutamide has been
shown to reverse these effects [14]. Furthermore, in mice with
selective deletion of insulin receptors in AgRP neurons, insu-
lin failed to alter membrane potential and frequency of action
potentials, as well as failing to suppress hepatic glucose
production [14], thus indicating a critical role of insulin signal-
ling in AgRP neurons in the regulation of peripheral glucose
metabolism. In addition to this, acute activation of AgRP
neurons has been shown to cause peripheral insulin resistance
through impairment of insulin-stimulated glucose uptake into
brown adipose tissue (BAT) via a different neuronal circuit to
that responsible for food intake [15], thus suggesting that
AgRP neurons are able to rapidly coordinate hunger with
glucose homeostasis through different circuits (Fig. 1).

ARC glucose-excited POMC neurons have been shown to
share similar glucose-sensing mechanisms to those observed
in pancreatic beta cells (Fig. 1). GLUT2, glucokinase (GK; a
critical regulator of glycolytic ATP production) and KATP

channels have been shown to be expressed in a large
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subpopulation of POMC neurons [16]. Once transported
inside POMC neurons, glucose can be converted into pyruvate
via glycolysis and, by increasing ATP levels, it can induce the
closure of KATP channels and depolarise glucose-excited
POMC neurons [16]. In support of this, inhibition or activa-
tion of KATP channels alters POMC neuronal responses to
changes in glucose levels [17] and selective deletion of the
KATP channel Kir6.2 subunit in POMC neurons has a signif-
icant impact on glucose sensing [18]. In addition to this mech-
anism, it has been recently proposed that there is a role for
transient receptor potential canonical type 3 (TRPC3) chan-
nels in mediating the effect of increased glucose levels on
glucose-excited neurons of the mediobasal hypothalamus
(MBH) via a mechanism that depends on free radical levels
[19]. However, the identity of the neurons within the MBH
that express TRPC3 remains to be determined [19].

A mitochondrial mechanism involving the mitochondrial
uncoupling protein 2 (UCP2) was suggested in diet-induced
POMC neuron glucose insensitivity [18]. Several studies have
since demonstrated the role of mitochondria in POMC neuron

glucose sensing, albeit in a UCP2-independent manner.
Mitochondria are highly dynamic cellular organelles that
undergo morphological changes through fission and fusion
processes, defined as mitochondrial dynamics, in response to
various metabolic stimuli [20, 21]. Recent studies have
demonstrated that mitochondrial dynamics in hypothalamic
neurons are critical events in mediating neural activity in
response to changes in metabolic states. This suggests that
mitochondrial dysfunction in the hypothalamus might be
strongly associated with the development of metabolic disor-
ders, such as type 2 diabetes and obesity [22]. Increased
glucose levels are associated with mitochondrial fusion in
glucose-excited POMC neurons, while decreased glucose
levels induce mitochondrial fission [19]. In support of a pivot-
al role of mitochondrial dynamics in glucose sensing, when
the gene (Dnm1l) encoding the mitochondrial fission protein
dynamin-related protein 1 (DRP1) was selectively deleted in
adult POMC neurons, animals showed increased POMC
neuron glucose sensing and improved glucose metabolism.
Mechanistically, it was found that altered reactive oxygen

Fig. 1 Glucose-sensing mechanisms in the hypothalamic ARC. The abil-
ity of POMC and NPY/AgRP neuronal populations in ARC to alter
energy metabolism is due to their sensitivity to several circulating signals,
including hormones and nutrients (e.g. glucose and lactate).
Hypothalamic astrocytes provide neurons with structural support and
nutrients. Astrocytic insulin signalling regulates glucose sensing via
control of glucose uptake across the blood–brain barrier (BBB).
Glucose is delivered to the extracellular space and transported to glial
cells, such as astrocytes and tanycytes, through GLUTs and then
metabolised to lactate. When released, lactate is taken up by neurons
via monocarboxylate transporters (MCTs) to serve as a glycolytic
substrate and metabolised into pyruvate. Hypothalamic microglia have

been shown to affect POMC neuronal activation and synaptic input orga-
nisation in diet-induced obesity. Changes in glucose levels have been
shown to affect POMC activity via KATP channels. Mitochondrial
dynamics in hypothalamic POMC neurons has been also shown to play
a pivotal role in regulating neuronal activity in response to glucose fluc-
tuations. The activity of the ARC glucose-inhibited NPY/AgRP neurons
is regulated by AMPK activity in response to decreased glucose levels,
while insulin has been shown to induce hyperpolarisation of these
neurons. Glc, glucose; Ins, insulin; IR, insulin receptor; Lac, lactate;
PI3K, phosphoinositide 3-kinase; Pyr, pyruvate; ROS, reactive oxygen
species; 3V, third ventricle. This figure is available as part of a
downloadable slideset
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species (ROS) levels, mostly produced during mitochondrial
substrate oxidation, affect peroxisome proliferator-activated
receptor γ (PPARγ) target genes, such as the KATP channel
Kcnj11 gene, which, in turn, affects POMC neuronal respon-
siveness to changes in glucose levels [23]. On the other hand,
when the mitochondrial fusion protein mitofusin 1 was selec-
tively deleted from POMC neurons, glucose sensing was
negatively affected and defective pancreatic insulin release
was observed [21]. Similar to POMC neurons, mitochondrial
dynamics in pancreatic beta cells have very recently been
shown to play a role in glucose sensing and insulin secretion
[24]. However, unlike POMC neurons, selective deletion of
Dnm1l in beta cells impaired glucose metabolism by affecting
glucose-stimulated amplification of insulin secretion [24].

Ventromedial nucleus neurons

The VMH has been identified as a crucial brain region in
monitoring and regulating glucose homeostasis [5] (Fig. 2).
Stanley and colleagues reported that neuronal modulation of
GK-expressing hypothalamic VMH neurons alters blood
glucose levels and feeding behaviour by regulating pancreatic
hormone levels, such as insulin and glucagon [25]. These
findings indicate that VMH glucose-sensing neurons play a
crucial role in communicating to peripheral tissues to maintain
blood glucose levels within a tight range. Several studies have
pointed to the VMH glucose-inhibited neurons as being criti-
cal players in counterregulatory responses (CRRs) to
hypoglycaemia, which involve detection of declining blood
glucose levels and release of several hormones, including
glucagon, glucocorticoids and catecholamines, to restore
blood glucose levels. More recent studies have demonstrated
that VMH glucose-excited neurons play an important role in
regulating insulin secretion in response to hyperglycaemia
[13].

The molecular signatures that distinguish the ability of
these VMH neuronal populations to respond to changes in
glucose levels are still unknown. Although VMH neurons
may be identified due to their expression of several known
markers, including receptors for several hormones (e.g.,
leptin, insulin and oestrogen) and growth/transcription factors,
such as brain derived neurotrophic factor (BDNF) and
steroidogenic factor 1 (SF1), the identity of glucose-excited
and glucose-inhibited neurons and the intracellular signals that
enable them to sense and respond to changes in glucose levels
are yet to be fully defined. Similar to ARC glucose-inhibited
NPY/AgRP neurons, decreased glucose levels in VMH
glucose-inhibited neurons lead to the activation of AMPK.
In turn, AMPK causes neuronal depolarisation, increased
frequency of action potential and neurotransmitter release,
including release of glutamate, which leads to the activation
of CRRs to hypoglycaemia [26]. Stimulation of AMPK in the

VMH has been shown to amplify hormonal CRRs and
increase endogenous glucose production [27]. Activated
AMPK in glucose-inhibited neurons may also lead to the
phosphorylation of neuronal nitric oxide synthase (nNOS)
and, thus, increased production of NO, which induces closure
of the Cl− channel cystic fibrosis transmembrane regulator
(CFTR; Fig. 2) [28].

In VMH glucose-excited neurons, similar to ARC POMC
neurons, increased glucose levels have been shown to lead to a
decrease in AMP:ATP ratio, thus inducing closure of KATP

channels, depolarisation, increased frequency of action poten-
tial, and neurotransmitter release (e.g., release of γ-
aminobutyric acid [GABA]), resulting in lower hepatic
glucose production and increase peripheral glucose uptake
[29]. Furthermore, as with glucose-excited POMC neurons,
recent evidence has shown a role for mitochondrial dynamics
in VMH glucose-excited neuron glucose sensing [30].
However, unlike POMC neurons, it was found that systemic
glucose administration in mice promotes DRP1-mediated
mitochondrial fission in VMH glucose-excited neurons,
which plays a pivotal role in glucose sensing and, thus, in
the regulation of glucose homeostasis [30]. Furthermore, in
contrast to glucose-excited POMC neurons, it was found that
this mitochondrial fission-associated glucose-sensing mecha-
nism was dependent on mitochondrial UCP2 [30]. Further
studies are warranted to understand the opposing roles of
mitochondria in glucose-excited neurons of the ARC vs the
VMH.

Glucose-sensingmechanisms in non-neuronal
cells

Whether glucose-sensing neurons directly sense extracellular
glucose that is converted intracellularly into pyruvate or sense
and utilise lactate derived from the glycolytic processes of
glucose within astrocytes remains controversial [31].
Astrocytes are the most abundant glial cells in the brain and
have many functions; for example, they provide nutrients and
protection for neurons. Indeed, hypothalamic astrocytes play a
pivotal role in the formation of cell-to-cell communication in
networks through gap junctions, which allow intercellular
exchange of metabolic signals, such as glucose and lactate
[32, 33]. Growing experimental evidence has shown that
astroglial gap junctions, composed of connexin (CX)30 and
CX43, are altered by metabolic status, leading to modulation
of the glucose response in neurons [34].

It has also been demonstrated that insulin signalling in
hypothalamic astrocytes plays a role in the regulation of
CNS and systemic glucose metabolism via glucose and insu-
lin entry into the brain by changes in blood–brain barrier
(BBB) permeability (Fig. 1) [35].
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Moreover, it has been shown that hypothalamic astrocytic
glucose transporters, GLUT1 and GLUT2, are crucial for
glucose sensing in the regulation of glucose homeostasis.
Once astrocytes uptake glucose, they can store it as glycogen
and/or convert it to lactate [36]. The transfer of glucose-
derived lactate from astrocytes to neurons is referred to as
the astrocyte–neuron lactate shuttle hypothesis (Fig. 1 and
Fig. 2) [31, 37]. Extracellular lactate can be utilised by
neurons for pyruvate production via lactate dehydrogenase
(LDH). Interestingly, glucose-excited neurons are also activat-
ed by lactate [38], suggesting that hypothalamic astrocytes
play a crucial role in glucose metabolism by sensing circulat-
ing glucose levels and via lactate production, conveying the
metabolic status of the organism to neurons involved in the
regulation of glucose homeostasis. In vivo studies have indeed
demonstrated that intracerebroventricular (ICV) or i.v. injec-
tion of lactate decrease blood glucose levels, while this effect
is abolished when lactate is co-injected with oxamate, an LDH
inhibitor, indicating that lactate conversion into pyruvate may

play a role in peripheral glucose metabolism [39]. In support
of this, a recent study has shown that ICV leptin administra-
tion enhances LDH isoenzyme A (LDHA [converts pyruvate
to lactate])-dependent hypothalamic glucose sensing, induc-
ing a decrease in blood glucose levels in high-fat-diet (HFD)-
induced obese rats (Fig. 2) [40].

In addition to astrocytes, studies have shown that
tanycytes, specialised ependymal cells that have cell bodies
located on the wall of the third ventricle, may play a role in
nutrient sensing by projecting their long processes into several
hypothalamic nuclei that control metabolism [41]. Moreover,
tanycytes express several important genes including those
encoding GLUT2, GK and monocarboxylate transporters
(MCTs; lactate transporter), suggesting their involvement in
glucose-sensing mechanisms (Fig. 1 and Fig. 2) [42]. Indeed,
a previous study showed that injection of the third ventricle
with alloxan, a GK inhibitor and toxin that induces tanycyte
ablation, impaired CRRs to hypoglycaemia [43]. However, a
more recent study has shown that ablation of tanycytes in a

Fig. 2 Glucose-sensing mechanisms in the hypothalamic VMH. In vivo,
glucose is released in the extracellular space and transported to glial cells,
such as astrocytes and tanycytes, throughGLUTs and thenmetabolised to
lactate. Once released, lactate enters neurons via monocarboxylate trans-
porters (MCTs) to serve as a glycolytic substrate and is metabolised into
pyruvate via the enzyme LDH. Mitochondrial pyruvate uptake leads to
increased ATP levels that, in turn, affect ATP-dependent K+ (KATP)
channels, resulting in plasma membrane depolarisation. Glucose-excited
(GE) neurons can also uptake glucose through GLUT2, leading to the
phosphorylation of glucose by GK, a decrease in the AMP:ATP ratio,
decreased AMPK activity and closing of KATP channel. Closure of KATP

channels leads to membrane depolarisation and increased action potential

frequency. The activation of VMHGE neurons leads to decreased hepatic
glucose production and increased peripheral glucose uptake. VMH
glucose-inhibited (GI) neurons are activated in response to
hypoglycaemia. Decreased glucose entry into neurons leads to the rise
in the cellular AMP:ATP ratio and activation of AMPK, which induces
formation of NO. Increased AMP:ATP also inhibits Cl− channels, leading
to membrane depolarisation and increased action potential frequency,
which leads to activation of CRRs to hypoglycaemia to increase hepatic
glucose production and decrease peripheral glucose uptake. BBB, blood–
brain barrier; Glc, glucose; Lac, lactate; LDHA, LDH isoenzyme A; Pyr,
pyruvate; ROS, reactive oxygen species; 3V, third ventricle. This figure is
available as part of a downloadable slideset
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genetic mouse model had no effect on glucose levels [44].
Thus, further studies are needed to understand the role of
tanycytes in glucose sensing and in the regulation of glucose
metabolism.

Altogether, these studies support the emerging new
concept that non-neuronal cells may play a crucial role in
regulating glucose sensing in response to fluctuations of blood
glucose levels via metabolic crosstalk with glucose-sensing
neurons in order to control glucose homeostasis.

The link between impaired hypothalamic
glucose-sensing mechanisms and metabolic
disorders

HFD-induced obesity is linked to defective hypothalamic
glucose sensing by decreased levels of GLUT2 and inappro-
priate activation of AMPK in the hypothalamus, leading to
impaired energy and glucose homeostas is [45] .
Depolarisation of glucose-excited neurons in response to
increases in extracellular glucose is driven by ATP-mediated
closure of KATP channels [46]. Although glucose-sensing
mechanisms in neurons are being extensively investigated,
the relevance and contribution of glucose sensing by neurons
to type 2 diabetes and obesity remain elusive. Previous studies
show that disruption of glucose sensing in POMC neurons can
be caused by HFD-induced obesity, indicating that defects in
glucose-sensing mechanisms contribute to the development of
type 2 diabetes [18]. Obesity-induced disruption of glucose
sensing in POMC neurons has been suggested to be mediated
by UCP2, which is highly expressed in the hypothalamus, and
increased expression of UCP2 has been observed in obese
animal models [18]. However, to date, no studies have report-
ed on the specific role of UCP2 in POMC neurons in the
regulation of metabolism.

Diabetes mellitus is considered a chronic metabolic
disease. BMI is strongly associated with the development of
insulin resistance and diabetes mellitus [47]. Many studies
have revealed that factors that are involved in the development
of insulin resistance [48], such as increased NEFA, elevated
serum triacylglycerol and proinflammatory cytokines, are
observed in individuals who are overweight and obese [49].
Similar outcomes are observed in animal models of obesity. It
has been established that HFD triggers neuroinflammation,
including reactive gliosis and cytokine secretion, which
precedes hypothalamic neuronal dysfunction and the develop-
ment of the obese and diabetic phenotype [50]. However, it
remains unclear how HFD feeding triggers neuroinflamma-
tion and how this, in turn, induces neuronal dysfunction. We
have recently demonstrated that HFD feeding affects
microglial mitochondrial function due to changes in fuel avail-
ability [51]. Once activated, microglial cells affect the func-
tion of hypothalamic glucose-excited POMC neurons by

rearranging the synaptic input organisation on their cell
bodies. These results indicate that HFD-induced hypothalamic
gliosis plays a critical role in the regulation of glucose and
energy homeostasis, causing alterations in susceptibility to
metabolic disorders, such as diabetes and obesity [51].

Modulation of hypothalamic glucose sensing

Hypothalamic glucose-sensing mechanisms can be acutely
altered by circulating signals, such as hormones. For example,
insulin has been shown to acutely activate KATP channels in
hypothalamic glucose-sensing neurons and alteration of CNS
insulin signalling has been observed in individuals with type 2
diabetes [13]. In addition, Diggs-Andrews et al. [52] showed
that neuronal deletion of the insulin receptor impairs glucose
sensing in VMH glucose-inhibited neurons and that PVN
neurons are activated in response to hypoglycaemia; these
findings suggest that insulin signalling in the VMH plays a
role in CRRs to hypoglycaemia.

Recurrent hypoglycaemic events have been shown to
impair VMH glucose-sensing neurons, resulting in failure to
suppress insulin levels and enhance glucagon secretion during
hypoglycaemia in type 1 diabetes and, to some extent, in type
2 diabetes. This may also lead to impaired sympatho-adrenal
responses, thus initiating a vicious cycle that may lead to
hypoglycaemia unawareness.

Alterations in glucose transport and/or metabolism have
been hypothesised to be responsible for failure of CRRs due
to repeated hypoglycaemic events. Studies in rats have shown
increased expression of glucose transporters after acute or
recurrent hypoglycaemia. In addition, GK expression [53]
and hypothalamic glucose phosphorylation [54] have also
been observed to be upregulated after recurrent
hypoglycaemic events. Together, these observations suggest
that recurrent hypoglycaemia may increase the capacity for
glucose metabolism during subsequent hypoglycaemic
events, thus inducing hypoglycaemia unawareness at the
cellular level in glucose-sensing neurons and resulting in a
diminished sympatho-adrenal response.

Although altered glucose transport/metabolism as a cause
for hypoglycaemia unawareness has been suggested in animal
models, these data have not been substantiated in humans. It
has been shown that, during hypoglycaemia, glucose metab-
olism in the brain is similar in individuals with type 1 diabetes
as compared with healthy control participants [55].
Furthermore, individuals with hypoglycaemia unawareness
showed normal global brain glucose metabolism, although
studies have identified brain regions with reduced glucose
uptake in these individuals, such as the hypothalamus,
prefrontal cortex and amygdala [56, 57]. Future clinical stud-
ies utilising enhanced imaging technologies to examine brain
glucose uptake/metabolism in individuals with type 1 diabetes
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with and without hypoglycaemia unawareness are needed to
define brain areas involved in this pathological condition.
Findings from these studies may offer new targets for the
development of therapeutic strategies to prevent
hypoglycaemia unawareness in individuals with type 1
diabetes.

Conclusions and future directions

Studies focusing on identifying central glucose-sensing mech-
anisms involved in the regulation of glucose metabolism have
highlighted the complexity and variety of these mechanisms,
both at the cellular and circuit levels, which include multiple
brain sites. In addition to the mechanisms discussed, it is
important to consider other nutrient- and hormone-sensing
mechanisms that may interact with glucose-sensing pathways
in the modulation of glucose metabolism. Finally, as the
majority of the findings highlighting these mechanisms have
been performed in mouse and rat models (Table 1), investiga-
tions into their relevance in humans are warranted. Thus, until
we fully understand the different components of these sensing
mechanisms, how they interact with each other and their rele-
vance to humans, it is unlikely that major therapeutic
approaches aiming to centrally prevent and treat diabetes will
be developed.
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Abstract
Insulin resistance is one of the earliest defects in the pathogenesis of type 2 diabetes. Over the past 50 years, elucidation of the insulin
signalling network has provided important mechanistic insights into the abnormalities of glucose, lipid and protein metabolism that
underlie insulin resistance. In classical target tissues (liver, muscle and adipose tissue), insulin binding to its receptor initiates a broad
signalling cascade mediated by changes in phosphorylation, gene expression and vesicular trafficking that result in increased nutrient
utilisation and storage, and suppression of catabolic processes. Insulin receptors are also expressed in non-classical targets, such as the brain
and endothelial cells, where it helps regulate appetite, energy expenditure, reproductive hormones, mood/behaviour and vascular function.
Recent progress in cell biology and unbiasedmolecular profiling bymass spectrometry andDNA/RNA-sequencing has provided a unique
opportunity to dissect the determinants of insulin resistance in type 2 diabetes and the metabolic syndrome; best studied are extrinsic
factors, such as circulating lipids, amino acids and other metabolites and exosomal microRNAs. More challenging has been defining the
cell-intrinsic factors programmed by genetics and epigenetics that underlie insulin resistance. In this regard, studies using human induced
pluripotent stem cells and tissues point to cell-autonomous alterations in signalling super-networks, involving changes in phosphorylation
and gene expression both inside and outside the canonical insulin signalling pathway. Understanding how these multi-layered molecular
networksmodulate insulin action andmetabolism in different tissues will open new avenues for therapy and prevention of type 2 diabetes
and its associated pathologies.
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Introduction

The ground-breaking discovery of insulin 100 years ago [1] turned
diabetes from a death sentence into a manageable condition.
However, it soon became clear that most individuals with diabetes
are not insulin deficient, but rather have increased insulin levels
and are resistant to exogenous insulin [2]. Major breakthroughs in
understanding insulin action and insulin resistance came in the
early 1970s, with the demonstration of the existence of insulin
receptors on the membrane of cells [3] and the subsequent recog-
nition of their intrinsic tyrosine kinase activity [4]. Here, we review
current and evolving concepts of themechanisms of insulin signal-
ling and how these are modified by extrinsic and intrinsic factors
that underlie insulin resistance in type 2 diabetes.

Defining the insulin signalling network

Although key components involved in insulin signal trans-
duction are present in virtually every cell, the biological
outcomes following activation or disruption of this pathway
are highly dependent on the cell type and physiological
context (Fig. 1). In skeletalmuscle, insulin promotes glucose
transport and utilisation, stimulates glycogen synthesis and
inhibits protein catabolism (Fig. 1a). In adipose tissue, insu-
lin promotes glucose transport and lipogenesis and inhibits
lipolysis (Fig. 1b). In liver, insulin action inhibits glucose
production and fatty acid oxidation and stimulates glycogen
synthesis and lipogenesis (Fig. 1c). In addition to these direct
cellular effects, insulin can also regulate metabolism indi-
rectly. For example, insulin suppression of lipolysis in fat
and inhibition of protein catabolism in muscle reduces
substrate supply for gluconeogenesis in the liver [5, 6]. In
states of insulin resistance, all or only some of these path-
ways may be altered, with the exact combination leading to
differing clinical presentations.

Insulin and IGF-1 receptors Insulin and IGF-1 regulate growth
and metabolism through binding to their cognate receptors on
the cell surface. The insulin receptor and IGF-1 receptor
(IGF1R) are highly homologous heterodimers composed of
two α and two β subunits stabilised by disulfide bonds.
These subunits are derived from single-chain proreceptors
(encoded by the INSR and IGF1R genes), which are processed
to the mature α2β2 receptor tetramer. The α subunits are
completely extracellular and create the insulin binding sites
through their three-dimensional inverted-V structure, while
the transmembraneβ subunits contain an intracellular tyrosine
kinase domain that is required for catalytic activity and signal
transduction [4, 7]. Alternative splicing of exon 11 in the INSR
mRNA results in a shorter insulin receptor isoform (insulin
receptor isoformA [IR-A]), which is predominantly expressed
in neurons and less-differentiated cellular progenitors, and a

longer isoform (insulin receptor isoform B [IR-B]), which is
predominant in mature cells and tissues with prominent roles
in glucose, lipid and protein metabolism. Both IR-A and IR-B
display similar affinity for insulin, while IR-A has higher
affinity for IGF-1 and IGF-2 than IR-B [8].

Functionally, the insulin receptor and IGF1R are members
of the family of receptor tyrosine kinases. Despite their high
degree of homology and many shared downstream signalling
pathways, activation of each receptor results in different phys-
iological outcomes, with the insulin receptor primarily regu-
lating metabolic functions and IGF1R being more involved in
mitogenesis and growth. Some of these functional differences
are explained by distinct cellular distribution but, even in the
same cell type, these receptors exert differential effects.
Studies have demonstrated that these receptor-specific effects
depend on differences in both the extracellular and intracellu-
lar domains of these receptors and their relative affinity for
different intracellular substrates, with the insulin receptor
favouring phosphorylation of IRS proteins and IGF1R
favouring phosphorylation of src homology 2 (SH2) domain
containing transforming protein (SHC) [9, 10].

Studies using x-ray crystallography and cryo-electron
microscopy have shown that insulin/IGF-1 binding to the
extracellular domains of the insulin receptor/IGF1R involves
both the N- and C-terminal regions of the α-subunit, leading
to conformational changes that bring together the intracellular
β-subunit within each receptor [11, 12]. This leads to activa-
tion of the intrinsic tyrosine kinase, resulting in
transphosphorylation of the β-subunits and phosphorylation
of multiple tyrosine residues within the receptors themselves
and their immediate substrates.

