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Abstract

During 1921-22, a team effort by Banting, Macleod, Collip and Best
isolated and purified insulin and demonstrated its life-giving
properties, giving rise to the birth of insulin therapy.

In the early years (1922-50s), priorities revolved around the
manufacture of insulin to meet demand, improving purity to avoid
allergic reactions, establishing insulin standards and increasing its
duration of action to avoid multiple daily injections. Shortly after the
emergence of insulin, Joslin and Allen advocated the need to achieve
and maintain good glycaemic control to realise its full potential.
Although this view was opposed by some during a dark period in the
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history of insulin, it was subsequently some sixty years later
endorsed by the DCCT and UKPDS trials. Major scientific advances by
the Nobel Laureates Sanger, Hodgkin, Yalow and Gilbert and also by
Steiner have revolutionised the understanding of diabetes and
facilitated major advances in insulin therapy.

The more recent advent of recombinant technology over the last 40
years has provided the potential for unlimited source of insulin, and
the ability to generate various insulin ‘analogues’, in an attempt to
better replicate normal insulin secretory patterns. The emerging
biosimilars now provide the opportunity to improve availability at a
lower cost.
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1.Introduction

Before the availability of insulin, clinical management of diabetes
was grim and frustrating for people with diabetes and carers alike,
involved prolonged fasting and severe carbohydrate restriction
(starvation). As noted by Allen in 1917, this was “in the hope of a
more positive and powerful therapy to come” (1).

Among attempts to extract insulin at the beginning of the last
century, the most encouraging were reported by George Ludwig
Zilzer (1908), Ernest Lyman Scott (1912), Nicholae Paulescu (1916-
23) and Israel Kleiner (1919) (Figure 1). Although their extracts
successfully achieved a reduction in glycosuria, the accompanying
adverse reactions were blamed on contaminants as none had
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Figure 1

Europe, and the lack of support denied these researchers from
reaching the ultimate goal.

The story of this epoch-making discovery of insulin and its
introduction into the management of diabetes, has been retold many
times, most comprehensively by the eminent historian Michael Bliss
(3,4).

This most significant advance in the field of endocrinology in the 20t
century, involved four key contributors from Toronto, Canada.
Frederick Grant Banting, an orthopaedic surgeon, who can be
considered as the ‘instigator’ of this project, his mentor, John James
Rickard Macleod, Professor of Physiology and head of the laboratory
in which the research took place, the chemist James Bertram Collip
and finally the medical student Charles Herbert Best (Figure 2).



In 1923, the Nobel prize in Medicine or
Physiology was awarded to Banting and
Macleod “for the discovery of insulin”.
Although insulin had been discovered by
earlier researchers (some mentioned
above), the contribution of Banting and
Macleod embodied not only the isolation
and purification of insulin, but also its
initial application to people with diabetes
whose lives were otherwise doomed (5).
A more appropriate Nobel Prize citation
could be “for the birth of insulin therapy.”
Unfortunately, discourse between the
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four Toronto researchers led to Banting sharing his stipend with Best,
and Macleod with Collip. Macleod was sceptical at the outset,
predicting to Banting in 1920 that the outcome would be “a negative
result of great physiological importance”. However, his contribution,
as a leading physiologist of his time, in the planning and execution of
the research was fundamental (6,7,8). He provided vital guidance to
the two young inexperienced, although energetic researchers,
throughout the challenging times ahead, thereby ensuring with
Collip’s vital contribution that the goal of achieving a life-sustaining
therapy for people with diabetes, was eventually realised.

The availability of insulin in 1922 heralded the end of an earlier era
of disappointed expectations only to be confronted by new
challenges. In 1928 Joslin wrote that “there has never been anything
discovered as valuable for the diabetic as insulin, but diabetes,
though subdued, is not yet conquered” (9).



This review summarises the views of the authors on some of the key
milestones that influenced the advancements in the galenics and
application of insulin during the last 100 years, broadly divided into
the period before and after the advent of recombinant DNA
technology in 1980 to advance insulin therapy.

2. The pre-recombinant DNA period 1922-1980

2.1 Production, Purification, Potency of insulin and Prolonging its
duration of action

2.1.1 Production

The administration of a ‘thick brown extract’ of bovine pancreas
(Macleod’s serum) by subcutaneous injection to the boy Leonard
Thompson on January 11, 1922 (10) heralded the end of the
‘Frustration Era’ in the management of type 1 diabetes (T1DM) (11).
It should be noted that only a moderate fall in blood sugar was
observed with the first dose of the pancreatic extract, and was
complicated by the development of a sterile abscess at one of the
injection sites. When treatment was resumed on January 23 using a
purer extract (Collip’s serum), blood sugar lowering was much
improved, and a favourable clinical outcome was reported. This was
quickly replicated in a number of other children at the same hospital
(12). Future challenges following the initial excitement quickly
ensued with a need to expand insulin production, improve purity,
prolong the insulin action, improve insulin delivery and develop
techniques for adequate monitoring.

To expand production, insulin manufacture was relocated to the
Connaught Medical Research Laboratories in Toronto with Collip in
charge, and a dedicated Insulin Committee formed to oversee future
developments. The introduction of isoelectric precipitation to the
extraction process by George Walden a chemist at the Eli Lilly



Pharmaceutical Company greatly improved yield and purity. Along
with enhanced supplies of insulin came notable successes. Joslin
acknowledged in 1923 that “The contribution of Banting and Best to
the treatment of diabetes is greater than | ever expected to witness”

(9).

In March 1923, Eli Lilly began to produce insulin commercially,
followed shortly thereafter by other approved manufacturers in the
USA, Europe and Australia.

