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The year 2021 marks the 100th anniversary of the discovery of insulin, which has greatly changed the lives of people with diabetes
and become a cornerstone of advances in medical science. A rapid bench-to-bedside application of the lifesaving pancreatic extract and its immediate commercialization was the result of a promising idea, positive drive, perseverance, and collaboration of
Banting and colleagues. As one of the very few proteins isolated in a pure form at that time, insulin also played a key role in the
development of important methodologies and in the beginning of various fields of modern science. Since its discovery, insulin
has evolved continuously to optimize the care of people with diabetes. Since the 1980s, recombinant DNA technology has been
employed to engineer insulin analogs by modifying their amino acid sequence, which has resulted in the production of insulins
with various profiles that are currently used. However, unmet needs in insulin treatment still exist, and several forms of future insulins are under development. In this review, we discuss the past, present, and future of insulin, including a history of ceaseless innovations and collective intelligence. We believe that this story will be a solid foundation and an unerring guide for the future.
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INTRODUCTION
The year 2021 marks the 100th anniversary of the discovery of
insulin, which has greatly changed the lives of people with diabetes. Although polyuric states resembling diabetes mellitus
have been known for over 3,500 years since the initial description in an Egyptian papyrus (1550 BC) [1], it was only after the
discovery of insulin that meaningful treatment of diabetes was
possible. However, there have been enormous innovations and
breakthroughs in the development of various forms of insulins
and antidiabetic agents in recent decades, leading to improved
care of people with diabetes (Fig. 1). Insulin has also played a
central role in the progress of modern science. Because diabetes has become one of the most prevalent metabolic diseases in
modern society and is still continuously and rapidly increasing

[2-4], efforts to overcome the unmet needs of diabetes therapy
are critical for human health. In this review, the past, present,
and future effects of insulin will be discussed.

THE HISTORY OF INSULIN DISCOVERY
Before the discovery of insulin, evidence on the cause of diabetes started to accumulate in the late 19th century, which
opened a gleam of success. In 1889, von Mering and Minkowski [5] reported that pancreatectomized dogs developed severe
diabetes. The concept that internal secretion by the ‘islets of
Langerhans’ of the pancreas control carbohydrate metabolism
was suggested by Laguesse [6] in 1893, although it was still hypothetical. Based on the belief that pancreatic extract can cure
diabetes, many attempts have been made to isolate the elusive
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Fig. 1. Timeline of important discoveries, events (upper panel), and insulin products (lower panel) throughout history. 3D, threedimensional; NPH, Neutral Protamine Hagedorn.
internal secretion of the pancreas [7-10]. Although these attempts have largely failed due to inactivity or side effects of the
preparations, some researchers reported possible effects of
pancreatic extract in reducing glycosuria in dogs.
Frederick G. Banting made a breakthrough and landmark
achievement in the discovery of insulin (Fig. 2) [11,12]. Returning from World War 1 and after working at the Toronto
Military Orthopaedic Hospital, Banting established his private
clinic in London, ON, Canada. He also started to work as an
instructor at the Western University Medical School, London,
ON due to economic difficulty in running his clinic. Banting’s
idea of ligating the pancreatic duct to induce selective degeneration of acini leaving islets and isolating internal secretion
came up after reading an article by Barron [13] in preparing
his lecture on October 31, 1920. A week after the idea, Banting
met John J. R. Macleod, a renown authority in carbohydrate
metabolism at the University of Toronto. Macleod, knowing
the failure of many previous attempts and believing that isolation of pure soluble pancreatic extracts would be difficult, gave
a skeptical response to Banting. However, Banting persuaded
Macleod, and after a few months of hesitation, finally started
630

