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Abstract Insulin is one of the oldest and best studied treatments for diabetes mellitus.

Despite many improvements in the management of diabetes, the nonphysiological
time-action profiles of conventional insulins remain a significant obstacle. How-
ever, the advent of recombinant DNA technology made it possible to overcome
these limitations in the time-action profiles of conventional insulins. Used as
prandial (e.g. insulin lispro or insulin aspart) and basal (e.g. insulin glargine)
insulin, the analogues simulate physiological insulin profiles more closely than
the older conventional insulins. If rapid-acting insulin analogues are used in the
hospital, healthcare providers will need a new mind-set. Any error in coordination
between timing of rapid-acting insulin administration and meal ingestion may
result in hypoglycaemia. However, guidelines regarding in-hospital use of insulin
analogues are few. The safety profile of insulin analogues is still not completely
established in long-term clinical studies. Several studies have shown conflicting
results with respect to the tumourigenic potential of this new class of agents. The
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clinical implications of these findings are not clear. Although novel insulin
analogues are promising ‘designer drugs’ in our armamentarium to overcome
some of the limitations of conventional insulin therapy, cost may be a limiting

factor for some patients.

The DCCT (Diabetes Control and Complications
Trial),!! as well as the UKPDS (United Kingdom
Prospective Diabetes Study)? have demonstrated
unequivocally that tight blood glucose control de-
lays the onset and slows the progression of
microvascular complications in both type 1 and type
2 diabetic patients, respectively. Recently, attention
has also been focused on the benefits of treating
hyperglycaemia with insulin in hospitalised patients
with or without diabetes mellitus.”* These studies
have prompted a second look at defining the gly-
caemic targets for patients admitted to the hospi-
tal.[®

Although some studies have suggested that insu-
lin may be a risk factor for vascular disease,’! the
UKPDS showed that intensive insulin therapy was
not associated with cardiovascular toxicity.?! In
fact, recent studies have shown that intensive insulin
treatment reduces mortality in diabetic patients
presenting with acute myocardial infarction.™

Insulin is one of the oldest and best studied
therapeutic agents for the management of diabetes.
All patients with type 1 diabetes and many patients
with advanced type 2 diabetes require treatment
with insulin. However, conventional insulin prepa-
rations cannot mimic the normal physiological insu-
lin secretion. Despite many improvements in the
management of diabetes using a multidisciplinary
approach, the nonphysiological time-action profiles
of currently available insulins remain an important
obstacle towards achieving glycaemic goals. The
newer insulin analogues have potential pharmaco-
kinetic advantages. Over 300 insulin analogues have
been studied, but only a few are currently available
commercially. These include two rapid-acting insu-
lin analogues, insulin lispro (Humalog®, Eli Lilly &
Co., Indianapolis, IN, USA)! and insulin aspart
(NovoLog®, Novo Nordisk Pharmaceuticals,

Princeton, NJ, USA), along with their pre-mixed
preparations, and one basal insulin analogue, name-
ly insulin glargine (Lantus®, Aventis Pharmaceuti-
cals, Bridgewater, NJ, USA). Insulin glulisine
(Apidra™, Aventis Pharmaceuticals, Bridgewater,
NJ, USA) and insulin detemir (Levemir®, Novo
Nordisk Pharmaceuticals, Princeton, NJ, USA) are
other insulin preparations that may soon be available
in the US.

There are several excellent reviews of the role of
insulin analogues in the management of diabe-
tes.3161 In this update, we review the current and
soon to be available insulin analogues, and discuss
the advantages as well as potential concerns related
to their widespread use.

1. Physiology of Insulin Secretion

In healthy nondiabetic patients, physiological in-
sulin secretion by pancreatic B cells follows a pat-
tern of basal and meal-stimulated insulin release.
Basal insulin is secreted throughout the day and
night at an approximate rate of 0.5-1.0 U/h.l'”) The
rate may vary depending on many confounding vari-
ables, such as exercise and changes in hormones that
alter glucose metabolism. The main function of ba-
sal insulin secretion is to regulate basal hepatic
glucose homeostasis in the fasting state and between
meals or snacks. Postprandial insulin is released in a
transient 2- to 5-minute burst (first phase) followed
by a slow but progressive increase in insulin secre-
tion for 5-52 minutes (second phase).['”! Insulin
concentrations return to basal levels within 24
hours of a meal.['”!

In diabetic individuals, abnormalities in insulin
secretion are at the core of the pathophysiology of
the disease. While autoimmune destruction of pan-
creatic 3 cells renders almost all patients with type 1

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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diabetes completely dependent on exogenous insu-
lin, patients with type 2 diabetes lose insulin secreto-
ry capacity more gradually and require insulin even-
tually as the disease progresses. It has been estimat-
ed that type 2 diabetic patients have a 40-50%
reduction of B-cell function at the time of diagnosis
and further decline continues over time.['¥ In the
early stages, insulin secretion increases in order to
overcome insulin resistance. However, as the dis-
ease progresses, -cell failure becomes more mani-
fest. Not only does the quantity of insulin diminish
with disease progression, but the timing of meal-
stimulated insulin release is delayed, further com-
promising glucose homeostasis.!” At the present
time, it is not entirely clear whether this failure is
secondary to ‘exhaustion’ of pancreatic B cells as
they try to compensate for insulin resistance, or is
the result of an inherent defect in islet cells of
subjects prone to type 2 diabetes.['>-20]

In practice, when glycaemic goals are not met
with diet, exercise and a combination of oral agents,
insulin therapy must be introduced.’?'?1 Many pa-
tients with type 2 diabetes are candidates for insulin
therapy at the outset of the disease. These include
those with severe hyperglycaemia (blood glucose
>300 mg/dL), those who have allergy or intolerance
to oral anti-diabetic agents, or during acute illness
(such as systemic infection, myocardial infarction,
surgery, renal and/or hepatic disease, and preg-
nancy). In many instances, insulin therapy require-
ments can be temporary.

