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Novel insulin analogues and its mitogenic potential
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Abstract: Insulin analogues were developed to modify the structure of the human insulin molecule in order to more
accurately approximate the endogenous secretion of insulin. With the help of recombinant technology and site-
directed mutagenesis, the insulin molecule can be modified to either delay or shorten absorption time, providing
better insulin treatment options and facilitating the achievement of glycaemic goals. Changing the structure of the
insulin molecule, however, may significantly alter both its metabolic and mitogenic activity. Multiple factors such as
residence time on the receptor, dissociation rate, rate of receptor internalization and the degree of phosphorylation of
signalling proteins can affect the mitogenic potencies of insulin analogues.

Changes in the structure of the insulin have raised concern about the safety of the insulin analogues. For example,
questions have emerged about the relationship between the use of insulin lispro and insulin glargine and the progression
of diabetic retinopathy. Two studies have shown progression of retinopathy with the use of insulin lispro. However,
others have not confirmed these results, and causality could not be proven as progression of retinopathy can occur with
rapid improvement in glycaemic control, and methods of assessments among studies were not consistent.

Therefore, we examine the metabolic and mitogenic characteristics of the three insulin analogues, insulin lispro,
insulin aspart and insulin glargine, that are currently on the market, as well as the two insulin analogues, insulin
glulisine and insulin detemir, that are soon going to be available for clinical use.
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Introduction capillary walls into the circulation when it is in a mono-

. . . Lo . meric form [1,2]. This makes it difficult to accurately
After Banting and Best discovered insulin in 1921, insu- . . . .
. . . . reproduce endogenous insulin secretion with a subcu-
lin became the first major replacement therapy in the . L . . .
. . . e taneous injection. In addition, long-acting insulins do
treatment of diabetes saving the lives of millions of ; .
. o not have linear absorption and lack absolutely flat pro-
people (figure 1). But the pharmacokinetics of current . . . . .
. . . . o . files like endogenous insulin secretion. In contrast,
insulin therapy does not provide physiologic insulin . . L. L.
. . short-acting human insulin is too slow to mimic the
replacement and does not lead to ideal metabolic con- > . o . .
L. . . . normal rapid increments of insulin in the circulation.

trol. One of the limitations of insulin therapy is the

variability in the absorption rate of insulin from subcu-
taneous tissue, which largely depends on the size of

molecular aggregates. Insulin has a tendency to self- Development of insulin analogues

associate into dimers and hexamers in subcutaneous Insulin analogues were developed to modify the struc-
tissue; however, it can only be absorbed through ture of the human insulin molecule in order to modify
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the pharmacokinetics of injected insulin to more accu-

rately approximate the endogenous secretion of insulin.
With the help of recombinant technology and site-direc-
ted mutagenesis, the insulin molecule can be modified
to either delay or shorten absorption time. The recombin-
ant technologies include the following modifications of
the insulin molecule:

® Replacement of some of the amino acid residues; this
leads to alteration in the tertiary structure of the
molecule, so that there is reduced self-association
into dimers and the molecule remains in a mono-
meric state. This increases the rapidity of absorption
(insulin aspart, insulin lispro and insulin glulisine).

® Attachment of additional amino acids; this causes
precipitation of the molecule in neutral subcutaneous
tissue and decreases the rate of absorption (insulin
glargine).

® Attachment of a fatty acid molecule to the insulin
chain by acetylation, binding the insulin to albumin
in subcutaneous, intravascular and interstitial tissue;
this prolongs insulin action and decreases insulin
clearance (insulin detemir).

Metabolic and Mitogenic Potencies of Insulin

The effect of insulin on cells has been traditionally
divided into two categories: metabolic and mitogenic.
While the metabolic effects of insulin such as glucose
transport and glycogen synthesis are mainly mediated
through the insulin receptor, the mechanism of insulin’s
mitogenic effect is not clear. It is thought that the mito-
genic effect of insulin is mediated through insulin-like
growth factor 1 (IGF-1) receptor stimulation and, unlike
the metabolic effects, requires long-term insulin expo-
sure. It has been shown that overexpression of IGF-1
receptor causes mitogenic and neoplastic transforma-
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Fig. 1 Human insulin molecule.

tion in multiple cell lines, and elevated IGF-1 levels
can cause progression of diabetic retinopathy [3].
Therapy with IGF-1 induces proliferation in human
breast cancer cells in vivo and in vitro [4]. On the other
hand, insulin receptor stimulation has also shown a
ligand-induced mitogenic effect on cultured human
breast cancer cells [5,6]. Because changing the structure
of the insulin molecule may significantly alter both its
metabolic and mitogenic activity, major concerns were
raised about the safety of the insulin analogues.