the project in May 1921. An undergraduate student Charles H.
Best was selected to join the team. Experiments with pancreatic duct-ligated dogs and pancreatectomized dogs as a source of
pancreatic extract and recipient, respectively, were continued
by Banting and Best and eventually started to show efficacy in
August 1921. At the end of 1921, James B. Collip, a biochemist,
visited Macleod’s laboratory and helped with the project. His
extraction protocol with 90% ethanol resulted in soluble insulin with enhanced purity, which overcame the critical technical
hurdle. Leonard Thompson was a 14-year-old patient with
type 1 diabetes mellitus (T1DM) weighing only 30 kg. On January 11, 1922, he became the first human to receive insulin.
After the first injection, his blood glucose level was slightly reduced, but an abscess developed, making him more acutely ill.
However, another injection with refined extract prepared by
Collip was given on January 23, which normalized blood glucose levels and eliminated glycosuria and ketonuria. The effect
of insulin in several patients was reported in the March 1922
issue of the Canadian Medical Association Journal [14], and
partnership with pharmaceutical companies, Eli Lilly (Indianapolis, IN, USA) and Nordisk (Bagsværd, Denmark), soon
Diabetes Metab J 2021;45:629-640
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made insulin widely available. The Nobel Prize in Physiology
or Medicine was awarded to Banting and Macleod in October
1923. The success story of insulin discovery was the result of a
promising idea (although not entirely original), positive drive,
perseverance, and collaboration of Banting and colleagues. To
our surprise, all these events occurred over just 3 years.
Interestingly, Banting’s initial idea that ligation of the pancreatic duct would induce selective atrophy of the exocrine
pancreas and preserve insulin turned out to be physiologically
incorrect. Not the trypsin in the acinar cells but the impurities
of the extract was the problem, and Banting and Best realized
that the non-duct ligated pancreas could also serve as the
source of insulin. However, the pancreatic duct ligation model
was later studied as a different means of treating diabetes. The
existence of adult β-cell progenitors in the pancreas and the
potential for β-cell regeneration through replication, neogenesis, or exocrine-to-endocrine conversion are topics of interest.
https://e-dmj.org

Diabetes Metab J 2021;45:629-640

E

Fig. 2. The discovery of insulin by
Banting and colleagues. (A) Letter
of invitation from Macleod to Banting which was written on March
11, 1921. (B) A page from Banting
and Best’s notebooks describing the
positive effects of their pancreatic
extract on canine test subjects. (C)
A flowchart describing the results
of a dog experiment. (D) The newspaper with the headline ‘Toronto
doctors on track of diabetes cure’
on March 11, 1922. (E) A letter
from one of the early patient Teddy
Rider to Dr. Banting saying that he
is well after insulin treatment. Photos taken by Seung-Hwan Lee at the
exhibition ‘Insulin: Toronto’s Gift to
the World’ at University of Toronto.
Courtesy of the Thomas Fisher
Rare Book Library, University of
Toronto. More archival documents
pertaining to the history and discovery of insulin can be accessed at
https://insulin.library.utoronto.ca/.

Some experiments have shown that duct ligation-induced injury can activate neurogenin 3-positive progenitor cells to expand the β-cell mass, and this theory has received renewed attention [15,16]. However, the results of this injury model have
varied across laboratories, and later studies failed to show
β-cell regeneration, leaving controversy [17-19].

INSULIN: A KEY MOLECULE IN THE
PROGRESS OF MODERN SCIENCE
Insulin was the first protein whose amino acid sequence was
elucidated, and this work was conducted by British chemist
Frederik Sanger in 1955 [20]. Before his discovery, the amino
acids in a protein were thought to be randomly arranged. In
the 1940s, Sanger began to study how amino acids are linked
in the two polypeptide chains of insulin. At that time, insulin
was one of the very few proteins that were available in pure
631
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form. By using acids to breakdown the molecule and incorporating electrophoresis and chromatography, he was able to determine the amino acid sequence and disulfide bonds of insulin [21]. This was the beginning of proteomics, and the principle that every protein had a unique sequence earned Sanger
the Nobel Prize in Chemistry in 1958 [22].
In 1964, the Nobel Prize in Chemistry was awarded to another British chemist, Dorothy C. Hodgkin, for her determinations of the structures of important biomolecules, such as vitamin B12, by X-ray techniques [23]. This method became an
essential tool in structural biology. In fact, she became interested in the structure of insulin in 1934, and it took 35 years for
the three-dimensional structure of this molecule to be unlocked [24]. Solving the crystal structure of insulin led to an
understanding of its chemical reactions, cellular functions, and
receptor binding. It also enabled mass production of insulin
for medical use and modified the structure to create insulin
with different profiles [23].
Radioimmunoassays (RIAs) are an important technique for
measuring hormones and many biological substances that are
still widely used. Yalow and Berson [25,26], developed RIA using radiotracers and antibodies to measure hormones with extremely low circulating levels. Following the measurement of
animal insulins, they succeeded in measuring human plasma
insulin in the late 1950s [25,26]. They were the first to propose
the concept that peptides such as insulin could stimulate an
immunologic response, which was accepted later. This novel
technique opened a new era in the field of endocrinology and
led to major advances in the diagnosis and treatment of hormonal diseases such as diabetes. Yalow received the Nobel
Prize in Physiology or Medicine in 1977 (Berson died before
the award was given) [27].
The presence of insulin receptors in the cell membrane and
their relation to insulin bioactivity were suggested in 1971 [28],
and receptor proteins were isolated in 1972 [29]. The sequences of rat and human insulin genes were reported by Ullrich et
al. [30] in 1977 and Bell et al.’s [31] group in 1980, respectively.
The human insulin receptor gene was sequenced, and its relation to transmembrane signaling was unveiled in the mid1980s [32,33]. These findings were the cornerstone of insulinrelated studies and were followed by a tremendous amount of
research on insulin signaling and insulin resistance [34,35].
The insulin signaling pathway regulates glucose, lipid, and energy homeostasis and controls proliferation, differentiation,
and survival at the cellular level. Insulin binding to its tyrosine
632