�Fig. 1 Insulin signalling in classical tissues. Insulin binding to the insulin
receptor leads to activation of intrinsic tyrosine kinase activity and
multisite insulin receptor and IRS phosphorylation. Tyrosine-
phosphorylated IRS serves as docking sites for PI3K leading to PIP3
formation and PDK-dependent Akt activation, which in turn promotes
nutrient utilisation, storage and other anabolic processes, and
concomitantly suppresses catabolic pathways in (a) skeletal muscle, (b)
adipose tissue and (c) liver. aPKC, atypical PKC; ATGL, adipose
triglyceride lipase; CAP, Cbl-associated protein; CBL, Cbl proto-
oncogene; ChREBP, carbohydrate-responsive element binding protein;
CREB, cAMP responsive element binding protein; CRTC2, CREB-
regulated transcription coactivator 2; FATP, long-chain fatty acid
transport protein; G3P, glyceraldehyde 3-phosphate; G6Pase, glucose-
6-phosphatase; GRB2, growth factor receptor bound protein 2; GS,
glycogen synthase; HSL, hormone-sensitive lipase; MAPK, mitogen-
activated protein kinases; MEK, MAPK kinase; OXPHOS, oxidative
phosphorylation; PDE3B, phosphodiesterase 3B; PHK, phosphorylase
kinase; PKA, protein kinase A; RAC1, RAC family small GTPase 1;
RAF, RAF proto-oncogene serine/threonine kinase; Ras, Ras GTPase;
SHC, SH2 domain containing transforming protein; S6K, p70
ribosomal S6 kinase; SOS, son of sevenless homolog; TBC1D1, TBC1
domain family member 1; TC10, Rho-related GTP binding protein
RhoQ; TCA, tricarboxylic acid; TSC2, tuberous sclerosis 2. This figure
is available as part of a downloadable slideset
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Insulin receptor substrates For metabolic action, the two most
important substrates are IRS1 and IRS2. Structurally, IRS
proteins are defined by phosphotyrosine binding (PTB) and
pleckstrin-homology domains located in the N-terminal
region, which are required for their interaction with phosphor-
ylated insulin receptor and targeting to the plasma membrane,
and by multiple tyrosine residues in the mid- and C-terminal
regions, which are phosphorylated by activated insulin recep-
tor and serve as docking sites for proteins containing SH2
domains [13]. Genetic ablation in mice has shown a predom-
inant role of IRS1 in insulin signalling in skeletal muscle and
adipose tissue [14, 15] and IRS2 in liver, pancreatic beta cells
and neurons [16]. Consistent with their complementary roles,
MS-based phosphoproteomic studies of IRS1 and IRS2
knockout in pre-adipocytes have revealed regulation of
distinct signalling pathways downstream of each substrate
and suggest that IRS1/2 do not fully compensate for each
other [17].

In addition to signalling through canonical substrates and
downstream elements, the insulin receptor and its signalling
are also regulated, both positively and negatively, by interac-
tion with membrane and intracellular proteins. These include
glycosylphosphatidylinositol (GPI)-linked proteins, such as
glypican-4 [18], membrane pyrophosphatases and phosphodi-
esterases, such as ectonucleotide pyrophosphatase/
phosphodiesterase 1 (PC-1) [19], α-arrestin adaptors [20]
and, even, transcription factors [21] and cell-cycle regulators
[22].

Downstream insulin signalling The critical step linking insulin
receptor activation to downstream metabolic functions of
insulin is the binding of class IA phosphoinositide 3-kinase
(PI3K) to tyrosine-phosphorylated IRS proteins, leading to the
formation of phosphatidylinositol (3,4,5)-triphosphate (PIP3).
Downstream effects of PIP3 lead to activation of 3-
phosphoinositide dependent protein kinase (PDK)1 and
subsequent activation of a variety of kinases, of which
Akt1–3 are the best studied, but which also include p70 ribo-
somal S6 kinase (S6K), serum- and glucocorticoid-induced
protein kinase (SGK) and protein kinase C (PKC) isoforms
[23].

PI3K is a lipid kinase consisting of a catalytic subunit
(either p110α, p110β or p110δ encoded by the PIK3CA,
PIK3CB and PIK3CD genes, respectively) and a regulatory
subunit (either p85α [and its splice variants p55α and p50α],
p85β or p55γ encoded by PIK3R1, PIK3R2 and PIK3R3
genes, respectively) [24]. The binding of SH2 domains in
the regulatory subunits to phosphotyrosines on IRS proteins
reduces the constitutive inhibitory effects exerted on the cata-
lytic subunits, leading to increased kinase activity towards
phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma
membrane, resulting in PIP3 formation. PIP3 then serves as a
docking site for proteins containing pleckstrin-homology

domains, including Akt, PDK1 and the mechanistic target of
rapamycin complex (mTORC) 2 component mitogen-
activated protein kinase associated protein 1 (SIN1), which
represent critical steps in downstream signalling. Thus, Akt
undergoes PDK1-dependent phosphorylation at T308 within
the kinase domain and mTORC2-dependent phosphorylation
at S473 in a C-terminal hydrophobic motif, resulting in full
kinase activation [25]. In addition to mTORC2, the Akt S473
residue is phosphorylated by DNA-dependent protein kinase
(DNA-PK) [26].

A wide range of insulin’s metabolic actions are linked to
Akt-dependent phosphorylation: Akt-induced phosphoryla-
tion inactivates glycogen synthase kinase-3 (GSK3)α/β,
allowing dephosphorylation and activation of glycogen
synthase, which increases glycogen synthesis [27]; phos-
phorylation of forkhead box (FOX)O transcription factors
results in their nuclear exclusion, thus, inhibiting their effect
on the expression of gluconeogenic genes in the liver [28,
29] and autophagy genes in muscle [30]; phosphorylation of
tuberous sclerosis 2 (TSC2) and the 40 kDa proline-rich Akt
substrate (PRAS40) leads to activation of mTORC1,
resulting in stimulation of protein synthesis and suppression
of autophagy [31, 32]; phosphorylation of TBC1 domain
family member 1/Akt substrate of 160 kDa (TBC1D4/
AS160) regulates trafficking of intracellular GLUT4 vesi-
cles to the plasma membrane and increases glucose uptake
[33, 34]. In addition, PI3K/Akt signalling plays a role in cell
survival, proliferation and cytoskeleton organisation. While
some of these actions occur through phosphorylation of
targets, such as GSK3, FOXO1 and mTORC1, Akt also
directly phosphorylates proteins in the apoptotic pathway
(B cell lymphoma 2 [BCL2]-associated agonist of cell death
[BAD], X-linked inhibitor of apoptosis [XIAP] and BCL2-
interacting mediator of cell death [BIM]) and regulates cell
division through phosphorylation of cyclin-dependent
kinase 2 (CDK2) and the cell cycle arrest protein cyclin-
dependent kinase inhibitor 1B (p27) [25].

Regulation of gene expression The pleiotropic effects of insu-
lin action on cell growth and metabolism result from a
complex interaction between rapid phosphorylation-
dependent signalling [35, 36] and slower changes in gene
expression [37]. For example, the effect of insulin on glucose
transport in skeletal muscle and adipocytes is dependent on
the movement of pre-existing vesicles containing GLUT4
glucose transporters to the plasma membrane [38] and is
dependent on AS160 phosphorylation by Akt [39], while
glycogen synthesis and glycolytic and oxidative glucose
metabolism are supported by increased mRNA expression of
glycogen synthase 1 [40], hexokinase 2 [41] and many
components of the mitochondrial electron transport chain
[42]. Insulin also regulates several key mechanisms involved
in gene expression, with the regulation of mRNA transcription
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being the best studied [43]. This important aspect of insulin
action is accomplished by insulin-induced changes in phos-
phorylation, expression, processing and translocation of a
variety of transcription factors, leading to stimulation or inhi-
bition of gene transcription.

FOX proteins represent a large family of transcription
factors, of which FOXOs (FOXO1, FOXO3, FOXO4 and
FOXO6) are the most well-characterised regulators of down-
stream insulin signalling. Here, the effect of insulin is one of
negative regulation (Fig. 2a). Upon insulin stimulation,
FOXOs undergo multisite phosphorylation by Akt and/or
SGK kinase. This creates interaction sites for FOXOs with
phosphoserine-binding 14-3-3 proteins, resulting in their
retention in the cytoplasm and decreased transcriptional activ-
ity in the nucleus [44, 45]. Thus, insulin-induced phosphory-
lation of FOXOs results in reduced hepatic gluconeogenesis
[46], inhibition of muscle autophagy and protein degradation
[30, 47] and regulation of adipocyte differentiation [48].
Because of the negative nature of insulin action on FOXO-
regulated gene expression, FOXO deletion can reverse many
of the metabolic abnormalities caused by insulin resistance

resulting from deletion of the insulin receptor/IGF1R [30,
49] or deletion of Akt1/Akt2 [50] or those caused by
streptozotocin-induced diabetes [51].

Another emerging class of FOX proteins that act in insulin
signalling are the FOXK1 and FOXK2 transcription factors
[21, 52]. In contrast to FOXOs, which are turned off by insu-
lin, FOXKs display increased nuclear localisation and tran-
scriptional activity following insulin stimulation (Fig. 2a)
and exhibit complex regulation. In the basal state, GSK3
phosphorylates FOXKs leading to increased interaction with
14-3-3 proteins and nuclear exclusion (Fig. 2b); this is
reversed by insulin-induced Akt and mTORC1 activation
[21, 52]. In hepatocytes, FOXKs regulate genes involved in
the cell cycle, apoptosis and lipid metabolism [21], while in
adipocytes and muscle, FOXKs promote glucose transport
and lactate production by stimulation of glycolytic metabo-
lism and inhibition of mitochondrial pyruvate oxidation [53].

In addition to phosphorylation, insulin also regulates the
expression and processing of transcription factors. For exam-
ple, sterol regulatory element binding proteins (SREBP) 1 and
2 are important regulators of triacylglycerol and cholesterol
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increased nuclear localisation and transcriptional activity. Under these
conditions, increased GSK3 activity leads to increased FOXK phosphor-
ylation and interaction with phosphoserine-binding 14-3-3 proteins,
resulting in cytoplasmic retention and decreased transcriptional activity.
Line thickness indicates strength of signalling activity, with thicker lines
indicating stronger signalling activity. Faded shading of text boxes indi-
cates lower FOXO/FOXK abundance at the nucleus or cytoplasm within
each state, and arrows between the nucleus and cytoplasm indicate the
direction of translocation. This figure is available as part of a
downloadable slideset
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synthesis and are synthesised as precursors that reside in the
endoplasmic reticulum (ER). Upon activation of Akt/mTOR
pathways by insulin, these are transported to the Golgi appa-
ratus where membrane-bound transcription factor protease,
site 1/2 (SP1/SP2) mediate proteolytic cleavage, releasing
the active forms of SREBP1/2, which then migrate into the
nucleus and regulate the transcription of genes involved in
lipid synthesis and transport [54].

A re-emerging concept in insulin control of gene expres-
sion is the possibility of direct effects of the insulin receptor
itself. Studies from over 40 years ago showed binding of insu-
lin to nuclear preparations [55]. The significance of such find-
ings has only come to light by recent studies demonstrating
interactions between the insulin receptor and FOXK1 [21] and
interactions of the insulin receptor with RNA polymerase II
(Pol II) on DNA in the nucleus [56]. Indeed, chromatin immu-
noprecipitation followed by sequencing (ChIP-seq) analysis
of HepG2 hepatocytes revealed ~4000 peaks bound by the
insulin receptor, many overlapping with Pol II sites on
promoters. These occur in genes involved in a variety of cellu-
lar functions including lipid metabolism, translation and
immunity, as well as genes involved in pathophysiological
states, such as diabetes.

Insulin resistance as a central component
of type 2 diabetes and the metabolic
syndrome

Type 2 diabetes affects more than 400 million adults world-
wide and its prevalence continues to increase at epidemic
rates, thus posing one of the greatest public health challenges
to society [57]. This is the result of both genetic and environ-
mental factors.While it remains debated whether insulin resis-
tance and relative beta cell failure constitute the primary defect
in type 2 diabetes [58, 59], a 25 year prospective longitudinal
study of people at high genetic risk of developing type 2
diabetes has demonstrated that insulin resistance precedes
and predicts disease development [60]. Likewise, family stud-
ies have shown that glucose tolerant offspring of parents with
type 2 diabetes show insulin resistance, while loss of first-
phase insulin secretion was observed in those that developed
impaired glucose tolerance [61]. Clamp andMRI studies have
revealed skeletal muscle as a primary site of insulin resistance
in the offspring of parents with type 2 diabetes, with the
muscle of these individuals exhibiting reduced glucose uptake
and reduced glycogen synthesis before hyperglycaemia
develops [62]. This impaired glucose metabolism has been
attributed to a number of defects, including decreased glucose
transport [63], lower rates of insulin-induced ATP production
[42] and reduced expression of genes involved in mitochon-
drial function [64, 65]. The major question that remains is
what are the fundamental defects leading to insulin resistance

and how do cell-intrinsic vs cell-extrinsic factors contribute to
these defects? Cell-extrinsic factors include circulating or
paracrine molecules (such as hormones, cytokines, lipids
and metabolites) that are released from a cell or tissue other
than the target cell/tissue, or absorbed by the intestine from the
diet or microbiome action. Conversely, cell-intrinsic factors
are those that persist after removal or normalisation of all
extrinsic factors. These are most likely due to genetic or epige-
netic effects, but may or may not be in the insulin signalling
pathway itself. For example, a genetic defect that changes
intracellular ATP or Mg2+ concentrations or membrane fluid-
ity could affect insulin receptor- or kinase-mediated signal-
ling, creating a state of insulin resistance. How each of these
might contribute to insulin resistance in type 2 diabetes is
discussed in the following sections.

Extrinsic factors in the pathogenesis of insulin
resistance

In type 2 diabetes, most attention has focused on extrinsic
factors contributing to insulin resistance, including the role
of adipose tissue, circulating metabolites, inflammatory
signals and the gut microbiome [66–68] (Fig. 3). In states of
overnutrition, increased levels of circulating fatty acids and
ectopic lipid accumulation in muscle and liver contribute to
insulin resistance through the release of intermediate metabo-
lites, such as diacylglycerols (DAG) and ceramides, that acti-
vate members of the novel PKC family (PKC δ, ε, θ), leading
to increased Ser/Thr phosphorylation of the insulin receptor
and IRS proteins and resulting in reduced tyrosine phosphor-
ylation [69–73].While IRS1 is the best studied substrate in the
context of insulin resistance, Ser/Thr phosphorylation also
impairs IRS2 signalling [74]. In addition, fatty acids activate
Toll-like receptor 4 (TLR4) to promote activation of c-Jun N-
terminal kinase (JNK) and inhibitor of κB kinase (IKK),
which also increase Ser/Thr phosphorylation of IRS1, thus,
reducing insulin action [75, 76]. Accumulation of ceramides
can also activate protein phosphatase 2A (PP2A) and PKCζ,
inhibiting Akt2. Adipose tissue expansion is also associated
with increased adipose tissue inflammation and hypoxia [77],
promoting recruitment of proinflammatory macrophages [78]
that secrete cytokines, such as TNF-α and IL-6, which further
worsen insulin resistance by activation of the TNF-α receptor
(TNFR) and other cytokine receptors [79]. Cytokine signal-
ling induces expression of suppressor of cytokine signalling
(SOCS) proteins, such as SOCS1 and SOCS3, which directly
bind to the insulin receptor via SH2 domains and prevent
IRS1/2 tyrosine phosphorylation, as well as promoting their
ubiquitination and proteasomal degradation [80]. Finally,
increases in reactive oxygen species (ROS) and ER stress also
occur in target tissues in states of insulin resistance, leading to
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activation of JNK, IKK isoforms and other Ser/Thr kinases
[81, 82].

Circulating branched-chain amino acids (BCAAs) and
aromatic amino acids (isoleucine, leucine, valine, phenylala-
nine and tyrosine) are also associated with insulin resistance
[67], and lowering BCAA levels can improve insulin sensitiv-
ity, at least in mice [83]. It is suggested that BCAAs exert
these effects by activation of mTORC1, again altering Ser/
Thr IRS1/2 phosphorylation [84]. Gut microbiota may also
play a role in regulating BCAA supply, as well as the produc-
tion of short-chain fatty acids and other metabolites, which, in
turn, have an impact on systemic insulin sensitivity [85].
Thus, there are multiple potential extracellular mediators of
insulin resistance, which appear to act through increasing
IRS1/2 Ser/Thr phosphorylation.

Understanding how changes in Ser/Thr phosphorylation of
IRS proteins regulate insulin signalling is, however, challeng-
ing because there are over 50 Ser/Thr sites on IRS1/2 and
many kinases can be involved [86]. In any case, these extrin-
sic factors appear to act primarily as ‘progression
factors’ in disease pathogenesis since none of these
kinases has been linked genetically to human type 2
diabetes (although PKCδ has been linked to insulin
resistance in mice [87]). Since insulin itself regulates
many of these same Ser/Thr phosphorylation sites with
both positive and negative effects, depending on dose
and duration of stimulation, it is possible that IRS1/2
Ser/Thr phosphorylation is a normal feedback mecha-
nism that is subsumed by these metabolic stresses to
inhibit insulin signalling. Recently, we and others have
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of SOCS proteins, which interfere with IRS tyrosine phosphorylation.
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accumulation, mitochondrial dysfunction and reactive oxygen species
(ROS) generation, and ER stress in insulin-sensitive tissues. All of these
mechanisms contribute to activation of Ser/Thr kinases and IRS serine
phosphorylation. Adipose tissue expansion in obesity may also have an
impact on systemic metabolism through altered release of exosomal
miRNAs. Insulin signalling proteins are shown in blue and intracellular
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as part of a downloadable slideset

Diabetologia

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-021-05415-5/MediaObjects/125_2021_5415_MOESM1_ESM.pptx


shown that adipose tissue can also crosstalk with other
tissues through secretion of exosomal microRNAs
(miRNAs) [88, 89]; however, how this fits in the regu-
lation of insulin sensitivity at a signalling level remains
to be determined.

Intrinsic factors and cell-autonomous insulin
resistance

In vitro approaches, where cells are cultured under controlled
conditions, provides an opportunity to minimise the influence
of extrinsic factors and isolate cell-autonomous determinants
of insulin resistance, which are more closely linked to the
genetic and epigenetic alterations underlying type 2 diabetes.
Skeletal muscle biopsies and primary cultured myoblasts
derived from people with type 2 diabetes show insulin resis-
tance and several metabolic defects. These include impaired
insulin signalling at the level of IRS1-associated PI3K activity
[90] and Akt/GSK3 phosphorylation [91, 92] and decreased
glucose uptake and glycogen synthesis rates [93, 94].
However, primary cell models have limited usefulness for
the definition of molecular mechanisms underlying insulin
resistance due to limits in expandability and ability for screen-
ing using RNA interference (RNAi), chemical genetics or
CRISPR. Induced pluripotent stem cells (iPSCs) represent a step
forward in this direction since these cells have unlimited potential
for expansion and differentiation into multiple lineages, allowing
cells from patients to be used for mechanistic studies, large-scale
‘omics’ and gene-editing approaches. Such iPSC modelling has
been applied to severe insulin resistance caused by insulin recep-
tor mutations [95–97] and other forms of genetically determined
type 2 diabetes and obesity [98, 99].

Recently, we have applied the iPSC technology to study
signalling defects that underlie skeletal muscle insulin resis-
tance in type 2 diabetes [100]. Importantly, iPSC-derived
myoblasts (iMyos) from individuals with type 2 diabetes show
defects in insulin signalling at the level of Akt/GSK3/FOXO1
phosphorylation and decreased insulin-stimulated glucose
uptake and mitochondrial respiration, similar to the defects
observed in the muscle in type 2 diabetes. Global
phosphoproteomics using LC-MS/MS revealed that these
defects are part of a large multi-dimensional network of
signalling changes involving ~1200 Ser/Thr phosphorylation
sites on 725 proteins. Only a small proportion of these abnor-
malities are in classical insulin-regulated phosphorylations
that define critical nodes in insulin action [101]. More impor-
tantly, type 2 diabetic iMyos show a large degree of perturba-
tions in pathways outside of the canonical insulin signalling
pathway and not regulated by insulin (Fig. 4). These include
up- and downregulation of phosphorylation on several Rho
GTPases, proteins involved in cytoskeleton remodelling and
vesicle trafficking, and many nuclear proteins involved in

gene transcription, mRNA splicing and/or processing and
chromatin remodelling. These findings clearly open our view
to a wider definition of mechanisms of insulin resistance at the
molecular and cellular level that needs to be taken into account
in understanding the pathogenesis of type 2 diabetes.

A major challenge going forward will be to identify the
molecular defect(s) that drive these signalling changes.
Possibilities include kinases and phosphatases, a wide range
of co-regulators of the activity of kinases and phosphatases,
redox balance, ionic milieu, scaffolding proteins and other
factors. While these alterations could represent some form of
metabolic memory or epigenetic regulation due to altered
DNAmethylation [102, 103], this seems unlikely since genet-
ic reprogramming of iPSCs is known to erase most epigenetic
marks [104]. Likewise, while genome-wide association stud-
ies (GWAS) have collectively identified over 500 independent
SNPs associated with type 2 diabetes [105], few of these are in
proteins active in insulin signalling. Furthermore, although
some SNPs may fall into regulatory regions acting on adjacent
or even distant genes, most of these GWAS variants occur in
non-coding regions of the genome [106, 107]. While there has
been some progress in linking GWAS variants to alterations in
beta cell function, insulin sensitivity and energy balance [108,
109], even taken together, all GWAS loci account for only a
small fraction of the strong familial clustering of type 2 diabe-
tes, leaving understanding the primary defect a major
challenge.

Advances in profiling technologies have led to a greater
appreciation of the potential role of non-coding RNAs, espe-
cially miRNAs and long non-coding RNAs (lncRNAs), in the
control of cellular metabolism. Indeed, studies using in vitro
models, as well as tissues from rodent models of and humans
with obesity and type 2 diabetes, have revealed a network of
altered miRNAs targeting the insulin receptor, as well as the
IRS/PI3K/Akt pathways, thus, contributing to metabolic
abnormalities [110]. For example, miR-29a and miR-29c are
elevated in skeletal muscle of individuals with type 2 diabetes
and ob/obmice, and ectopic expression of miR-29a and miR-
29c in muscle cells is sufficient to cause insulin resistance and
impaired glucose transport [111]. While some miRNA chang-
es in type 2 diabetes may result from tissue crosstalk through
exosomal delivery [112], miRNA profiling of cultured
myoblasts from donors with type 2 diabetes also revealed
some modest, but significant, changes compared with control
donors [113]. Similar to miRNAs, some lncRNAs are also
regulated by insulin and other physiological cues [37, 114],
and are dysregulated in type 2 diabetes [115], resulting in
abnormal insulin signalling [116]. The finding of altered phos-
phorylation and gene expression of factors involved inmRNA
splicing in iMyos [100] and skeletal muscle biopsies from
individuals with type 2 diabetes [117] could provide another
link between genetic regulation and the insulin resistance of
type 2 diabetes.
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Conclusions and perspectives

Insulin and IGF-1 signalling is present in virtually every cell
of the body and plays a central role in the control of

metabolism, growth and differentiation. In spite of significant
progress, understanding the primary driver of altered insulin
receptor signalling in type 2 diabetes, obesity and the meta-
bolic syndrome represents a continuing challenge. Integrating

IRS1

Gene transcription

Impaired

insulin-stimulated

glucose uptake

Akt

mTORC1

FOXO3a

GSK3α

TBC1D1

Glucose

Insulin receptor
GLUT4

TSC2

Reduced

mitochondrial

metabolism

Impaired FOXKs and unrestrained FOXOs

S1101
S1078

S270
IRS2

S779

S770

S981
S1388

S274 T451

S2481
S2478

T308

S21

T32 S253

FOXK1
T436

S416 S420

S565 S614

Altered mTORC1 

signalling

FOXO1

T24MEF2C

S419

T2D effect on 

phosphorylation

Downregulated 

Upregulated 

PDHA1
S293

mRNA processing

Me

Chromatin states

Splice variants

Altered transcriptional output

Rho

GTP

ARHGEF

Actin

cytoskeleton

organisation

FOXK2

S424 S428

Nucleus

Altered Rho 

cycling

Rho

GDP

ARHGAP

SETD KDM

KAT HDAC U1
U2

SR

GLUT4 vesicle

Fig. 4 Intrinsic factors contributing to insulin resistance. Cell-autono-
mous insulin resistance is associated with defects in glucose transport,
mitochondrial metabolism and insulin signall ing. Global
phosphoproteomics of iMyos from individuals with type 2 diabetes reveal
a network of signalling defects that underlie skeletal muscle insulin resis-
tance [100]. Proteins linked to insulin action andmetabolism are indicated
in blue and site-specific effects of type 2 diabetes evidenced by increased
and decreased basal phosphorylation are shown in orange and green,
respectively. Groups of multiple proteins of the same category are shown
in purple and non-labelled circles indicate groups of up- or downregulated
phosphosites. All signalling events are derived from MS-based
phosphoproteomics except for AktT308, GSK3αS21 and FOXO1T24/

FOXO3T32, which are from immunoblot analysis. Faded shading of text
boxes indicates lower cytoplasm abundance. Ac, acetyl group;
ARHGAP, Rho GTPase activating protein; ARHGEF, Rho guanine
nucleotide exchange factor; HDAC, histone deacetylase; KAT, lysine
acetyltransferase; KDM, lysine demethylase; Me, methyl group;
MEF2C, myocyte enhancer factor 2C; PDHA1, pyruvate dehydrogenase
E1 subunit alpha 1; SETD, SET domain containing histone lysine meth-
yltransferase; SR, serine- and arginine-rich splicing factor; T2D, type 2
diabetes; TBC1D1, TBC1 domain family member 1; TSC2, tuberous
sclerosis 2; U1, U1 small nuclear ribonucleoprotein complex; U2, U2
small nuclear ribonucleoprotein complex. This figure is available as part
of a downloadable slideset

Diabetologia

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-021-05415-5/MediaObjects/125_2021_5415_MOESM1_ESM.pptx


multiple ‘omics’ layers into a unique disease signature and
translating these findings into novel and personalised thera-
pies is an important challenge for the next decade.
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figures for download available at https://doi.org/10.1007/s00125-021-
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Abstract
Advances in diabetes technologies have enabled the development of automated closed-loop insulin delivery systems. Several
hybrid closed-loop systems have been commercialised, reflecting rapid transition of this evolving technology from research into
clinical practice, where it is gradually transforming the management of type 1 diabetes in children and adults. In this review we
consider the supporting evidence in terms of glucose control and quality of life for presently available closed-loop systems and
those in development, including dual-hormone closed-loop systems. We also comment on alternative ‘do-it-yourself’ closed-
loop systems. We remark on issues associated with clinical adoption of these approaches, including training provision, and
consider limitations of presently available closed-loop systems and areas for future enhancements to further improve outcomes
and reduce the burden of diabetes management.