2. Conventional Insulin Preparations

The goal in insulin replacement therapy in pa-
tients with either type 1 or type 2 diabetes is to
mimic as closely as possible physiological insulin
secretion. However, the pharmacodynamic profiles
of conventional insulins, including short-acting reg-
ular insulin, intermediate-acting insulins (insulin
lente [insulin zinc suspension] or insulin suspension
isophane [NPH insulin]) and longer-acting insulin
(insulin ultralente [extended insulin zinc suspen-
sion]), are suboptimal (table I). Following subcuta-
neous injection of soluble insulin, the hexameric
zinc-containing insulin molecule, undergoes a series

© 2005 Adis Data Information BV. All rights reserved.
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of dissociations and dissolutions. The resulting
monomeric molecules are then capable of being
absorbed through the capillary bed surrounding sub-
cutaneous tissue. However, this rate-limiting step is
not the only factor delaying insulin absorption. The
site, depth, volume and concentration of insulin
injected, along with the presence of factors affecting
local blood flow to the area injected, such as smok-
ing and temperature, can all delay or accelerate
insulin absorption. Even under controlled condi-
tions, insulin absorption is not consistent. Following
insulin injection, intra-individual coefficient of vari-
ation with regard to peak insulin concentration, time
to peak and area under the concentration-time curve,
as observed during glucose clamp studies, can be as
high as 50%.12324

Short-acting regular insulin reaches its peak insu-
lin action 2-3 hours following subcutaneous injec-
tion in the abdomen at a dose of 0.1-0.2 units/kg and
can last up to 8 hours.?>?# Injecting a larger dose, at
a different site such as the thigh can further prolong
time to peak action and duration. To bypass this
slow absorption rate and avoid postprandial hyperg-
lycaemia, regular human insulin is injected 30-60
minutes before a meal. However, this approach may
be inconvenient for most patients, resulting in lack
of compliance with proper timing of injection and
inadequate postprandial glucose control. Further-
more, as the insulin concentration falls slowly after
peaking, its extended duration of action may lead to
inbetween meal and early morning hypoglycaemia.

Intermediate-acting insulins, insulin lente and in-
sulin suspension isophane, have a delayed onset of
action ranging between 2 and 4 hours, can take
approximately 67 hours to reach peak concentra-
tion and can last up to 20 hours. This leads to a
distinct peak and trough effect, causing wide varia-
tions in blood glucose. Therefore, when used as
basal insulin, often two or more injections a day are
required to minimise the daily excursions of insulin
levels.

Long-acting insulin ultralente also poses similar
problems. Its wide variability in onset (6—10 hours),
peak action (10-16 hours) and duration (18-24

Drugs 2005; 65 (3)
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Table I. Some of the most commonly used insulin preparations (reproduced from Chehade and Mooradian,?®! with permission. © 2001 John

Wiley & Sons)

Insulin (or insulin analogue) Action profile (h) Constituents

preparations onset peak duration

Ultra-rapid acting

Insulin lispro 0.2-0.5 0.5-2 34 Similar to human regular insulin with transposed lysine
and proline in the B-chain

Insulin aspart 0.2-0.5 0.5-2 3-5 Similar to human insulin with proline replaced by
aspartic acid at B28

Short acting

Regular insulin (human) 0.5-1 2-3 6-8 Solution of unmodified zinc insulin crystals

U-500 insulin (human)? 1-3 6-12 12-18 Concentrated unmodified

Intermediate acting

Insulin suspension isophane 1.5 4-10 16-24 Protamine zinc, phosphate buffer

(NPH) [human]

Insulin lente (insulin zinc 1.5-3 7-15 16-24 Amorphous, acetate buffer

suspension) [human]

Insulin ultralente (human) 34 9-15 22-28 Amorphous and crystalline mix

Long acting

Insulin glargine 3-4 No peak 20-30 An analogue of human insulin which crystalises in
neutral solutions

Mixtures (human)®

70/30 0.5-1 3-12 16-24 Insulin suspension isophane 70%, regular 30%

50/50 0.5-1 2-12 16-24 Insulin suspension isophane 50%, regular 50%

Mixtures (insulin analogues)

75/25 0.2-0.5 0.5-2 16-24 Insulin neutral protamine lispro (NPL) 75%, lispro 25%

70/30 0.2-0.5 0.5-2 16-24 Neutral protamine aspart 70%, aspart 30%

a All other preparations available in the US are concentrated as U-100 (100 units/mL).
b Mixtures with different proportions of insulin suspension isophane and regular are also available in Europe.

hours) make it a less predictable preparation for use
as basal insulin.?¥]

3. Insulin Analogues

The advent of recombinant DNA technology
made it possible to overcome the limitations in the
time-action profile of conventional insulins. Used as
prandial, meal-related bolus or as basal insulin, the
analogues simulate physiological insulin profiles
more closely than the older conventional insulins.

3.1 Rapid-Acting Insulin Analogues

Currently, there are three rapid-acting insulin
analogues with very similar pharmacokinetic
profiles. These include insulin lispro, insulin aspart
and insulin glulisine. These analogues are present
either in monomeric form or in very weakly bound

© 2005 Adis Data Information BV. All rights reserved.

hexameric form. They are rapidly absorbed in <30
minutes following subcutaneous injection and have
a short time to peak insulin concentration of 1 hour
and a shorter duration of action of 3—4 hours when
compared with regular human insulin.?%28! Further-
more, the intra-individual variability in time to max-
imum serum insulin concentration is significantly
less for rapid-acting insulin analogues than for con-
ventional insulin preparations.[26-28!