kinase receptor leads to the recruitment and phosphorylation
of receptor substrates such as insulin receptor substrate (IRS)
and Shc proteins. IRS activates the phosphoinositide 3-kinase
(PI3K)-Akt pathway, which mediates most of the metabolic effects of insulin. The Shc-Ras-mitogen-activated protein kinase
(MAPK) pathway controls cellular proliferation and gene transcription [36]. These pathways are regulated at several points
by phosphatases or inhibitory proteins. Although these signaling cascades have not been totally elucidated, they have become the basis of understanding the pathophysiology of insulin resistance and its related diseases.
It is clear that insulin not only played a central role in the
field of diabetology and clinical medicine but also greatly contributed to the advancement of various fields of modern science, including molecular biology, proteomics, and genomics.

THE EVOLUTION OF INSULINS
During a century of insulin use, it has evolved and many different options are currently available through modification of
its structure or formulation (Table 1) [37]. Early on, its profile
was poorly defined and inconsistent, and it was only extracted
from animal pancreas. Currently, recombinant human insulin
and insulin analogs with well-known pharmacokinetic (PK)
and pharmacodynamic (PD) profiles are mainly used to mimic
endogenous insulin secretion.
The initial insulin in a soluble formulation had a short action
profile requiring multiple daily injections with large volumes
and had a high risk of hypoglycemia. The first insulin preparation with extended action was introduced by Hans C. Hagedorn in 1936, when he found that adding protamine could prolong the effect of insulin [38]. Previous studies with emulsions
of insulin in oil and lecithin or combined with vasoconstrictors
failed to yield consistent results. Hagedorn applied the principle that proteins are least soluble at isoelectric pH and chose a
highly basic protein protamine because the isoelectric point of
insulin was below physiological pH (approximately 5.2). Protamine crystalizes with insulin hexamers and is dissolved slowly
after injection. Therefore, the dissociation of insulin hexamers
and the absorption of monomers into circulation are delayed.
Neutral Protamine Hagedorn (NPH) insulin, or isophane insulin, was developed by Nordisk in 1946 by adding zinc to
protamine insulin. With a longer duration of action and ability
to be mixed with regular insulin in the same syringe, NPH improved glycemic control and patient acceptability with twice
Diabetes Metab J 2021;45:629-640
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Table 1. Currently available insulins and their action time			
Type of insulin

Onset time

Peak time

Duration of action

Insulin aspart (Fiasp)

4 min

1–3 hr

3–5 hr

Insulin lispro-aabc (Lyumjev)

2 min

1–2 hr

~4.6 hr

Insulin lispro (Humalog)

10–15 min

1–2 hr

3–5 hr

Insulin aspart (NovoRapid)

10–15 min

1–3 hr

3–5 hr

Insulin glulisine (Apidra )

10–15min

1–2 hr

2–4 hr

30 min

2–3 hr

6.5 hr

1–3 hr

5–8 hr

~18 hr

1.5 hr

No peak

~24 hr

Insulin glargine U300 (Toujeo )