The early commercial production of crude insulin produced an
amorphous precipitate that included only 50-60% insulin (13).
Additional purification steps became necessary due to the high
frequency of local allergic reactions (14). In 1926, Abel and
colleagues were first to crystallise insulin, (15), with zinc added to
the process in order to further enhance its purity (16). The
introduction of multiple recrystallisation steps subsequently
achieved a purity of 80-90%, which substantially reduced the risk of
allergic reactions (17). Insulin neutralising antibodies were
nevertheless noted on radio-immunoassay (RIA) in all patients
receiving re-crystallised insulin (18). The availability of newer
analytical techniques (e.g., partition and anion-exchange
chromatography, disc electrophoresis and gel filtration) highlighted
the considerable heterogeneity in re-crystallised insulin. The
identified impurities were found to be primarily responsible for
generating anti-insulin antibodies (19,20). Consequently, multiple
chromatographic steps were introduced to achieve highly purified
insulins (e.g., monocomponent (MC) insulin that contained
contaminants at or below detection limits (21).



In 1928, insulin was discovered to be a protein, with its primary
structure revealed in the 1950s, by Frederick Sanger (Figure 3a) and
colleagues who delineated the amino acids sequence from several
animal species (22). In 1960, the sequence of human insulin was

reported (23) followed by several attempts at its
synthesis. During the 1960s, the peptide synthesis
of sheep and bovine insulin was achieved,
followed by the total chemical synthesis of human
insulin (24). Although, this was biologically
equivalent to the natural hormone, it was
considered to be too costly as a source for clinical
use.
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Figure 3a

Subsequently, efforts to enzymatically substitute the single amino-
acid difference between porcine (B30*2) and human(B30™) insulin
were made in the 1970’s. Although Obermeier and Geiger succeeded
in achieving this in 1976, their yield was too low (<10%) (25). The
discovery that enzymes in mixtures of water and organic solvents
shifts peptide bond equilibria towards synthesis (26) made
transpeptidation of porcine to human insulin possible (27). In 1987,
Markussen used trypsin with a large excess of threonine ester to
replace the B30”"? residue, followed by cleavage of the B30™ ester
group to produce human insulin. This became become the first
naturally occurring protein to be manufactured by semi-synthesis
(28), and highly purified (MC) semi-synthetic human insulin became
available in 1980.

These highly purified insulins showed lower insulin antibody titres in
most patients compared with recrystallised insulin (29), fewer
allergic reactions, rarely lipodystrophy, and generally lower insulin
dosage and improved metabolic control. Semi-synthetic human



insulin was less immunogenic than bovine or porcine insulin at
equivalent purity (30), although glycaemic control remained similar.

2.1.2 Potency/standardisation of animal derived insulin: The unit of
insulin

Defining insulin potency and standardisation was a process that
evolved over more than 60 years. Banting and colleagues initially
showed that their extract was effective in normal rabbits, providing a
ready source to define potency (31). The Insulin Committee
proposed that a unit of insulin should be defined as “that amount of
insulin capable of lowering the blood sugar to the convulsive level
(blood sugar <45 mg/ml) within three hours in rabbits of
approximately 2kg in weight having been starved for 24 hours” (32).
In 1922, August Krogh introduced the ‘mouse unit’ as it was more
convenient and economical. In view of the associated variability of
the bioassays causing potency discrepancies between insulin
batches, the British pharmacologist and physiologist Sir Henry Hallett
Dale insisted that a reference sample was necessary. Consequently,
in Geneva (1925) at the International Standards Conference the first
International Standard (IS) of crystalline bovine insulin was assigned
a potency of 8 units (U) of insulin/mg. With the rapid advancements
in purification technology, a second IS, was introduced in 1935, with
a higher potency of 22 IU/mg. The third IS in 1952, had a potency of
24.5 IU/mg with the fourth in 1958 having a designated potency 24.0
IU/mg based on recrystallised bovine (52%) and porcine (48%)
insulin. With the availability of highly purified insulin in the 1980s,
and the associated time dependent variation in hypoglycaemia
between bovine, porcine and human insulin, meant that species-
specific insulin standards were necessary. Consequently, the World
Health Organisation in 1986, assigned in vivo potencies for human
(semi-synthetic), porcine and bovine insulin of 26.0, 26.0 and 25.7
IU/mg, respectively. In its anhydrous form, the potency of the human



insulin standard was 28.8 IU/mg. Based on quantitative amino acid
analysis of human insulin, 1 conventional IU is equivalent to 6.00
nmol Sl units.

In 1923, the concentration of insulin increased from 10 to 20 IU/ml,
reaching 40 IU/ml in 1924 and 80 IU/ml in 1925 (33). Having such
different strengths led to confusion and resulting dosage errors, only
alleviated by adoption of a single strength, 100 IU/ml, in the 1970s
and 1980s. Higher strengths (200 - 500 IU/ml) have also become
available for use in special circumstances.

Henry Dale’s contribution to the standardization of insulin, during
the years 1923-1967, was an essential prerequisite in ensuring
uniformity across the different manufacturers with patient safety in
mind (34,35).

2.1.3 Development of protracted-acting insulins (1930s-1950s)

The need for multiple daily injections of the original soluble/regular
insulin prompted efforts to delay its subcutaneous absorption,
thereby extending its glucose lowering effect, especially during the
nocturnal period. Attempts to mix insulin with gum arabic solutions,
oil suspensions, lecithin emulsions or vasoconstrictor substances,
met with little or no success due to pain on injection, variability in
absorption and/or poor stability (36).