3.1.1 Insulin Lispro

Insulin lispro differs from human insulin by the
substitution of proline with lysine at position 28 and
lysine with proline at position 29 of the insulin [3-
chain (figure 1).?°! These substitutions result in a
diminished tendency of the insulin molecule to self-
associate. The change of the two amino acids in
positions 28 and 29 was deduced from the structure

Drugs 2005; 65 (3)
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of insulin-like growth factor (IGF)-1, which, unlike
insulin, does not tightly aggregate as hexamers. This
may explain the higher affinity of insulin lispro,
relative to human insulin, for the IGF-1 receptor
reported in some studies.?”!

This ‘ultra fast-acting’ insulin is conveniently
injected 5—15 minutes before a meal or immediately
after a meal, resulting in better postprandial glucose
control and less frequent late hypoglycaemia.*!
This is especially important for individuals who
have dinner at late hours of the evening or before
bedtime, as the prolonged action of regular insulin
may influence the overnight period resulting in early
morning hypoglycaemia. In children or older adults
with dementia who have unpredictable eating pat-
terns, rapid-acting insulin analogues may also offer
potential benefits.”?! In these situations, the rapid-
acting insulin analogues can be administered after
the meal without excessive deterioration of gly-
caemic control.3!:32]

3.1.2 Insulin Aspart

Insulin aspart was designed with the single re-
placement of the amino acid proline by aspartic acid
at position 28 of the insulin B-chain (figure 1).1*”)
Recent head-to-head trials have shown that the phar-
macokinetic and pharmacodynamic profiles of insu-
lin lispro and insulin aspart were identical in adult
patients with type 1 diabetes.’3] However, other
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studies have found minor differences in the
pharmacokinetics of these two rapid-acting insulin
analogues.[3¥

Insulin aspart was also shown to be as effective
when administered pre-prandially and postprandial-
ly in a study in children and adolescents with type 1
diabetes.®>! This study found that glycaemic control
was not worse with postprandial insulin injection as
assessed by fructosamine and glycosylated haemo-
globin (HbAc) values. To our knowledge, a similar
study has not been performed in adult diabetic pa-
tients. This information could prove valuable in the
treatment of diabetic patients with gastroparesis
where insulin is often administered after meals as
these patients often have difficulty in retaining the
ingested food. Thus, delaying insulin administration
post meal will ensure that the meal is completely
retained and insulin dose is appropriate for the
amount of carbohydrates consumed.

3.1.3 Insulin Glulisine

Insulin glulisine is a novel rapid-acting human
insulin analogue produced by recombinant DNA
technology, expected to be released in Europe and
the US by mid 2005 (figure 1).?8! It is designed with
the substitution of the amino acid lysine with aspara-
gine at position 3 of the insulin -chain and by
substitution of the amino acid glutamine at position
29 by lysine. Preliminary euglycaemic clamp stud-

B-chain

Asp

Fig. 1. The structural modifications of insulin found in some insulin analogues. Insulin lispro differs from human insulin by the substitution of
proline with lysine at position 28 and lysine with proline at position 29 of the insulin B-chain; insulin aspart is designed with the single
replacement of the amino acid proline by aspartic acid at position 28 of the human insulin B-chain; insulin glulisine is designed with the
substitution of the amino acid lysine with asparagine at position 3 of the human insulin 8-chain and by substitution of the amino acid lysine at
position 29 with glutamine; insulin glargine differs from human insulin in that the amino acid asparagine at position A21 is replaced by
glycine and two arginines are added to the C-terminus of the -chain; insulin detemir is designed to bind albumin in plasma after absorption,
threonine is omitted from position 30 of the insulin B-chain and replaced by myristic acid, a C14 fatty acid chain.

© 2005 Adis Data Information BV. All rights reserved. Drugs 2005; 65 (3)



330

ies in animals and humans demonstrated that insulin
glulisine is a rapid-acting insulin analogue with
comparable pharmacodynamic and pharmacokinetic
properties to insulin lispro.*637! Insulin glulisine has
the unique property of predominantly activating the
insulin receptor substrate-2 signaling pathway,
which plays a crucial role in pancreatic B-cell
growth and survival.?®3°1 However, further studies
are needed to characterise the true advantage of
insulin glulisine over insulin lispro or insulin aspart.

3.1.4 Clinical Utility of Rapid-Acting
Insulin Analogues

Although the overall glycaemic control may or
may not differ with the use of rapid-acting insulin
analogues compared with regular insulin, 042! their
convenient administration allows more flexibility to
both adults and children who eat unplanned meals or
snacks. The ultra fast-acting insulin analogues are
especially effective in attenuating postprandial
blood glucose excursions in both type 1 and type 2
diabetic patients.[**3! The clinical significance of
postprandial hyperglycaemia and its link to in-
creased cardiovascular disease and death in adult
patients with diabetes has been previously de-
scribed.*%1 Whether rapid-acting insulin ana-
logues decrease the incidence of cardiovascular dis-
ease and mortality in diabetic patients with post-
prandial hyperglycaemia remains to be determined.

Rapid-acting insulin analogues are not approved
in pregnancy, although retrospective reviews of
medical records of diabetic women treated with
insulin lispro, before conception and throughout
pregnancy, found that insulin lispro resulted in ade-
quate glycaemic control, without adverse maternal
or fetal outcomes.[ ) Similar studies are underway
with other insulin analogues, including the long-
acting insulin glargine. The safety and efficacy of
insulin analogues during pregnancy was recently
reviewed.*’! A small short-term study evaluated the
efficacy of insulin aspart in comparison with regular
human insulin in women with gestational diabetes
during standardised meal tests.[*® On three consecu-
tive days, breakfast meal tests were performed; the
first with no exogenous insulin and the other two

© 2005 Adis Data Information BV. All rights reserved.
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after the injection of either regular insulin or insulin
aspart. Effective postprandial glycemic control in
these women was brought about by insulin aspart.[*®!
However, there are no prospective, randomised
studies demonstrating the safety and efficacy of
insulin analogues in pregnancy. Such studies are
difficult and costly to conduct.