~6 hr

No peak

24–36 hr

Insulin detemir (Levemir)

3–4 hr

6–8 hr

~24 hr

Insulin degludec (Tresiba )

30–90 min

No peak

~42 hr

Ultrarapid-acting

Rapid-acting



Short-acting
Regular insulin (Humulin R)
Intermediate-acting
NPH insulin (Humulin N)
Long-acting
Insulin glargine (Lantus)




Premixed
70% NPH+30% regular insulin (Humulin70/30)
25% lispro+75% neutral protamine lispro (Humalog Mix25)
50% lispro+50% neutral protamine lispro (Humalog Mix50)
30% aspart+70% neutral protamine aspart (Novomix 30)
50% aspart+50% neutral protamine aspart (Novomix 50)
70% degludec+30% aspart (Ryzodeg)
NPH, Neutral Protamine Hagedorn.

daily administration. Lente and ultralente insulin with a longer
duration than NPH was developed in the early 1950s, but its
use was limited due to high day-to-day variability in absorption, inconsistent peak patterns, and incompatibility with regular insulin [39,40]. A common drawback of animal insulins is
the formation of anti-insulin antibodies leading to insulin resistance and lipoatrophy. Therefore, methods to produce highly purified preparations were important until the early 1980s.
Insulin was the first therapeutic protein to be produced by
recombinant deoxyribonucleic acid (DNA) technology and
approved for use in humans by the U.S. Food and Drug Administration (FDA) in 1982. This method for cloning and expressing genes in Escherichia coli was developed in the 1970s
with successful expression of somatostatin and insulin in 1978
and 1979, respectively [41]. Because the gene sequence of human insulin was not known at that time, the genes for the A
https://e-dmj.org
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and B chains of insulin were designed using the amino acid sequence. The collaboration of scientists working on chemical
DNA synthesis, bacterial and mammalian gene regulation, restriction enzyme-based recombinant DNA technology, and
cloning vectors and industry support (Genentech, San Francisco, CA, USA; and Eli Lilly) led to the birth of the first human insulin Humulin, which is still widely used [42].
The action profile of insulin depends on the formulation
(monomer or hexamer) and the stability of hexamers, which
determine the time to onset. Because there was a gap between
the action profiles of earlier insulins and physiologic insulin
secretion, recombinant DNA technology was employed to engineer insulin analogs by modifying their amino acid structure
to change the PK and PD properties. The first insulin analog
approved by the FDA was rapid-acting insulin lispro in 1996
[43]. By exchanging the amino acid proline at position B28 and
633

Lee SH, et al.

lysine at position B29, faster dissociation of hexamers in subcutaneous space and absorption of monomers was achieved.
Rapid-acting insulins with similar profiles, aspart and glulisine, were developed and marketed later and are now regarded
as better mealtime insulins with comparable efficacy and reduced hypoglycemia compared with regular insulin [44]. Basal
insulin helps stabilize glucose levels between meals and overnight and is frequently used as an initial option for insulin
treatment. NPH insulin had a role as basal insulin for approximately 50 years until insulin glargine was approved in 2000
[45]. Asparagine was replaced with glycine at position A21,
and two arginines were added at positions B31 and B32 to flatten the peak and provide a longer acting profile. These modifications in amino acid sequences shifted the isoelectric point to
near neutral pH and enhanced chemical stability in a low pH
solution. Therefore, injection of insulin glargine results in pHinduced precipitation and slow release, enabling stable action
[46]. More recently developed long-acting analogs, such as insulin glargine U-300 (3-fold concentrated) and insulin degludec, were both approved in 2015. The threonine at position
B30 is removed and a side chain of 16-carbon fatty acid is added to lysine at position B29 via a glutamic acid spacer in insulin
degludec [47]. Mutihexamer complexes are formed after subcutaneous injection and significantly delay dissociation and
absorption, making insulin degludec the longest-acting (duration of action/42 hours) insulin analog to date. These newer
long-acting analogs have a more physiological basal profile and
provide comparable efficacy and a lower risk of hypoglycemia
than first-generation long-acting analogs [48-50].
Several premixed insulins are also available that have the advantages of fewer injections, convenience, and preventing mixing errors [51]. However, because the ratio of individual com-

ponents cannot be adjusted freely, these are more suitable for
patients with regular lifestyle patterns. Human insulin mixtures
(NPH insulin+regular insulin), analog insulin mixtures (rapidacting insulin analogs+its protaminated suspension), and a
mixture of insulin degludec and aspart are currently available.