Greater success occurred when insulin was complexed with other
proteins (37) or metals ions were added to the insulin solution (38).
In 1936, Hans Christian Hagedorn, combined insulin with protamine
(extracted from the sperm of the trout, Salmo iridius), which reduced
its solubility at neutral pH (37). A colleague, Charles Krayenbuhl
discovered the optimal relationship between insulin and protamine,
where no excess of either exist in solution after precipitation (i.e. in
‘isophane’- stoichiometric proportions). The original unstable



protamine insulate suspension required a phosphate buffer to be
added prior to administration. Although its protracted action was
evident (39) controlling postprandial hyperglycaemia required
additional soluble insulin. The stability issue was solved by Scott and
Fisher in 1936 using surplus protamine with a small amount of added
zinc, producing protamine zinc insulin (PZI) (40). PZI possessed a
prolonged action but was complicated by occasional episodes of
severe hypoglycaemia that occurred without warning (41). Separate
injections of regular insulin before meals were also required.
Consequently, an insulin with ‘intermediate’ timing of action was
sought to deal with postprandial hyperglycaemia. Surfen insulin,
globin insulin and iso-insulin became available during 1938-1944 but
were soon discontinued. In 1946, Neutral Protamine Hagedorn (NPH)
insulin, a crystalline suspension, with protamine and insulin in
‘isophane’ proportions in the presence of zinc ions, with phenol and
m-cresol as preservatives, emerged from Hagedorn’s laboratory (42).
NPH insulin reached the market in 1950 replacing the original two-
vial system (protamine and buffer) as well as separate regular insulin
and PZl injections. In the 1970s-80s, fixed ratio combinations of
regular and NPH insulins (range 10:90 to 50:50) became available in
an attempt to provide both meal and basal insulin requirements,
administered once or commonly twice-daily.

The use of foreign proteins as retarding agents raised concerns,
however Scott and Fisher demonstrated in 1935 that adding zinc ions
prolonged the action of insulin (38). This effect was largely
dependent on the physical state and size of the suspended zinc
insulin particles (43). The subsequent Lente trilogy of insulins
developed during in the 1950s, included a suspension consisting
entirely of amorphous zinc insulin (semilente) with a shorter action
than the microcrystalline insulin suspension (ultralente), and another
with a 30:70 mixture (Lente insulin) that had with an intermediate
duration, and was intended for once-daily administration (44).



Exploiting the solubility differences between porcine and bovine
insulin at neutral pH also resulted in the development of a biphasic
insulin, Rapitard ( a mixture of 25% soluble porcine insulin and 75%
bovine insulin crystals) in 1965 (45).

Following subcutaneous injection, NPH and Lente insulins generally
have their peak action around 4-6 hours with a steady decline
thereafter, with duration of action that varies according to the dose
(46). As NPH and Lente insulin preparations are suspensions, that
require thorough resuspension prior to injection, considerable
variability occurred in the rate and amount absorbed and the
subsequent glucose lowering effect (47,48). This remains a major and
often ignored source of inaccuracy in their clinical use (49). Mixing
regular and Lente insulin transforms the former into a semilente-like
state due to the excess zinc in Lente insulin, the extent of which
depends upon the proportions used and any delay in administration
(50,51). This was a major contributor to the subsequent demise of
Lente insulin. Bovine ultralente also generated neutralising
antibodies that prolonged its action and obtunded regular insulin.
Consequently, porcine and human ultralente became available in the
early 1980’s (52) with human ultralente insulin considered suitable
as a once-daily basal insulin supplement (53).

3. Entering into and emerging out of a dark period in the history of
insulin therapy (1930s to 1970s)

With the availability of insulin in 1922, expectations were
understandably high given its transformational powers (54). Allen
pronounced in 1930 that “every patient can now be expected to live
out his natural life” (55). However, Joslin had cautioned in 1928 that
“the disease is far from solved by insulin which marked the end of
one era in diabetes management, not the end of diabetes” (56). Both
were adamant that good glucose control, through a restricted
carbohydrate diet, exercise, frequent testing and insulin adjustment,



could prevent complications. Unfortunately, this was not a view that

was universally accepted at the time.

During the early years of the “insulin era” a dramatic reduction in
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lives were extended, diabetes entered a dark period in its history.

With the initial availability of insulin, the mechanisms of its secretion
and action were not known, and blood sugar measurements were
infrequent. Glycosuria was the only index of control available to
adjust insulin doses. It was not until the mid-1930s that diabetes was
acknowledged as a disease “referable either to deficiency of insulin
or to insensitivity to insulin” (58). Initially, multiple daily doses of
short-acting regular insulin were used to control post-prandial
hyperglycemia, but were not capable of satisfying nocturnal

requirements.

Between 1936-1952, several protracted-acting insulins emerged (42,

43), and provided the convenience of once or twice- daily insulin

dosing. However, all were suspensions, and with inadequate

resuspension resulted in substantial day-to-day glycaemic variability
(48). With few exceptions, these new ‘basal’ insulins were used alone
with no regular insulin to cover mealtime requirements. The problem
was compounded by the increasing adoption of free diets and the



practice of mixing regular insulin with these protracted-acting
insulins. During this 20 year period debate raged about the aetiology
of microvascular complications, the optimal method of treatment
and the relevance of maintaining good metabolic control, targeting
near normal blood sugar levels and preventing glycosuria. Edward
Tolstoi, amongst others emphasised the negative effects of
intensifying treatment on lifestyle with, in their view, no long-term
benefit.

However, during this uncertain period in diabetic care, major
scientific advances were being made.

The co-development of the radioimmunoassay (RIA) by Berson and
Yalow in the 1950s (RIA) (Figure 3b), represents
one of the major contributions to medical
research in the last century (15). This occurred
despite difficulties in the publication of their
early work. Their developed immunoassay of
endogenous plasma insulin in man in 1960 (59)
revolutionised our understanding of diabetes
and the physiology of glucose homeostasis. It
Rosalyn Yalow | 3lso confirmed earlier findings from Himsworth
in 1936 (58) that diabetes was either

Figure 3b

predominantly an insulin deficient or resistant state. For the
development of the radioimmunoassay technique, Yalow was
awarded the Nobel Prize in Medicine or Physiology in 1977, some five
years after the untimely death of Berson.



The 1960s saw Dorothy Crowfoot (later Hodgkin) (Figure 3c) reignite
her former crystallographic work with insulin (60) to elucidated the
3-dimensional arrangement of the atoms in insulin using X-ray
analysis of rhombohedral pig 2-Zn insulin crystals (61). She was
supported by her team that included Margaret Adams, Eleanor and
Guy Dodson, Tom Blundell, and Ted Baker. They
deduced that the hexamer in 2-Zn insulin crystals
was organised around a crystallographic three-
fold axis with each hexamer consisting of three
dimers with the monomers related by a two-fold
axis perpendicular to and passing through the
three-fold axis. For her pioneering work,

Dorothy Hodgkin | Crowfoot was awarded the Nobel Prize for
Chemistry in 1964.