Keywords Artificial pancreas . Automated insulin delivery . Hybrid closed-loop . Review . Type 1 diabetes

Abbreviations
AHCL Advanced hybrid closed-loop
App Application (mobile phone)
CGM Continuous glucose monitor
DIY Do-it-yourself
MPC Model predictive control
PID Proportional integral derivative

Introduction and development of closed-loop
systems

Hybrid closed-loop insulin delivery systems are gradually
transforming clinical management of type 1 diabetes. They
comprise a subcutaneously worn continuous glucose monitor
(CGM or glucose sensor) device, communicating with an
algorithm that responds in real time to changes in sensor
glucose levels, and adjusts the subcutaneous insulin infusion
delivered by an insulin pump (Fig. 1).

Although the concept of glucose-responsive insulin deliv-
ery has been around for 50 years, earlier developments of
closed-loop systems were hampered by the lack of accurate

and reliable CGM systems, unavailability of wearable compu-
tational devices and secure wireless communication protocols,
and challenged by limitations in insulin pump devices. With
advances in CGM technology, the simplest form of automated
insulin delivery was achieved with low-glucose suspend
systems, where insulin delivery is suspended when the sensor
glucose crosses a specified threshold, and predictive glucose
management systems, where insulin delivery is suspended
when an algorithm predicts that sensor glucose is likely to
cross the low-glucose threshold [1, 2]. These systems reduce
hypoglycaemia, although sometimes at the expense of
increased hyperglycaemia [3]. These were conceptually land-
mark steps in the journey towards fully automated insulin
delivery and a true ‘artificial pancreas’ (Fig. 2).

A closed-loop system is a more sophisticated system, with
a control algorithm adjusting insulin delivery (up and down)
in response to real-time sensor glucose levels and other inputs,
such as meal intake (Fig. 3). The algorithm can accommodate
variability of insulin requirements between and within indi-
vidual users, and account for limitations of CGM accuracy
and imprecisions of subcutaneous insulin delivery.
Adaptation of the control algorithm to changes in physiolog-
ical conditions with real-time adjustment of closed-loop
control parameters is beneficial for optimal performance.
Several different types of control algorithm have been devel-
oped, including model predictive control (MPC) algorithms,
proportional integral derivative (PID) controllers and fuzzy
logic control approaches [4]. MPC algorithms calculate
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insulin delivery by minimising the difference between model-
predicted glucose concentrations and target glucose over a
pre-specified prediction time horizon. PID controllers adjust
insulin delivery by assessing glucose excursions from three
perspectives: (1) deviation from target glucose (proportional
component); (2) area under the curve between measured and
target glucose (integral component); and (3) rate of change of
measured glucose (derivative component). The fuzzy logic
approach modulates insulin delivery based on approximate
rules to express empirical knowledge of diabetes practitioners.

The first commercial closed-loop system, the MiniMed
670G (Medtronic, Northridge, CA, USA) was approved by
the US Food and Drug Administration in September 2016 for
use in people with type 1 diabetes aged 14 years and older [5].
This hybrid closed-loop system requires users tomanually enter

prandial insulin with automation of insulin delivery between
meals and overnight. Several other hybrid closed-loop systems
have since been commercialised and are increasingly being
utilised in routine clinical care for people with type 1 diabetes.

Efficacy and safety of hybrid closed-loop
systems

Clinical studies evaluating the safety and efficacy of hybrid
closed-loop systems have evolved from small, highly supervised
studies, undertaken overnight or over 24 h in research facilities, to
larger randomised controlled trials of unrestricted home living
use, conducted over 6 months or longer. A meta-analysis,
published in 2018, of 40 early outpatient studies, reports the

Insulin

delivery

(CSII)

Modulation

(control algorithm)
Sensing

(CGM)

Glucose level

Fig. 1 Schematic of the configuration of closed-loop insulin delivery. A
CGM transmits information about interstitial glucose concentrations to an
algorithm hosted on a smartphone or insulin pump that translates infor-
mation from the glucose sensor and computes the amount of insulin to
deliver. An insulin pump delivers a rapid-acting insulin analogue

subcutaneously. Insulin delivery is modulated in real time by the control
algorithm. Communication between system components is wireless.
CSII, continuous subcutaneous insulin infusion. Figure adapted from
[36]. This figure is available as part of a downloadable slideset
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user-initiated mealtime 
bolus
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Fig. 2 Key developmental
milestones towards a truly
artificial pancreas. This figure is
available as part of a
downloadable slideset
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efficacy and safety of hybrid closed-loop systems in people with
type 1 diabetes [6]. Earlier closed-loop systems were associated
with a 9.6 percentage point improvement in time in target glucose
range (3.9–10.0 mmol/l) compared with comparator therapies
(>2 additional h/day) and reduced time in hypoglycaemia
(<3.9 mmol/l) by 1.5 percentage points (approximately 20 min/
day) compared with control treatment. Hybrid closed-loop
systems have a favourable effect on HbA1c, with a reduction of
0.3–0.4% compared with control therapy in studies with a dura-
tion of more than 8 weeks per intervention. While this effect
appears modest, this is despite the reduction in hypoglycaemia
observed in several of these studies, as well as the low HbA1c at
recruitment, reflecting good baseline glycaemic control of study
participants. Similar benefits have been reported in a meta-
analysis of 25 studies in the paediatric population [7].

Individual randomised controlled trials demonstrate
glycaemic benefits of hybrid closed-loop systems vs compar-
ator therapies, but comparisons of efficacy between hybrid
closed-loop systems across different studies is hampered by
variation in baseline characteristics of participants, study dura-
tion and design. Studies including participants with variable
experience in diabetes technology use (on multiple daily insu-
lin injections and without previous sensor use) and from more
diverse socioeconomic backgrounds are important to support
generalisability of benefits.

Psychosocial impact of closed-loop systems

The impact of closed-loop technology on quality-of-life
measures has been explored in several studies [8].

Psychosocial benefits reported by users include reduced anxi-
ety, improved sleep and confidence from improved overnight
glucose control, less restrictive eating habits and ‘time off’
from the demands of diabetes management. Reported chal-
lenges include technical issues, alarm intrusiveness and equip-
ment burden, in addition to initial difficulties trusting the
system. Most participants in closed-loop studies report that
they would continue using closed-loop therapy or would
recommend it to others as the clinical benefits outweigh
system shortcomings. Psychosocial studies have largely
included participants involved in closed-loop trials who may
not be representative of the wider population living with type
1 diabetes.

Commercially available closed-loop systems

Details of the commercially available hybrid closed-loop
systems can be found in Table 1 and an overview of key
clinical studies are shown in Table 2.

Medtronic 670G and 780G Safety and efficacy of the first
commercially approved hybrid closed-loop system
(Medtronic 670G insulin pump with Guardian 3 sensor) was
evaluated in a non-randomised before-and-after study in 30
adolescents and 94 adults with type 1 diabetes, over 3 months
(Table 2) [9]. The proportion of time spent in target glucose
range (3.9–10 mmol/l) increased from 60% at baseline to 67%
with the closed-loop system in adolescents, and from 69% to
74% in adults. Time spent in hypoglycaemia (<3.9 mmol/l)
was reduced with the closed-loop system and there were no

Fig. 3 Hybrid closed-loop
glucose control. (a) 24 h of sensor
glucose data. Green shaded area is
the target glucose range (3.9–
10 mmol/l). Green triangles
indicate carbohydrate (carbs)
intake. (b) Algorithm-driven
insulin delivery and manual
insulin boluses. Data in both
graphs derived from a Cambridge
closed-loop study participant (the
individual provided permission to
share this anonymised data for the
purpose of advancement of
science). The graphs were
generated using the data
management platform Diasend
(https://diasend.com//en). Image
credit: Glooko Inc. All rights
reserved. 2021. The x-axes show
time in hours. This figure is
available as part of a
downloadable slideset
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episodes of severe hypoglycaemia or diabetic ketoacidosis in
the study. A similar before-and-after study evaluating use of
this device in 105 younger children aged 7–13 years reported
increased time in target range and reduced time in
hypoglycaemia with the closed-loop system (Table 2) [10].

A second-generation advanced hybrid closed-loop (AHCL
[780G, Medtronic]) system has been developed to further
improve glycaemic control and usability, with adjustable
target glucose and automated correction boluses. The Fuzzy
Logic Automated Insulin Regulation (FLAIR) study directly
compared the Medtronic 670G with the AHCL system in
adolescents and young adults with type 1 diabetes. Time in
target glucose range was higher with the AHCL system than
with the Medtronic 670G, while time in hypoglycaemia was
similar (Table 2). The AHCL system was associated with
fewer system alerts, reduced Auto Mode exits and increased
time spent in Auto Mode (86% vs 75%) [11].

Tandem control-IQ In the longest randomised controlled
closed-loop study to date, involving 168 people with type 1
diabetes (age ≥ 14 years), the Control-IQ system (t:slim X2
pump with Dexcom G6 sensor [Tandem, San Diego, CA,
USA]) was compared with sensor-augmented pump therapy
over 6 months (Table 2; Fig. 4) [12]. Time in target glucose
range increased by 10 percentage points from baseline with
the closed-loop system (61% to 71%) while there was no
change in the control group (59% to 59%). Time spent in
hypoglycaemia was reduced with the closed-loop system
compared with the control group and there was an

improvement in HbA1c. Notably, all participants completed
the study, suggesting high acceptability of the technology.

In another study, the Control-IQ system was compared
with sensor-augmented pump therapy in 101 younger children
with type 1 diabetes, aged 6–13 years, over 16 weeks
(Table 2). The closed-loop group had significantly greater
improvements in time in target range, while the time spent
in hypoglycaemia was similar between the closed-loop and
control groups [13].

CamAPS FX CamAPS FX is the first interoperable hybrid
closed-loop mobile phone application (app), utilising a control
algorithm developed at the University of Cambridge
(CamDiab; Cambridge, UK). At present, the app, hosted on
an unlocked android smartphone, communicates with the
Dana RS and Dana-i pumps and the Dexcom G6 sensor, but
will communicate with additional pump and CGM systems in
the future. The algorithm has been extensively evaluated in
randomised controlled studies including children, adolescents,
adults and pregnant women with type 1 diabetes [14, 15]. In a
randomised controlled trial including 86 children and adults
with sub-optimal glycaemic control (baseline HbA1c >
58mmol/mol [7.5%]), closed-loop use increased time in target
range over 12 weeks compared with sensor-augmented pump
therapy (Table 2) [16]. Time spent in hypoglycaemia was
lower in the closed-loop group than the control group and
HbA1c also improved with closed-loop use.

Closed-loop insulin delivery using the Cambridge algo-
rithm has been demonstrated to be feasible even in the very

Table 1 Commercially available hybrid closed-loop systems

Component Medtronic 670G Medtronic 780G CamAPS FX Control-IQ

Algorithm PID with insulin feedback PID with insulin feedback Treat to target adaptive
MPC
(Cambridge algorithm)

Treat to range predictive
algorithm

Insulin pump 670G 780G Dana RS, Dana-i Tandem t:slim X2

CGM system Guardian 3
(requires ~4–6 fingersticks/day)

Guardian 3
(requires ~4 fingersticks/day)

Dexcom G6
(factory calibrated,

optional calibration)

Dexcom G6
(factory calibrated,

optional calibration)

Target glucose Fixed target: 6.7 mmol/l Target: 5.6 mmol/l (default) or
6.7 mmol/l

Target: 5.8 mmol/l
(default);
customisable between
4.4 mmol/l and
11 mmol/l

Fixed target range:
6.2–8.9 mmol/l

Optional activity target Optional activity target Night mode: 6.2–6.7 mmol/l

Optional activity target Optional activity target

Algorithm
learning

Based on TDD Based on TDD Adapts to prandial and
diurnal patterns

None

Compatible
downloading
software

Carelink; manual downloading
of pump required

Carelink; automated app
compatibility

Diasend; automated
download

Clarity: sensor data

Diasend/Glooko; manual
downloading of pump
required

TDD, total daily dose
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youngest of children, aged 1–7 years. In a study comparing
the Cambridge closed-loop system using diluted insulin with
the same closed-loop system using standard-strength insulin
in children aged 2–7 years old, time in target glucose range
was >70% and time in hypoglycaemia was <5% during both
interventions. There were no safety or efficacy benefits of
diluted insulin use compared with use of standard-strength
insulin (Table 2) [17].

In a randomised controlled study involving 16 pregnant
women with type 1 diabetes, closed-loop use overnight was
associated with increased time in the tighter glucose range
recommended during pregnancy (3.5–7.8 mmol/l) compared
with sensor-augmented pump therapy (75% vs 60%), without
increasing the risk of hypoglycaemia [14]. During the contin-
uation phase, the closed-loop system was used 24 h/day,

including during labour and delivery, and time in target
glucose range was 69%.

Anticipated commercial hybrid closed-loop
systems

The Diabeloop hybrid closed-loop system, comprising a
handset containing the algorithm, Kaleido pump and
Dexcom G6 sensor (DBLG1; Diabeloop, Grenoble, France),
has been compared with sensor-augmented pump therapy in
68 adults with type 1 diabetes, in the home setting, with
remote monitoring over 12 weeks [18]. Time with glucose
in target range was 9 percentage points greater with closed-
loop therapy than with control therapy (69% vs 59%) and time

Table 2 Key clinical studies for commercially available hybrid closed-loop systems

Closed-loop device
[study reference]

Study design Study
duration

Population Baseline HbA1c Glucose outcomes

Medtronic 670G [9] Non-randomised
before-and-after
single-arm study

3 months n =30 adolescents,
≥14 years old;
n =94 adults

Adolescents: 7.7% (61
mmol/mol); adults: 7.3%
(56 mmol/mol)

Adolescents:

• TIR ↑ from 60%
(baseline) to 67%

• TBR ↓ from 4.3%
(baseline) to 2.8%

Adults:

• TIR ↑ from 69%
(baseline) to 74%

• TBR ↓ from 6.4%
(baseline) to 3.4%

Medtronic 670G [10] Non-randomised
before-and-after
single-arm study

3 months n =105 children
(7–13 years old)

7.9% (63 mmol/mol) • TIR ↑ from 56%
(baseline) to 65%

• TBR ↓ from 4.7%
(baseline) to 3.0%

Medtronic 780G
(AHCL) [11]

Randomised crossover
study comparing Medtronic
AHCL with 670G

3 months n =113 adolescents
and young adults
(14–29 years old)

7.9% (63 mmol/mol) AHCL vs 670G:

• TIR ↑: 67% vs 63%

• TBR↔: 2.1% vs 2.1%

Control-IQ [12] Randomised parallel study
comparing Control-IQ
with SAP

6 months n =168 adults and
adolescents
≥14 years old

7.4% (57 mmol/mol) Control-IQ vs SAP:

• TIR ↑: 71% vs 59%

• TBR ↓: 1.6% vs 2.3%

Control-IQ [13] Randomised parallel study
comparing Control-IQ
with SAP

4 months n =101 children
(6–13 years old)

7.6–7.9% (60–63
mmol/mol)

Control-IQ vs SAP:

• TIR ↑: 67% vs 55%

• TBR↔: 1.6% vs 1.8%

Cambridge
closed-loop [16]

Randomised parallel study
comparing closed loop
with SAP

3 months n =86 children and
adults with
sub-optimal
glycaemic control

7.8–8.0%
(62–64 mmol/mol)

Closed loop vs SAP:

• TIR ↑: 65% vs 54%

• TBR ↓: 2.6% vs 3.9%

Cambridge
closed-loop [17]

Randomised crossover
study comparing
closed-loop
using diluted insulin with
closed-loop using
standard-strength insulin

3 weeks n =24 children
(2–7 years old)

7.4% (57 mmol/mol) For both groups:

• TIR: 70–72%

• TBR: 4.5–4.7%

SAP, sensor-augmented pump; TBR, time below range (<3.9 mmol/l); TIR, time in range (3.9–10 mmol/l)
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in hypoglycaemia was significantly lower with closed-loop
use than during the control period. The DBLG1 hybrid
closed-loop system has received the CE mark for use in adults
with type 1 diabetes and is due to be commercialised.

The Insulet Omnipod Horizon hybrid closed-loop system,
comprising the Omnipod pump and Dexcom G6 sensor
(Insulet, Billerica, MA, USA), and Beta Bionics insulin-only
iLet hybrid closed-loop system, comprising the iLet Bionic
Pancreas System and Dexcom G6 sensor (Beta Bionics,
Boston, MA, USA), are both currently being evaluated in
pivotal trials with launches anticipated in the next 1–2 years.

Do-it-yourself closed-loop systems

The do-it-yourself (DIY) artificial pancreas system (DIYAPS)
communities arose out of their frustration with the slow progress
of medical device development cycles (the #wearenotwaiting
movement). The communities develop and apply open-access
closed-loop systems (e.g. the Open Artificial Pancreas System
[OpenAPS], Loop and AndroidAPS), which do not undergo
regulatory overview and approval. Without needing to await
regulatory approval for new developments, these systems benefit
from more rapid innovation cycles and can be more flexible in
terms of customisation. In principle, access is open to anyone but
users must be able to build and maintain their own system, albeit
with support from the community itself. The role of healthcare
providers in supporting the use of unregulated systems continues
to be debated.

Several thousands of individuals use DIY systems globally.
Observational before-and-after studies show improvements in
time in target glucose range, HbA1c and quality of life, but no
longitudinal randomised controlled trials have evaluated the
efficacy and safety of these systems [19]. A randomised clin-
ical trial of a version of AndroidAPS is underway
(ACTRN12620000034932p).

Dual-hormone closed-loop systems

The physiological glucagon response to hypoglycaemia is
often impaired in type 1 diabetes; therefore, addition of gluca-
gon to a closed-loop system confers additional protection from
hypoglycaemia and may allow more aggressive insulin deliv-
ery to achieve improved glucose control. Potential benefits are
countered by increased system complexity, requirement for
two separate infusion systems and the lack of approved
room-temperature-stable glucagon for chronic subcutaneous
delivery. There are currently no commercially available
dual-hormone closed-loop systems, although several are in
development.

The longest dual-hormone closed-loop home study, with
remote monitoring, included 43 adults with type 1 diabetes
with optional meal announcements over a period of 11 days.
Time in target glucose range was increased (78% vs 62%) and
hypoglycaemia (<3.3 mmol/l) was reduced (0.6% vs 1.9%)
with dual-hormone closed-loop use compared with insulin
pump therapy alone [20]. A shorter study, over 5 days, involv-
ing 32 adolescents with type 1 diabetes, demonstrated a 21
percentage point increase in time in target glucose range
during the closed-loop period compared with the control peri-
od, but time in hypoglycaemia was similar between groups
[21]. An outpatient study of over 60 h compared dual-
hormone with single-hormone closed-loop systems in 23
adults with type 1 diabetes and showed no difference in time
in target glucose range (79% vs 75%) or time in
hypoglycaemia (<4.0 mmol/l; 3.6% vs 3.9%), but longer stud-
ies are required to fully investigate potential differences [22].

Pramlintide is an analogue of amylin, which is co-secreted
with insulin from beta cells and reduces postprandial glucose
excursions by slowing gastric emptying [23]. A novel dual-
hormone closed-loop system delivering a fixed ratio of
pramlintide:insulin was evaluated during a 24 h inpatient
study in adults with type 1 diabetes. The dual-hormone system
improved time in target range compared with an insulin-alone

Fig. 4 Median percentage time with sensor glucose in target range during
closed-loop insulin delivery (red line) and sensor-augmented pump ther-
apy (blue line) in adults and adolescents ≥14 years of age, using the
Tandem Control-IQ closed-loop system [12]. The red and blue shaded

areas indicate the interquartile range for each treatment. Figure adapted
from [12]. Copyright: ©2019 Massachusetts Medical Society. Reprinted
with permission from Massachusetts Medical Society. This figure is
available as part of a downloadable slideset
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system (84% vs 74%), an effect attributable to improved
daytime glucose control [24]. Gastrointestinal symptoms were
reported more frequently during use of closed-loop systems
with pramlintide as compared with insulin only. Pramlintide
co-delivery may support the development of fully closed-loop
systems, obviating the need for manually initiated prandial
insulin delivery.

Training considerations

High quality user and healthcare professional training is
essential for ensuring that the clinical benefits of hybrid
closed-loop systems are realised in the real-world setting.
This is an important consideration for health economic analy-
ses, to support adoption, implementation and reimbursement.
Establishing realistic expectations of hybrid closed-loop ther-
apy and reiterating the importance of core diabetes skills and
tasks is important to promote long-term use and optimal clin-
ical outcomes. Training programmes have been developed,
using online and face-to-face approaches, to support users to
maximise glycaemic and quality-of-life benefits of closed-
loop therapy [25].

Limitations of closed-loop systems

Early real-world use of the first commercially approved
hybrid closed-loop system (Medtronic 670G) exposed issues
around usability. The system required significant user input to
remain in Auto Mode and, in one prospective observational
study, one-third of users discontinued use of Auto Mode
during the first year after initiation [26]. Factors influencing
discontinuation include CGM issues (calibrations), number of
alarms and efforts to limit Auto Mode exits [27]. Usability
issues can prevent realisation of the benefits of closed-loop
systems as increased time in Auto Mode is associated with
improved glycaemic outcomes [28].

Some first-generation hybrid closed-loop systems use a
relatively high glucose target (6.7 mmol/l) and lack flexibility
to adjust the target to suit the needs of the user. This makes the
system unsuitable for those aiming for tighter glycaemic
control, including pregnant women.

Postprandial glucose excursions remain a challenge for
closed-loop systems due to inherent delays in subcutaneous
insulin absorption. User interaction with accurate carbohy-
drate counting and pre-meal bolusing is required for optimal
glycaemic control. Attempts to reduce user burden with
simplified meal boluses or fully closed-loop systems have
resulted in compromised glycaemic control [29, 30].

Managing physical activity can be challenging primarily
due to increased hypoglycaemia risk and altered insulin sensi-
tivity. Even with closed-loop glucose-responsive insulin

delivery, users usually need to plan for exercise, announcing
exercise to the algorithm in advance, and may still require
carbohydrate intake to prevent hypoglycaemia [31, 32].
Carbohydrate loading before exercise can be problematic with
glucose-responsive insulin delivery, often resulting in
hypoglycaemia during exercise.

Important ethical considerations include ensuring equitable
access, training and support for closed-loop technology, and
protecting user confidentiality and safety from security
breaches [33].

Future developments in automated insulin
delivery

Future closed-loop systems will benefit from improved indi-
vidual components; smaller, more accurate CGMdevices with
longer wear-time and smaller insulin pumps with the user
interface transferred to a smartphone/watch will improve
usability and minimise device burden. Interoperable devices
and data management platforms offer flexibility for users to
create their own personalised closed-loop ecosystem.

The introduction of new faster-acting insulin analogues
(Fiasp and Ultra-Rapid Lispro) provides an opportunity to
potentially improve performance of closed-loop systems with
faster onset and offset of insulin action following subcutane-
ous delivery. Short studies comparing faster-acting insulin
with standard insulin using the Medtronic 670G system have
not shown significant benefits, but longer studies are required
to fully evaluate closed-loop systems with faster-acting insulin
[34, 35]. Faster-acting insulins are not yet approved for use in
the t:slim X2 pump and, hence, the Control-IQ closed-loop
system.

Integration of additional signals to algorithms, such as heart
rate or accelerometery, to more quickly detect physical activ-
ity than with CGM alone, may reduce exercise-related
hypoglycaemia. If efficacious, this would be particularly
beneficial in young children in whom activity is usually spon-
taneous and unpredictable and hypoglycaemia is a major
concern.

Conclusions

The last 5 years has seen the successful transition of closed-
loop systems from research into routine clinical practice for
management of type 1 diabetes. There is still scope for further
improvements to optimise postprandial glucose control, exer-
cise management and usability before this technology can be
said to truly ameliorate the burden of diabetes. Widespread
adoption and reimbursement of closed-loop systems will be
critical to ensuring equitable access to this technology.
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Abstract
Insulin replacement therapy for diabetesmellitus seeks tominimise excursions in blood glucose concentration above or below the
therapeutic range (hyper- or hypoglycaemia). To mitigate acute and chronic risks of such excursions, glucose-responsive insulin-
delivery technologies have long been sought for clinical application in type 1 and long-standing type 2 diabetes mellitus. Such
‘smart’ systems or insulin analogues seek to provide hormonal activity proportional to blood glucose levels without external
monitoring. This review highlights three broad strategies to co-optimise mean glycaemic control and time in range: (1) coupling
of continuous glucose monitoring (CGM) to delivery devices (algorithm-based ‘closed-loop’ systems); (2) glucose-responsive
polymer encapsulation of insulin; and (3) mechanism-based hormone modifications. Innovations span control algorithms for
CGM-based insulin-delivery systems, glucose-responsive polymer matrices, bio-inspired design based on insulin’s conforma-
tional switch mechanism upon insulin receptor engagement, and glucose-responsive modifications of new insulin analogues. In
each case, innovations in insulin chemistry and formulation may enhance clinical outcomes. Prospects are discussed for intrinsic
glucose-responsive insulin analogues containing a reversible switch (regulating bioavailability or conformation) that can be
activated by glucose at high concentrations.