Buffered regular insulin was the only insulin
approved for pump therapy until December 2001
when the US FDA issued approval for insulin aspart.
Currently, insulin aspart and insulin lispro are ap-
proved for continuous subcutaneous insulin infusion
(CSID) in type 1 and type 2 diabetic patients. In
addition, a recent study also found that insulin glu-
lisin is a well tolerated and effective alternative for
insulin pump therapy.”” Insulin aspart has been
shown to be heat stable in pumps at 37°C (98.6°F)
for up to 48 hours. The incidence of crystal forma-
tion and clogging in the pump reservoir and distal
tubing is low.’% A potential disadvantage of using
rapid-acting analogues in insulin pumps is that
pump malfunction and interruption of insulin deliv-
ery in type 1 diabetic patients will cause ketoacido-
sis faster than when regular insulin is used in the
pump.B!

Rapid-acting insulin analogues are also conve-
niently available in a syringe alternative form,
namely the ‘insulin pen’. The pen is pre-filled with
an insulin cartridge and allows more flexibility for
ambulatory patients. Once in use, it can be used for
up to 14 days without refrigeration. Humalog® pen
and NovoLog® FlexPen® come with a pre-filled
3-mL (300-unit) insulin cartridge. These insulin
pens may be useful for patients with mild visual
impairment and poor dexterity.

Local and systemic allergic reactions may occur
following insulin analogue use. Although rapid-act-
ing insulin analogues were thought to be less anti-
genic,?! cases of allergy to insulin lispro and insulin
aspart have been reported.’¥ These case reports
suggest that rapid-acting insulin analogues are not
necessarily good alternatives to conventional regu-
lar insulin in this context.

Drugs 2005; 65 (3)
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3.2 Premixed Insulins and Insulin Analogues

Rapid-acting insulin analogues are also available
in premixed preparations with rapid and inter-
mediate insulin activity (table I). Free mixing of
insulin may be difficult for some patients and may
result in errors in accuracy. Fixed-premixed combi-
nations may simplify the insulin regimen and reduce
the number of daily injections.

Premixed conventional insulins Humulin® (Eli
Lilly & Co., Indianapolis, IN, USA) and Novolin®
(Novo Nordisk Pharmaceuticals, Princeton, NJ,
USA) [70/30] consist of 70% insulin suspension
isophane and 30% regular insulin. Humulin® (50/
50) consists of 50% insulin suspension isophane and
50% regular insulin. In some countries additional
premixed insulins with different proportions of insu-
lin suspension isophane and regular insulin are also
available.

Two types of premixed insulin analogues are
available: Humalog® mix (75/25), a 75% insulin
neutral protamine lispro (NPL) with 25% insulin
lispro, and NovoLog® mix (70/30), a 70% insulin
protamine aspart suspension with 30% insulin as-
part.

Humulin® (70/30), Humalog® mix (75/25) and
NovoLog® mix (70/30) are also available in a pen
form. Each prefilled, disposable pen contains 300
units of insulin (as opposed to 1000 units in a vial of
U-100 insulin) and is sold in a box containing five
pens. It is important to note that the premixed pen, in
use, should be stored at temperatures <30°C (<86°F)
for no more than 14 days. Premixed insulins should
not be mixed with other insulins.

When insulin lispro and the intermediate-acting
insulin NPL are mixed, the time-action profile of
each individual type of insulin is maintained.’* In a
6-month randomised, open-label study, twice-daily
administration of Humalog® mix (75/25) was com-
pared with twice-daily administration of Humulin®
(70/30) in 89 patients with type 2 diabetes.>!
Humalog® mix improved postprandial glycaemic
control after morning and evening meals but did not
improve the overall HbA ¢ value.’™ This suggests
that premixed insulin can be used for convenience in
patients with already stable glycaemic control and

© 2005 Adis Data Information BV. All rights reserved.
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that the rapid-acting insulin analogue component
improves postprandial hyperglycaemia.

3.3 Basal Insulin Analogues

The conventional intermediate- and long-acting
insulins including insulin suspension isophane, in-
sulin lente and insulin ultralente do not simulate
basal secretion of insulin. A reasonable alternative
for both type 1 and type 2 diabetic patients on two
daily injections of intermediate insulin, with or
without rapid-acting insulin, or oral agents is the use
of basal insulin analogues.

Insulin glargine and insulin detemir (soon to be
available) are long-acting basal insulin analogues
produced by recombinant DNA technology that
have improved intra-individual variability.!16-2436-59]

3.3.1 Insulin Glargine

Insulin glargine differs from human insulin in
that the amino acid asparagine at position A2l is
replaced by glycine and two arginines are added to
the C-terminus of the B-chain (figure 1).5585° Insulin
glargine has a pH of approximately 4.0 and is a
clear, completely soluble solution at that pH. Fol-
lowing subcutaneous injection, the acidic glargine
solution is neutralised and forms microprecipitates.
These microprecipitates slowly dissociate to hex-
amers, dimers and finally monomers capable of
being absorbed across the capillaries. This process is
slow but predictable.['31 Although it is a clear
liquid, insulin glargine must not be diluted and
cannot be mixed in the same syringe with other
insulins as this would alter the pharmacokinetics of
both insulins.

Insulin glargine has an onset of action of approxi-
mately 2 hours. It is relatively ‘flat’ and peakless
compared with conventional intermediate- and long-
acting insulins."%>) Small amounts of insulin
glargine are absorbed and slowly released into the
circulation, reaching a plateau of biological action at
4-6 hours and lasting up to 24 hours.