Figure 3c

Several years later, Donald Steiner discovered proinsulin in 1967 that
revolutionised our understanding of the molecular mechanisms of
insulin biosynthesis in the pancreatic islets (62). Steiner and
colleagues showed that proinsulin, a single polypeptide precursor
(prohormone) could be cleaved to produce insulin, along with a
connecting peptide segment (C-peptide) and a pair of basic amino
acids (arginine and lysine).

Despite the magnitude of these ongoing scientific developments
during the 1950-1960s, confusion remained in clinical circles about
the optimal use of insulin. This was compounded by the initial results
from the University Group Diabetes Program (UGDP) study in 1970
that reported a higher mortality in patients treated with insulin
compared with patients receiving placebo (63). However, reanalysis
of the study results years later, showed complete opposite findings
(64). In 1976, the American Diabetes Association finally pronounced
that the goals of therapy to prevent late complications should include



‘a serious attempt to achieve blood glucose levels as close to those in
the non-diabetic state as feasible’.

In the late 1970s, several “pre-mixed” preparations with fixed ratios
of regular and NPH insulin became available. The most common was
a 30/70 regular/NPH ratio that was administered twice-daily using a
“split-mixed” regimen. These premixtures which were widely
adopted represented inappropriate modifications of the
pharmacological profile of the constituent insulins (50).
Resuspension, even under optimized experimental conditions, also
failed to achieve good control. Their limited flexibility when titrated
to target, could increase the risk for hypoglycemia and subsequent
impaired awareness of hypoglycaemia was not uncommon (65). In
real life patients often decrease their insulin dose to avoid
hypoglycaemia, resulting in persistent hyperglycaemia and its
associated long-term consequences.

Figure 5a (66) highlights the non-rational pharmacology
(pharmacokinetics [PK]/pharmacodynamics [/PD]) of insulin after
subcutaneous injection of a mixture of regular plus Lente insulin,
revealing a deficiency in the early postprandial rise of insulin causing
excess hyperglycemia, with an inappropriately residual high insulin
level (absorption of the retarded insulin component) increasing the
risk of hypoglycemia before lunch. Using separate injections for the
meal (regular insulin), and a basal insulin supplement (NPH)



Improves post-
Insulin Injection s.c.
Regular + Lente “r Type 1DM 200

l i}reakfasl lunch 180 m ea | b | OOd

l 10 PLASMA GLUCOSE
160

glucose, and

1140

mg/di

1120

Lo reduces the risk of

nocturnal

1 150

Plasma Insulin

-
0- N=7 T1 DM —
5 Non-diabetics
250 - (mean + SD)

hypoglycaemia

pmol/l

1120

1= || with improved

Plasma Glucose
mg/dl
o
o

1 1 1 1 1 L
7 9 1 13 15 17h '
Time of Day TIME OF DAY

fasting blood

50

glucose the next

Figure 5a Figure 5b

morning, Figure 5b (67). Separate injections allow individuals to
achieve a more meaningful titration of the two insulins.

Thankfully, the late 1970s saw the adoption of multiple daily insulin
(MDI) regimens, combining basal and prandial insulins and,
supported by self-monitoring of blood glucose (SMBG) levels. This
made it possible to design and implement rational strategies of
insulin replacement that more closely matched the normal
physiological glucose response. In parallel, portable insulin delivery
devices for continuous subcutaneous insulin infusion (CSIl) became
available. These changes facilitated the emergence from the earlier
dark period in the history of insulin therapy. The original belief held
by Joslin and others, that good glycaemic control was essential for
the management of diabetes was eventually validated 30 years after
his death, when in 1993, the landmark Diabetes Control and
Complications Trial (DCCT) reported its key findings (68). The
feasibility of achieving good control with physiological replacement
of insulin via MDI or SCIl in people with TIDM was demonstrated
along with a reduction in microvascular and macrovascular
complications that extended well beyond the trial period, thereby
creating what we now refer to as the “legacy” effect of good



glycaemic control (69,70). The DCCT and the follow-up EDIC
(Epidemiology of Diabetes Interventions and Complications) study,
represent the basis of today’s universal acceptance of the model of
physiological insulin replacement.

In 1995, a relatively small study from Japan (Kumamoto) also
observed that intensive insulin therapy prevented the onset,
progression and severity of long-term microvascular disease in
people with type 2 diabetes (71). These findings were soon
overshadowed by the much larger United Kingdom Prospective
Diabetes Study in T2DM (UKPDS) in 1998 that also demonstrated the
short- and long-term benefits of intensive glucose control in people
with type 2 diabetes (72, 73).

The DCCT/EDIC and UKPDS studies all provided irrefutable evidence
supporting the need and benefits of improving glycaemic control,
thereby encouraging further advancements in the development of
new insulin preparations, improved means of delivery and
monitoring in an attempt to safely achieve near normal glycaemia.
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Table 1
4. Era of Recombinant Insulin Preparations
4.1 Introduction of recombinant DNA (rDNA) technology

During the 1970’s, Walter Gilbert and Frederick Sanger (Figure 3d)
independently devised techniques for sequencing DNA and provided
tools that enabled the manipulation of genes. For this work, they
subsequently shared the 1980 Nobel Prize in Chemistry with Paul
Berg. In 1977, Ullrich and colleagues cloned the rat insulin gene (74).
These key advances in molecular biology and synthetic nucleotide
chemistry, led to the synthesis of insulin, and several other
mammalian polypeptide hormones by microbiological fermentation
(75). Recombinant DNA (rDNA) technology provided a potentially
limitless source of human insulin (76), and the opportunity for
molecular modifications to enhance its pharmacological properties.