Keywords Artificial pancreas . Glucose sensor . Glucose-responsive insulin . Glucose-responsive polymers . Hormone-receptor
recognition . Review

Abbreviations
CGM Continuous glucose monitoring
ConA Concanavalin A
FRI Fructose-responsive insulin
GRI Glucose-responsive insulin
IRT Insulin replacement therapy
PBA Phenylboronic acid
TIR Time in range

Introduction

Insulin replacement therapy (IRT) is essential for the treat-
ment of type 1 diabetes mellitus and often required by patients
with late-stage type 2 diabetes. Advances in diabetes technol-
ogies have been broadly motivated by the aim to link optimi-
sation of IRT (including individualised glycaemic goals in
type 2 diabetes [1, 2]) and healthcare outcomes [3–8].
During a typical 24 h period, patients on insulin therapy often
exhibit episodes of hyperglycaemia or hypoglycaemia [9],
despite individualised dosing regimens [10, 11] and the broad
use of engineered basal and rapid-acting insulin analogues
[12–14]. Indeed, glycaemic excursions outside the narrow
blood glucose range classified as normoglycaemia (4.4–
6.7 mmol/l) [15] are frequent despite strict adherence to
dietary and lifestyle recommendations [16, 17]. These chal-
lenges have motivated innovation in ancillary technologies:
formulation chemistry, protein engineering, glucose-sensing
technologies and delivery devices [18, 19]. Integrating IRT
with engineered mechanisms of feedback (whether at the level
of protein, cell or device) represents a critical current frontier
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of innovation, with the overarching goal of fewer
hyperglycaemic excursions and reduced t ime in
hypoglycaemia (i.e. increased time in range [TIR]). TIR is a
major issue, ever-present in the daily life of an individual with
type 1 diabetes [20, 21] and in a subset of those with type 2
diabetes [22].

In this review we outline a range of glucose-responsive
(‘smart’) approaches to control TIR and discuss the prospects
for mechanism-based molecular design of intrinsic glucose-
responsive insulin (GRI) analogues [23]. Such delivery
systems or insulin analogues seek to optimise TIR by the
combined approaches of increased engineering controls to
deliver insulin therapeutics and the molecular design of new
chemical entities. Like endogenous beta cells, such systems
(broadly designated GRIs) would provide insulin activity
proportionate to the metabolic state. Accordingly, the GRI
concept has attracted the attention of the research community
[24–27] and funders [28, 29] alike.

GRIs may be broadly classified as: (1) algorithm-based
mechanical GRI systems (closed-loop delivery systems as an
‘artificial pancreas’) based on continuous glucose monitoring
(CGM)-coupled insulin pumps [30]; (2) polymer-based
systems, wherein insulin is encapsulated within a glucose-
responsive polymeric matrix-based vesicle or hydrogel [31];
or (3) molecular GRI analogue systems, which involve the
introduction of a glucose-sensitive motif to the insulin mole-
cule or its formulation that, in either case, confers glucose-
responsive changes to bioavailability or hormonal activity
[32] (Fig. 1). We highlight potential synergies among these
technologies as molecular GRIs may, in principle, be deliv-
ered via a closed-loop system (for further review, please see a
related article in this special series by Boughton and Hovorka
[33]). Cell-based therapies, which provide biological feedback
regulation [34, 35], are beyond the scope of this review.

Mechanical systems

Closed-loop systems Mechanical GRI systems [36] integrate:
(1) CGM to provide real-time measurement of interstitial
glucose concentration; (2) an insulin pump receiving CGM
input; and (3) a control algorithm specifying the appropriate
dose of insulin for minute-by-minute s.c. injection [11, 37,
38]. Although these systems promise to improve 24 h
glycaemic control in diverse patient populations (including
adults, adolescents and children), CGM-based measurements
of interstitial glucose concentrations lag by ~20 min behind
changes in blood glucose levels, complicating prediction of
future glycaemic trends. Reliable prediction is important
because a ‘rapid-acting’ insulin analogue (once injected)
may require 20–40 min for absorption and, once in the blood
stream, may exert biological effects lasting 3–4 h [39]. The
robustness of current predictive algorithms is likely to be

enhanced by development of ‘ultra-fast’ pump insulin
analogue formulations [40], such as Fiasp (Novo Nordisk)
[41, 42], ultra-rapid lispro (URLi; known as Lyumjev in
Europe; Eli Lilly) [43, 44], and respective reformulations of
prandial analogues insulin, including insulin aspart
(ProB28 → Asp) and insulin lispro (ProB28 → Lys and
LysB29→ Pro) [45–47]. The progress of CGM along with
automated real-time insulin titration and bolus calculators,
has enabled initial regulatory approval of mechanical GRI
systems [11].

Dual-hormone pumps To prevent or treat hypoglycaemia
more effectively, bihormonal pumps have been developed to
provide either insulin or its counter-regulatory hormone gluca-
gon [48–53]. Dual-hormone algorithms trigger s.c. injections
of a stabilised glucagon formulation based on trends in CGM
readings predicting an impending hypoglycaemic excursion,
thereby maintaining blood glucose levels within range more
efficiently than conventional CGM-coupled insulin pumps
[54, 55]; the extent of advantage and its clinical impact have
been the subject of debate. Fibrillation-resistant formulations
of glucagon or glucagon analogues would be required for
practical bihormonal systems [56].

Insulin stability in closed-loop systems Ultra-miniaturisation
of sensors and improved accuracy of pumps [36, 57, 58] have
encouraged reconsideration of i.p. delivery of insulin via i.p.
infusion devices [59, 60]. Implanted refillable pumps [61]
have promised ultra-rapid pharmacokinetic dosing profiles
of insulin with first-pass hepatic signalling in the portal circu-
lation. These advantageous features have stimulated interest in
novel i.p.-compatible insulin analogue formulations; desiderata
include insulins with even more rapid onset of activity, shorter
duration and greater formulation stability compared with the
insulin therapeutics currently on the market.

Despite the above theoretical advantages and the conve-
nience of long-term i.p. reservoirs of insulin (up to 3 months),
catheter occlusion [62] remains a concern that has limited the
feasibility of such systems in otherwise encouraging clinical
trials [63]. Occlusions are often mediated by immunogenic
and proinflammatory insulin-derived amyloid fibrils [64,
65]. Insulin instability and fibrillation can also occur within
the pump reservoir to inactivate the hormone and provide
seeds for further cycles of fibrillation.

Risk of insulin degradation in i.p. systems might be miti-
gated through design and development of ultra-stable,
fibrillation-resistant analogues. Examples are provided by
single-chain insulins (SCIs) containing a foreshortened C
domain [66] and by two-chain insulin analogues containing
an engineered non-canonical disulfide bridge between A- and
B-chains [67–69] (Fig. 2). The altered topology (connectivity)
of such analogues appears incompatible with cross-β assem-
bly, the canonical core structure of an amyloid [70–72]. Their
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topologies may, in principle, alter the signalling properties of
the hormone. Insertion of non-canonical cystine B4–A10 (Fig.
2b), for example, is associated with anomalously prolonged
duration of activity of insulin upon intravenous bolus injection
in rat studies [67], an unfavourable property of a pump insulin,
the safety of which relies on fast-on/fast-off pharmacodynam-
ics. Clinical data are not available.

Polymer-based GRI systems

Polymer-based technologies exploit sequestration of native or
derivatised insulin within a matrix suitable for s.c. injection by
directly integrating glucose-responsive components into
delivery systems [73, 74]. The matrix, in principle, senses
the glucose concentration and releases a proportional amount
of insulin. Three classes of glucose-sensitive motifs have
enabled such feedback: (1) glucose-binding proteins, a class
that includes lectins, like concanavalin A (ConA); (2) glucose
oxidase, an enzyme that catalyses oxidation of glucose to
gluconic acid with release of a proton (hence lowering the
pH); and (3) boronate-based chemistries, exemplified by
phenylboronic acid (PBA; see below), which form reversible
ester linkages with diol-containing molecules [75], including
glucose [76]. In addition to these categories, an innovative

recent technology envisions endogenous biological systems
(e.g., the mannose receptor and even components of the eryth-
rocyte) as a ‘smart’ matrix-based insulin delivery system [77,
78].

Insulin–lectin complexes More than 40 years ago, Brownlee
and Cerami pioneered a model GRI system: glycosylated
insulin complexed with ConA [24, 79]. This complex was
designed to sequester insulin in the s.c. space during
normoglycaemia and release the hormone during
hyperglycaemia via competition with ambient glucose mole-
cules (Fig. 3b). Although the strategy was successful in vitro,
its competitive set point was above the range of typical
hyperglycaemic concentrations [79]. ConA’s immunogenicity
and mitogenicity might limit clinical translation [80, 81].

Glucose-responsive polymers Advances in materials science
have enabled design of diverse candidate polymer-based GRI
systems. These were based on initial observations of Lorand
and Edwards [75] that boronic acids react reversibly with vici-
nal (1,2-) diols (like those that occur naturally in carbohy-
drates and catechol); their reaction yields boronate esters.
Norrild and Eggert first provided NMR evidence that binding
of PBA to D-glucose is primarily mediated by the α-D -
glucofuranose conformer (Fig. 4) [76]. Subsequently,
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Fig. 1 Design strategy for intrinsic molecular GRIs. (a) Sequence of
insulin showing A-chain and B-chain with typical sites of chemical modi-
fication underlined (GlyA1 N-terminal and B-chain residues B27–B30)
that affect pharmacokinetics and monosaccharide responsivity. Amino
acid residues are labelled using their standard single letter codes. (b)
Design scheme of monosaccharide-responsive insulin. The ribbon model
of closed inactive insulin (T-state monomer) is shown (with a free glucose

molecule adjacent to it); the blue box highlights sites of chemical modi-
fication (red horseshoe shapes indicate glucose-binding element; green
diamonds indicate internal diol). The envisioned glucose-regulated
conformational cycle in which a monosaccharide acts as a competitive
ligand to regulate a conformational switch between the closed state (inac-
tive in absence of ligand) and the open state (active in presence of ligand)
is illustrated. This figure is available as part of a downloadable slideset
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Wang’s group [82, 83] described a mechanism/mechanisms
of binding between diols and boronic acids (reviewed by Joop
A. Peters in relation to monosaccharides [84]). Such systems
envisaged encapsulation of insulin within polymeric matrices
to form a ‘smart’ s.c. depot. The set points of chemical
equilibrium-based glucose-recognition technologies (relative
to enzyme- or protein-based schemes) may be more amenable
to optimisation than ConA systems were found to be.

Polymer-based GRIs can, in principle, employ a variety of
encapsulation chemistries, including polyethylene glycol
(PEF), poly(N-vinyl-pyrrolidone) and succinyl-amidophenyl-
glucopyranoside [31, 74, 85].Whereas the matrices are imper-
meable to insulin during normoglycaemic or hypoglycaemic
conditions, their permeability may increase as a result of phys-
ical changes that cause swelling or increased water solubility
of the polymer in response to an increase in interstitial glucose
concentration. Examples include matrices co-derivatised with
PBA, other boronic acids [86–88] and dot-immobilised
glucose ester-based crosslinks [74, 85, 89].

Immobilised glucose-binding proteins and enzymes may
also be integrated with glucose-modified polymers [77, 90].
Of particular interest, glucose oxidase has been encapsulated
in matrices that are chemically sensitive to H2O2, hypoxia or
decreases in local pH. Unlike PBA and non-enzymatic
glucose-binding-protein-based technologies, polymeric matri-
ces in glucose oxidase-based systems exploit its catalytic
activity to increase the polymer’s water permeability and, so,
regulate hormone release [91, 92] (for review, see Wang et al
[73]).

Polymer-based GRI technologies are challenged by limited
particle stability [93, 94], lag times and suboptimal insulin-
response rates leading to hyperglycaemic or hypoglycaemic
excursions. Addressing these limitations has encountered a
catch-22: sensitising matrices to hyperglycaemia, for exam-
ple, can limit their ability to attenuate insulin release at low

glucose concentrations. The latter problem can be exacerbated
by matrix degradation, in principle raising the risk of severe
hypoglycaemic episodes in patients due to bolus over-delivery
[95, 96].

Intrinsic GRI systems

Intrinsic (or unimolecular) GRIs define a novel class of
analogues wherein the modified hormone itself confers
glucose-dependent activity or bioavailability. Initial candidate
technologies relied on sequestration of active insulin hormone
within the s.c. space or within the bloodstream (as inactive
complexes) with enhanced release or activation only during
hyperglycaemia. Recent bio-inspired advances exploit specif-
ic endogenous features of the s.c. space, potential hormone-
carrier proteins or cellular clearance systems. Although these
elegant strategies remain in the early stages of development,
their simplicity, convenience and potential cost-effectiveness
make them an attractive target of ongoing research. Because
standard insulin products are becoming a commodity in the
pharmaceutical industry, clinical introduction of chemically
modified insulins that are glucose responsive will likely
require detailed analysis of cost-effectiveness despite their
elegance.

Insulin fusion proteins A pioneering approach employed an
insulin–glucose oxidase fusion molecule [97]. A cysteine-
based linkage was broken as the enzyme oxidised glucose.
Although proof of principle was obtained in vitro, the low
Km of the enzyme for glucose led to liberation of the hormone
under hypoglycaemic, as well as hyperglycaemic conditions
[97]. In addition, release of H2O2 by glucose oxidase (as a
byproduct of glucose oxidation) and generation of reactive
oxygen species (ROS) could cause tissue injury. In a

Fig. 2 Ultra-stable insulin analogues. (a) Single-chain insulin (SCI)
analogues exhibit native-like A and B domains (green and blue, respec-
tively) with three native disulfide bridges (yellow). A foreshortened C-
domain (5–8 residues; orange) connects the C-terminal B-chain β-strand
(magenta) to the A-chain N-terminus. A favourable C-domain sequence
can dampen conformational flexibility, augment thermodynamic stability
and protect from fibrillation [66]. Protein Data Bank (PDB) ID: 2LWZ
(www.rcsb.org/; accessed: 1 February 2021). Figure adapted from [145]

with permission fromWolters Kluwer Health, Inc. (b, c) Ultra-stable two-
chain insulin analogues with engineered fourth disulfide bridges. Crystal
structure of the four-disulfide (4SS)-insulin analogues containing a
disulfide bond in (b) position B4–A10 (PDB ID: 4EFX) [67] and (c)
position B22–A22 (PDB ID: 6TYH) [69]. The disulfide bonds (shown
in yellow) and labelled (yellow boxes). Images were created with PyMOL
(https://pymol.org/2/; accessed: 1 February 2021). This figure is available
as part of a downloadable slideset
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complementary approach, glucose oxidase-dependent chang-
es in s.c. pH were exploited to modulate the solubility (and,
hence, rate of absorption) of insulin glargine, the isoelectric
point-shifted active component of Lantus (Sanofi) [98].
Because this basal analogue is insoluble at neutral pH but
soluble under acidic conditions, glucose oxidase-mediated
acidification (via production of gluconic acid), in principle,

enhances bioavailability [99] (Fig. 3c). Although in vitro
and pilot animal studies appear promising, clinical data has
not yet been obtained [100].

Biology-inspired GRI systems An attractive frontier of GRI
engineering takes advantage of an endogenous biological
system, ‘hijacked’ in its native form to provide an active
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Fig. 3 GRI-inspired derivatisation of insulin. (a) Insulin contains two
peptide chains (designated ‘A’ and ‘B’) connected by two disulfide link-
ages (cystines A7–B7 and A20–B19). (b) Brownlee and Cerami [24, 79]
created a molecular GRI by coupling saccharides to the N-termini of one
or both polypeptide chains of insulin (shown as red circles in a). The
analogues (grey ovals) were bound to ConA (red star) before administra-
tion in rats. ConA was expected to sequester the modified insulin in the
s.c. space under euglycaemic conditions, but allow its liberation follow-
ing competitive binding of ambient glucose (blue hexagons) during
hyperglycaemia [24, 79]. (c) A GRI system employing insulin glargine
(purple ovals; its three amino acid substitutions denoted as purple circles
in a) was co-injected with glucose oxidase (GoD; red polygon), which
was expected to lower local pH by oxidising glucose to gluconic acid
(dark blue circles) at a rate proportional to the glycaemic state, thereby
increasing the solubility and, hence, pH-dependent bioavailability of the
analogue. (d–f) A number of groups have modified the ε-amino group of
LysB29 of the insulin molecule with PBA derivatives (green hexagons) to

create candidate GRI systems. (d) Hoeg-Jensen et al [32] directly coupled
LysB29 with PBA derivatives, enabling binding to diol-containing poly-
mer carriers (orange rectangles with red circles) in a glucose-dependent
fashion [32]. (e) The same group also derivatised residue B29 with a
molecule containing a PBA and a polyol group (black lines with red
circles), leading to multi-hexameric complexes in vitro that could disso-
ciate in a glucose-dependent fashion [110]. (f) Chou and colleagues [112]
created a GRI that contained a PBA derivative coupled via a fatty-acyl
linker (black jagged line) to LysB29. They hypothesised that this analogue
would bind to albumin (blue oval) below a threshold level of blood
glucose, being liberated during hyperglycaemia as glucose-modified
PBA–insulin, which was envisioned to have decreased affinity for albu-
min; however, the GRI-responsive mechanism of lower affinity of the
glucose-modified PBA–insulin for albumin was not confirmed [112].
Figure adapted from [145] with permission from Wolters Kluwer
Health, Inc. This figure is available as part of a downloadable slideset
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component of a glucose-dependent regulatory scheme. Such
an approach was developed by Merck, based on competitive

clearance of a saccharide-modified insulin by the endogenous
mannose receptor [101, 102]. The saccharide adduct presented
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Fig. 4 Biomimetic and chemical strategies to bind glucose vs fructose.
Selective but reversible capture strategies exploit different molecular
features and reactivity in conformational equilibria in water at pH 7.4
between saccharides, such as D-fructose and D-glucose conformations.

D-Fructose populates β-D-fructopyranose, D-fructosyl ketone and β-D-
fructofuranose (per cent population: 61%, 0.8% and 25%, respectively)
and D-glucose populates β-D-glucopyranose, D-glucosyl aldehyde and α-
D-glucofuranose (per cent population: 65%, 0.0024% and 0.14%, respec-
tively) (data from [75]). (a) The biomimetic approach has achieved selec-
tive binding of β-D-glucopyranose over β-D-fructopyranose (association
constant [Ka] ~18,000 M

−1 and Ka ~51 M
−1, respectively). This is owing

to the all equatorial polar hydroxy groups in β-D-glucopyranose (shown
in blue) that form specific hydrogen bonds with the preorganised urea-
based cage elements and the dual phenyl groups in the biomimetic recep-
tor complex (shown in red and blue, respectively), which make apolar
hydrophobic contacts with the glucopyranose ring with solubilising
groups (shown in green) [146]. Neither D-fructose nor other saccharides
accommodate these requirements for interaction with the biomimetic
receptor complex [125]. (b) Jensen and colleagues [114] demonstrated
a novel chemical approach to D-glucose selectivity by exploiting its open
chain, acyclic D-glucosyl aldehyde. A series of masked cleavable
hydrazones or thiazolidines were tuned for aldehyde reactivity (carbonyl

groups shown in blue). These GRI designs relied on hydrolysis of a
hydrazone or thiazolidine linker that was covalently attached to insulin
at one end and C18 fatty acid at the other. On hydrolysis, D-glucosyl
aldehyde reacts with the free unmasked linker-moiety, resulting in a shift
of equilibrium towards a free active insulin analogue. Increasing concen-
trations of glucose (from normoglycaemia to hyperglycaemia) are
proposed to drive this shift. In contrast, D-fructose’s acyclic form (D-
fructosyl ketone [shown in blue]) is reactive to the unmasked linkers
but not generally found in the body [114]. (c) PBAs bind most strongly
to aligned 1,2-diol elements, such as those found in β-D-fructofuranose;
respective conformational equilibria, thus, favour selective binding to
fructose [84]. The acidity of PBAs is also known to affect diol reactivity,
with vicinal diols known to produce boronate esters [75, 83], as illustrated
by the α-D-glucofuranose/boronate ester in the figure. Key cis-hydroxyl
groups are coloured red. D-Fructopyranose, β-D-fructofuranose, β-D-
glucopyranose and α-D-glucofuranose images adapted from [108],
published by The Royal Society of Chemistry under the terms of the
Creative Commons Attribution 3.0 Unported License (https://
creativecommons.org/licenses/by/3.0/). Biomimetic receptor complex
image adapted from [146] by permission from Springer Nature, ©2018.
This figure is available as part of a downloadable slideset
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terminal mannose moieties and so provided a substrate for
clearance by the ubiquitous mannose receptor system. The
essential idea envisioned rapid clearance of the modified insu-
lin under conditions of hypoglycaemia but slow clearance
under conditions of hyperglycaemia due to low-affinity bind-
ing of glucose to (and, hence, competition at) the mannose
receptor. The glucose-dependent differences in rates of clear-
ance, although not large, were sufficient to provide partial
protection from hypoglycaemia relative to the same dose of
an unmodified insulin. Although animal-based and pilot clin-
ical studies were pursued, this approach is no longer under
development. These challenges to create a modified insulin
with an improved therapeutic index that enables tighter
glycaemic control with a reduced risk for hypoglycaemia, as
well as the challenges of translating in vivo animal models and
data for application in humans, highlight the importance of
developing better in silico GRI modelling in the developmen-
tal pipeline [23, 103–105].

PBA-modified insulin derivatives PBA is a diol-binding
element that is able to sense carbohydrates [106–108]. A
PBA-modified insulin derivative was first described as a
potential intrinsic GRI by Hoeg-Jensen et al [32]. This work
established that PBA could be coupled to the insulin B29
position without affecting its biological activity, in turn
enabling the analogue to bind diol-containing sequestering
agents (Fig. 3). The investigators further demonstrated that a
modified insulin carrying both a PBA and a polyol group
attached to the LysB29 sidechain could form high molecular
weight multimeric complexes that dissociate under control by
D-sorbitol or D-glucose (Fig. 3e) [109, 110]. A sidechain
glutamic acid linker was required for in vitro activity, as is
the case for insulin degludec, a second-generation basal acyl-
ated insulin [111]. To our knowledge, no in vivo results have
been described.

Novel use of a PBA-based GRI was described by Chou and
colleagues [112] who employed an acylated insulin analogue
(insulin detemir) in which myristic acid was coupled onto
lysine (LysB29) to mediate binding to serum albumin and,
so, provide a long-lived circulating depot of insulin. The
hydrocarbon acyl tag was further derivatised with PBA so that
its affinity for albumin might be glucose responsive. The
essential idea thus envisioned albumin as a glucose-
dependent carrier, similar, in spirit, to the reported use of
erythrocyte membranes as glucose-dependent carriers [77,
113]. Although this goal was not achieved in vitro with this
analogue (i.e. the albumin-binding properties of the analogues
were not glucose-dependent), several such candidate GRI
analogues exhibited glucose-responsive biological activity in
a peritoneal glucose-infusion assay in mice [73].

In a similar manner to the above, Jensen and colleagues
[114] took advantage of albumin binding as a plasma depot
to demonstrate novel GRI activity acceleration, which was

mediated by aldehyde-responsive capture of released insulin.
The strategy biased for glucose reactivity over fructose by
virtue of aldehyde capture based on the increased reactivity
of acyclic glucosyl aldehyde over fructosyl ketone and the fact
that fasting glucose concentrations are about >1000-fold
greater than those of fructose (Fig. 4) [114]. In the same study
[114], in glucose clamp models, some insulin analogues
demonstrated GRI activity, but their in vitro hydrolysis rates
were >6 h, suggesting that lag time might be an issue.

Glucose-regulated conformational switches A reversible
conformational cycle between active and inactive states of
insulin may, in principle, be regulated by a ligand, such as
glucose (Fig. 1b). A new avenue for molecular GRI design
was inspired by crystallographic and cryogenic electron
microscopy (cryo-EM) studies of insulin bound to fragments
of the insulin receptor [115, 116], including the intact
ectodomain [117, 118]. Such studies revealed a major change
in the conformation of insulin on receptor binding in which
the hormone ‘opens’ with detachment of the C-terminal B-
chain segment; this enables intimate contact between the N-
terminal A-chain α-helix and the receptor complex [117,
118].

It may be possible to exploit the mechanism of insulin–
insulin receptor binding and signalling to design a glucose-
dependent conformational switch, such that binding of the
modified insulin to the insulin receptor is impaired under
hypoglycaemic conditions. A glucose-displaceable bridge
between a glucose-binding element attached to one position
in the insulin molecule and an internal ligand (such as a diol or
saccharide) may, in principle, be placed at any pair of sites,
such that the ‘closed state’ is inactive and the ‘open state’ is
active. Proof of principle was recently provided in studies of a
fructose-responsive insulin (FRI), in which meta-fluoro-PBA
was attached to the A-chain N-terminus, and an aromatic diol
group was attached to the ε-amino group of LysB28 to provide
an internal tether between the A- and B-chains (see ‘open,
active’ form in Fig. 1b) [119]. Whilst the baseline activity of
this analogue was low, near-native activity (as assessed in
studies of the liver-derived cell line HepG2) was restored by
50 mmol/l fructose, but not by 50 mmol/l glucose [119].

The binding preference of PBA and its derivatives for fruc-
tose (relative to glucose) reflects their respective conforma-
tional equilibria and, in particular, the subpopulation of
conformers displaying cis-1,2-diols that have hydroxyl groups
that are oriented syn-periplanar (same side) for joint presenta-
tion to the boronic acid (Fig. 4c) [108]. Such alignment
depends on the conformational equilibrium of a monosaccha-
ride, as is observed in the β-D-fructofuranose form (Fig. 4c).
Because the analogous conformation of glucose (α-D-
glucofuranose; Fig. 4c) is >100-fold less populated compared
with β-D-fructofuranose at equilibrium in solution [84, 120],
binding of PBAs to fructose is significantly favoured.
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Improved glucose-binding elements will be required to extend
the FRI proof-of-principle results to obtain bona fide GRIs. A
chemical diversity of candidate boronate-based glucose
sensors has been described [73, 82, 121–124], as well as
non-boronate-based chemistries [125–127]. In addition, the
above FRI’s bridge between the A-chain N-terminus and B-
chain C-terminus follows naturally from the hormone’s mech-
anism of insulin receptor binding [116], but a wide variety of
bridges might exhibit analogous glucose-responsive proper-
ties. Such design options promise an opportunity to co-
optimise other GRI molecular features, including stability
and immunogenicity.