Insulin Interaction with Insulin and IGF-1 Receptors

There are three types of insulin-like receptors: insulin,
IGF-1 and IGF-2. Insulin and IGF-1 receptors have a
80% homology in the B-subunit [7], and there is also a
40-50% homology between the entire insulin molecule
and the IGF-1 molecule [8]. Therefore, it is not surpris-
ing that these two hormones can cross react and can
activate each other’s receptor. However, the affinity of
insulin and IGF-1 for heterogeneous receptors is orders
of magnitude lower than for their own receptor. In order
for insulin to exert an effect via the IGF-1 receptor, it
needs to be present in a high concentration or have a
modified structure (like insulin analogues) that may
change the interaction with the receptor [8-10].

It was originally thought that changing the structure
of insulin so as not to influence its affinity for the
insulin receptor would prevent any increase in insulin’s
growth-promoting effect. That is why all the modifica-
tions of the insulin molecule are in the COOH-terminus
of the B chain (B26, 27, 28, 29, 30), the region of the
molecule important for dimer formation, but not
involved in insulin receptor binding [7,8,11]. However,
this area of the molecule has been shown to be very
important for affinity to the IGF-1 receptor [8]. We now
know that the mechanism behind the increase of
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mitogenesis is very complex. Mitogenic stimulation of
insulin analogues is related to residence time on the
receptor, dissociation rate [12] and other factors such
as receptor internalization and the degree of phosphory-
lation of signalling proteins [5,13-16].

Rapid-Acting Insulin Analogues

Insulin Aspart B10

Insulin aspart B10 was one of the first analogues pro-
posed for clinical use. The insulin aspart B10 molecule
was engineered by exchanging a histidine at position
B10 for an aspartic acid.

The amino acid residue at the B10 position is import-
ant for affinity to the IGF-1 receptor, and this modifica-
tion leads to an insulin molecule that more closely
resembles IGF-1 [17]. Receptor studies showed that,
compared with insulin, the insulin aspart B10 molecule
has an increased affinity for both insulin (3.5 times) and
IGF-1 (nine times) receptors and increased mitogenic
potency nine times (table 1) (12,16).

It was originally thought that this increase in the
mitogenic effect of insulin aspart B10 was mainly attri-
butable to its increase affinity for the IGF-1 receptor [12].
The evidence supporting this is that insulin aspart B10
stimulated IGF-1 autophosphorylation with the potency
resembling IGF-1 and showed a corresponding degree of
DNA synthesis and cell proliferation in aortic smooth
muscle cells [17]. On the other hand, it has been found
that insulin aspart B10 activates intracellular signalling
pathways of both insulin and IGF-1 receptors. Insulin
aspart B10 was associated with prolonged cellular pro-
cessing measured by a prolonged phosphorylation state
of the insulin receptor B-subunit, insulin receptor sub-
strate (IRS)-1, IRS-2 and Shc proteins. As a conse-
quence, there was an increase in mitogenic potency
[17,18] and a two to four times increase in the metabolic
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potency of insulin aspart B10 [19] when compared with
human insulin.

In vitro studies showed an increase in mitogenic
activity in the pancreatic B-cell lines of mice embryos
[20] and in human breast cell lines [5,20]. In vivo studies
revealed a dose-dependent increase in the incidence of
adenocarcinomas and fibroepithelial tumours in female
rats after 12 months of therapy with a dose of
12.5-200 U/kg of insulin aspart B10 [21]. It appears
that the growth-promoting effect of insulin aspart B10
is most likely related to altered interactions with both
insulin and IGF-1 receptors.

Insulin Lispro

Insulin lispro is a rapid-acting insulin analogue that has
been produced by reversing the proline and lysine
amino acid residues that occupy position 28 and 29 of
the B chain of human insulin. This change in structure
modifies the spatial orientation of the C-terminus and
reduces self-association in solution [22,23], resulting in
an absorption and elimination rate that is two times
higher compared with human insulin [24].

Insulin lispro has been shown to be safe and effective
when used in multiple daily injection and insulin pump
therapy [25-28]. Its primary benefit is improvement in
postprandial glucose excursions. However, insulin lis-
pro has also been associated with a reduced incidence of
hypoglycaemia [29] and increased patient’s satisfaction
due to the convenience of being able to take the insulin
immediately before or after a meal [30].

Metabolic and Mitogenic Characteristics

Insulin lispro receptor affinity and metabolic potency is
slightly lower than human insulin in human osteosar-
coma cells (Saos/B10) despite a higher affinity for the
IGF-1 receptor (table 1) (12). Long-term safety studies on

Table 1 In vitro insulin receptor affinity, metabolic and mitogenic potency of insulin analogs relative to human insulin

Insulin type Insulin receptor affinity Metabolic potency IGF-1 receptor affinity Mitogenic potency (Saos/B10 cells)*
Human 100 100 100 100

Asp B10 205 + 20 207 + 14 587 + 50 975 + 173

Lispro 84 +6 82+ 3 156 + 16 66 + 10

Aspart 92 + 6 101 £+ 2 81+9 58 + 22

Glargine 86 + 3 60 + 3 641 + 51 783 + 13

Detemir 18-46 27 16 £+ 1 11

Asp B10, insulin Aspart B10; IGF-1, insulin-like growth factor 1.
*Human osteosarcoma cells.

