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What lies beyond 100 years of insulin
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ABSTRACT
It has been 100 years since the discovery of insulin. This
revolutionary treatment saves the lives of millions of people living
with diabetes, but much remains to be understood of its mechanisms
and roles in homeostasis and disease. To celebrate this centenary,
we explore areas of ongoing insulin research in diabetes, metabolic
syndrome and beyond. Disease Models & Mechanisms aims to
publish high-quality basic and pre-clinical research that advances our
understanding of these conditions to facilitate clinical and public
health impact.
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There was a time when diagnosis with type 1 diabetes (T1D) was a
death sentence. Patients would merely have days or weeks and, if
lucky, months to live. Life expectancy could be extended marginally
with drastic ketogenic diets that restricted carbohydrate intake; but
this led to severe malnutrition and, in the best-case scenario, survival
would be extended by one to two years. In 1921, surgeon Frederick
Banting, returning from World War I, worked with student Charles
Best and had a breakthrough in treating canine diabetes with
pancreatic extracts of insulin at John Macleod’s laboratory in the
University of Toronto. Banting, Best and Macleod then collaborated
with the biochemist James Collip to further purify the insulin
extracted from cows and proceeded to treat their first patient, 14-year-
old Leonard Thompson. For developing this miracle treatment, the
scientists won the 1923 Nobel Prize, and global production of insulin
was rapidly expanded to treat as many patients as possible.
Over the next 100 years, insulin therapy and diabetes

management have continued to improve. Insulin with extended
action was developed, a Nobel Prize was procured by Frederick
Sanger in 1958 for mapping the structure of the hormone, and
genetically engineered human insulin was developed in 1978 and
commercialised in 1982. In 1959, another key moment occurred
with the classification of insulin-dependent (type 1) and insulin-
independent (type 2) diabetes. Fast forward to 2019, when 463
million adults worldwide were suffering from type 1 or type 2
diabetes (T1D or T2D, respectively), a figure that had tripled over
the past 20 years, with ~90% of cases being T2D (International
Diabetes Federation, 2019). Further research is desperately required
to tackle the T2D pandemic and to improve the treatment of T1D,
and the landmark discoveries made over the past 100 years have
paved the way for this.

Disease Models & Mechanisms (DMM) articles represent stellar
examples of the variety of research taking place to advance our
understanding of the mechanisms of diabetes and other conditions
related to insulin dysregulation. We have compiled a collection
dedicated to Metabolic Disorders. In this issue, we celebrate the
centenary of insulin’s discovery with ‘A Model for Life’ interview
with Dr Elizabeth Seaquist (Sequist, 2021), and Perspective articles
from Dr Eva Feldman (Eid and Feldman, 2021) and Dr Robert
Semple (Brierley and Semple, 2021). By promoting this research,
we aim to support the improved management and treatment of
insulin-related conditions, many of which are rapidly growing
globally with devastating consequences.

T1D is characterised by the loss of insulin-producing β-cells in
the pancreas due to a cytokine-mediated autoimmune reaction. Type
2 diabetes (T2D) is associated with overnutrition and a lack of
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physical activity. A prominent feature of early T2D – or prediabetes
– is insulin resistance, the systemic lack of responsiveness to insulin
discussed in detail in the Perspective by Brierley and Semple
(Brierley and Semple, 2021). This prediabetic state can also be
exacerbated in pregnancy, leading to gestational diabetes that, in a
pig model, was shown to cause impaired glucose tolerance, insulin
resistance and differential metabolomic profiles in the neonatal
piglets (Renner et al., 2019). This highlights the potential risk of
T2D in the children of mothers with gestational diabetes.
Prediabetes progresses towards T2D through inflammation

of pancreatic islets, leading to β-cell damage and dysfunction, and
resulting in deficient insulin production. This inflammation
is associated with overexpression of the pro-inflammatory
cytokines interferon gamma (IFNγ), interleukin 1 beta (IL1β) and
tumour necrosis factor alpha (TNFα). In zebrafish, pancreatic
overexpression of IL1β alone (Delgadillo-Silva et al., 2019) or of all
three cytokines (Ibrahim et al., 2020) increases macrophage
recruitment to the islets and NFκB signalling, as well as levels
of reactive oxidative species and endoplasmic reticulum stress
in β-cells, leading to their dysfunction and death. In zebrafish
that overexpress all three cytokines, the medicinal plant derivative
wedelolactone reduces islet macrophage infiltration and the
hyperglycaemic phenotype (Delgadillo-Silva et al., 2019). These
studies not only exhibit the role of islet inflammation in diabetes
pathogenesis but also highlight the contribution of zebrafish to
forward diabetes research. Importantly, many current treatments are
aimed at the management of diabetes symptoms, but understanding
islet inflammation could help develop therapies that prevent the
progression of T2D.
The liver has a fundamental role in insulin-related conditions

because insulin resistance and/or deficiency diminishes the
control of glucose secretion from the liver, which – together with
impaired glucose uptake by systemic cells and tissues – leads to
hyperglycaemia. Insulin also inhibits the breakdown of triglycerides
in adipose tissue, meaning its impaired action causes accumulation
of fatty acids and lipids in the liver. Pathologies of the
liver, therefore, often occur together with insulin resistance and/or
T2D, and many encompass metabolic syndrome, a collection of
metabolism-related dysfunctions that are often associated with
obesity and increase the risk of T2D. One example is hepatic
steatosis, also known as fatty liver, which is characterised by
intrahepatic fat accumulation; another is dyslipidaemia, which
manifests itself in increased levels of lipids in the blood. Diet-
induced animal models of insulin resistance and obesity, including
mouse (Lopez-Pastor et al., 2019; Villar-Lorenzo et al., 2019), rat
(Bacle et al., 2020) and sheep (Kalyesubula et al., 2021) models,
recapitulate many of the liver-associated conditions.
Mouse models of liver pathologies with a stronger genetic basis –