When compared with bedtime insulin suspension
isophane in type 2 diabetic patients, insulin glargine
was associated with less nocturnal hypoglycaemia
(12.6% insulin glargine vs 28.8% insulin suspension
isophane, p = 0.011).! Similarly, the Treat-to-Tar-
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get Trial®'! showed that the addition of bedtime
basal insulin glargine in type 2 diabetic patients,
poorly controlled on one or two oral antidiabetic
agents, was as safe and effective as bedtime insulin
suspension isophane without causing nocturnal
hypoglycaemia. However, nocturnal hypoglycaemia
can occur, especially when insulin glargine is pre-
scribed at bedtime. In practice, when nocturnal
hypoglycaemia occurs, the timing of insulin
glargine injection is changed to a morning injection.
This is consistent with the findings of a recent study
in patients with type 1 diabetes where insulin
glargine was shown to be equally effective if admin-
istered before breakfast, before dinner or at bedtime,
and nocturnal hypoglycaemia occurred in signifi-
cantly fewer patients in the breakfast group.l®? In
general, the timing of insulin glargine administra-
tion, therefore, is of minimal importance as long as it
is administered at the same time every day.

Recent studies have suggested that use of insulin
glargine along with a rapid-acting insulin supple-
ment may result in glycaemic control comparable
with that achieved with CSII. In an open-label paral-
lel group study of 48 type 1 diabetic patients the
efficacy of CSII and multiple daily insulin injection
(MDI) treatment with insulin lispro plus insulin
glargine were comparable.[%3] However, in the CSII
group there was a significantly greater reduction in
mean amplitude of glycaemic excursions and insulin
requirement than in the insulin glargine group. De-
spite a similar improvement in metabolic control,
CSII improves blood glucose variability when com-
pared with MDI with insulin glargine as basal insu-
1in.1%3] A similar conclusion was reached in a retro-
spective chart review of 150 patients with type 1
diabetes.[64

3.3.2 Insulin Detemir

Insulin detemir is soluble basal insulin analogue
at neutral pH with a unique mechanism of action.
Insulin detemir is not yet available in the US, and
there is very limited clinical experience with this
type of insulin. It is designed to bind albumin in
plasma after absorption. Threonine is omitted from
position 30 of the insulin B-chain and replaced by

© 2005 Adis Data Information BV. All rights reserved.
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myristic acid, a Cl14 fatty acid chain (figure
1).[57.65-67)

Following subcutaneous injection, insulin
detemir binds to albumin via the fatty acid chain. At
steady state, the concentration of free, unbound in-
sulin is then greatly reduced, resulting in stable
plasma glucose.57:65-67]

The duration of action of insulin detemir is ap-
proximately 20 hours, as determined by isogly-
caemic clamp studies, with a waning effect noted
after 10—12 hours.[% Therefore, insulin detemir is
administered twice daily in most patients. As with
other insulin analogues, insulin detemir has a stable,
less variable pharmacokinetic profile than insulin
suspension isophane or insulin ultralente.6”-7°! Insu-
lin detemir was recently compared with insulin sus-
pension isophane in type 1 diabetic patients on a
basal-bolus regimen using pre-meal, rapid-acting
insulin aspart.[®! The risk of hypoglycaemia was
found to be significantly reduced with insulin
detemir. In addition, preliminary evidence suggests
that weight gain commonly associated with insulin
therapy may be avoided when insulin detemir is
used."U It is not clear if the latter favourable effect is
the result of decreased risk of hypoglycaemia or is
secondary to a selective appetite-modulating effect
of insulin detemir. These observations highlight a
potential advantage of using insulin detemir rather
than insulin suspension isophane, when twice-daily
dosage is necessary.

3.3.3 Clinical Utility of Long-Acting
Insulin Analogues

Once-daily administration of insulin glargine has
potential benefits, especially for insulin-dependent
and/or insulin-requiring diabetic patients with errat-
ic schedules or lifestyles. For instance, patients on
shift schedules, especially nightshifts, and travellers
to different time zones can appreciate the conve-
nience of a once-daily dosage insulin regimen and
achieve improved glycaemic control.

Although insulin glargine can last up to 24 hours,
a waning effect can be seen as early as 15 hours.!5!
This may account for the fact that some patients
require two doses of insulin glargine in a 24-hour
period. However, there is no evidence that this regi-
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men has any advantage over conventional twice-
daily insulin suspension isophane administration
and, as such, should be discouraged.

The insulin peaks and troughs seen following a
single injection of insulin suspension isophane will
be attenuated with the use of MDIs (figure 2). The
degree of this attenuation depends on the frequency
of insulin administration.” However, to achieve a
near-peakless sustained insulin level, MDIs may be
necessary and the timing of those injections must be
consistent from day to day. The latter makes this
approach less practical. The newer long-acting insu-
lin analogues provide a more practical alternative.
However, these analogues may also have some limi-
tations. For instance, when the long-acting insulin
analogues are administered once daily, there is the
potential that there may be a gap in the background
insulin coverage if the duration of action in a partic-
ular individual is <24 hours (figure 3a). Alternative-
ly, if the duration of insulin action exceeds 24 hours,
or the insulin analogue is given more frequently than
its effective duration of action, then ‘stacking’ of
insulin will occur and may cause hypoglycaemia
(figure 3b). In such cases the administration time of

--- Insulin glargine
— Insulin suspension isophane
Cumulative insulin activity

Insulin activity
v

Time

Fig. 2. Theoretical time-action profile of insulin glargine and insulin
suspension isophane (a) after a single dose and (b) after repeated
doses of insulin suspension isophane. The cumulative insulin ac-
tivity in plasma and attenuation of peaks and troughs in serum
levels of insulin seen following repeated doses of insulin suspen-
sion isophane is illustrated in (b). Insulin activity and time are
shown in arbitrary units.
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— Sum of insulin activity
a — Activity of individual
A insulin doses

Insulin activity

Time
Fig. 3. Theoretical time-action profile of insulin glargine (a) when
the duration of activity is shorter than the interval between injec-
tions and (b) when the duration of activity exceeds the interval
between the injections. The potential for ‘stacking’ of insulin action
is shown in (b). Insulin activity and time are shown in arbitrary units.

the insulin is adjusted to assure that the ‘stacking’
occurs at times of the day when insulin requirements
are higher.