THE FUTURE OF INSULIN THERAPY:
SHORTER- AND LONGER-ACTING INSULINS
Despite the great success and progress over a century, many
physicians and patients are still reluctant to initiate insulin
therapy due to the fear of injection, inconvenience, side effects
such as hypoglycemia and weight gain, and social stigma [52].
Many researchers are on the road of developing insulins with
improved profiles that can solve these problems (Fig. 3).
To more closely mimic normal physiologic insulin secretion
in response to a meal, ultrarapid insulin analogs were developed and have been marketed recently. Faster aspart is a formulation consisting of niacinamide (for faster absorption) and
L-arginine (for stabilization of the molecule) added to insulin
aspart [53]. It appears in the bloodstream earlier after injection
with doubled insulin concentration and increased glucose infusion rate during the first 30 minutes. It also exhibits faster on
and faster off effects when administered via insulin pump. In
both T1DM and type 2 diabetes mellitus (T2DM) patients,
postprandial glucose control was superior with comparable
hypoglycemia and tolerability compared with insulin aspart
[54,55]. Ultrarapid lispro is a formulation of treprostinil (for
local vasodilation) and citrate (for increasing vascular permeability) added to insulin lispro [56]. This also shows superior
postprandial glucose control and noninferior glycosylated hemoglobin (HbA1c) lowering effects compared to insulin lispro

Fig. 3. The future insulins under development.
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in patients with both T1DM and T2DM [57,58]. In a phase 1
study in patients with T1DM, ultrarapid lispro had significantly faster insulin absorption than faster aspart, insulin aspart,
and insulin lispro [56]. Another strength of ultrarapid insulin
analogs is flexibility in meal scheduling. Postmeal administration of faster aspart was similarly effective as mealtime insulin
aspart [54]. BioChaperone insulin lispro (Adocia, Lyon,
France) is another ultrarapid-acting insulin under development. It contains a modified oligosaccharide excipient BioChaperone BC222 and citrate to promote insulin lispro hexamer dissociation and accelerate absorption. BioChaperone
insulin lispro better mimicked prandial insulin secretion and
significantly improved postprandial glucose compared to rapid
acting insulins [59,60]. This BioChaperone technique is also
being tested for various combinations, including insulin
glargine plus lispro or insulin lispro plus pramlintide.
Reduced dosing frequency may improve adherence to insulin treatment and enhance convenience. It would also be easier
to use for individuals who need assistance in insulin injection
and would reduce treatment burden. A novel once-weekly
basal insulin analog icodec is the next runner that showed favorable results in phase 2 clinical trials [61-63]. It was designed
by three amino acid substitutions (A14 glutamic acid, B16 histidine, and B25 histidine) for molecular stability and reducing
enzymatic degradation, removal of B30 threonine, and addition of a C20 icosane fatty diacid side chain at B29 lysine attached via a hydrophilic spacer for strong albumin binding and
reduced receptor-mediated clearance [64]. Preclinical studies
showed that increased albumin binding with the icodec yields
a longer half-life of 196 hours. After injection, hexamers are
slowly dissociated and bind to albumin to form an inactive depot. Steady state is achieved after 3 to 4 weekly doses when
slow and continuous release of active icodec leads to effective,
prolonged, and evenly distributed glucose lowering throughout the week. At steady state, variations in dosing time and
amount cause minimal changes in the immediate glucose-lowering effect, enhancing its flexibility. In a pivotal phase 2 trial of
a once-weekly insulin icodec compared with once-daily insulin glargine U100 in insulin-naïve patients with T2DM taking
metformin with or without a dipeptidyl peptidase 4 inhibitor, a
similar glucose-lowering effect was observed (estimated mean
change in HbA1c from baseline: –1.33% in the icodec group
and –1.15% in the glargine group) [63]. Some secondary and
exploratory endpoints including the mean 9-point patientmeasured blood glucose level and time spent within the tight
https://e-dmj.org
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glycemic range (70 to 140 mg/dL) measured by flash glucose
monitoring were superior and insulin dose was significantly
lower in the icodec group. There were no statistically significant differences in the rate of level 2 (blood glucose <54 mg/
dL) or level 3 (severe cognitive impairment) hypoglycemia between the two groups, whereas level 1 (blood glucose <70 mg/
dL) hypoglycemia was more frequent in the icodec group. Another phase 2 study investigated the efficacy and safety of insulin icodec when switching from once or twice daily basal insulin versus insulin glargine U100 [61]. The icodec group with a
100% loading dose at the first injection showed a significantly
longer time-in-range (70 to 180 mg/dL) and numerically larger
changes in HbA1c from baseline compared to the glargine
U100 group without increasing the risk of hypoglycemia. This
study showed that adding an initial loading dose is safe and effective when switching from daily basal insulin to weekly icodec. Several phase 3 trials with different patient populations,
different treatment combinations, long-term efficacy and safety, and patient-reported outcomes are ongoing. Another onceweekly insulin under development is basal insulin Fc (BIF),
which is a fusion protein of the human IgG2Fc domain and a
novel single-chain variant of insulin. Recently introduced first
in-human data showed a half-life of approximately 17 days and
peakless PK profile over a 1-week dosing interval in subjects
with T2DM [65]. A 32-week phase 2 study demonstrated noninferior efficacy of BIF compared with insulin degludec [66].
The data presented to date suggest the feasibility of once-weekly insulin, although more clinical trials and the issue of the difficulty of short-term adaptation need to be addressed.