Figure 3d

In 1978, Genentech successfully

synthesised human insulin A- and B-
polypeptide chains by inserting DNA
sequences encoding for the A and B
chains into plasmids that were then

Walter Gilbert Frederick Sanger

cloned separately in a strain of E.coli.
Following isolation and purification, the chains were converted to S-
sulphonate salts to restore the disulphide bonds prior to being fused
to form human insulin and undergo purification (77,78) (Figure 6
(79). Further development by Eli Lilly, resulted in the first-ever
genetically engineered human insulin that became available for
clinical evaluation in 1980 (80) and for clinical use in 1982.



A second method for the production of human insulin introduced in
1981 involved the use of DNA sequences encoding for human
proinsulin, thereby minimising
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Figure 6 proinsulin molecule to fold and
form the disulphide bonds before being purified and enzymatically
converted, using a mixture of trypsin and carboxypeptidase B, to
human insulin for final purification. Alternatively, in 1991, Novo
Nordisk launched their recombinant human insulin production using
yeast (Saccharomyces cerevisiae) to express a modified single-chain
proinsulin like precursor molecule for conversion to human insulin
(82). The different source of biosynthetic human insulins all
possessed physical characteristics that were identical to the natural
hormone with biological activities equivalent to those of highly
purified porcine and semi-synthetic human insulins.

Recombinant DNA technology has also been pivotal in understanding
the role of individual and groups of amino acids within the insulin
molecule (Figure 7),
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Figure 7



4.2 Fast-acting monomeric insulins

Postprandial hyperglycaemia is a contributory factor to inadequate
glycaemic control and increased glucose variability, both of which are
independent risk factors for cardiovascular complications (83,84).
The existence of a lag phase in the absorption of regular insulin
following subcutaneous administration was key to understanding the
reasons for the inability to control postprandial hyperglycaemia (85).
Equally important was the observation in the early 1970’s that insulin
associates into hexamers and dimers in concentrated neutral
solutions in contrast to being in the monomeric state in the systemic
circulation (86). This implied that insulins with a reduced propensity
to self-associate would be more rapidly absorbed (87,88).

In the dimer, individual insulin molecules are held together
predominantly by non-polar forces reinforced by four hydrogen
bonds between B24 and B26 arranged as an anti-parallel B-sheet
structure between the two carboxy-terminal strands of the B-chain.
The amino acid residues involved in the association of two
monomers into dimers are A21,B 8, 9,12,16,20,21 and 23-29.

The main strategies to counteract self-association include either (1)
charge repulsion with already existing charge or introducing charge
counterparts, (2) changing hydrophilic into hydrophobic interfaces,
(3) replacement of metal binding sites or (4) by causing steric
hindrance (Table 2).



Strategies for creating rapid-acting insulin analogues

1. Charge repulsion:

Half with existing charge Asp(B28) Aspart insulin
Asp (B9, Glu (B27)
Introducing charge counterparts Lys (B29) Glulisine insulin
Glu(B27),Asp(A21)
2. Hydrophilicity into hydrophobic Glu (B16),Glu (B27),
interfaces Glu (B26)
3. Removal od metal ions Asp(B10)
4. Steric hindrance:
Reversal Lys (B28), Pro(B29) Lispro/ Humalog
Deletion desB27 Glulisine insulin
Table 2

The size of the insulin unit (association state) and the dissociation
rate were found to be major determinants of the rate of absorption
from the subcutaneous tissue. Monomeric insulins were absorbed 3-
4 times faster than a non-dissociating hexameric insulin (87,88, 89).
The potential clinical benefit of monomeric insulins became evident
when given prior to a standard meal in people with T1 DM (90).
Plasma profiles of monomeric insulin analogues compared with
regular human insulin (RHI) when given immediately before a meal
and were at least as effective as RHI when given 30 min earlier. The
insulin analogue B10”* was discontinued due to its prolonged
affinity to the insulin receptor (“slow off rate”) resulting in increased
mitogenicity (91).



Various strategies were used to produce the currently available
rapid-acting insulin analogues. Lispro insulin (Lys®28-Pro®?°) approved
in 1996 was based on the inversion of the two terminal amino acids
of the B-chain (Figure 8). This was followed by insulin aspart (Asp®28)
in 2000 and glulisine (Lys®3, GIu®?°) in 2004. Each of these rapid-
acting prandial insulins improves postprandial glucose (PPG) control
due to their faster rate of dissociation in the subcutaneous tissue
from hexamers to dimers to monomers (lispro and aspart) or from
dimers to monomers (glulisine). Their shorter action profile also
lowers the risk of inter-prandial hypoglycaemia while allowing
administration closer to meal time, thereby improving treatment

satisfaction
e and quality
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4.3 Ultra-Fast-acting insulin analogues

Recent evidence suggests that the 1h-PPG might be better at
predicting diabetic complications compared with 2h-PPG (93). This
recognition has stimulated developments aimed at producing faster-
acting prandial insulins by improving insulin absorption, either via
influencing the dissociation rate of hexamers to smaller units, by
increasing local perfusion and/or by improving capillary permeability



at injection sites (94). This has resulted in reformulations of aspart
(fast-acting aspart) and lispro (ultra-rapid lispro and BioChaperone
Lispro).

Faster-acting aspart contains two additional excipients, niacinamide
that increases local subcutaneous blood flow, and L-arginine that
acts as a stabilizing agent. In contrast, ultra-rapid lispro contains
citrate that enhances vascular permeability and treprostinil that
increases local vasodilation at the injection site, without any
measurable systemic exposure. Finally, BioChaperone Lispro contains
citrate and BioChaperone BC222.30 which form a physical complex
with insulin that protects it from enzymatic degradation while
enhancing both its stability, solubility and rate of hexamer
dissociation.

Compared with conventional aspart and lispro, faster aspart and
ultra-rapid lispro given immediately before a test meal show reduced
1h-PPG excursion in people with TIDM and T2DM, although overall
glycaemic control remains unchanged or marginally improved
(95,96). Hypoglycaemia risk is essentially unchanged and sometimes
increased, which may be due to the type of accompanying basal
insulin used, suggesting the need to optimize basal insulin
supplementation (94). Despite these positive advancements, delivery
via the subcutaneous route may never adequately accommodate the
nutritional vagrancies of normal life. Even the fastest acting insulin
analogues still require when possible, a gap between injecting and
eating to minimise post-prandial glucose rise.