Although used by some clinicians, there are no
safety or efficacy data available yet regarding the
use of long-acting insulin analogues in special cir-
cumstances such as in pregnancy. There are limited
data about the use of insulin glargine in end-stage
renal disease and long-term haemodialysis. Insulin
glargine was found to be effective in a small study of
20 diabetic patients with end-stage renal disease on
long-term haemodialysis, as demonstrated by a de-
crease in HbA1c from 7.7% to 6.8%, and was well
tolerated, with no occurrence of hypoglycaemia.”!
Given the extended duration of insulin action in
renal failure and the lack of predictable pharmaco-
kinetics of insulin glargine in these patients, the
actual dosage of insulin glargine needs to be careful-
ly individualised to avoid hypoglycaemia.

Practical precautions for physicians and patients
relate to the length of time a vial of insulin glargine
can be safely used. Ambient temperature and expo-
sure to light are important determinants of insulin
shelf life. Open vials of insulin glargine should be
discarded after 28 days, regardless of refrigeration.
On the other hand, an unopened vial can maintain
stability to the expiration date stated on the packag-
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ing if refrigerated, but should not be frozen.*
Nonadherence to these precautions may result in
loss of potency and unexplained inconsistency in
glycaemic control. It is noteworthy that the recom-
mended duration of using insulin products varies
with the type of insulin, and whether it is in a vial or
pre-filled syringes or cartridges.” The recommen-
dations for products available in the US are some-
times different from the recommendations for the
same products available in Europe.l”! The reason
for this apparent discrepancy in the American and
European recommendations is not clear. Patients
should consult with the pharmacists for determining
the recommended duration of use of any insulin
once a vial is started.

Another important clinical consideration is that
the similar clear appearance of insulin glargine solu-
tion and the rapid- and short-acting insulins may
cause errors in administering the correct insulin
prescription. Patients using both kinds of insulin
should be cautioned to take extra care, and to note
the elongated shape of the insulin glargine vial com-
pared with the other insulin types. Finally, one of the
less appreciated errors in insulin administration is
that inadvertent injection of insulin glargine intra-
venously will cause acute hypoglycaemia similar to
regular or any short-acting soluble insulins. These
potential clinical errors, especially the occasional
confusion between the clear solution of insulin
glargine and rapid-acting insulins, will be reduced
with the use of insulin pens.

A simple approach has been proposed for trans-
ferring patients from insulin suspension isophane to
insulin glargine. Patients receiving one daily dose of
insulin suspension isophane can be initiated on an
equivalent dose of insulin glargine. For patients
taking two daily doses of insulin suspension iso-
phane, the total daily units of insulin suspension
isophane should be reduced by 20% and adminis-
tered as one injection of insulin glargine, given at
the same time each day. Adjustment of the dose is
based on the fasting blood glucose. The insulin
glargine dose can be increased by two units for
every 20 mg/dL of fasting blood glucose over
100 mg/dL.1" The dose should be adjusted no soon-
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er than 3 days after the initial injection. Determining
the correct dosage may require at least 5-7 days,
depending on the patient. Three daily pre-prandial
insulin injections are administered with supplemen-
tal rapid-acting insulin as needed until the correct
dosage of insulin glargine is achieved. Many type 2
diabetic patients may require only one daily injec-
tion of insulin glargine without additional pre-pran-
dial insulin.

Local or systemic allergy may occur with insulin
glargine.¢! Thus, insulin glargine can not necessari-
ly be used as an alternative to conventional inter-
mediate- or long-acting insulin in the context of
insulin allergy.

To date, there are limited clinical data for the use
of insulin detemir. Theoretically, insulin detemir,
given its neutral pH, can be mixed with other insu-
lins. This property represents a potential advantage
over insulin glargine that cannot be mixed with
other insulins. However, at the present time it ap-
pears that this theoretical advantage will not be an
option in clinical practice until pharmacodynamic
and pharmacokinetic studies are performed to show
that the pharmacokinetics of insulin action are not
significantly altered following mixing. Additional
clinical trials are needed to define the true clinical
utility and limitations of this insulin analogue. Al-
though the time-action profile of insulin detemir is
similar to insulin suspension isophane in so far as
having a peak, its predictable pharmacokinetics, de-
creased intra-subject variability and possibly re-
duced risks of hypoglycaemia and weight gain,
make this insulin analogue an important novel tool
in the management of diabetes.[””

4. Insulin Analogues and
Potential Mitogenicity

Although insulin analogues have more physio-
logical pharmacokinetic and pharmacodynamic
profiles, their safety profile is still not completely
established. Several studies have shown conflicting
results with respect to the tumourigenic potential of
this new class of agents. Studies involving the insu-
lin analogue Asp B10 revealed that a single amino
acid substitution was associated with an increased
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tumourigenic potential in Sprague-Dawley female
rats.”® In cultured human skeletal muscle cells,
insulin glargine was found to be metabolically equi-
valent to human insulin, without mitogenic ef-
fects.[”! In a study using different cell lines, all four
commercially available insulin analogues, as well as
Asp B10, were compared with respect to insulin and
IGF-1 receptor binding properties and metabolic
and mitogenic potencies.”®! Using the human oste-
osarcoma cell line, insulin lispro showed a 1.5-fold
increase in IGF-1 receptor binding, while insulin
aspart resembled human insulin in its IGF-1 receptor
binding affinity. The two long-acting basal insulin
analogues revealed much different properties. Insu-
lin glargine was found to have a 6.5-fold increased
IGF-1 receptor affinity compared with human insu-
lin, and was slightly more potent than insulin
Asp B10. In contrast, insulin detemir was >5-fold
less potent than human insulin in binding to the
IGF-1 receptor and the insulin receptor.*”! Prelim-
inary studies have found insulin glulisine to have
mitogenic potential identical to regular human insu-
lin.[38!