THE FUTURE OF INSULIN THERAPY:
NONINJECTING INSULINS
Administration of insulin via a noninjectable route would
overcome various limitations and barriers of subcutaneous injection and has long been a subject of interest but with limited
success [67]. The first inhalable insulin, Exubera (Pfizer Inc.,
New York, NY, USA), was approved and marketed in 2006 but
was soon withdrawn from the market by the manufacturer due
to poor sales. Intrapulmonary delivery of insulin seemed to be
an attractive alternative route but failed to become popular due
to cost, inconvenience of the device and procedure, high demands of instruction, and safety concerns [68]. Afrezza
(MannKind, Westlake Village, CA, USA) is another ultrarapidacting inhalable insulin approved by the FDA in 2014. This is a
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dry powder of recombinant human insulin adsorbed onto an
excipient of fumaryl diketopiperazine based on technosphere
particle technology [69]. It has been shown to be as effective as
twice daily premixed biaspart insulin when combined with insulin glargine with significantly lower weight gain and fewer
hypoglycemic events [70]. A pooled data analysis including
5,505 patients in Afrezza trials showed pulmonary safety except a higher incidence of mild cough and slight reversible decline in pulmonary function relative to comparators [71].
Oral delivery of insulin is probably the most preferable
method with a more physiologic portal-to-peripheral insulin
ratio; therefore, various approaches are under investigation
[72,73]. However, major challenges in developing oral insulins,
such as interference by meal ingestion, high absorption variability, low bioavailability, and resulting commercial unviability, are still a significant obstacle to success. Phase 2 and 3 studies of prandial oral insulins, including insulin tregopil (IN-105,
recombinant insulin conjugated with polyethylene glycol via
an acetyl chain) [74] and ORMD-0801 (enteric coated capsule
containing insulin and adjuvants to protect the protein and
promote intestinal uptake) [75], failed to show impressive results to date with no or negligible glucose lowering. Basal oral
insulin would be more feasible in that it could avoid food effects. Oral insulin 338 (I338) is a long-acting basal insulin analog coformulated in a gastrointestinal permeation enhancement technology one (GIPET I) tablet with sodium caprate as
an absorption enhancer and shows an extended half-life of up
to 70 hours at a steady state despite relatively fast absorption.
In an 8-week phase 2 trial comparing once-daily I338 with
once-daily insulin glargine in insulin-naïve patients with
T2DM, there were no significant differences in the efficacy
measures, including fasting plasma glucose, 10-point plasma
glucose concentrations, HbA1c, fructosamine and fasting Cpeptide concentration, or safety profile, between the two
groups [76]. Despite promising results, further development of
I338 was discontinued because the dose required was high due
to low bioavailability and therefore it was not commercially viable for mass production. Further advances in technology and
biomaterials will be crucial to overcome the hurdles of developing oral insulin.
An interesting approach of delivering insulin using an ingestible device was recently published [77]. An ingestible selforienting millimeter-scale applicator inspired by a leopard tortoise’s ability to passively reorient can autonomously position
itself to the stomach lining, orient its injection mechanism to636

ward the tissue wall, and inject a drug through the mucosa.
Using a swine model, this device was shown to successfully deliver insulin and lower blood glucose levels to a similar degree
as those achieved by subcutaneous injection.