When administered by CSlI, faster aspart and ultra-rapid lispro
significantly improve 1h-PPG compared to insulin aspart and lispro,
respectively (97,98). Despite initial concerns related to compatibility
in CSII devices (94), faster aspart and ultra-rapid lispro have now
been approved for clinical use. BioChaperone Lispro remains in
Phase 3 trials.



4.4. Long-acting ‘basal’ rDNA insulin analogues:
Once Daily to Once weekly insulin analogues

The inherent limitations of the surrogate basal insulin suspensions
NPH and Lente insulin (99) have stimulated ongoing development of
peak less prolonged-acting soluble insulins for over 50 years.
Successful strategies used over the last 25 years to achieve these
insulin profiles have involved on achieving (1) low insulin solubility at
physiological pH by increasing the isoelectric point of insulin, or (2)
conjugating insulin to a fatty-acid chain of variable lengths.

4.4.1 Di-arginyl insulin and insulin glargine (U100)

Early attempts involved substitutions at the C-terminal end of the B-
chain by addition of positive charges that shifted the isoelectric point
towards a neutral pH. One early preparation in 1989 was OPID 174
(NovoSol Basal), that had a slow and consistent rate of dispersal from
the subcutaneous tissue, compared with human ultralente insulin
(100). However, the low bioavailability and variable action profile
resulted in this insulin being discontinued.

Although retaining the di-arginyl (Arg®3'ArgB3?) amino acids at the C-
terminus of the B-chain was then considered a logical next step,
since it possessed only 50% activity of native insulin, reliance only on
a shift in the iso-electric point was deemed insufficient (101).
Arginine residues at the C-terminus of the B-chain are also important
for inter-hexamer interactions and crystal stability against
dissolution, due to a higher packing density of the crystals.
Substitution of asparagine by glycine at A21 allowed binding of a
seventh phenol at the periphery of the insulin hexamer to
complement, the six at the centre which stabilise the dimer-dimer
interactions. This combination resulted in the development of
A216Y,B31A% B32A%-insulin (glargine) with 30ug/ml of zinc. Insulin



glargine had a much slower rate of subcutaneous absorption (102)
and a longer duration of action than NPH insulin, and was suitable
for once daily administration (103). As it was a soluble formulation,
re-suspension prior to injection was not required but it was
immiscible with RHI.

While being soluble in the acidic pH of the insulin vial, glargine at
neutral pH of the subcutaneous tissue is quickly transformed into an
amorphous crystalline precipitate before dissolution into hexamers
and dissociating into dimers and monomers. This accounts for its
delayed absorption and extended duration of action (Figure 9).
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mitogenic potential known to be associated with the parent
compound (105).

The seminal study by Lepore and colleagues published in 2000,
showed the pharmacokinetic and pharmacodynamic differences
between glargine compared with NPH, ultralente, and CSII (106).
Compared with NPH, glargine showed a relatively consistent peak-
less concentration-time profile that translated to a lower risk of
hypoglycaemia despite, similar glycaemic control (107). The Treat-to-



Target trial in people with T2DM, showed that while approximately
60%

achieved HbA1lc <£7.0% with NPH and glargine, 25% more reached
this target without hypoglycaemia on glargine (108). Initial concerns
about the risk of cancer and cardiovascular safety with glargine were
allayed in the long-term ORIGIN (Outcome Reduction with Initial
Glargine Intervention) study (109).

4.4.2 Acylated insulins:

An alternative method to prolong the action of insulin was pursued
by NovoNordisk in the late 1990s. It involved fatty acid acylation
(lipidation) of insulin, based
on the principle of reversible
binding of fatty acids to
acidespcer serum albumin.
Consequently, human insulin

Detemir

Degludec
analogues were modified by
“uw | linking a fatty acid moiety to
fcodee . the epsilon-amino group of
B29Lys of desB30 human
insulin (79) (Figure 10).
Figure 10

4.4.2.1. Insulin detemir

Insulin detemir (B29Lys-tetradecanoyl-des B30 human insulin) was
the first of these neutral soluble acylated generation of basal insulin
preparations, having a C14 fatty acid chain (myristoyl fatty acid)
bound to the epsilon-amino acid group of B29Ys of desB30 human
insulin (Figure 10).

Its protracted and consistent action was due to self-association to
di-hexamers in the subcutaneous tissue and reversable binding of
the high affinity fatty acid chain to albumin in the subcutaneous and



intravascular compartments (110). The lower affinity for the insulin
receptor meant a 4-fold increase in the active component was
needed for similar potency to human insulin (111). Available since
1996, detemir has an overall glucose lowering effect equivalent to
NPH but with lower within-subject variability, lower risk of
hypoglycaemia and reduced weight gain (112). When administered
once-daily at the same dose, detemir was shown to be inferior to
100 U/ml (U100) in glucose lowering and duration of action among
people with TIDM (113) and T2DM (114); -primarily in the obese
(115). This has resulted in detemir being administered twice-daily in
about half the people with T2DM patients (116).