The implications of these findings are not clear.
Although insulin glargine did not display aug-
mented mitogenic effect in human skeletal muscle
cell lines, mitogenic potencies, in general, correlate
with increased IGF-1 receptor affinities. The in vivo
ramification of this finding is not yet defined in
terms of clinical safety. Furthermore, at supra-phys-
iological insulin concentrations, often required in
insulin resistant diabetic patients, the increased
growth stimulating potential of insulin glargine is
not known. Although suggested in several studies,
the increased affinity for the IGF-1 receptors in
other organs, such as the eye or the kidney, could
potentially lead to the development of retinopathy,
nephropathy and tumour promotion.'®%8!1 However,
it is unlikely that the increased relative binding
affinity of some insulin analogues to IGF-1 recep-
tors would have significant clinical consequences
given the fact that the contribution of the exogenous
insulin to overall endogenous IGF-1 activity is mod-
est and generally within the physiological daily vari-
ation in serum IGF-1 levels.
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Toxicological studies have found that there was
no difference in the incidence of mammary tumours
reported in both mice and rats when comparing the
insulin glargine groups with the sodium chloride,
vehicle-control or insulin suspension isophane
groups. There was increased subcutaneous malig-
nant fibrous histiocytomas found at the injection
site. This rodent specific effect was not dose depen-
dent and was attributed to chronic tissue irritation
and inflammation.8?! In these studies, there were no
neoplastic findings to indicate that insulin glargine
had a systemic carcinogenic potential in mice or
rats. Similar studies in rodents could not demon-
strate any evidence of embryotoxicity.®3 However,
insulin glargine is currently not approved for use in
pregnant women.

5. In-Hospital Use of Insulin Analogues

There is a growing body of evidence showing
that in-hospital hyperglycaemia, in patients with and
without pre-existing diabetes, is associated with del-
eterious consequences. Blood glucose reduction
with insulin therapy improves the overall clinical
outcome.>°! However, there is very little informa-
tion about in-hospital use of insulin analogues.

Insulin utilisation protocols depend on the patient
location, the resources available within each service
or floor, and the anticipated procedures that the
patient will undergo. In general, for those patients
undergoing major surgery, especially cardiac sur-
gery, and those admitted to the intensive care units,
the most appropriate management would be the ini-
tiation of intravenous insulin drip with frequent
monitoring and titration of dose. The intravenous
insulin drip should utilise human regular insulin
only, as there is no advantage in this setting of any
currently available insulin analogues. For those pa-
tients who require less intensive care, or are trans-
ferred to general medical or surgical floors where
nursing staff is not trained or willing to use insulin
drip protocols, a subcutaneous insulin therapy
would be implemented.

If rapid-acting insulin analogues are used in the
hospital, most physicians and nurses will need a new
mind-set. These insulin analogues should be admin-
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istered 5—15 minutes prior to meals and the nursing
staff should be appropriately trained to inject rapid-
acting analogues when meal trays are at the bedside.
Any error in coordination between timing of insulin
administration and meal ingestion is likely to result
in hypoglycaemia, given the fast-acting nature of
rapid-acting analogues. Procedures, tests and doc-
tors’ visits cannot interrupt or delay a meal once
rapid-acting analogues are injected. In addition, giv-
en the short duration of action, patients with type 1
diabetes who are advised to have nothing by mouth
cannot be treated with the newer short-acting insulin
analogues given every 6 hours unless they are on
adequate basal insulin.

For preoperative inpatient management of type 1
diabetic patients on insulin glargine before hospital-
isation, it is recommended that two-thirds of the
usual bedtime glargine dose is given, and that intra-
venous 5% dextrose in water at 100 mL/h is started
the night before surgery. All other insulins should be
withheld on the morning of surgery.[® For patients
normally taking insulin glargine in the morning, the
recommendation is to administer half the usual dose
on the morning of surgery along with intravenous
5% dextrose in water at 100 mL/h."®! Blood glucose
exceeding 200 mg/dL should be controlled with
small doses of short- or rapid-acting insulin. It is
noteworthy that these recommendations are based
on expert opinion rather than on reliable clinical
trials. As such, it is imperative that blood glucose
levels are monitored frequently during the perioper-
ative period and that adjustments are made in the
supplemental insulin dose or the rate of dextrose
infusion to maintain target blood glucose values.

For type 1 diabetic patients managed with an
intravenous insulin drip, either perioperatively or
because of an inability to eat, intravenous glucose
and insulin should continue until meals are resumed
and fully tolerated. When switching from intrave-
nous to subcutaneous insulin, the intravenous infu-
sion should continue at least 2-3 hours following
administration of subcutaneous insulin glargine.
Supplemental rapid-acting insulin, such as insulin
lispro or insulin aspart, should be administered
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10-15 minutes pre-prandially regardless of the tim-
ing of injection of insulin glargine.

For patients with type 1 diabetes on insulin ana-
logues at the time of hospitalisation who are able to
eat, a simple approach may be to resume the home
insulin regimen of basal and prandial insulin with
adjustments in both basal and pre-meal insulin for
additional requirements as a result of stress, cortico-
steroid administration and dietary changes. For pa-
tients on insulin suspension isophane before hos-
pitalisation, the most practical approach is to contin-
ue the home insulin regimen and adjust the dose as
needed with supplemental insulin. If the patient is
discharged from the hospital, then home self blood
glucose monitoring is required and patients should
receive special instructions for supplemental insulin
to control hyperglycaemia.[34

Type 2 diabetic patients on insulin glargine who
are admitted for an early morning procedure should
be instructed to have their usual dose of insulin
glargine at bedtime and to withhold all rapid- or
short-acting insulins on the morning of the proce-
dure. Intravenous 5% dextrose in water at 100 mL/h
should be started the morning of the procedure, and
short-acting insulin may be given for blood glucose
>180 mg/dL at 4- to 6-hour intervals prior, during
and after the procedure. When food intake is re-
sumed and tolerated, the home insulin regimen may
be started. If it is anticipated that the patient will not
be able to eat for >24 hours, one-half or two-thirds
of the insulin glargine dosage may be administered
the evening of admission along with intravenous 5%
dextrose in water at 100 mL/h. Capillary blood is
monitored for glycaemic excursions every 4-6
hours.