THE FUTURE OF INSULIN THERAPY:
HEPATOPREFERENTIAL INSULINS
Endogenous insulin secreted from the pancreas is delivered to
the liver through the portal vein before entering systemic circulation and being exposed to peripheral tissues. Conventional
subcutaneous insulin administration results in much greater
exposure of insulin to muscle and lower exposure to liver, resulting in different degrees of action in these organs compared
to physiologic endogenous insulin [78]. Hepatopreferential insulin has been suggested as an alternative to restore the physiologic portal-to-peripheral insulin ratio and reduce the risk of
hypoglycemia, weight gain, and insulin resistance. Insulin peglispro is a molecule consisting of a polyethylene glycol chain
covalently bound to B28 lysine of insulin lispro and has hepatopreferential effects due to its large hydrodynamic size. More
than 6,000 patients with T1DM and T2DM were included in
the IMAGINE phase 3 clinical trial program, and insulin peglispro consistently showed a greater HbA1c reduction, less glycemic variability, reduced nocturnal hypoglycemia, and tendency to gain less weight compared to glargine and NPH [79].
Despite its potential efficacy, insulin peglispro was associated
with higher liver fat and triglycerides and a higher frequency
of elevation of aminotransferase levels. Although it was not
due to severe liver injury, the manufacturer decided to stop the
development program in 2015 [80]. Hepatic-directed vesicle
(HDV) insulin is another insulin delivery system that contains
biotin-phosphatidylethanolamine as a hepatocyte-targeting
molecule in phospholipid bilayer vesicles [81]. In a phase 2b
study of T1DM, HDV insulin lispro showed noninferior
HbA1c lowering and no significant differences in hypoglycemia or insulin dosing compared with insulin lispro [82]. Further delineation of its efficacy and safety is awaited.

THE FUTURE OF INSULIN THERAPY:
GLUCOSE-RESPONSIVE INSULINS
Using glucose-responsive insulin (GRI), which only acts in the
hyperglycemic milieu without causing hypoglycemia, would
be the most ideal option for insulin treatment. However, develDiabetes Metab J 2021;45:629-640
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oping ‘smart’ insulin requires advances in various fields, such
as formulation chemistry, protein engineering, glucose-sensing technology, and delivery devices, and many challenges still
exist [83]. Because blood glucose levels fluctuate rapidly, a fastresponding system without a time lag is necessary. Additionally, to control the glucose level in a narrow normoglycemic
range, insulin level or activity must be altered significantly over
a narrow glucose concentration range. The glucose-reactive
motif should selectively respond to glucose, and the material
must be safe (nonallergenic, nontoxic) and stable for long-term
use. A closed-loop insulin delivery system or artificial pancreas
that uses continuous glucose monitoring and an automated
pump using an intelligent algorithm is a form of mechanical
GRI, and clinical application has been started [84,85]. There
are two broad classes of molecular GRIs: (1) polymer-based
systems, which consist of insulin contained within a glucoseresponsive polymeric matrix-based vesicle or hydrogel composed of glucose-binding proteins, glucose oxidase, or boronate-based chemistries, and (2) molecular-based bioconjugation systems, which introduce a glucose-sensitive motif (phenylboronic acid, glucosamine, or mannose) to the insulin molecule or its formulation. The characteristics of various GRIs
have been extensively reviewed in recently published papers
[83,86]. Although these elegant strategies remain in the early
stage of development, continued progress is expected.

CONCLUSIONS
After the discovery of insulin in 1921, the last 100 years have
been a history of enormous progress and remarkable advances
in various fields of science linked to the development of insulins with better profiles. However, many failures have also occurred, and there seem to be many more obstacles to the cure
of diabetes. We eagerly wish for continued improvement in the
care of patients with diabetes, keeping Banting’s positive drive
and perseverance in mind.
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