To define potential non-canonical pairs of conforma-
tional switch sites suitable for GRI design, DiMarchi and
colleagues [128] undertook a systematic survey of fourth
disulfide bridges in an insulin analogue (des-[B29,B30]-
LysB28-insulin; ‘DesDi’ [129]). Whereas previous efforts
to engineer additional disulfide bridges into insulin were
motivated by stability [67–69], this study’s emphasis was
on differences in insulin receptor binding on closure of the
fourth bridge. Six such pairs of putative switch sites were
identified based on this functional criterion (Fig. 5). These
pairs are distant in the native structure of insulin; formation
of the engineered disulfide bridge (forced by selective
chemical tactics) presumably distorts the conformation of
the hormone, including its insulin receptor-binding

surface. Predicted distances between the unpaired cyste-
ines in the framework of native insulin (T state) are given
in Fig. 5 and reported as interatomic distances.

To visualise these novel analogues on closure of the non-
native disulfide bridge, we undertook molecular modelling of
the six constrained insulin analogues based on distance-
geometry and restrained molecular dynamics. A baseline set
of restraints was provided by prior NMR analysis of
engineered insulin monomers [130, 131]. Of such fourth
disulfide bridges, only cystine A0–B26 (Fig. 6c) could be
accommodated within a native-like protein conformation
(Fig. 7). A glucose-displaceable tether between amino acid
residues A0 and B26 would, thus, be analogous to the
fructose-regulated switch described above [119].

In the other five cases, formation of the fourth disulfide
seems to require partial unfolding of the protein, perturbing
one or more α-helical elements (Fig. 6a, b, d–f); these distor-
tions are incompatible with the structure of the primary
insulin-binding site in the insulin receptor. For example,
imposing cystines A8–B10 or A14–B10 in our modelling
(Fig. 6d, e) distorted the central B-chain α-helix and
N-terminal A-chain α-helix, key insulin receptor-
binding elements [116]. Displacement of such aberrant
bridges by glucose would presumably relieve the distor-
tion and, so, restore activity. A rational path towards
switchable intrinsic GRIs, based on strained disulfide

Fig. 5 Search for non-canonical disulfide-based conformational switch
sites as designed by Brunel et al [128]. Location of fourth disulfide bonds
and their predicted interatomic distances (indicated by dashed lines
between sulphur atoms [yellow spheres]; predicted interatomic distances
shown in angstroms [Å]) in the insulin monomer (crystallographic T
state; Protein Data Bank [PDB] ID: 4INS [www.rcsb.org/; accessed: 1
February 2021]). The disulfide pairs in (a–f) were chosen based on their
reported insulin receptor-binding activity, the open:closed ratio of which

was >100; they were associated with >100-fold decrease in activity on
fourth disulfide-bond formation. The pairs are: (a) A0–B17; (b) A0–B22;
(c) A0–B26; (d) A8–B10; (e) A14–B10; and (f) B10–B22. Sulphur atoms
are shown in the substituted cysteines. Native disulfide bonds are shown
as yellow lines; A-chain shown in green and B-chain in blue. Data were
taken from [128]; images were created with PyMOL (https://pymol.org/
2/; accessed: 1 February 2021) . This figure is available as part of a
downloadable slideset
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engineering, was envisaged by DiMarchi and colleagues
[128]. It would be of future interest to probe the struc-
tures and stabilities of these strained analogues, whether
they contain cystine or reversible glucose-displaceable
tethers. We anticipate that the set point for glucose
displacement would be modulated by the degree of
conformational strain.

Clinical significance and conclusions

The centennial of the discovery of insulin marks a time of
continuing innovation in insulin technologies. Even as the
events leading to insulin discovery in Toronto in 1921 are
celebrated as a landmark inmolecular medicine, a comprehen-
sive history recognises not only the contributions of Frederick

Fig. 6 Structural distortions among putative disulfide switch analogues
[128] predicted on closure of a fourth disulfide bridge involve (a) cystine
A0–B17, (b) cystine A0–B22, (c) cystine A0–B26, (d) cystine A8–B10,
(e) cystine A14–B10 and (f) cystine B10–B22. A0 represents N-terminal
extension of the A-chain by cystine. Only the model in (c) contains native
α-helical segments and a native-like tertiary structure; the other five
models are remarkable for segmental unfolding of helical segments and
distortion of helix–helix orientations. Models were calculated using
Xplor-NIH (https://nmr.cit.nih.gov/xplor-nih/; accessed: 1 February
2021), based on distant restraints (~750 per model) derived from NMR

analysis of an engineered insulin monomer (Protein Data Bank [PDB] ID:
2JMN [www.rcsb.org/; accessed: 1 February 2021]; [147]). Specific
subsets of native distance restraints were removed to enable the
designated additional disulfide bridge to be formed; distance restraints
were omitted involving residues in: B9–B22 (a, b); B25–B30 and A0–
A3 (c); B9–B16 andA2–A9 (d); A11–A16 andB9–B16 (e); and B9–B22
(f). Representative models were visualised and analysed using PyMOL
(https://pymol.org/2/; accessed: 1 February 2021). A-chain shown in
green and B-chain in blue. This figure is available as part of a
downloadable slideset

Fig. 7 Mechanism of insulin–insulin receptor binding excludes certain
engineered disulfide bridges. (a) Co-crystal structure of wild-type insulin
bound to the micro-receptor (μIR) (Protein Data Bank [PDB] ID: 4OGA
[www.rcsb.org/; accessed: 1 February 2021]). Upon insulin binding to its
receptor, the B-chain C-terminus moves away from A-chain, giving way
to the α-CT domain. (b) A0–B26 three-disulfide (3SS) insulin monomer
bound to the μIR. The location of sulphur atoms in the fourth cysteine
pairs is shown. (c) Modelled structure of four-disulfide (4SS) insulin

(A0–B26; see Fig. 6c) bound to the μIR. If the normal mode of binding
takes place, the fourth A0–B26 disulfide bridge hinders the opening of the
B-chain and causes a steric clash with the α-CT domain. Images were
created with PyMOL (https://pymol.org/2/; accessed: 1 February 2021).
L1 domain shown as a pale cyan surface; α-chain of carboxyl terminal
(α-CT) domain shown in magenta; insulin A-chain shown in green and
B-chain in blue; sulphur atoms shown as yellow sphere. This figure is
available as part of a downloadable slideset
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Banting, Charles Best, James B. Collip and John J. R.
Macleod, but also the key insights and advances made by
others in the preceding five decades, beginning with Oskar
Minkowski and Joseph von Mering (Germany) and continu-
ing with Étienne Lancereaux (France), Nicolae C. Paulescu
(Romania) and Israel Kleiner (USA) [132].

The present review highlights a vibrant frontier of insulin
technologies. Whereas closed-loop systems have recently
become a clinical reality [133–135], polymer-based and intrinsic
GRIs promise to enhance the safety and efficacy of IRT. In
addition to the elegance of the associated chemistries andmacro-
molecular structures, ongoing research has a compelling clinical
motivation: to enhance the health and quality of life of patients
with type 1 diabetes and of patients with type 2 diabetes refrac-
tory to oral therapy—and with less burden on patients [136]. To
bridge the valley between basic science and clinical applications,
in silico simulations of animal physiology and human patients
are likely to provide key guidance [23, 103–105].

All three classes of GRI technologies considered here, namely
closed-loop delivery (as an ‘artificial pancreas’), polymer-based
systems and molecular GRI analogue systems, seek to achieve
optimal TIR. Standard IRT faces a trade-off: on the one hand,
strict glycaemic control has been shown to retard or prevent
microvascular complications in type 1 diabetes [6] and is likely
to be beneficial in early stages of type 2 diabetes [137–139] but,
on the other hand, aggressive glycaemic targets increase the acute
and long-term risks of hypoglycaemia [10, 140–143]. Whereas
CGM pump-based GRIs presently employ the most mature
component technologies, recent innovations in matrix-based
and unimolecular GRIs suggest promising routes towards safe
and effective approximation of pancreatic beta cell function. We
anticipate continuing progress in the coming years to reduce the
burden of diabetes. Given the balance of price and access to new
therapeutics (especially derivatised insulin analogues [144]) and
the high human and economic costs of long-term diabetes
complications, such innovative technologies are likely to be
cost-effective when considering the integrated impact on society.

Supplementary Information The online version contains a slideset of the
figures for download available at https://doi.org/10.1007/s00125-021-
05422-6.
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Abstract
Present-day treatments for people that are insulin dependent require multiple insulin injections, sometimes with an insulin pump,
coupled with regular blood glucose monitoring. The availability of modified insulins, eachwith peaks of activity at varying times,
has improved diabetes management. On the other hand, there have been impressive results leading to insulin independence by
transplantation of cadaveric islets coupled with immune suppression. This review focuses on the possibility of treating diabetes
with cellular transplants, specifically with the use of pluripotent stem cells, to produce a virtually unlimited and uniform supply of
human islet-like clusters by directed differentiation. Prospects for improving the in vitro differentiation of human endocrine cells
for the study of endocrine function and their possible clinical uses are also discussed.
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Abbreviations
AMPK AMP-activated protein kinase
CGM Continuous glucose monitor
ERRγ Oestrogen-related receptor gamma
ES Embryonic stem (cells)
iPS Induced pluripotent stem (cells)
mTORC1 Mammalian target of rapamycin complex 1
RNA-Seq RNA sequencing
SC-islet Stem cell-derived islet

Introduction

The discovery of insulin in the 1920s transformed the lives of
insulin-dependent people with diabetes. This discovery is the
subject of another review in this volume [1], but suffice it to
say that the identification of insulin, its purification from vari-
ous animal sources and its eventual production from the
cloned human gene, made it possible to provide human insu-
lins to people with diabetes. The advent of fast- and slow-
acting insulins, and insulin pumps coupled with continuous

glucose monitors (CGMs) defines some of the important inno-
vations in present-day treatments. Despite these impressive
advances, patients want and need more; the near-constant
burden of monitoring blood glucose levels, insulin pumps,
diet and exercise weighs heavily on patients and their families.
And despite this considerable attention and the associated
cost, our treatments still lead to comorbidities and a life with
social and health burdens. Simply put, individuals with diabe-
tes and their families live every day and night coping with the
disease. Here, I discuss the possibility of a different approach.

The aim of CGMs and insulin pumps is to replace the
absence of beta cells. Pancreatic beta cells evolved over
millions of years to measure blood glucose levels accurately
and quickly and deliver just the right amount of insulin. The
beta cell reads glucose levels every millisecond and the insulin
secretion by a cohort of beta cells is exquisitely coordinated.
Replicating this biology is a challenge for CGMs (which read
glucose levels every 5–15 min) and insulin pumps, and the
gaps go a long way to explain why present-day treatments are
not a cure and result in diabetic complications.

Using living cells instead of machines
to control blood glucose

Instead of using machines to recapitulate what the beta cell
does, a more natural and effective solution may be to make
human beta cells and transplant them as a regenerative
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medicine. Transplanting beta cells is not a new idea; cadaveric
islets have been transplanted effectively for decades [2]. That
procedure does require living with life-long immunosuppres-
sants, but transplantation of cadaveric islets into the portal
vein has demonstrated the power of cell replacement for
controlling blood glucose levels. Cadaveric islets read blood
glucose levels and deliver insulin so effectively that some
patients self-report this therapy as a life-changing operation,
making them feel ‘non-diabetic’. While insulin independence
is not achieved in all cases, and typically lasts for 5–6 years,
the results unequivocally demonstrate the effectiveness of islet
cell replacement therapy.

Since cadaveric islets are not available in a sufficient supply
nor quality to meet the needs of the millions of individuals in
need of insulin therapy, other sources of human beta cells have
been explored for decades. Researchers also considered the
possibility of an endogenous stem cell, similar to blood stem
cells, that could replenish missing beta cells. It is now largely
agreed that no such adult stem cell for beta cells exists and,
instead, beta cell mass is maintained by a very slow rate of
self-replication [3]. It has proven to be quite difficult to increase
the rate of endogenous beta cell replication, but recent work
with chemical screens identified stimulants, such as harmine,
that show promise. [4]. In addition, while there is evidence in
rodents for the conversion of other adjacent cell types into beta
cells [5], at this time there does not seem to be a straightforward
way to transdifferentiate alpha cells or ductal cells into a suffi-
cient mass of beta cells to treat diabetes. For example,
transdifferentiation of exocrine cells into functional beta cells
[6] requires ectopic expression of multiple transcription factors
and this is not easily achieved in vivowith present technologies.

With the discovery of human pluripotent stem cells (both
embryonic stem (ES) and induced pluripotent stem [iPS]
cells), it became clear that one could, in principle, use their
virtually unlimited potential for division and differentiation to
solve the problem of making more beta cells. Setting aside the
regulatory and ethical issues in obtaining these human cell
types, the challenge taken on by several laboratories and
companies became directing the differentiation of pluripotent
cells into beta cells. Several groups [7–11] showed that it was
possible to make cells that expressed several key beta cell
genes, including insulin, in vitro. In most cases, the approach
involved a stepwise differentiation protocol wherein the ES/
iPS cells are first directed to definitive endoderm, followed, in
turn, by gut development, pancreatic progenitors, endocrine/
islet progenitors and, finally, beta-like cell differentiation.
This work was guided by studies of pancreatic development
in frogs, zebrafish and mice [12], and the resulting insights
were supplemented with empirical screening, i.e. testing the
ability of various small molecules and growth factors in the
media to drive differentiation.

Demonstrating that human ES cells could make immature
beta cells, cells with the potential to become functional beta

cells (defined as cells that respond to repeated glucose chal-
lenges by secreting insulin, not cells that simply make and
secrete insulin) was an important step. Months after transplan-
tation in vivo, ES cell-derived beta cells were able to advance
or complete their differentiation, further mature, and become
glucose responsive, as evidenced by the successful treatment
of pre-existing diabetes in immune-deficient mice following
transplantation [13, 14]. These findings showed that the
in vitro differentiation of ES cells could be advanced to a
progenitor stage, an important step toward the end goal of
making functional human beta cells.

Using stem cells to produce functional beta
cells in vitro

While it was clearly possible to produce cells that made insu-
lin, it remained a challenge to produce functional beta cells
in vitro, cells that responded to multiple glucose challenges by
secreting insulin without requiring further differentiation and
development in vivo following transplantation. Using multi-
ple screening regimens and repeated testing, the goal of
making physiologically functional cells in vitro was achieved
in 2014 (see Fig. 1) [15]. Human ES and iPS cells were differ-
entiated into functional beta cells by a six-step procedure,
taking several weeks and using a combination of 2–5 differ-
entiation signals at each of the six steps. While the combina-
tion and concentrations of factors and timing all played a role
in this achievement, among the key advances were the use of

Fig. 1 An SC-islet produced from human embryonic stem cells by a six-
step differentiation procedure. Image of a representative SC-islet, stained
and sectioned, showing the mixed population of cells present at the end of
the differentiation protocol [23]. The protocol used was a six-step proce-
dure of media and signalling factor changes, taking place in a spinner
flask. Spherical SC-islets contain about 5000–10,000 cells.
Immunohistochemistry highlights three different endocrine cell types:
beta cells (green; stained for C-peptide), alpha cells (red; stained for
glucagon) and delta cells (white; stained for somatostatin). Note there
are other cells in the cluster that did not stain for any of these three
hormones. Nuclei are stained blue with DAPI. Scale bar, 100 μm. This
figure is available as part of a downloadable slideset
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gamma secretase inhibitor, activin receptor-like kinase 5
inhibitor (ALK5i) II and T3 stimulation at the final stages
[15]. We shared these advances prior to publication with the
biotech company Betalogics who then worked with another
laboratory to reproduce our findings. Their paper [16] provid-
ed an independent verification, confirming that our protocol
produced glucose-responsive beta cells entirely in vitro. This
advance has been extended by others to other pluripotent cell
lines, with various improvements [17, 18].

It is notable that the production of functional human beta
cells in vitro occurs in the absence of natural cell contacts from
mesenchyme, endothelia and other cells that provide instruc-
tive signals to pancreatic epithelia during development (e.g.
[19–21]). Presumably, many of those endogenous signals are
replaced by the factors added in vitro, but it is also possible
that intercellular inductive signalling occurs among cells in
the differentiation protocol [21, 22].

The in vitro differentiation protocols that have subsequent-
ly been developed are largely similar in that they all produce a
mixture of cell types at the final stage (i.e. they do not produce
only beta cells). It is also worth noting that each starting cell
line requires some optimisation, but both ES and iPS cell lines
can be successfully differentiated.

A more complete characterisation of the cell types
produced by in vitro differentiation of ES or iPS cells has
come from single-cell RNA sequencing (RNA-Seq). A gene
expression profile of the cell types present in normal human
islets was provided by single-cell RNA-Seq [23], confirming
years of histological analyses of human islets and setting the
goal for the cell composition of cells to be made using in vitro
differentiation protocols. Veres et al. applied single-cell RNA-
Seq to examine the cells present in stem cell-derived islets
(SC-islets) and found fewer beta and alpha cells than are pres-
ent in cadaveric islets, some exocrine cells, undifferentiated
cells and enterochromaffin cells [24]. The latter was unexpect-
ed as these cells are normally in the gut. This analysis also
demonstrated the remarkable stability of the differentiated
cells produced: differentiated SC-islet cells maintain their
phenotype in vitro for more than 5 weeks in the absence of
any further differentiation signals. These findings further
highlight the differences between progenitor cells [13] and
more differentiated SC-islet beta cells that are capable of
repeated responses to glucose stimulation in vitro [15].

Single-cell RNA-Seq also identified mRNAs encoding
cell-type-specific surface proteins, CD49a for beta cells and
CD26 for alpha cells. This makes it possible to greatly enrich
alpha and beta cells (Fig. 2), enabling us to produce SC-islets
with defined proportions of endocrine cell types. Similarly,
expression of glycoprotein 2 (GP2) can also be used to obtain
beta cell enriched cellular preparations [25, 26].

SC-islets thus appear to have the cell types needed to
provide physiological function. Future efforts will likely focus
on adjusting the proportions of endocrine cells (primarily

alpha, beta and delta cells), ridding the final product of undif-
ferentiated and unnecessary cells, as well as scaling the proce-
dures in bioreactors and reducing variation in these complex
multi-step protocols.

Differences between SC-islets and adult
cadaveric islets

While making beta cells that respond to successive glucose
challenges represents a significant advance, the final product
is not an exact replica of a human islet, neither in cell compo-
sition nor in full function. For example, the beta cells within
SC-islets differ from cadaveric beta cells in terms of RNA
transcripts encoding urocortin-3 (UCN3), islet amyloid poly-
peptide (IAPP), and oestrogen-related receptor gamma
(ERRγ) [27, 28]. There are also differences in epigenetic
modifications, including DNA methylation and histone modi-
fications [29, 30]. Moreover, the circadian clocks of the indi-
vidual cells in SC-islets are not synchronised, as they are in
cadaveric islets [30].

During normal mouse development, there is a metabolic
switch in the fetus, from a constitutive amino acid-
stimulated insulin secretion to a postnatal, periodic glucose-
stimulated insulin secretion. This maturation to oxidative
metabolism correlates with a change from mammalian target
of rapamycin complex 1 (mTORC1) to AMP-activated
protein kinase (AMPK) signalling [31, 32], and this switch
to AMPK signalling has also been shown to be correlated with
the increased mitochondrial number in beta cells after birth
[31]. Inhibiting mTORC1 with rapamycin in vitro drives
SC-islets to a more mature phenotype [32]. Similarly,
entraining the circadian clock in vitro further enhances and
coordinates SC-islet function in vitro [30]. Moreover, ectopic
expression of ERRγ via an adenoviral vector advances the
differentiation of SC-islets for some cell lines [28]. All of
these additional steps that fine tune beta cell function evident-
ly take place following SC-islet transplantation, perhaps
owing to endothelial signals or paracrine factors that are
supplied following vascularisation.

A biochemical study of glucose metabolism in SC-islets
points to a specific enzymatic block that may explain why
SC-islet beta cells have a reduced magnitude of glucose-
stimulated insulin secretion in vitro, as compared with those
of cadaveric islets. Usingmass spectrometry to analysemetab-
olites following a glucose challenge, reduced replenishment of
tricarboxylic acid cycle (TCA) intermediates in the mitochon-
dria of SC-islet beta cells was revealed [33]. This study iden-
tified a bottleneck in the glycolytic pathway at the stage in
which glyceraldehyde 3-phosphate dehydrogenase and phos-
phoglycerate kinase act. Bypassing this metabolic bottleneck
in vitro results in a robust, bi-phasic insulin release that is
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identical in magnitude to that in functionally mature human
islets.

It is not clear how the changes in enzymatic and mitochon-
drial activity, transcription, epigenetic modifications and the
circadian rhythm relate to one another in terms of their relative
timing or control of one another. Importantly, SC-islets do
achieve further maturation in vivo, post transplantation, and
it may be unrealistic to expect their in vitro function to mimic
cadaveric islets in every respect because the latter have had
quite a different developmental history and contain many
other kinds of non-endocrine cells, including mesodermal
cells.

The studies reviewed above demonstrate that it is possible
to use undifferentiated pluripotent ES or iPS cells to produce
functional human pancreatic islet cells in vitro. Moreover, it is
remarkable that ES/iPS cells develop so well in vitro, in the
absence of all the normal milieu and three-dimensional cell
interactions that normally orchestrate pancreatic islet develop-
ment [34]. One can anticipate improvements in the differenti-
ation protocols available by reducing the number of steps and
factors employed, substituting small molecules (whichmay be
expensive) for growth factors, and gaining more complete
mastery over the differentiation so as to make islets with a
defined composition of endocrine cell types. In addition, it
will certainly help to more thoroughly study and reproduce
the extracellular matrix (ECM), innervation and endothelial
signals that occur in vivo for in vitro studies [35, 36]. The
availability of SC-islets in virtually unlimited quantities,
derived from different genetic backgrounds, will likely lead
to informative studies on islet cell maturation and longevity,
insulin resistance and the stress of exposure to high glucose
and lipids [37], all of which are difficult to study in human
participants.

As noted above, differentiation protocols can result in a final
product that contains ‘unwanted’ cells, such as enterochromaf-
fin cells or, in some instances, undifferentiated cells that can
form other cell types or cysts following transplantation.

Modifying the differentiation signals, using genetic modifica-
tions or the use of ‘suicide’ genes [38] may prove effective in
ensuring that the final product is free of potentially harmful cells
and contains the optimal cellular composition.

Awaiting results from clinical trials

For clinical applications, present efforts are focused on treat-
ment of type 1 diabetes, which requires some form of immune
protection. The SC-islets will be transplanted into a foreign
environment, not back into the pancreas. Since insulin injec-
tions are effective at many sites, the principal considerations
are an adequate blood supply and ease of transplantation.
Explorations of subcutaneous and intraperitoneal sites are
presently being investigated as potential transplant environ-
ments; as of yet, it is not known which site offers the best
vascular support for long-term survival and function. The liver
is effective for the transplantation of cadaveric islets but the
kidney capsule has been the most commonly used site for
cadaveric islet transplantation in pre-clinical studies. In addi-
tion to choosing a site for SC-islet transplantation, the dose or
number of SC-islets required to achieve metabolic control is
not yet known. Based on inferences from cadaveric islet trans-
plantation, it is generally believed that 1–5 × 108 beta cells
will be sufficient. However, it is not yet known how many
alpha, delta or other cells are required to improve beta cell
survival and function. This issue is directly related to improv-
ing the stem cell differentiation protocols to increase the
percentage of beta cells in the final product.

If the cost of producing autologous iPS cells and differen-
tiating each individual line into functional islets can be
reduced, providing autologous SC-islets to insulin-
dependent individuals with type 2 diabetes may also be feasi-
ble. It is not known how long transplants of autologous beta
cells would effectively provide insulin in the environment that
led to insulin dependence.

60% SC-betae

40% SC-alphaeSC-alphaeCadaveric islet SC-betaeSC-islet

Fig. 2 Creating SC-islets of defined cell composition. Cell surface
markers on beta cells (CD49a) and alpha cells (CD26) were conjugated
with antibodies bound to iron and then magnetically purified.
Representative examples show staining of human cadaveric islets, SC-
islets at the end of the six-step differentiation protocol, and SC-islets
enriched with beta (SC-betae) and alpha (SC-alphae) cells by antibody
purification and reassembled into islet-like clusters. Note the SC-islets

enriched for beta and alpha cells by antibody purification are nearly, but
not completely, pure. Some enriched SC-islets were recombined to form a
specific ratio of beta:alpha cells (60% beta cells:40% alpha cells), as
shown. Green, C-peptide (beta cells); red, glucagon (alpha cells). All
clusters contained cells that did not stain for either C-peptide or glucagon
and are other endocrine or non-endocrine cells. Scale bar, 50 μm. This
figure is available as part of a downloadable slideset
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In addition to better understand the optimal dosage and cell
composition of SC-islets, the challenge of providing an
adequate blood supply and avoiding or reducing immune
rejection is receiving considerable attention. For individuals
with type 1 diabetes, the most advanced SC-islets prepared for
clinical trials are produced from ES cells, which means that
there will be both an autoimmune and alloimmune reaction to
the transplanted cells. Furthermore, even if autologous iPS
cells were used to make SC-islets for individuals with type 1

diabetes, a vigorous autoimmune response is expected follow-
ing transplantation.

Several approaches are being explored to attend to the
immune responses to and blood supply for transplants. First,
encapsulating the SC-islets in a device that allows for nutrients
and insulin to efficiently cross the membrane while preventing
cells from trespassing is an attractive and near-term possibil-
ity. ViaCyte has ongoing clinical trials with progenitor cells
placed in an encapsulation device. Semma/Vertex has also
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Fig. 3 Possible uses and advances for in vitro studies and clinical appli-
cations of SC-islets. Pluripotent stem cells can be differentiated in vitro to
produce SC-islets. SC-islets have the potential to be used in vitro, for
example, to study human islet function, and clinically, to improve glucose
management in insulin-dependent individuals by transplantation.
Although many advances have been made in the development and

transplantation of SC-islets, there are still areas for improvement, includ-
ing improvements in the differentiation protocol for SC-islet generation,
development of encapsulation devices to evade immunity against
transplanted islets and genetic modification of SC-islets to enhance func-
tion and survival. This figure is available as part of a downloadable
slideset
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announced their intention for clinical trials using functional
SC-islets and a different propriety encapsulation device.
Methods for encapsulation with alginate derivates and novel
biomembranes remains an area of active investigation and
have been reviewed elsewhere [39].