6. Future Directions in Insulin Therapy

Since the discovery of insulin in the 1920s, con-
siderable efforts have been made to improve insulin
production, purification and pharmaceutical formu-
lations. Insulin analogues with near-physiological
pharmacokinetics and pharmacodynamics represent
a substantial advance in the development of inject-
able insulin.
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However, much of the current research revolves
around the development of noninvasive methods of
insulin delivery. Oral and inhaled insulin are at the
forefront and have been the focus of attention, while
other non-invasive routes of insulin administration
such as the transdermal, sublingual, intranasal and
rectal routes have so far met very little success,
despite the use of absorption enhancers.®!

The major limitation in the formulation of oral
insulin is gastric enzymatic degradation resulting in
poor gastrointestinal absorption of the insulin mole-
cule. Modified insulin molecules use steric inter-
ference to resist enzymatic attacks. The use of con-
jugate technology results in chemical stability and
prolongation of drug activity. However, pegylated
oligomers interfere with binding at receptor sites
resulting in low insulin bioavailability.[®¢! In a small
study, escalating doses of the oral insulin product
hexyl-insulin in 16 fasting insulin-deprived adult
patients with type 1 diabetes have shown a dose-
dependent decrease in blood glucose.”!

Oralin™ (oral insulin spray) developed by
Generex Biotechnology Corporation, Toronto, ON,
Canada is a liquid aerosol insulin formulation
(RapidMist™) encapsulated by absorption en-
hancers and delivered into the patient’s mouth via a
metered dose inhaler. However, the bioavailability
of Oralin™ is low, its absorption unreliable and
long-term safety data are very limited.[3®!

The intrapulmonary route is an attractive non-
invasive route of insulin administration as it offers a
large surface area of drug delivery. However, certain
factors are known to influence the efficiency of
aserosolised insulin. Asthma, interstitial lung dis-
ease, smoking and exercise can all interfere with
proper deposition of aserosolised insulin particles
into the alveoli and circulation, thereby reducing the
bioavailability of the drug.[38!

Current clinical experience with inhaled insulin
is mainly derived from two types of inhaled insulin
formulations and delivery devices. The ‘Inhale’ de-
livery system (Inhale Therapeutic Systems, Palo
Alto, CA, USA) uses a dry powder insulin formula-
tion, and AERx® insulin Diabetes Management
System (Aradigm Corporation, Hayward, CA,
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USA) uses a liquid aerosol insulin formulation. Pre-
liminary studies have found inhaled insulin
pharmacokinetics to be as rapid as insulin lispro but
have duration of action that is more similar to regu-
lar insulin.[38-90!

Long-term efficacy and safety data with inhaled
insulin are limited. The potential clinical effects of
insulin-binding antibodies on the pharmacokinetics
of inhaled insulin, and the clinical significance of a
decrease in lung diffusion capacity associated with
inhaled insulin therapy in some individuals, calls for
further investigation.!!

7. Conclusion

It can be argued that the first insulin analogues
utilised clinically were those extracted from bovine
and porcine pancreatic tissues. The advent of recom-
binant human insulin was heralded as an important
achievement as it abrogated the need to rely on
animal sources and was associated with significant-
ly reduced immunological responses to insulin ther-
apy. However, the pharmacokinetic limitations of
the animal and human insulin, especially in the fast-
or short-acting forms, prompted further research
into developing insulin analogues with more favou-
rable pharmacokinetic profiles.

Recent studies have shown that flexible intensive
insulin management can be cost effective and the
advent of insulin analogues has enhanced flexibility
and convenience for insulin-treated patients.[®” The
increased flexibility in insulin timing is also asso-
ciated with an improvement in quality-of-life mea-
sures. Use of insulin aspart was associated with
significantly greater improvement in treatment satis-
faction than human regular insulin in one study.??!
Improved satisfaction was mainly due to increased
dietary and leisure time flexibility. Similarly, quali-
ty-of-life studies show consistently increased treat-
ment satisfaction with insulin lispro compared with
human regular insulin. Finally, several studies have
found that treatment with insulin lispro is cost effec-
tive in terms of reducing episodes of severe hypo-
glycemia and reduced hospitalisation when com-
pared with human regular insulin.[®%
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The ideal basal/bolus insulin combination, which
exactly reproduces the 24-hour physiological insulin
secretory pattern, is not yet available. Novel insulin
analogues are promising ‘designer drugs’ in our
armamentarium to overcome some of the limitations
of conventional insulin therapy. Achieving the
American Diabetes Association recommended goal
of an HbA ¢ of 7% is now more feasible, provided
that the fundamentals of diabetes management, in-
cluding home self blood glucose monitoring, carbo-
hydrate counting, diet and exercise, are consistently
applied.

However, these new insulins are more expensive
than conventional insulins and this may be a limiting
factor for some patients. For patients without insur-
ance coverage the price of older insulin products is
less than half the price of insulin analogues, and that
is not even considering the higher prices when pen
devices are used. In addition, it is prudent to remem-
ber that the long-term safety of insulin analogues is
not known.® For safety purposes, long-term fol-
low-up of large numbers of patients using insulin
analogues should be carried out. Furthermore, well
designed studies should be performed in pregnant
women to establish the safety profile of these agents
for both the mother and the child.

Although structural modification of the insulin
molecule has led to the development of insulins that
have better time-action profiles and are more conve-
nient to use, the cost remains an obstacle for wider
use of insulin analogues in clinical practice.
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