such as congenital generalised lipodystrophy, a condition that can
lead to diabetes (Mcilroy et al., 2020), or glycogen storage disease
type 1a (GSD1A) that is associated with hepatocellular tumours
(Resaz et al., 2020) – have not been as clearly linked to insulin
resistance; there is, however, evidence of hyperinsulinemia and
altered insulin signalling, regarding congenital generalised
lipodystrophy (Mcilroy et al., 2020) and GSD1A (Resaz et al.,
2020), respectively. These studies highlight the breadth of impact
insulin has on glucose and lipid metabolism, and on the potential
resultant liver pathologies.
As there is currently no cure for diabetes, this life-long condition

manifests itself in complications affecting organs beyond the
pancreas and liver, such as the kidneys, and the peripheral and
central nervous systems. Diabetic kidney disease (DKD) accounts

for 25–50% of patients with kidney failure in Europe and the USA
(Sembach et al., 2021). Advances in transcriptomic profiling have
enabled deeper investigation of the molecular signalling pathways
involved in development and progression of DKD in rodent models
(Otto et al., 2019; Sembach et al., 2021), which is essential to
identify novel targets for preventing or halting DKD. Peripheral
neuropathy (PN) is a complication that occurs in 30% of prediabetes
and 60% of T2D patients, and can lead to chronic pain and lower-
limb amputations. Eva Feldman’s lab has vastly advanced research
regarding PN, for example, in studies mapping the role of
dyslipidaemia and altered lipid signalling (O’Brien et al., 2020) or
identifying sex differences in its development (Elzinga et al., 2021).
Eid and Feldman’s Perspective article further explores the use of
rodent PN models to enhance our understanding of this debilitating
condition (Eid and Feldman, 2021). As metabolism is integral to
neural cell development and function, alterations in the brain have
also been linked to diabetes, as discussed in our interview with
Dr Elizabeth Seaquist (Sequist, 2021). Novel laboratory model
systems have been developed to investigate this phenomenon,
including cultured neurons derived from T2D mice (De Gregorio
and Ezquer, 2021) and zebrafish embryos that, when incubated in
glucose, exhibit dysfunction in the neurovascular system and
present behavioural alterations (Chhabria et al., 2019). These
systems are attractive tools for identifying novel therapies for
diabetes-associated complications of the central nervous system.
Overall, these diabetes-associated complications emphasize the
necessity for a new approach to treating diabetes, i.e. one that aims
to cease or potentially reverse its progression.

Often overlooked is the role of aberrant insulin signalling in
pathologies other than diabetes. Lipotoxicity, which is known to
mediate insulin resistance, was most likely caused by insulin
resistance and oxidative stress in the kidneys of a renal fibrosis
mouse model (Escasany et al., 2021). Lipotoxicity can also cause
cardiac steatosis in a condition known as lipotoxic cardiomyopathy
(Walls et al., 2020). Cardiac function was restored in a Drosophila
model of lipotoxic cardiomyopathy by altering the lipid metabolism
to improve insulin sensitivity (Walls et al., 2020). There has also been
concentrated focus on the roles metabolism and insulin signalling
have in cancer, as diabetes and obesity are prominent risk factors for
cancer. In their recent review, Wong and Verheyen (2021) explain
how tumour survival, growth and metastasis are promoted by
dysregulated insulin signalling and insulin receptor expression in
Drosophila models of T2D. It was suggested that components of the
insulin signalling pathway present in the circulation act as biomarkers
for certain cancers. Furthermore, metabolic alterations have been
associated with neurodevelopmental and psychiatric disorders,
as reviewed by Traxler et al. (2021), and insulin resistance has been
implicated in polycystic ovary syndrome, as discussed in the
Perspective by Brierley and Semple, (2021). By appreciating
the biological connections between all insulin-related conditions,
we can expand our understanding of the integral role insulin has in
the body.

However, there is much to be achieved in the future of insulin
research. Novel forms of insulin continue to be developed, such as
oral, glucose-sensitive and liver-specific insulin, and new devices,
such as automated insulin delivery systems, have the potential to
transform diabetes management. There are also promising strategies
to, possibly, cure diabetes. Several studies have demonstrated that it
is possible to regenerate new β-cells through proliferation of existing
β-cells or trans-differentiation of other cell types, raising the hope
that diabetes can be cured through restoration of functional β-cell
mass (Sims et al., 2021). In 2000, the ‘Edmonton Protocol’ was
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published describing islet transplantation in T1D (Shapiro et al.,
2000), and recent advances in stem cell technology – with clinical
trials ongoing – have refined this strategy (Sims et al., 2021).
However, many hurdles remain, including immunoreactivity
towards implanted islets and the potential development of
malignancies. Although these approaches seem propitious,
extensive research and exploration is required before these
treatments can confidently be deemed safe and effective. One
study that aims to improve the assessment of β-cell regeneration
therapies, has tracked β-cell proliferation in the islets of mice by
using newly enhanced 3D quantitative imaging (Roostalu et al.,
2020). In terms of prevention of T2D, many opportunities are
available but, despite this, its prevalence is rapidly growing in adults
and, worryingly, also in children. Obesity is a major driving force of
T2D. Further research is, therefore, required to understand this
association and to formulate effective interventions. This research
should be coupled with advocacy and government public health
policies. By supporting foundational and pre-clinical research
regarding diabetes and other insulin-related conditions, DMM
provides a platform for this research and encourages its translation to
both the clinic and public health policies.
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Escasany, E., Lanzón, B., Garcıá-Carrasco, A., Izquierdo-Lahuerta, A., Torres,
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