Biological solutions to immune rejection are also being
explored, both at the local and systemic levels. Modifying
the patient’s immune system is one approach, and advances
in cancer immunotherapy provide important clues as to how
cells can evade immune elimination (e.g. [40]). Effective
interventions may use antibodies to block the immune reac-
tion, and manipulation of specific populations of regulatory T
(Treg) cells is a promising approach, especially as it may be
possible to provide more specificity by identifying the
immune T cells that are diabetogenic. A complementary
approach focuses on the local immune reaction, genetically
modifying the SC-islets so that they might evade immune
attack [41, 42] or, in the ideal case, induce tolerance.
However, this is a complex problem involving many immune
cell types and many genes. One can be optimistic that the
advances in genetic modifications and new assays for immune
interactions with SC-islets [43] might allow for naked cell
transplants using genetically modified SC-islets (Fig. 3)
[44]. Of course, genetically modified cells carry a potential
risk. It will be important to demonstrate that, in addition to
the beneficial effects, the genetic modifications do not
produce cells that form tumours or are otherwise harmful.

Conclusion

In summary, there are fundamentally two challenges to
treating or curing type 1 diabetes; the first is the absence of
pancreatic beta cells. This has been treated for 100 years by
insulin injection, which has more recently been coupled with
blood glucose monitors. Making functional human islets from
stem cells is now sufficiently advanced to contend that the
challenge of producing islets from stem cells has been essen-
tially overcome. There will be improvements in the manufac-
ture of SC-islets, such as altering the proportion and types of
cells produced, removing unwanted cells from the final prod-
uct and scaling the manufacturing, but the challenge of
making functional human beta cells from pluripotent stem
cells has been achieved. The second problem is the persistence
of an autoimmune attack. While autoimmunity in type 1
diabetes may not be the most robust and vigorous immuno-
logical reaction, it is certainly sufficient to eliminate enough
beta cells to cause insulin dependence. Whether mitigated by
physical encapsulation or biological interventions, the chal-
lenge of protecting transplanted SC-islets from immune reac-
tions is surely worthy of collaborative and coordinated
attention.

Supplementary Information The online version of this article (https://doi.
org/10.1007/s00125-020-05367-2) contains a slideset of the figures for
download.
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Abstract
In type 1 diabetes, insulin remains the mature therapeutic cornerstone; yet, the increasing number of individuals developing type
1 diabetes (predominantly children and adolescents) still face severe complications. Fortunately, our understanding of type 1
diabetes is continuously being refined, allowing for refocused development of novel prevention and management strategies.
Hitherto, attempts based on immune suppression and modulation have been only partly successful in preventing the key
pathophysiological feature in type 1 diabetes: the immune-mediated derangement or destruction of beta cells in the pancreatic
islets of Langerhans, leading to low or absent insulin secretion and chronic hyperglycaemia. Evidence now warrants a focus on
the beta cell itself and how to avoid its dysfunction, which is putatively caused by cytokine-driven inflammation and other stress
factors, leading to low insulin-secretory capacity, autoantigen presentation and immune-mediated destruction. Correspondingly,
beta cell rescue strategies are being pursued, which include antigen vaccination using, for example, oral insulin or peptides, as
well as agents with suggested benefits on beta cell stress, such as verapamil and glucagon-like peptide-1 receptor agonists. Whilst
autoimmune-focused prevention approaches are central in type 1 diabetes and will be a requirement in the advent of stem cell-
based replacement therapies, managing the primarily cardiometabolic complications of established type 1 diabetes is equally
essential. In this review, we outline selected recent and suggested future attempts to address the evolving profile of the person
with type 1 diabetes.

Keywords Adjunctive therapies . Beta cell preservation . Immunomodulation . Prevention . Review . Type 1 diabetes

Abbreviations
ATG Anti-thymocyte globulin
GCSF Granulocyte colony stimulating factor
GLP-1 Glucagon-like peptide-1
RA Receptor agonist
SGLT Sodium-glucose cotransporter
Th T helper

Introduction

In addition to prolonging the life expectancy of people living
with type 1 diabetes, the discovery of insulin a century ago
revolutionised the management of this chronic autoimmune

disease. Today, type 1 diabetes is the most common type of
diabetes in children, and estimates suggest that around
100,000 children develop the disease every year [1].
Unfortunately, despite the availability of advanced insulins,
affected individuals remain at high risk of serious complica-
tions, including cardiovascular mortality [2–4]. New interven-
tions are, therefore, urgently required to improve the progno-
sis for the increasing number of people who are diagnosed
with type 1 diabetes each year.

The profile of the person with type 1 diabetes is evolving
and, with that, our understanding of the disease. The overall
pathophysiological feature is loss of functional beta cell mass
in the pancreatic islets of Langerhans (Fig. 1) [5]. Hypotheses
suggest that the loss of functional beta cell mass occurs in a
chain of events analogous to an ‘assisted suicide’ [6, 7], where
the demise of the beta cell is likely due to a combination of a
dysfunctional beta cell that becomes more visible to the
immune system, which, in turn, overreacts and destroys the
beta cell.

In its early stage (Stage 1), type 1 diabetes is usually
asymptomatic; however, the development of autoimmunity
is often detectable in early life, with circulating autoantibodies
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targeting insulin or other proteins, such as GAD65,
insulinoma-associated protein 2 (IA2) or zinc transporter 8
(ZNT8) [5]. When a large portion of the beta cell mass has
become dysfunctional or lost, asymptomatic dysglycaemia
(Stage 2) and, later, symptoms of hyperglycaemia (Stage 3)
ensue due to insufficient or absent insulin secretion.

Type 1 diabetes is a polygenic disorder, in which suscepti-
bility loci or genetic variation contributes to disease risk. The
HLA region on chromosome 6 is the main susceptibility locus
and, in recent years, many other loci across the genome have
been associated with an increasing risk of the disease [8].
However, from studies in monozygotic twins, for whom the
onset of type 1 diabetes can vary considerably [9], it has
become evident that non-genetic factors play a major role in
triggering or perpetuating overt type 1 diabetes. A multitude
of efforts have failed at robustly identifying such factors,
strongly indicating that no single pathogen is responsible.
Viral infections have been suggested, including enteroviruses

and human herpesvirus-6 [10–13]. Of note, however, studies
(mainly in animals) have also suggested that several viral
infections may prevent the development of type 1 diabetes
[14, 15], in line with the ‘hygiene hypothesis’ [16, 17].

People living with type 1 diabetes remain dependent on
exogenous insulins as the cornerstone therapeutic option
[18]. Since the isolation of insulin in 1921, novel and versatile
formulations, analogues and delivery vehicles have been
introduced [19, 20]. Together with much improved glucose
monitoring, these advances have contributed to the increases
in the survival and life expectancy of individuals with type 1
diabetes [21]. Still, only a minority of people with type 1
diabetes achieve recommended glycaemic and time-in-range
targets [22], and hyperglycaemia continues to be a risk factor
for short-term metabolic and long-term macro- and microvas-
cular complications [2, 23–25]. Further, the use of exogenous
insulins requires unremitting glycaemic monitoring and dose
titration to mitigate the risk of hypoglycaemia. The all-cause

Unhealthy beta cell
Cytokine-driven inflammation
Oxidative stress
Endoplasmatic reticulum stress
Metabolic stress

Low insulin secretion
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Fig. 1 Hallmarks of the evolving profile of the individual with type 1 diabetes, and current and future options for the prevention of this disease and for the
management of its associated complications. aAccording to some recent evidence [124–130]. This figure is available as a downloadable slide
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mortality risk is around threefold higher for the individual
with type 1 diabetes than for the general population [2–4,
26], and type 1 diabetes has been shown to be linked to cardio-
vascular outcomesmore than any other disease, including type
2 diabetes [2].

As mentioned earlier, novel interventions are needed for
the prevention and management of type 1 diabetes. Whilst
progress has been limited, the evolving profile of a person
with type 1 diabetes suggests that beyond ensuring accurate
titration of exogenous insulin, efficient management of the
disease should rely on other additional principles. First, there
is an obvious need to act early to prevent or delay the destruc-
tion of functional beta cell mass by immunomodulatory inter-
vention or other disease-modifying means. Second, stimulat-
ing or reprogramming the remaining beta cell mass to secrete
insulin in a balanced way is required to avoid major blood
glucose excursions with the lowest possible exogenous insulin
dose. Third, reducing the risk of long-term complications,
such as cardiovascular and renal outcomes, seems increasing-
ly important (Fig. 1). Below we review selected current and
in-development interventions meeting these three criteria
(Table 1).

Immune-focused therapies

The overarching goal of immune-focused therapies in type 1
diabetes is to prevent or delay the loss of functional beta cell
mass. The traditional understanding of autoimmunity in type 1
diabetes has focused on systemic immune dysregulation and
on autoreactive T cells that have evaded thymic selection and
migrated to the periphery, where they destroy islets. This view
on the pathogenesis of type 1 diabetes has been referred to as
T cell-mediated ‘homicide’ [6]. Thus, recent efforts have
concentrated on cell- or cytokine-directed interventions,
which have been successful in other autoimmune diseases.
Targeting T cells or proinflammatory cytokines remain valid
efforts and many agents are in active development; so far,
however, these approaches have been only partly successful.
This arguably indicates a need to refocus hypotheses, as
discussed later in this review (see ‘Future perspectives’
section), where we outline how the beta cell itself contributes
to its own demise (the ‘assisted suicide’ hypothesis).

Cell-directed interventions In line with the traditional
immune-centric view on the pathogenesis of type 1 diabetes,

Table 1 Non-insulin agents for the prevention and management of type 1 diabetes

Mechanism of action/target Agent Reference of selected main studies
or ClinicalTrials.gov registration no.

Systemic approaches

T effector cells Teplizumab (anti-CD3) [27–29, 31]; NCT03875729

Otelixizumab (anti-CD3) [30]

ATG [36]

Abatacept (anti-CD80 and anti-CD86) [42, 43]

Alefacept [39]

Anti-IL-21 antibody [55, 56, 59, 61]

B cells Rituximab (anti-CD20) [34, 35]

T regulatory cell expansion Low-dose IL-2 [44–48]

Anti-inflammation Infliximab, adalimumab, etanercept, golimumab (anti-TNF-α) [49–51]

Tocilizumab (anti-IL-6R) [53, 54]; NCT02293837

GLP-1 RAs [120–123]

Islet/beta cell-specific approaches

Islet-antigen tolerisation/immunisation Oral insulin [63–66]

GAD65 [67]

Peptides [68, 69]

Beta cell stress relief and stimulation GLP-1 RAs [91, 92, 113–117, 135–138]

Verapamil [102, 103]

Cardiometabolic improvementsa

SGLT inhibition Dapagliflozin, empagliflozin, sotagliflozin [78–83, 88, 89]

GLP-1 agonism Exenatide, liraglutide, dulaglutide, semaglutide [90–92, 135–138]

Other/unspecific Amylin (pramlintide) [145, 146]

Metformin [73–76]

a Including blood glucose levels, body weight, blood lipids, blood pressure and cardiorenal risk
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many immunomodulatory strategies have focused on antibod-
ies targeting T effector cells. The anti-CD3 antibodies
teplizumab and otelixizumab have shown some attenuation
of loss of beta cell function [27–30]. A Phase II trial with
relatives with a high risk of developing type 1 diabetes indi-
cated a more than 50% risk reduction with teplizumab (HR
0.41 vs placebo) and clinical type 1 diabetes diagnosis was
delayed by 1.5–2 years [31]. Accordingly, teplizumab has
recently been granted a breakthrough therapy status by the
US Food and Drug Administration. An ongoing Phase III trial
(PROTECT; Cl in ica lTr ia l s .gov reg is t ra t ion no.
NCT03875729) aims to evaluate the benefits and safety of
teplizumab in children and adolescents with recently
diagnosed type 1 diabetes.

The presence of autoantibodies against beta cell antigens,
such as GAD65 and insulin, has spurred attempts targeting B
cell-related molecules. These efforts have been somewhat
successful in animal models [32, 33], as well as clinically,
most prominently with the B cell-depleting anti-CD20 anti-
body rituximab. Although rituximab led to detectable protrac-
tion of beta cell function [34], the effect was transient [35],
exemplifying the fact that B cell-directed therapy alone does
not appear to sustainably prevent or ameliorate beta cell auto-
immunity. So far, however, B cell-directed agents have not
been tested in the early disease stage, precluding conclusions
regarding the usefulness of such interventions in delaying or
even preventing progression to later stages.

In clinical investigations, low-dose anti-thymocyte globulin
(ATG) treatment significantly (vs placebo) preserved C-peptide
secretion and improved glycaemic control in children, as well
as adults, with new-onset type 1 diabetes [36–38]. The potential
benefits of ATG appear to depend on the dose level and the age
of the recipients, and the clinical utility of the approach remains
to be established. ATG in combination with granulocyte colony
stimulating factor (GCSF) was also explored based on the
hypothesis of a synergistic benefit of the combination of tran-
sient T cell depletion via low-dose ATG with the upregulation
of activated T regulatory cells and tolerogenic dendritic cells
induced by GCSF. However, the combination did not appear to
offer a synergistic effect; in contrast to the use of ATG alone,
ATG plus GCSF did not appear to be better than placebo in
preserving C-peptide secretion [37].

Tissue-resident memory T effector cells, which likely play
a role in many organ-specific autoimmune diseases, such as
type 1 diabetes, are very difficult to eliminate. Alefacept, a T
cell-depleting fusion protein that targets CD2 and, therefore,
memory T effector cells, was tested in adolescents and young
adults with Stage 3 type 1 diabetes in the T1DAL trial [39].
Although the trial did not complete enrolment as planned, it
reported a trend for benefits with regard to beta cell preserva-
tion, reduced insulin requirements and low risk of
hypoglycaemia that persisted throughout the follow-up of
15 months after treatment.

Importantly, whether considering the targeting of the T or
B cell in type 1 diabetes, sufficient long-term benefits via
systemic cell pool depletion comes with an inherent risk of
introducing equally long-term or even irreversible changes to
the immune system. Such changes may predispose the patient
to a less favourable prognosis for chronic viral infections. For
example, reactivation of Epstein-Barr virus (EBV) has been
observed after anti-CD3 therapies [40, 41]. Mitigating such
risks may be achieved using carefully tailored dosing regi-
mens and monitoring; still, the seriousness of the risks may
indicate an unfavourable benefit:risks balance. Therefore,
non-depleting immunomodulation has been explored. For
example, 24-month blockade of CD80 and CD86 via the cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4)-immuno-
globulin fusion molecule abatacept markedly prolonged beta
cell function in new-onset type 1 diabetes and was accompa-
nied by increased numbers of naive T cells [42, 43].

Cytokine-directed interventions Anti-inflammatory cytokine-
specific compounds, which are successfully used, for exam-
ple, in rheumatic diseases, have been tested as alternatives to
directly targeting the T or B cell in type 1 diabetes, as briefly
summarised below. In addition, to stimulate an increase in T
regulatory cells, low-dose IL-2 treatment has also been tested
and the results have been somewhat promising [44–48], with
recent developments mitigating earlier caveats, which includ-
ed an arguably narrow dose range and lack of full specificity
for T regulatory cells.

Blockade or antagonism of the central proinflammatory
cytokine TNF-α using infliximab, adalimumab or the receptor
fusion protein etanercept have shown some potential in type 1
diabetes, with indications of improved glycaemic control and
C-peptide secretion [49, 50]. More recently, a C-peptide-
sparing effect of TNF-α blockade was reported with
golimumab use, after 1 year in children and young adults with
type 1 diabetes [51].

IL-6 is another proinflammatory cytokine that has been
targeted with success in multiple other autoimmune diseases
[52]. Although its role in type 1 diabetes is not established, IL-
6 has been suggested as a target [53]. Of note, IL-6 has been
shown to protect the beta cell from oxidative stress and is
constitutively expressed by pancreatic alpha and beta cells,
indicating important physiological roles [54]. In type 1 diabe-
tes, the EXTEND Phase II trial of tocilizumab, a monoclonal
antibody against the IL-6 receptor, was recently completed
(ClinicalTrials.gov registration no. NCT02293837).

IL-21 has been proposed as an attractive target in type 1
diabetes [55, 56]. Physiologically, IL-21 is important not only
for the function of T helper (Th) cells (Th17 and T follicular
helper cells) but also for the generation and migration of CD8+

T cells. CD8+ T cells are now considered the chief T cell type
accumulating in and around islets [57, 58] with pre-proinsulin
emerging as a pivotal autoantigen driving their infiltration in
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type 1 diabetes [59]. IL-21 neutralisation has been shown to
prevent diabetes in mice [60], and a C-peptide-sparing benefit
of anti-IL-21 alone or in combination with the glucagon-like
peptide-1 (GLP-1) receptor agonist (RA) liraglutide has been
observed in a clinical proof-of-concept study [61], as
described further below. Reassuringly, non-clinical models,
including a viral type 1 diabetes model, showed a minor
impact of IL-21 blockade on the immune repertoire [55].

Antigen vaccination With the appeal of having no expected
effect on acquired immunity, the overall aim of beta cell anti-
gen vaccination is to induce tolerance by balancing the T cell
population between auto-aggressive T effector cells and
autoantigen-specific T regulatory cells. Induction of T regula-
tory cells carries the potential benefit of also downregulating
the activity of proinflammatory antigen-presenting cells. The
topic has been extensively reviewed in the past [62]. Briefly,
inspired by successes with vaccination against, for example,
peanut allergy, tolerisation of T effector cells has been
attempted using administration of whole antigens, such as oral
insulin, or of peptides. Whilst the concepts are promising and
under active investigation, their effectiveness in humans is yet
to be proven. For example, in at-risk children, oral insulin
administration has previously failed to prevent type 1 diabetes
[63, 64], speculatively due to a suboptimal dose level or
unclear effects across risk-specific subgroups [65, 66], includ-
ing those defined by insulin gene polymorphisms. Similar
results and considerations have been reported for
immunisation with GAD65 [67] and for peptide-based thera-
pies [68, 69]. Further, the lack of full clarity regarding the
mechanisms at play with antigen-based therapies outlines a
number of shortcomings, including the fact that no biomarker
is currently available to assist in establishing the optimal dose
regimen.

Non-immunomodulatory adjunctives

We next focus on selected compounds that have gained atten-
tion due to their potential benefits as adjuncts to insulin in type
1 diabetes.

Amylin Amylin deficiency is a recognised feature of type 1
diabetes [70]. As a neuroendocrine hormone, amylin inhibits
glucagon secretion and contributes to reducing postprandial
glucose variability. As an adjunct to meal-time insulin, the
injectable amylin analogue pramlintide is approved only in
the USA for the treatment of type 1 and type 2 diabetes alike
[71]. In type 1 diabetes, pramlintide has been shown to
improve postprandial glucose levels to some extent [72]. Its
clinical use has been limited, arguably because of the modest
efficacy alongside the occurrence of side effects, such as
nausea and, most importantly, postprandial hypoglycaemia.

Metformin Metformin is a low-cost agent with glucose-
lowering effects that mainly occur via decreased hepatic
glucose production. It is not a guideline-recommended option
in type 1 diabetes. However, partly because of its ameliorating
effect on insulin resistance, metformin has been somewhat
promising in managing the disease, especially in children
and adolescents, as well as in obese people with type 1 diabe-
tes, with studies indicating reduced insulin requirements and
body weight reduction [73–75]. In the large REducing With
MetfOrmin Vascular Adverse Lesions (REMOVAL) trial,
however, metformin did not reduce the long-term insulin
needs or improve glycaemic control in people with long-
standing type 1 diabetes and multiple cardiovascular risk
factors [76].

Sodium-glucose cotransporter inhibitors Sodium-glucose
cotransporter (SGLT) inhibitors lower blood glucose levels
by restraining the absorption of glucose in the small intestine
and promoting the renal excretion of glucose [77]. Results
with dapagliflozin, empagliflozin and sotagliflozin have indi-
cated benefits of SGLT inhibition in managing type 1 diabetes
when added to insulin [78–83]. Significant benefits included
reduced insulin dose requirements, improved glycaemic
control and reduced body weight [84]. So far, sotagliflozin
and dapagliflozin are approved in Europe and Japan (but not
the USA) as adjuncts to insulin for the management of over-
weight or obese people with type 1 diabetes when optimally
titrated insulin alone does not provide adequate glycaemic
control. Importantly, however, data suggest that the use of
SGLT inhibitors in type 1 diabetes is associated with marked-
ly increased risk of diabetic ketoacidosis [85–87]; for
sotagliflozin, a 5–17-fold risk increase was noted [88].
These observations prompted the formation of an international
consensus on recommendations for the use of SGLT inhibi-
tion in type 1 diabetes [89] as well as a suggestion that treat-
ment should be overseen by specialists [88].

GLP-1 RAs GLP-1 is a hormone of the incretin system that is
secreted upon food intake. A marked uptake has been seen in
the use of GLP-1 RAs in type 2 diabetes due to their pleiotro-
pic glucose-dependent effects that improve glycaemic control
and reduce body weight [90]. In contrast, GLP-1 agonism for
the treatment of type 1 diabetes remains unproven, with initial
results from smaller investigator-conceived studies being
inconclusive. Recently, Phase II findings with the short-
acting GLP-1 RA exenatide in adults with type 1 diabetes
were negative. In two larger Phase III trials (ADJUNCT
ONE and ADJUNCT TWO), the GLP-1 analogue liraglutide
used as an adjunct to insulin appeared well-tolerated and
improved HbA1c and reduced body weight [91, 92]. Both
ADJUNCT trials indicated a minor increase in the risk of
hypoglycaemia and hyperglycaemia with ketosis with
liraglutide use, whereas the risk of diabetic ketoacidosis was
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negligible. Subsequently, a plethora of investigations have
reached similar conclusions [93–101]. Nonetheless, the use
of GLP-1 RAs in type 1 diabetes remains potentially useful,
as discussed below.

Verapamil Verapamil is a common calcium-channel blocker
used for decades as an anti-hypertensive agent. In mouse
models of type 1 diabetes, verapamil promoted survival of
functional beta cells via a mechanism that involves reduced
expression of the cellular redox regulator thioredoxin-
interacting protein [102]. In a smaller Phase II trial, verapamil
was better than placebo for preserving meal-stimulated C-
peptide secretion in adults with type 1 diabetes and no safety
concerns were identified [103]. Despite these findings,
however, the place for verapamil as a disease-modifying agent
in type 1 diabetes remains to be fully established.

Future perspectives

Although research into type 1 diabetes prevention and disease
modification continues to produce encouraging data, none of
the approaches discussed above appears sufficiently effective
alone in preventing or managing type 1 diabetes. Future
endeavours will, therefore, require a novel focus, leveraging
prior experience with regard to the immunopathophysiology
of type 1 diabetes, whilst also exploring the promise of combi-
nation therapies that integrate tried or new treatment modali-
ties. In addition, lessons learned from type 2 diabetes with
regard to the beneficial effects of certain agents on, for exam-
ple, body weight and cardiorenal risk may also prove relevant
in type 1 diabetes. We review selected future prospects
addressing these aspects below.

Of further note, the lack of sufficient efficacy of previously
tested therapies may also be related to the fact that type 1
diabetes is a heterogenous disease with diverse disease stages
(Stages 1 to 3) and modifiers, such as age of onset or clinical
diagnosis. Identifying the optimal timing of each type of inter-
vention relative to the disease stages and the age of the patient
is, therefore, important. For example, initiating an immuno-
modulatory intervention at Stage 1 (i.e. prior to clinical diag-
nosis) is not a straightforward decision and may be associated
with clinical inertia. Moreover, an increased focus on disease
endotypes (i.e. different biological processes under the type 1
diabetes umbrella) was recently suggested to ensure a
precision-medicine approach to type 1 diabetes research and
management [104].

Immune interventions It is becoming increasingly clear that
autoreactivity to islet antigens is also present in healthy indi-
viduals [59] and autoimmunity recurs after autologous
nonmyeloablative haematopoietic stem cell transplantation
[105, 106]. Thus, in line with the ‘assisted suicide’ theory

introduced earlier [6, 7], it is also increasingly apparent that
the development of type 1 diabetes does not only involve
dysfunctional islets, but also beta cells that ‘unmask’ them-
selves to immune recognition and destruction. This notion
supports two central realisations; first, it might explain why,
in previous studies, immune therapy alone has failed to protect
beta cell function over longer periods of time after onset of
diabetes. Second, looking forward, novel type 1 diabetes ther-
apies should pursue the holy grail of type 1 diabetes immune
therapy: essentially agents that act locally in the islets, within
the pancreas, either targeting the immune cells destroying the
beta cell or the beta cell itself. Knowledge gained over the
years regarding the beta cell has suggested multiple, yet puta-
tive reasons for the ‘unmasking’ of these cells. Potential
reasons include the facts that beta cells are especially biosyn-
thetically active and systemically exposed [107] and, there-
fore, susceptible to stress-induced production of autoantigenic
proteins during, for example, infections [108–110].Moreover,
the beta cell might be vulnerable to both cytokine-mediated
destruction [111] and various types of endoplasmic reticulum
stress [112]. Relieving the beta cell of these burdens may
provide an opportunity to save the beta cell without resorting
to aggressive immune suppression.

With this in mind, we see the following two promising
avenues as deserving increased focus going forward: (1) ther-
apies aimed at inducing tolerance to beta cell antigens; and (2)
the use of GLP-1 RAs that directly target the beta cells to
enhance their function whilst also protecting them from
immune-mediated inflammatory stress.

As discussed above, achieving antigenic tolerance has, so
far, proven elusive but carries the crucial potential of leaving
the overall capacity of the immune system intact whilst
suppressing only the diabetogenic cell populations. Future
studies need to establish whether inducing tolerance in
humans can be achieved by clonal anergy or clonal deletion
of effector cells, or whether antigen-specific regulatory cells
may be able to suppress autoreactivity locally. Moreover, it
needs to be clarified to what extent tissue-resident memory
effector cells can be eliminated.