4.4.2.2 Insulin degludec

In a further development, the fatty acid side chain was extended
with a diacidic hexadecandioyl (C16) fatty acid to produce insulin
degludec. It has a low affinity for hIGF-1 receptors that is comparable
to human insulin (117). The C16 fatty acid chain is attached at B29Lys
via a Gamma-glutamic acid spacer. While existing as stable di-
hexamers in the pharmaceutical formulation, it undergoes multi-
hexamer assembly in the subcutaneous tissue due to the slow
diffusion of phenol (118). The subsequent extrusion of zinc results in
dissociation of the insulin hexamers into dimers and monomers that
enter the systemic circulation where it reversibly binds to serum
albumin. Pharmacological studies show degludec has a flat and
stable glucose lowering effect with a half-life of approximately 25
hours (119), based on the total, (not the free/active) degludec
concentrationestimated on the total and not the free/active
degludec concentration. In clinical studies degludec shows
equivalent glycaemic control to glargine U100 but with a significantly
lower risk of nocturnal hypoglycaemia in people with T2DM (120)
and T1DM (121). Some initial concerns about cardiovascular safety
were allayed in the large double-blind DEVOTE study, that confirmed



the cardiovascular safety of degludec was equivalent to that of
glargine (122). The structural characteristics of insulin degludec also
allowed development of co-formulations with rapid-acting insulin
aspart and the glucagon-like peptide 1 analogue liraglutide
(123,124).

4.4.1.2 Glargine U300

The original glargine U100 has been reformulated at a higher
concentration (300 U/ml or U300). In the subcutaneous tissue
glargine U300 has a depot surface area that is half that of glargine
U100, thereby retarding its dissolution rate by half that, resultsin a
more consistent and prolonged action (125). Its metabolism is
identical to U100, reaffirming that GlyA21-human insulin is the active
component. Glargine U300 shows equivalent glycaemic control to
glargine U100 in people with T2DM, although a slightly higher dose
(~15%) is required possibly due to local enzymatic degradation at the
site of injection (126). Also, a lower risk of hypoglycaemia (day and
night), especially during the initial titration period is observed with
glargine U300 (127). In people with TIDM, when administered at
equipotent doses glargine 300 shows a smoother and more
prolonged absorption than glargine U100. This results in a lower risk
of nocturnal hypoglycaemia and better afternoon plasma glucose
(128).

The Head-to-Head comparative trial (Bright study) between glargine
U300 and insulin degludec in insulin naive T2DM, showed equivalent
glycaemic control and weight changes over 24 weeks (129). The only
slight difference was seen during the titration period with a less
hypoglycaemia with glargine. In contrast, the CONCLUDE study that
compared degludec U200 with glargine U300, no significant
difference in the of overall symptomatic hypoglycaemia was (130). It



is apparent that these contrasting findings largely reflect differences
in study design, execution and study populations.

These new-generation basal insulins show equivalent glycaemic
control, a lower risk of hypoglycaemia, and reduced glycaemic
variability than their earlier counterparts helping to erase some of
the barriers to insulin initiation and intensification.

4.4.2.3 Insulin icodec

A recent addition to the acylated generation of basal insulins, insulin
icodec, has emerged over the last year. This compound includes a
C20 icosane fatty diacid side chain that is linked to desB30 HI with
three amino acid modifications at A14, B16 and B25 that help to
maintain molecular stability, solubility, and reduce enzymatic
degradation and receptor mediated clearance (131). The estimated
half-life of approximately 200 hours, making it suitable for once-
weekly dosing. In insulin naive people with T2DM, overall glycaemic
control (HbAlc) with icodec is similar to glargine U100, although
slightly more participants achieved HbA1c targets with a longer time
in range (132). Although infrequent, hypoglycaemic events rates
were higher with icodec despite a higher dosage requirement with
glargine. These preliminary findings are encouraging, however, the
lower flexibility of icodec may limit safety during titration. Other
molecules based on Fc recycling and lymphatic absorption are in
development.

Table 3 summarises the major milestones in the development of
recombinant DNA (rDNA) derived rapid, ultra-rapid and prolonged-
acting insulin analogues during the period 1980-2021. Related
scientific advance in the use of recombinant DNA technology during
the period 1977-2019 are highlighted.



Major Milestones in rDNA Insulin
analogues (1980-2021)

1988 Monomeric Insulin analogues
Rapid-acting Insulin analogues
1996 LysPro Lispro insulin (USA, EU)
1999 Insulin Aspart (EU)
2004 Insulin Glulisine (USA, EU)
Ultra-Rapid-acting Insulin analogues
2017 Faster Insulin Aspart (FIAsp)
2020 Ultra-Rapid Lispro Insulin (URLI)
NA BioChaperone Lispro Insulin

Approval dates; NA = Not approved

Table 3

5.Concluding remarks

Prolonged-acting insulin analogues M
Isoelectric point shift towards neutral pH:

1985 Arg B31, ArgB32-Insulin; di-arginyl insulin 1977
1988 OPID-174
2000 Gly*?', Arg B3 Arg®32 -I: glargine U100 1979

2013 GlyA2' Arg B31, Arg®32 -|: glargine U300 1980

Acylation of insulin with fatty acids: 1981
2004 LysB29-tetradecanoyl-desB3°-1; detemir
2015 LysB2%y-glutamyl-hexadecanediol-desB3°-I; 1986
insulin degludec
NA LysB29%-glutamyl-hexadecanediol-desB30-I: 2013

insulin icodec
Approval dates; NA = Not approved 201 9

The epoch-making discovery of insulin by the Toronto team, led by
Banting and Macleod, with vital input from Collip and the technical
support of Best, heralded the birth of insulin therapy in 1922. The
application of insulin since then has transformed the lives of
countless people with diabetes across the globe. Major milestones in
the first 60 years included the purification, standardisation,
prolongation of action conversion from animal to human insulin. The
advent of recombinant technology 40 years ago has revolutionised
the production of insulin, allowed modifications (‘designer insulins’)
and co-formulations to be produced in an attempt to replicate the
normal basal and nutrient related insulin secretory patterns. Despite
the impressive achievements by the pharmaceutical industry, the
demand on insulin requiring patient remains relentless, as they try to
navigate their way between hyper- and hypoglycaemia each day and
night to prevent unwanted complications.

The expectation during the next centenary is that diabetes in all its
forms will be cured obviating the need for insulin, when the ‘Flame



of Hope’ outside Banting’s former residence can finally be
extinguished, signalling the event.