Recent evidence from rodent models indicates a role for
GLP-1 RAs in protecting beta cells from apoptosis and in
promoting beta cell replication and mass [113–117]. As such,
although this remains to be confirmed, it is conceivable that
GLP-1 RAsmay offer a way to prevent the ‘unmasking’ of the
beta cell to immune effector cells, for example, by downreg-
ulating expression of MHC class I proteins. Intriguingly,
unpublished non-clinical evidence shows that liraglutide also
limits immune cell infiltration into pseudo-islets (M. von
Herrath, unpublished results). In addition, studies in NOD
mice have shown that GLP-1 RAs administered in combina-
tion with various immunomodulatory agents, including anti-
CD3 compounds [118], weremore efficient in inducing diabe-
tes remission than when given as monotherapy [119].
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Furthermore, the anti-inflammatory effects of GLP-1 RAs are
well-documented, with liraglutide being associated with
reduced systemic levels of C-reactive protein and of proin-
flammatory cytokines, such as TNF-α, IL-1β and IL-6
[120–123]. Whilst these findings have mainly been observed
in animal models or in type 2 diabetes, their relevance to
(clinical) type 1 diabetes is conceivable but, so far, largely
unexplored.

Management of cardiometabolic complications A person
diagnosed with type 1 diabetes faces a high risk of serious
complications and of premature death, primarily for cardio-
vascular causes. This warrants a therapeutic focus on the
broad pathophysiology of the disease.

Further, whilst the exact connections between excess
body weight and type 1 diabetes remain debatable [124],
the increased incidence of type 1 diabetes seems to coincide
with the rapid rise in the prevalence of obesity [125, 126].
Recent evidence suggests that a high BMI may exacerbate
the early-stage immune-mediated beta cell destruction in
type 1 diabetes, especially in children and adolescents
[127]. Evidence also points to an impact of rapid growth
in early childhood [128], and a positive correlation between
the age of type 1 diabetes onset and BMI has been observed
[129]. The ‘accelerator hypothesis’ views high BMI and
low insulin sensitivity as triggers for type 1 diabetes onset
[130] and the term ‘double diabetes’ has been suggested to
describe an amalgam of type 1 diabetes with parallel and
separate pathophysiological processes typically associated
with type 2 diabetes, such as obesity and insulin resistance
[131].

Use of SGLT inhibitors or GLP-1 RAs as adjuncts to insu-
lin admittedly holds promise in ameliorating multiple type 1
diabetes complications. For example, evidence suggests that
SGLT inhibitors offer cardiorenal protection [132, 133], at
least in type 2 diabetes, putatively owing to clinically unprov-
en mechanisms of action beyond improved glucose homeo-
stasis [134]. Moreover, a few GLP-1 RAs (dulaglutide,
liraglutide and semaglutide) are now indicated to reduce
cardiovascular risk in people with type 2 diabetes and
established cardiovascular disease, and a protective effect of
GLP-1 RAs on the kidneys is suggested from a range of
cardiovascular outcome trials (CVOTs) in type 2 diabetes
[135–138]. In addition, both SGLT inhibitors and GLP-1
RAs, especially second-generation GLP-1 RAs (e.g.,
semaglutide), are associated with a meaningful reducing effect
on body weight.

Combination therapies Combination therapies that work via
two mechanistically distinct targets to integrate immune
modulation with a beta cell-specific component have been
suggested [139–141] and encouraged [142]. Truly advanta-
geous combination therapies are arguably those in which the

components target different pathogenic pathways (for exam-
ple, systemic vs beta cell-specific pathways), thereby
synergising in terms of the beneficial effects. These combina-
tion therapies should also be safe and well-tolerated alone and
in combination.

Known ongoing efforts are sparse but include the combi-
nation of ATG and GCSF (as discussed above) and the
combination of targeted immune modulation via an anti-
IL-21 antibody in combination with a GLP-1 analogue
(liraglutide). In addition to the potential of preserving func-
tional beta cell mass by leveraging the immunomodulatory
and anti-inflammatory properties of both the anti-IL-21
antibody and liraglutide, their combination addresses the
need to manage the symptoms and complications of
established type 1 diabetes, as discussed earlier. As previ-
ously mentioned, results from a clinical proof-of-concept
trial recently found that anti-IL-21 plus liraglutide was
significantly better than placebo in preserving C-peptide
secretion over a period of 54 weeks [61]. The benefits
diminished after treatment cessation; however, the treat-
ment appeared safe and well-tolerated.

Stem cell replacement therapy On the horizon, we approach
the promise of stem cell-based therapies [143], offering a
potential cure by replacing or supplementing beta cells that
have been lost or have become dysfunctional. Stem cell-
derived beta cells, however, also need to be rescued from
immune-mediated destruction, suggesting that some degree
of immunomodulation will be needed, even in the advent of
viable stem cell therapy in type 1 diabetes, unless a fully
effective immune-defying capsule is available [144]. In this
context, better prevention or treatment regimens will also be
useful for enabling longer-term beta cell graft acceptance.

Closing thoughts

Whilst many intriguing non-insulin therapies have failed to
fully meet their potential in the past few decades, hope remains
that the knowledge gained has carved out paths towards better
options for the prevention and management of type 1 diabetes.
Taken together, in our view, stem cell replacement therapies
and a refocused development of safe and well-tolerated combi-
nation therapies are the most promising emerging preventive or
therapeutic avenues. In parallel, reinforced efforts to predict or
diagnose type 1 diabetes as soon as possible are equally impor-
tant in light of the fact that even the best interventions need to be
introduced as early as possible to effectively preserve or rescue
beta cells in individuals with this condition.
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Abstract
The introduction of insulin in the treatment of juvenile-onset, now type 1, diabetes mellitus transformed a rapidly fatal disease into a
chronic degenerative one. During the insulin-treatment era, long-term microvascular and cardiovascular complications proved to be
the bane of existence for people with type 1 diabetes, leading to blindness, kidney failure, amputations, cardiovascular disease
(CVD) and premature mortality. The nascent understanding of the link between non-physiologically regulated glucose levels and
these complications led to the development of new treatment tools in the 1970s and 1980s that facilitated the delivery of insulin to
achieve glucose levels closer to non-diabetic levels. These therapeutic advances set the stage for definitive testing of the glucose
hypothesis. The Diabetes Control and Complications Trial (DCCT), supported by the National Institute of Diabetes Digestive and
Kidney Diseases, National Institutes of Health (NIH), definitively established the benefits and risks of intensive therapy that
substantially lowered mean blood glucose levels, measured by HbA1c, over a mean 6.5 years of therapy. Intensive therapy in the
DCCT, resulting in a mean HbA1c of ~7% (53 mmol/mol), reduced the development and progression of early microvascular and
neurological complications associated with diabetes by 34–76% compared with the conventional-treatment group, which main-
tained an HbA1c of ~9% (75 mmol/mol). Intensive therapy was also associated with weight gain and a threefold increased risk for
hypoglycaemia. At the end of the DCCT, a long-term observational follow-up study, the Epidemiology of Diabetes Interventions
and Complications (EDIC) study, commenced. Despite the convergence of HbA1c levels between the two groups during EDIC,
owing to the adoption of intensive therapy by the original DCCT conventional-treatment group and the return of all participants to
their own healthcare providers for diabetes care, the development and progression of complications continued to be substantially less
in the original intensive-treatment group vs the conventional-treatment group; this phenomenon was termed ‘metabolic memory’.
The DCCT demonstrated a major reduction in early-stage complications with intensive therapy and the metabolic memory
phenomenon during EDIC contributed to a substantially lower burden of advanced complications over time. These included a
57% lower risk of CVD events and 33% lower rate of mortality in the original intensive-treatment group compared with the
conventional-treatment group. DCCT/EDIC has ushered in the intensive-treatment era, which has been universally adopted and
includes the goal of achieving HbA1c levels less than 7% (53 mmol/mol) for most patients. Although the challenge of making
intensive therapy (with the aim of achieving normoglycaemia) as widely accessible and safe as possible remains, continuing
improvements in insulin therapy 100 years after its introduction promise a brighter future for people with type 1 diabetes.

Keywords Control and complications . HbA1c and complications . Hypoglycaemia . Intensive therapy . Long-term diabetic
complications .Metabolic memory . Review . Type 1 diabetes
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Introduction

The introduction of insulin 100 years ago [1] transformed
what we now call type 1 diabetes mellitus from a rapidly fatal
disease to a chronic degenerative one. In the first 20–30 years
of insulin therapy, long-term complications, previously
unknown owing to the brief lifespan of patients in the pre-
insulin era, began to emerge. Those complications affected
the microvasculature of the eyes and kidneys and the auto-
nomic and peripheral nervous system, and amplified risk for
cardiovascular disease (CVD) and peripheral arterial disease.
They resulted in severe morbidity and shortened the lifespan
of individuals with ‘juvenile-onset’ diabetes, as type 1 diabe-
tes was called until 1979 [2]. The Steno Hospital
(Copenhagen, Denmark) experience over the first 40 years
of insulin therapy revealed that of their 307 patients diagnosed
before 1931 and before age 31, 30%were blind or had severe-
ly impaired vision, 22% had developed renal failure, 12% had
gangrene or amputations, and 21% had suffered myocardial
infarction and 10% stroke [3]. Mortality was two- to sixfold
higher than that of an age- and sex-matched non-diabetic
population.

In the setting of insulin therapy, these long-term compli-
cations posed the greatest risk to the health of patients with
type 1 diabetes and there was endless debate regarding their
cause. Some proponents considered the complications as
unalterable accompaniments of diabetes, perhaps genetical-
ly mediated [4], while others concluded that the microvas-
cu l a r compl ica t ions were in t ima te ly re l a t ed to
hyperglycaemia [5]. The introduction of an accurate and
objective measurement of chronic blood glucose levels,
the HbA1c assay, permitted, for the first time, a reliable
examination of the association of hyperglycaemia and reti-
nopathy [6], considered the most diabetes-specific compli-
cation. In addition to the HbA1c assay, the development of
another critical clinical tool, self-monitoring of blood
glucose (SMBG), facilitated insulin delivery that more
closely resembled normal insulin secretion with multiple
daily injection (MDI) regimens and continuous subcutane-
ous insulin infusion (CSII) with insulin pumps [7]. These
new treatment methods held the promise of achieving
glucose levels closer to normoglycaemia. All of these devel-
opments came together in the late 1970s and early 1980s,
almost 60 years after the discovery of insulin, setting the
stage to test the ‘glucose hypothesis’ of diabetes complica-
tions; specifically, that hyperglycaemia was the cause of
diabetes complications. Several small, relatively brief and
under-powered clinical trials established the ability to create
glycaemic separation in populations with type 1 diabetes,
but demonstrated no effect, or even short-term worsening,
of lower blood glucose levels on retinopathy [8, 9] as often
as they demonstrated small improvements in microvascular
complications [10, 11].

History of the Diabetes Control
and Complications Trial

The clinical trial that became the Diabetes Control and
Complications Trial (DCCT) was brought about through the
National Diabetes Advisory Board Act, mandated by the US
Congress and championed by Congressman Tim Lee Carter,
the only physician in the US House of Representatives, and
Senator Richard Schweiker. The Act (Public Law 93-354)
established the US National Commission on Diabetes, which,
in its ‘Long Range Plan to Combat Diabetes’ [12], proposed a
‘5-year study to assess the effect of treatment of juvenile-onset
diabetes on the development of micro- and macrovascular
complications’. The proposed study was reconsidered by the
National Institutes of Health (NIH) Diabetes Mellitus
Coordinating Committee in their 1979 report on ‘Progress
Towards Implementation of the Recommendations of the
National Commission on Diabetes and the National Diabetes
Advisory Board’ [13]. They noted that a study to determine
‘the feasibility of creating two groups of diabetic patients
differing significantly in their blood glucose concentrations
as the results of “tight” vs. “customary treatment regimens”’
needed to consider the ‘significant and ongoing advances in
potential methods for treating the metabolic aspects of diabe-
tes mellitus’. It was not until 1981 that the National Institute of
Arthritis, Diabetes and Digestive and Kidney Diseases
(NIADDK), which later became the National Institute of
Diabetes Digestive and Kidney Diseases (NIDDK), issued
requests for applications to recruit clinical centres and a data
coordinating centre (Fig. 1). The study was to determine the
answers to the following questions: (1) will an intensive treat-
ment programme prevent or delay the appearance of early
background retinopathy?; and (2) will such an intervention
prevent the progression of early retinopathy to more advanced
forms of retinopathy?

The original 21 clinical centres (19 in the US and two in
Canada) and the data coordinating centre located at the
George Washington University (Washington, DC, USA),
were all selected competitively through peer review and
planned the DCCT under the leadership of Oscar Crofford,
MD, who had chaired the National Commission on Diabetes.
After almost 18 months of planning, the feasibility study was
launched in 1983. It studied 278 volunteers, including 87
adolescents, and was successfully completed in 1985 [14].
The feasibility phase demonstrated the ability to recruit eligi-
ble participants in a timely fashion, implement the conven-
tional (originally called ‘standard’) and intensive (‘experimen-
tal’) treatments in the randomly assigned groups, and separate
HbA1c by approximately 2% (22 mmol/mol) (8.88% vs
7.03% [74 vs 53 mmol/mol] in the conventional- vs
intensive-treatment group). The full-scale trial, with six clini-
cal sites added to the original 21, subsequently recruited a total
of 1441 eligible participants between 1986 and 1989 into the
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primary prevention and secondary intervention cohorts [15].
A summary of baseline characteristics of the participants is
shown in Table 1.

After a mean follow-up of 6.5 years (range: 3 to almost
10 years), during which the investigators were masked to the
study outcomes, the DCCT ended in 1993, 1 year ahead of
schedule. The independent Data, Safety and Quality Review
Group had determined that efficacy had been demonstrated
for both the primary prevention and secondary intervention
cohorts. The main results were reported at a special sympo-
sium at the 1993American Diabetes Association annual meet-
ing and, subsequently, in the New England Journal of
Medicine [16], in what has become the most frequently cited
paper in diabetes.

Interventions and conduct of the DCCT:
insulin treatment directed
at normoglycaemia

In order to answer the questions posed by the National
Commission, two studies were conducted within the DCCT.
All participants were at least 13 years of age and less than
40 years of age at baseline (Table 1). The primary prevention
question studied individuals with type 1 diabetes of 1 to
5 years’ duration, no detectable retinopathy by stereoscopic
fundus photography, and albumin excretion <40 mg per 24 h,
extrapolated from timed 4 h collections. The secondary inter-
vention cohort could have diabetes duration from1 to 15 years,
had to have at least one microaneurysm in either eye, but less
than severe non-proliferative retinopathy based on the modi-
fied Airlie House criteria (Early Treatment Diabetic
Retinopathy Study [ETDRS]) [17], and less than 200mg albu-
min excretion per 24 h.

Both primary prevention and secondary intervention
cohorts were randomly assigned to either the ‘standard’ treat-
ment or ‘experimental’ treatment. Keeping in mind that there
was therapeutic equipoise during the conduct of the DCCT,
standard treatment included one to two insulin injections per
day with intermediate and rapid-acting insulins. Therapy was
guided by limited urine or self-glucose monitoring with the
goal of eliminating any symptoms of hyperglycaemia and
freedom from frequent or severe hypoglycaemia, defined as
hypoglycaemic episodes requiring assistance for treatment. If
HbA1c exceeded 13.1% (120 mmol/mol) (the mean HbA1c of
a sample of individuals with type 1 diabetes at the time +2
standard deviations [SD]), therapy was intensified. The mean
HbA1c level achieved in the standard-treatment group was
~9% (75 mmol/mol). In addition to the symptom-based goals
shared with the standard-treatment group, experimental treat-
ment aimed for glucose levels (determined by SMBG) that
were 3.9–6.7 mmol/l pre-prandially, <10 mmol/l post-
prandially and, as a weekly safety measure, >3.6 mmol/l at
03:00 h. The HbA1c goal was in the non-diabetic range
(<6.05% [<43 mmol/mol]), based on the results of 13- to
39-year-old non-diabetic volunteers in the DCCT clinics
who had a mean HbA1c of 5.05% (32 mmol/mol) plus 2 SD
(1.0% [10.9 mmol/mol]).

Although the insulins available during the DCCT were
limited compared with the large range of very-rapid-acting
and very-long-acting analogue insulins now available, the
investigators and participants were creative with the long-
acting (ultralente), intermediate-acting (NPH or lente) and
short-acting (regular) insulins at their disposal. Efforts to
match insulin delivery to insulin requirements were imple-
mented with MDI (≥3 daily injections) or CSII regimens with
insulin pumps, based on participant choice. Every investigator
was left to craft individual insulin delivery regimens for the

DCCT/EDIC
timeline

National
commission

Fu
nd

in
g

an
no

un
ce

m
en

t

Pl
an

ni
ng

Fe
as

ib
ili

ty

Recruitment

DCCT
end

EDIC
start

DCCT
10 years

EDIC
27 years

EDIC

1978   1981   1983              1989    1993 1994         2005         2015         2021

RFA

Fig. 1 Timeline of the DCCT and
its long-term follow-up EDIC
study. RFA, research funding
announcement. * American
Diabetes Association 2013,
adapted from [49]. Copyright and
all rights reserved. Material from
this publication has been used
with the permission of the
American Diabetes Association.
This figure is available as part of a
downloadable slideset

Diabetologia

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-021-05397-4/MediaObjects/125_2021_5397_MOESM1_ESM.pptx


experimental-treatment-group volunteers. The insulin pumps
at the time, which in retrospect seem dinosauric in their size
and prehistoric in their simplicity, utilised principles of insulin
delivery that remain to this day. Basal rates were designed to
account for approximately 50% of total daily insulin, while
preprandial doses, adjusted based on carbohydrate counting
and preprandial glucose levels, made up the remainder. Most
of the DCCT MDI regimens used ultralente or NPH/lente
insulins once to twice per day as the basal insulin and short-
acting insulin before meals; however, numerous other MDI
regimens were used by the investigators to employ the limited
insulins at hand most effectively [18]. The mean HbA1c

achieved in the intensive-treatment group was ~7%
(57 mmol/mol).

One of the major accomplishments of the DCCT was the
exceptional retention of the participants and adherence to the
protocol. Retention during the more than 9 years of the trial
was virtually complete, with 99% of participants completing
the study [16]. Adherence to the randomly assigned therapies
was also remarkable, with 97% of time in the study spent on
assigned therapy, even taking into account that women in the
standard group changed (per protocol) to intensive therapy
during preparation for and during pregnancy. The trivial loss
to follow-up and lack of therapeutic crossover during the trial

contributed to the independent Data, Safety and Quality
Review Group being able to stop the study for efficacy 1 year
ahead of schedule. The stable separation of HbA1c levels
between the treatment groups throughout DCCT (Fig. 2) set
the stage for definitively addressing the ‘glucose hypothesis’
of diabetes complications.

DCCT major results

The main outcome of the DCCT, selected, in part, because of
our ability to assess it using an established ordinal scale of
severity, was retinopathy, with a 3-step change based on the
ETDRS scale [17] representing the primary outcome.
Compared with the conventional treatment, experimental
treatment reduced the development of retinopathy by 76% in
the primary prevention cohort and reduced the progression of
retinopathy by 54% in the secondary intervention cohort (Fig.
3) [16]. Similarly, the development and progression of
nephropathy and neuropathy were reduced by 34–69%. Of
note, there was an early transient increase in mild retinopathy
in the intensive-treatment group. The worsening retinopathy,
confined almost entirely to the primary prevention cohort, was
evident at the 6- and 12-month evaluations and the effect had

Table 1 DCCT selected baseline
participant characteristics Characteristic Total n Primary prevention Secondary intervention

Standard Experimental Standard Experimental

N 1441 378 348 352 363

Adolescents, n (%)a 195 (14) 70 (19) 55 (16) 33 (9) 37 (10)

Age 26±8 27±7 27±7 27±7

Women, % 46 51 46 47

Race, % NHW 95 95 95 95

Duration, years 2.6±1.4 2.6±1.4 8.6±3.7 8.9±3.8

Body mass, % of ideal (SD) 103 (14) 103 (13) 104 (13) 105 (12)

HbA1c

% 8.8±1.7 8.8±1.6 8.9±1.5 9.0±1.5

mmol/mol 73±18.6 73±17.5 74±16.4 75±16.4

Retinopathy, %

None 100 100 0 0

Very minimal to minimal NPDR 57.4 68.3

Moderate NPDR 31.6 22.3

Moderate to severe NPDR 10.5 8.9

Nephropathy

Creatinine clearance, ml min−1

[1.73 m]−2
127±28 128±30 130±30 128±31

Albuminuria, mg/24 h 12±8 12±9 19±24 21±25

Data are presented as mean ± SD unless stated otherwise
a Adolescent: aged 13–18 years

NHW, non-Hispanic white; NPDR, non-proliferative diabetic retinopathy
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dissipated by 2 years, after which the benefit of intensive
therapy emerged [19].

Other results of the DCCT

Although numerous presentations and publications described
the myriad results of the DCCT, some of the most important
addressed the following topics: the association of HbA1c

levels and complications [20, 21]; the cost of experimental,
now-called intensive, treatment and its projected impact on the
burden of complications in the USA [22]; the effects of inten-
sive therapy on endogenous insulin secretion, measured as
residual C-peptide levels [23]; the adverse effects of intensive
therapy, including hypoglycaemia [24] and a weight gain in
the first year of therapy of 5.1 ± 4.6 kg compared with 2.4 ±
3.7 kg in the conventional-treatment group [25]; and, because
of the recognised increased risk for hypoglycaemia, the cogni-
tive status of the treatment groups over time [26]. A brief
description of these topics follows.

Beyond the effects of experimental vs standard treatment
on diabetes complications, which was directly studied in the
DCCT, secondary analyses examined the relationship
between the HbA1c levels achieved over time and compli-
cations [20, 21]. The association between mean HbA1c

levels and outcomes over time was strong and continuous,
without any threshold, down to non-diabetic levels (Fig.
4a). Virtually all of the beneficial effects of intensive ther-
apy were statistically explained by the separation in HbA1c

levels between the treatment groups. The risk for

hypoglycaemia increased with lower HbA1c levels (Fig.
4b). The economic modelling predicted large human
savings, with substantial reductions in vision loss, kidney
failure and amputations and an accompanying reduction in
medical costs, even taking into account the additional life-
long expense of intensive therapy [22].

Three hundred and three DCCT participants, among the
855 with 1–5 years of diabetes duration, had residual stim-
ulated C-peptide at baseline (‘responders’ had 0.2–
0.5 pmol/ml C-peptide after an oral carbohydrate challenge;
those with levels >0.5 pmol/ml had been excluded from the
DCCT during screening). Approximately, one-half were
randomly assigned either to experimental or standard treat-
ment. In these responders, intensive treatment reduced the
decline in endogenous insulin secretion by 57% [23].
Preserved insulin secretion, even at low levels, both at base-
line [23] and during the study [27], proved to be clinically
significant. At baseline, responders had significantly lower
HbA1c levels compared with non-responders (8.3% vs 9.4%
[67 mmol/mol vs 79 mmol/mol], respectively). Among
those participants randomly assigned to intensive therapy,
responders had HbA1c levels of 6.7% (50 mmol/mol) vs
7.2% (55 mmol/mol) in non-responders at 1 year, and
6.9% (52 mmol/mol) vs 7.5% (58 mmol/mol) over the first
seven years of the DCCT [27]. Responders also used lower
insulin doses and had less frequent hypoglycaemia
compared with non-responders. Finally, within the
intensive-treatment group, responders had a 50% lower rate
of retinopathy compared with the participants in whom C-
peptide secretion was lost.
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Hypoglycaemia was recognised early on as the major risk
and potential safety problem associated with experimental
treatment [24]. All episodes of hypoglycaemia, including
severe episodes, defined as those requiring assistance to treat,
were increased threefold with experimental vs standard treat-
ment (61 episodes vs 19 episodes per 100 patient-years).
Much of the risk for hypoglycaemia was confined to a subset
of experimental-group participants who suffered repeated
episodes. Of note, despite concern regarding the potential
impact of hypoglycaemia on cognitive function, the compre-
hensive neurocognitive testing performed as often as four
times over the course of the DCCT did not reveal any obvious
adverse effects on cognition [26]. The only statistically signif-
icant difference between the treatment groups was faster
motor speed in the experimental- vs the conventional-
treatment group, which was related to HbA1c levels and likely
a reflection of less neuropathy in the experimental-treatment
group. Finally, whether the burden of intensive treatment
(with more frequent self-monitoring and injections, use of
insulin pumps and increased hypoglycaemia) would translate
into reduced quality of life (QoL) was of concern. However,
measurements of QoL revealed no significant differences
between the treatment groups [28].

Epidemiology of Diabetes Interventions
and Complications study: observational
follow-up of the DCCT cohort

In the wake of the successful completion of the DCCT, plans
for continued follow-up of the loyal DCCT cohort were devel-
oped and funded by the NIDDK [29]. Before beginning the
Epidemiology of Diabetes Interventions and Complications
(EDIC) observational study in 1994 (Fig. 1), the original
conventional-treatment group was taught intensive therapy
and all of the participants were returned to their own
healthcare providers for diabetes care. Predictably, these steps
resulted in the narrowing and eventual effacement of the inter-
treatment group differences in HbA1c over time (Fig. 2).
Ninety-six per cent (n = 1394) of the surviving DCCT cohort
joined the EDIC study, which will have continued, as of 2021,
for 28 years, for a total DCCT/EDIC mean study period of
35 years (range 33–38 years). The initial major goals of the
EDIC study were to determine the longer-term effects of the
original interventions on more advanced microvascular
complications and on CVD and mortality. These could not
be determined during DCCT owing to the limited number of
events in the relatively young DCCT cohort with limited
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diabetes duration. During the EDIC follow-up, interventions
changed in parallel with community-based changes in the
USA and Canada. Virtually all of the EDIC cohort use new
insulins, including long-acting analogues in MDI regimens
and very-rapid-acting analogues in MDI and pump therapy.

The results of EDIC to date have been reported in more
than 200 publications. The most prominent findings (Table 2)
include: (1) the long-term benefit of intensive therapy
compared with conventional therapy on advanced microvas-
cular disease [30, 31], a 57% reduction in CVD events [32]
and a 33% reduction in the rate of mortality [33, 34]; (2) the
relationship of prior HbA1c levels on complications, including
clinically severe complications [35, 36], a phenomenon called
‘metabolic memory’ [37, 38]; and (3) the long-term effects of

DCCT interventions and associated HbA1c levels on more-
recently recognised complications of diabetes, such as
cheiroarthropathy [39] and hearing loss [40]. Metabolic
memory was discovered only because of the purposeful cross-
over of the conventional-treatment group to intensive therapy
at DCCT-end and the resultant disappearance of the HbA1c

differences between the original treatment groups during
EDIC. Based on the strong association of all complications
with HbA1c levels [20, 21], we logically expected that the
rates of complications would equalise between the two treat-
ment groups during EDIC. However, within the first 4 years of
the EDIC study, the rates of retinopathy and nephropathy
continued to diverge, with the conventional-treatment group
suffering an increasing rate of these complications as
compared with the original intensive-treatment group. This
pattern continued for approximately 10 years, after which
‘metabolic amnesia’ began.

An inverse association between the occurrence of severe
hypoglycaemia and HbA1c was demonstrated during the
DCCT study (Fig. 4b) [16, 24]; therefore, during EDIC, when
HbA1c rose in the original intensive-treatment group and fell
in the original conventional-treatment group, the rates of
severe hypoglycaemia were anticipated to equalise across
the two groups. The most-recent analyses show that this is
the case [41]. The original rates of severe hypoglycaemia have
fallen from 61.2 episodes per 100 patient-years during the
DCCT to 40.8 episodes per 100 patient-years during the
EDIC study in the original intensive-treatment group, and
have risen from 18.7 to 36.6 episodes per 100 patient-years
in the original conventional-treatment group.

Mechanisms

Neither the DCCT nor the EDIC study was designed to deter-
mine specificmechanisms behind the development of diabetes
complications. Nevertheless, ongoing collaborations have
identified potential underlying mechanisms of microvascular
and cardiovascular complications of diabetes, building on
prior insights related to glycaemic control and complications.
Several of the prominent findings include the major role of
hyperglycaemia, not only in the more diabetes-specific micro-
vascular complications, but in cardiovascular complications
where HbA1c has been identified as the second most powerful
risk factor after age in this relatively young population [42]. In
addition, post-translationally modified proteins, such as
oxidised lipoproteins [43] and modified lipoproteins in
immune complexes [44], have been shown to be potential
links between HbA1c levels and CVD. The formation of
advanced glycation end-products in skin collagen [45],
presumably reflecting similar changes in other connective
tissues that turn over very slowly, may explain the durable
effect of previous glycaemic levels on complications, i.e.
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metabolic memory. Epigenetic changes associated with
glycation have been invoked as another potential mechanism
to explain metabolic memory [46].

Challenges and the future

The DCCT used insulins, and devices to deliver them, that
now seem primitive; however, the mean HbA1c of 7%
(53 mmol/mol) achieved and maintained with intensive ther-
apy over a mean 6.5 years in the DCCT has not been substan-
tially improved in more-recent short-term studies using
modern-day insulin analogues delivered with MDI regimens
or with sophisticated pumps guided by continuous glucose
monitoring [47, 48]. The major improvements achieved to
date with new insulins and devices relate to the ease of treat-
ment and reduced risk of hypoglycaemia. The ongoing chal-
lenge remains to provide insulin therapy with the goal of
achieving and maintaining HbA1c levels as close to the non-
diabetic range as safely possible. It is noteworthy that the
highly committed and trained DCCT/EDIC population, now
treated in the community, has not maintained, on average, the
glycaemic levels that they proved to be beneficial. The
advances in available insulins and in the means to deliver
them should make intensive therapy more widely available
and convenient for all patients with type 1 diabetes. Whether
biological approaches to achieve this goal, such as
immunoprotected islet transplantation or amelioration of the
autoimmune attack on islets, will eventually supplant the need
to treat with insulin remains to be seen. For now, we need to
continue to improve insulin therapy.

The DCCT/EDIC cohort is approaching a mean age of
63 years (range: 43–76, years). With the prospect of continued
funding and taking advantage of the extraordinary

phenotyping and genotyping of the cohort over a total of more
than 38 years to date, we hope to study the clinical course of
people with type 1 diabetes as they age during the modern-day
period of intensive therapy.

Conclusions

The discovery of insulin by Banting, Best, Collip and Macleod
established its life-saving power. DCCT/EDIC and a large
community of investigators have shown how to use insulin to
its best advantage, not only preserving life but also improving
QoL by reducing vision loss, kidney failure, CVD and other
complications previously considered inevitable.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-021-05397-4) contains a slideset of the figures
for download.
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Abstract
The discovery of insulin in 1921 enabled pharmaceutical production of animal insulins for the treatment of people with type 1
diabetes by 1922. The last several decades have witnessed enormous scientific progress in the therapy of type 1 diabetes, yet
some developments have been incremental, and insulin is not a cure. Herein, I highlight key scientific advances potentially poised
to improve the quality of life and treatment outcomes in type 1 diabetes. These innovations range from newer insulin analogues to
the development of smart insulins, oral and weekly insulins, glucose sensors and closed-loop insulin-delivery devices, as well as
strategies for durable human beta cell replacement coupled with selective immune manipulation to preserve beta cell function.
Finally, progress in the prediction and prevention of type 1 diabetes highlights the ongoing challenges and potential for altering
the natural history of the disease or eliminating type 1 diabetes altogether.
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Abbreviations
GLP-1 Glucagon-like peptide-1
I338 Insulin 338
SGLT2i Sodium−glucose cotransporter 2 inhibitors
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Introduction

In this issue of Diabetologia, a series of papers linked to the
scientific celebration of the 100th anniversary of the discovery
of insulin at the University of Toronto, ON, Canada
(insulin100.com) describe important advances in the science
of type 1 diabetes, while highlighting challenges and barriers
to be surmounted. Herein, I summarise key areas of
innovation that show great promise for transforming diabetes
care and improving the lives of people with type 1 diabetes
(Fig. 1).

Newer insulins

After more than 60 years of producing animal insulins for the
treatment of type 1 diabetes, the introduction of recombinant
human insulin almost four decades ago has spurred the devel-
opment and formulation of rapid-acting insulin analogues, as
well as newer basal insulins, such as insulin degludec together
with more concentrated U300 insulin glargine. Many rapid-
acting analogues are now deployed within insulin pump regi-
mens, allowing for more rapid onset of action and faster dissi-
pation of post-meal-related insulin action. The newer long-
acting basal insulins achieve more effective 24 h insulinisation
in the majority of patients, while reducing rates of nocturnal
hypoglycaemia. Flexibility in the time of dosing of insulin
degludec may also be useful for some individuals with type
1 or type 2 diabetes [1]. Whether switching to newer long-
acting basal insulins confers meaningful sustained benefits for
people with type 1 diabetes is unknown.

New methods for delivery of insulin

Once-weekly insulinAn investigational once-weekly formula-
tion of an acylated degradation-resistant insulin, at present
provisionally designated insulin icodec, was assessed in a
26 week Phase II trial in people with type 2 diabetes.
Compared with once-daily insulin glargine U100, starting at
a dose of 70 U and up-titrated weekly to a mean dose of
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241 U/week, insulin icodec exhibited a comparable safety and
efficacy profile when added to a background regimen of
metformin with or without a dipeptidyl peptidase-4 inhibitor
[2]. Rates of minor (level 1) hypoglycaemia and the relative
reduction of HbA1c was numerically greater with insulin
icodec than insulin glargine U100. Reducing the frequency
of basal injections from 365 to 52 per year is appealing.
Whether once-weekly basal insulins will provide substantial
advantages while maintaining an excellent safety and efficacy
profile in people with type 1 diabetes will require considerable
study. Having a substantial reservoir of basal insulin on board
has implications for management of unexpected intercurrent
illness, vigorous exercise, and nocturnal or new-onset
hypoglycaemia; these areas require additional investigation
in the context of type 1 diabetes.

Oral insulin The feasibility of oral insulin administration,
viewed by some as an important alternative to enable reduc-
tion of the number of injections, has been extensively inves-
tigated for decades in preclinical studies and, more recently, in
people with type 1 and type 2 diabetes. While results of short-
term animal studies assessing oral insulin frequently show
acute reductions in blood glucose, clinical development
efforts are challenged by inter-individual variability in gastric
emptying and pharmacokinetics and very low bioavailability
[3]. Both short-acting and long-acting oral insulins are being

studied. The efficacy and safety of insulin 338 (I338), a long-
acting acylated insulin analogue co-formulated with sodium
caprate for once-daily oral administration, was assessed in an
8 week trial in insulin-naive people with type 2 diabetes treat-
ed with oral glucose-lowering medicines. No difference in the
magnitude of glucose reduction or rates of adverse events was
detected in people randomised to I338 vs insulin glargine [4].
Nevertheless, the clinical development programme for I338
was discontinued owing to the high doses required (58-fold
higher than insulin glargine) to achieve acceptable pharmaco-
kinetics and the questionable commercial feasibility of
marketing a new, more expensive insulin product.
Substantial numbers of people with type 1 diabetes continue
to be treated using regimens encompassing once-daily basal
insulin administration. Hence, the feasibility of a longer acting
basal insulin remains theoretically attractive. However, cost-
effective development will likely require additional progress
in achieving greater bioavailability, alongside careful ongoing
study of patients taking oral insulins.

The possibility of developing rapid-acting oral insulin
formulations for the treatment of type 1 diabetes continues
to be explored. ORMD-0801 is an oral insulin co-formulated
with enzyme inhibitors that is currently being assessed for the
treatment of type 1 and type 2 diabetes [3]. The successful
development of rapid-acting oral insulin preparations that
are effective in a wide variety of people with type 1 diabetes
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Fig. 1 Strategies for improving
therapeutic outcomes in people
with type 1 diabetes. The various
technologies and biological
strategies under development for
the treatment of type 1 diabetes
and its complications are shown.
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remains challenging. Given inter- and intra-individual vari-
ability in gastric emptying and absorption of peptides, togeth-
er with a need for reproducible pharmacokinetics and rapid
onset commensurate with meal ingestion, it seems unlikely
that oral prandial rapid-acting insulins will be equivalent in
efficacy and safety in people with type 1 diabetes when
compared with newer rapid-acting injectable insulin
analogues.

Miscellaneous non-injectable insulinsAn inhaled rapid-acting
insulin has been approved for diabetes therapy; however, its
ultimate place in the type 1 diabetes treatment paradigm
remains uncertain. Inhaled insulin promises a more rapid rate
of onset and a shorter duration of action, more closely
mimicking secretion of postprandial insulin and, ideally,
reducing rates of hypoglycaemia [5].

Other innovations in the delivery of insulin have included
the development of subcutaneous patches, orally ingested
unfo ld ing mic roneed le dev ices , and inges t ib le
microapplicators that adhere to the gastrointestinal tissue and
deliver calibrated doses of insulin in preclinical studies [3, 6].
An ultimate goal of these technologies is to remove the need to
deliver insulin by injection multiple times daily, while main-
taining effective 24 h/day insulinisation.

Smart glucose-sensitive insulins

Towards the objective of reducing insulin injections while
minimising hypoglycaemia, there is intense interest in the
development of effective new ‘smart’ or glucose-sensitive
insulins that theoretically facilitate intensification of insulin
therapy in a safe manner. Ideally, insulin could be adminis-
tered and sequestered within an inactive reservoir, such as in a
patch or a biological or mechanical delivery device, and
released as needed via exquisitely glucose-sensitive mecha-
nisms. Multiple new molecular entities are being explored,
incorporating glucose-sensitive modifications within the insu-
lin molecule or within linked carriers or fusion proteins. These
formulations may include lectins, gels and polymers, which
are designed to release insulin or switch insulin to a bioactive
conformation in proportion to gradients in hyperglycaemia
[7]. Ideally, a glucose excursion within the hyperglycaemic
range would lead to rapid release of a precise quantity of
bioactive insulin, with the release or active-conformation
switch mechanism being terminated equally rapidly upon
return to normoglycaemia. Substantial progress has been
made with regard to technologies enabling glucose-sensitive
insulin delivery; however, the risks of overshooting or under-
delivering the precise quantities of insulin required needs care-
ful scrutiny during development and in clinical trials [7].

Major challenges and unresolved questions surround the
development and optimisation of novel glucose-sensitive

insulins for management of type 1 diabetes. For example,
should glucose-sensitive insulins be preferentially developed
as adjunctive basal or short-acting preparations, or simply as
universally acting insulins stored in compartments that will be
continuously available for fine-tuning insulin release in rela-
tion to ambient glucose? Will the on/off mechanism be suffi-
ciently rapid and robust to manage acute swings in blood
glucose levels that may occur during repeated bouts of intense
exercise or during rapid development of inadvertent
hypoglycaemia? How will adequate basal insulinisation and
avoidance of ketoacidosis be achieved during a state of
prolonged fasting or in settings of intercurrent illness
characterised by relative euglycaemia? Will a glucose-
sensitive insulin-delivery mechanism provide sufficient basal
insulin release to engage receptors in key organs, such as the
liver, brain and adipose tissue, in the fasting or prolonged
euglycaemic state? Answering these questions will require
careful experimental scrutiny in preclinical studies and, subse-
quently, in clinical trials.

Innovation in insulin-delivery systems:
towards the artificial pancreas

Progress in partially or fully ‘closing the loop’ has been rapid
and impressive, with continuous improvement in the develop-
ment and validation of devices that couple continuous glucose
sensing to partially or fully automated control of insulin secre-
tion. This has been reviewed in this issue by Boughton and
Hovorka [8] and Jarosinski et al. [7]. Continuous glucose-
sensing and sensor-augmented insulin-delivery devices have
evolved rapidly and are increasingly being adopted in many
worldwide regions for the treatment of type 1 diabetes. Rapid
development of glucose-sensing and insulin-delivery technol-
ogies, together with ‘suspend-before-low’ technology and
predictive algorithms, will enable improved hybrid and fully
automated closed-loop devices to evolve. However, the wide-
spread uptake of these devices depends on further validation
in multiple populations and real-world clinical scenarios,
including intensive exercise. Considerable progress has been
made in the development of a more fully automated artificial
pancreas, coupling glucose sensing to insulin delivery, and the
feasibility of simultaneously delivering low-dose glucagon is
also being explored. Uploading data to the cloud, coupled
with artificial intelligence-enabled algorithms for data analysis
and insulin dose recommendations, may provide a useful
adjunct to self-management, ideally enhancing the traditional
interactions between healthcare providers and people with
type 1 diabetes. Greater miniaturisation of these delivery
systems and exploration of the feasibility of smarter closed-
loop devices, with longer duration of use (i.e. time the device
can be implanted and left alone without a new supply of insu-
lin or new batteries etc), designed for intraperitoneal
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implantation with refillable insulin options, may herald
improved possibilities for some. Dual-hormone delivery
systems combining glucagon or amylin with insulin are also
under investigation, promising a lower risk of hypoglycaemia
and greater time in range [8]. Excitingly, under the mantra of
‘we are not waiting’, parallel innovation in open-source do-it-
yourself algorithms has further advanced therapeutic options
for automated insulin delivery in some people with type 1
diabetes.With advances inmanufacturing, one anticipates that
the price of these devices, which is currently a barrier to adop-
tion for many, will come down, facilitating greater uptake and
use in more populations.

Hypoglycaemia

As highlighted by David Nathan in this issue [9], intensive
insulin therapy in the Diabetes Control and Complications
Trial was associated with a threefold increased risk in
hypoglycaemia. The use of newer rapid-acting analogues
and long-acting basal insulins, together with continuous
glucose monitoring, has reduced the rates of hypoglycaemia
in many people with type 1 diabetes. However, despite these
important advances, the consequences of hypoglycaemia
remain burdensome and represent a substantial challenge
and barrier to intensification of glycaemic control in many
people with type 1 diabetes [10]. A great deal of progress
has been made in understanding the mechanisms of glucose
sensing in the brain and peripheral tissues, identifying how
multiple defects in these physiological mechanisms contribute
to hypoglycaemia susceptibility in people with type 1 diabe-
tes. It remains unclear if therapeutic approaches to restore
glucose sensing and improve defective counterregulation are
feasible. Whether co-administration of low-dose glucagon
(together with insulin) in pumps to prevent hypoglycaemia
will prove clinically useful is a question that requires ongoing
research.

Cell regeneration and replacement therapies

Notwithstanding exciting advances in the pharmacokinetics of
new insulin molecules and innovative insulin-delivery
systems, a long-standing goal is to eliminate the daily need
to manage insulin delivery. The field has steadily evolved
from pancreas and islet transplantation towards efforts direct-
ed at beta cell regeneration and implantation of stem cell-
derived beta cells. Ideally, safe, effective and affordable beta
cell replacement therapies will be developed that can be
administered without lifelong broad immunosuppression.

There continues to be enormous interest in the regeneration
of functional beta cell mass to achieve therapeutic benefit in
people with type 1 diabetes. These efforts are based on

substantial evidence that C-peptide may remain detectable
for decades after diagnosis and that some individuals have
populations of residual pancreatic beta cells for prolonged
periods of time after the onset of type 1 diabetes [11]. In this
regard, future advances in the imaging of functional human
beta cells in situ would prove useful for correlating changes in
beta cell mass with concomitant evaluation of beta cell secre-
tion. Whether sufficiently robust and selective regeneration of
endogenous residual beta cells (coupled with immunosuppres-
sion) is feasible remains unclear. Advances in the identifica-
tion of human beta cell growth factors support the possibility
of achieving expansion of human beta cells prior to transplan-
tation ex vivo, perhaps in combination with agents such as
glucagon-like peptide-1 (GLP-1) receptor agonists.
Alternatively, these regenerative combinations might be
administered in vivo for brief intermittent intervals to increase
marginal beta cell mass [12].

For many, the holy grail of type 1 diabetes research remains
cell replacement therapy, an area that has witnessed exciting
progress, as outlined by Douglas Melton in this review series
[13]. Normal human beta cells function within a complex
topologically organised multicellular islet environment, with
beta cell function constantly being fine-tuned by local para-
crine, intercellular, neural and vascular feedback. The extent
to which stem cell-derived human beta cells can be coaxed to
function normally for prolonged periods of time in a new
environment that only partially mimics the normal organisa-
tion of pancreatic islets requires ongoing scrutiny.

The islet replacement field has simultaneously pursued
innovative approaches for shielding new implanted beta cells
from the immune system through the use of materials that
enable vascularisation and oxygenation while excluding
immune cells and antibodies. Ongoing molecular approaches
include the development of strategies to block or reverse auto-
immunity and induce allotolerance, thereby permitting trans-
plant engraftment and durable function without the need for
continuous immunosuppression. This might be achieved by
genetic elimination of key molecular targets in new human
beta cells that are recognised by the immune system in people
with type 1 diabetes, coupled with highly selective targeted
manipulation of the immune system to precisely disable
immune effectors responsible for beta cell destruction [14].
Abolishing molecular targets of the autoimmune attack in
differentiated stem cell-derived human beta cells appears
feasible, yet may inadvertently activate different components
of the immune system, while also potentially posing a risk for
tumour formation. Multiple approaches to achieving immune
tolerance of newly generated human beta cells are being
explored and rapid progress in this exciting field is expected.
Moreover, genome editing and engineering strategies have
evolved to couple detection of cell proliferation with induction
of cell death, providing built-in mechanisms for eliminating
rogue cells with tumourigenic potential [15].
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Complementary strategies for innovation
in type 1 diabetes

Many of the technologies discussed herein are highly innova-
tive, pushing the boundaries of chemistry, engineering, immu-
nology and cellular and molecular biology. Yet there remains
ample room for exploring simple but potentially important
innovation to improve the lives of people with type 1 diabetes.
There is now substantial evidence supporting use of sodium
−glucose cotransporter 2 inhibitors (SGLT2i) for the preven-
tion of chronic kidney disease, heart failure and major cardio-
vascular events in people with type 2 diabetes. SGLT2i also
provide an opportunity for intensification of glycaemic control
without body-weight gain. Technical advances in non-
invasive monitoring for ketonaemia may provide new oppor-
tunities for improving the safety of SGLT2i in people with
type 1 diabetes, enabling relevant outcome studies.
Similarly, GLP-1 receptor agonists reduce the rates of
myocardial infarction, stroke and cardiovascular death in indi-
viduals with type 2 diabetes, likely, in part, through glucose-
independent mechanisms [16]. Although the pathophysiology
of these complications may not be identical in type 1 vs type 2
diabetes, it seems reasonable to investigate the potential for
these agents to safely reduce cardiorenal morbidity and
mortality in individuals with type 1 diabetes at higher risk
for these complications.

Prevention of type 1 diabetes
and preservation of beta cell function

While exploring better options for intelligent insulin delivery,
one must simultaneously strive to meet the challenge of
preventing type 1 diabetes. Enormous progress in the identi-
fication of individuals at risk has made this goal more feasible.
Intriguingly, longitudinal autoantibody screening
programmes have demonstrated that a proportion of islet
autoantibody-positive individuals may serorevert towards
negative status, most often seen with insulin autoantibodies,
potentially refining the timing and targeting of type 1 diabetes
prevention interventions [17]. Serial changes in glucose-
response curves following oral glucose challenge may further
identify antibody-positive individuals at greater risk of
progression to type 1 diabetes [18]. While autoantibody status
has proven enormously valuable for type 1 diabetes predic-
tion, the combination of autoantibody status, genetic risk score
and family history was found to improve prediction of type 1
diabetes in high-risk children, allowing for further refinement
of follow-up strategies and planned enrolment for intervention
trials [19].

The clinical progression to type 1 diabetes was delayed in
relatives of individuals with this disease (who are at high risk
of developing type 1 diabetes) who were treated with the anti-

CD3 antibody teplizumab [20]. Efforts to prevent or slow the
progressive deterioration of beta cell function with early
immune interventions in children and young adults with
newly diagnosed type 1 diabetes have also been met with
success. Individuals who were administered golimumab, an
anti-TNF-α monoclonal antibody, demonstrated better pres-
ervation of meal-stimulated insulin secretion after 52 weeks of
therapy relative to control participants, with maintenance
treatment infusions of golimumab being given every 2 weeks
[21].

Complementary strategies are focusing on augmenting the
numbers of regulatory T cells (Tregs) to restore immune toler-
ance using adoptive Treg transfer, perhaps using
bioengineered antigen-specific Tregs, or a combination of
cytokines or immunomodulatory agents to boost endogenous
Treg populations [22]. The long-term safety of these innova-
tive immunomodulatory therapies for suppression of the
immune attack in susceptible individuals, or perhaps used in
combination with beta cell replacement, will require carefully
scrutiny in clinical trials.

Important questions surround the optimal dosing regimens
and duration of immunosuppressive therapy required to
produce the meaningful clinical benefit theoretically associat-
ed with the preservation of C-peptide. These benefits might
include reduced rates of ketoacidosis, lower HbA1c, greater
time in range, lower rates of hypoglycaemia and, ideally,
reduced rates of complications beyond those achievable with
conventional intensification of insulin therapy [10]. It seems
likely that combinations of immunosuppressive agents would
produce even greater preservation of beta cell function than
one therapy alone; however, understanding the long-term
safety of such approaches is not trivial.

Access to innovation and future therapies
for type 1 diabetes

As we approach 100 years of insulin, scientific progress over
the last four decades has been encouraging and has greatly
improved the lives of people with type 1 diabetes. Advances
in implementation science and the evaluation of the impact of
each new technological advance will aid in judging real
success from flashy, yet incremental innovation. However,
this is no time for the scientific community to take a bow
and briefly rest on its laurels. There continues to be a huge
disparity in therapeutic options available to people with type 1
diabetes and tremendous region- and country-specific differ-
ences in diabetes-related outcomes. Despite the introduction
of a slew of newer insulin analogues and the development of
biosimilar insulins, the insulin supply chain remains highly
fragmented and reliable global access to affordable insulin
for people with type 1 diabetes remains uneven, even in some
wealthy nations [23].
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Notwithstanding the perceived value of innovative new
insulins, there continues to be substantial debate about the
pricing vs value delivered for innovation in type 1 diabetes
care. As noted by Chan and colleagues, more than one million
people were diagnosed with type 1 diabetes in 2017 and more
than 14,000 people under the age of 25 years succumbed to
the illness [24]. A substantial proportion of this mortality is
likely preventable through delivery and application of stan-
dards of care that are widely available in some, but not all
countries. Indeed, suboptimal care of people with type 1
diabetes produces tremendous individual hardship and
impairs the economic health and productivity of nations
[24]. In conjunction with the 100th anniversary of insulin,
the World Health Organization has simultaneously launched
the Global Diabetes Compact [25], with recommendations for
actions enabling more affordable technology and insulins to
be forthcoming in April 2021. As we contemplate the future of
scientific innovation in type 1 diabetes, we must simulta-
neously ensure that new developments are affordable, cost-
effective, safe, easy to implement and designed to benefit
large diverse populations with type 1 diabetes.

Until we can prevent diabetes, we need to learn how to
more effectively minimise its impact and prevent its compli-
cations. The following words of Fredrick Banting [26] almost
100 years ago still resonate today:

Insulin is not a cure for diabetes; it is a treatment. It
enables the diabetic to burn sufficient carbohydrates, so
that proteins and fats may be added to the diet in suffi-
cient quantities to provide energy for the economic
burdens of life.
Frederick Banting

The gift of insulin transformed a previously fatal disorder
into a chronic disease requiring intensive daily management.
Although the science discussed herein represents a snapshot
of major areas under investigation, the next major advance in
type 1 diabetes may come, unexpectedly, from unconventional
science or nascent technologies not yet fully mature. The power
of modern science and the needs of people with type 1 diabetes
demands our complete dedication to the development of newer
transformational approaches directed at improving the manage-
ment and eliminating the development of type 1 diabetes.
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