In the meantime, efforts to further modify and re-formulate insulin
will continue, while also exploring different routes and modes of
delivery aided by technical advancements in glucose monitoring.
Finally, in today’s world access to this life-giving treatment, although
not a panacea, remains woefully inadequate, especially, although not
exclusively, in low- and middle-income countries (133). Ensuring
insulin and future innovations in insulin therapy become available to
those in need, remains a global priority for the next centenary.
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Legends for Figures and Tables:
Legends for the figures 1-10

Figure 1: Earlier researchers involved in the attempt to isolate
insulin: George Ludwig Zllzer, Ernest Lyman Scott, Nicholae Paulescu
and Israel Kleiner.

Figure 2: The four researchers involved in the discovery, and birth of
insulin therapy: Frederick Grant Banting, John James Rickard
Macleod and James Bertram Collip



Figure 3a: Frederick Sanger who was awarded the Nobel Prize in
Chemistry in 1958, for his work on the structure of proteins,
especially that of insulin.

Figure 3b: Rosalyn Yalow was awarded the Nobel Prize in Physiology
or Medicine in 1977, for co-developing radio-immunoassay of insulin
with Solomon Berson.

Figure 3c: Dorothy Hodgkin was awarded the Nobel Prize in
Chemistry in 1964, for solving the physical (atomic) structure of
molecules including insulin, using X-ray crystallography.

Figure 3d: Walter Gilbert and Frederick Sanger with Paul Berg, were
awarded the Nobel Prize in Chemistry in 1980, for their contributions
concerning the determination of base sequences in nucleic acids.

Figure 4: Percentage distribution of principal causes of death, among
deceased people with diabetes in specified periods between 1898
and 1968 (Experience of Joslin Clinic, Boston. Mass, USA). Adapted
from Marks and Krall (57).

Figure 5a: Plasma insulin and glucose concentrations in the morning
and afternoon after subcutaneous (s.c.) injection of a mixture of
regular and Lente insulin (admixed in the same syringe, ratio 20/80)
30 min before breakfast, in a group of people with TIDM. Note as a
result of mealtime hypoinsulinemia and pre-lunch hyperinsulinemia,
plasma glucose increases excessively post-meal, and decreases to
hypoglycaemia values before lunch in TIDM. Adapted from
Dimitriadis and Gerich (70)

Figure 4b: Plasma glucose and insulin concentrations overnight in a
group of people with TIDM given regular and NPH insulin either
admixed (ratio 45/55) at dinner (continuous line), or as separate
injections of regular insulin at dinner and NPH insulin at bedtime
(interrupted line). Adapted from Fanelli et al (71).



Figure 6: Stepwise biosynthesis of human insulin using recombinant
DNA technology. Monnier et al (83).

The plasmid DNA of the protein to be cloned (A and B chains of
human insulin or human proinsulin) are represented by dark blue
quarter-circle arcs. After insertion in the plasmid vector (orange
circles) of the host cells (bacteria or yeasts) the proteins, i.e. insulin
chains (left part) or proinsulin (right part), are synthetized.
Multiplication of the host cells results in replication of plasmid DNA
of proteins and amplification of their production. The end protein
products are recovered and after restoration of the disulfide bridges
the biosynthetic human insulin is purified. The cell host chromosomic
DNA is different from the plasmid DNA and is represented by folded
green loops.

Figure 7: Primary structure of insulin, indicating the amino-acids
involved in monomer to monomer interaction leading to dimers,
dimer to dimer interaction leading to hexamers and those involved in
receptor interaction to achieve biological effect. Adapted from
Brange et al (91)

Figure 8: The structures of the original three rapid acting insulin
analogues: insulin lispro, insulin aspart and insulin glulisine.

Figure 9: Absorption kinetics of the five different categories of
intermediate and long-acting insulins (NPH, glargine 100 U/mL,
detemir, degludec and glargine 300 U/mL) after injection in the
subcutaneous tissue (SC tissue). Adapted from Monnier et al (83).

1. NPH insulin remains as crystals in the SC tissue before the release
of insulin from the protamine insulin complex.

2. Insulin glargine which is soluble in the pharmaceutical preparation,
is subject to micro-precipitation/crystallisation in the SC tissue at
neutral pH, prior to dissolution into hexamers, dimers and finally
monomers.



3. Insulin detemir is present as hexamers in the pharmaceutical
preparation becoming di-hexamers in the SC tissue before
dissociation into monomers which binds reversibly to albumin in the
systemic circulation.

4.The insulin degludec is present as di-hexamers in the
pharmaceutical preparation, becoming multi-hexamers in the SC
tissue, followed by the extrusion of phenol and then zinc and
dissociating into dimers and finally monomers, which bind reversibly
to albumin in the systemic circulation.

5. The concentrated insulin glargine 300 U/mL is subject to micro-
precipitation/crystallisation in the SC tissue. The SC depot is half the
size of that depot observed with glargine 100 U/ml. There is slow
dissolution into hexamers, dimers and monomers with the loss of
~20-30% bioavailability due to local enzymatic degradation (dark
blue crosses) compared with glargine 100 U/ml. Note: For the
acylated insulin preparations reversable binding to plasma albumin is
represented as blue rectangles.

Figure 10: Structure of acylated insulins. Insulin detemir, degludec
and icodec are acylated with a saturated fatty acid of increasing
lengths, having removed the terminal B30 threonine. Insulins
degludec and iodec are attached to a C16 and C20 fatty acid
respectively by different spacers to the B29 amino acid. In addition,
for icodec, 3 amino-acids substitutions have been made at positions
Al14, B16 et B25. Adapted from Monnier et al (83).

Legends for Table 1-3

Table 1: Summary of the key milestones in the evolution of insulin
preparations, and the accompanying scientific achievements during
the period 1922-1980.



Table 2: Strategies for developing rapid-acting insulin analogues.
Adapted from Brange and Volund (92)

Table 3: Summary of the major milestone in the development of
recombinant DNA (rDNA) derived rapid, ultra-rapid and prolonged-
acting acting insulin analogues during the period 1980-2021. Related
scientific advancements in the use of recombinant DNA technology
during the period 1977-2019 are highlighted.