Copyright © 2000 American Diabetes Association from Diabetes, Vol. 49, 2000; 999-1005. Reprinted with permission from The American Diabetes

Association.
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animals have not been performed. However, insulin
lispro was not carcinogenic in a battery of in vitro and
in vivo genetic toxicity assays [31].

Insulin Lispro Safety during Pregnancy

Reproductive studies on animals showed no effect on
fertility or teratogenic effect on the foetus after therapy
with insulin lispro at four times the average dose of
human insulin based on body surface area [32]. As the
only analogue currently used in pregnancy, insulin lis-
pro is the ideal treatment option to control postprandial
blood glucose in pregnant women who are suffering
from pregnancy-induced vomiting, because it can be
injected immediately before or after a meal [33].
Insulin lispro has greater homology with IGF-1 than
human insulin (51 vs. 49%) which raised concerns of a
growth-promoting effect on the foetus. However, placen-
tal transfer studies did not detect insulin lispro in the
umbilical cords in infants after intravenous administra-
tion of insulin lispro at low dose of 0.2 units/kg/h to
mothers during labour [34]. There was only a small
dose-dependent transfer across human placentas deliv-
ered at term. Insulin lispro was detected in the umbili-
cus when the mother was exposed to insulin lispro
during four continuous hours of IV administration at a
high concentration (=580 pU/ml equivalent to adminis-
tration of 75 units of insulin lispro) [35]. In another in
vitro study, a significant amount of analogue did accu-
mulate in the placenta but was not detected in umbilical
blood [36].

Congenital anomalies in the offspring of two women
taking insulin lispro through pregnancy have been
reported. However, no casual relationship has been
established [37].

There have been only a few small randomized trials
testing insulin lispro in pregnant diabetic women. One
such study was an open label multicentre study that
randomized 33 well-controlled type one diabetic preg-
nant women to premeal insulin lispro plus neutral pro-
tamine hagedorn (NPH) insulin or premeal regular
insulin with NPH
15 weeks of gestation. There were no differences in

human insulin beginning at
pregnancy outcome, gestational age at delivery, birth
weight, neonatal complications and preeclampsia. One
malformation (hypospadia) occurred in the human insu-
lin group [38]. Similar results were seen in other studies
of pregnant women who were given insulin lispro
beginning at the 14th week of gestation [34,39]. A large
retrospective study found that congenital abnormalities
among woman taking insulin lispro occurred at a rate
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comparable with the Diabetes Control and Complication
Trial’s (DCCT) conventional insulin therapy group [40].

Insulin Lispro and Retinopathy in Pregnancy

Current data suggest that pregnancy may be associated
with a higher rate of retinopathy progression. This has
been attributed to an increase in retinal blood flow and
production of growth factors by the placenta. Patients
with established proliferative retinopathy are at a high
risk for progression and vision-threatening disease dur-
ing their pregnancy. Development of new onset and
progression of background diabetic retinopathy has
also been reported. It usually regresses to baseline levels
postpartum, and there does not seem to be a higher risk
of retinopathy development in the long term [41].

The initial suggestion that use of insulin lispro was
associated with retinal disease came from the reports of
Kitzmiller et al. [42]. Fourteen pregnant type one or type
two diabetic mothers were started on insulin lispro
before or during early pregnancy because of difficulties
in controlling plasma glucose with human insulin. Ten
of the patients had a negative dilatated retinal examin-
ation before pregnancy. Three of the patients who started
insulin lispro after 7 weeks of pregnancy progressed from
no disease at all to bilateral proliferative retinopathy, and
two developed vitreous haemorrhages.

However, two of these patients had poorly controlled
diabetes at baseline with HbA1c 1evels that were 1, 3.7
and 3.5% above normal and experienced a 2.2-3.6%
decline in HbA1C by the third trimester. It was thought
that retinopathy development was related to this rela-
tively rapid improvement in glucose control rather than
to insulin lispro therapy alone.

One prospective randomized clinical trial as well as
multiple retrospective studies tested the safety and effi-
cacy of insulin lispro in pregnant women. None of them
have confirmed the above-mentioned findings
[38,43,44]. Larger studies and longer follow-up of
patients are probably needed to be certain that insulin
lispro is not going to cause and exacerbate retinopathy
in pregnancy.

Insulin Aspart

Insulin aspart is a rapid-acting analogue that was
designed by changing a proline in position B28 to an
aspartic acid [45]. This insulin is similar in several
aspects to insulin lispro. It has comparable receptor
affinity, but in contrast to insulin lispro, its affinity to
the IGF-1 receptor is the same as human insulin (table 1)
[12]. Insulin aspart has similar pharmacokinetics and

© 2006 Blackwell Publishing Ltd
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pharmacodynamics to insulin lispro [46] and has been
similarly approved for use in multiple daily injection
regimens [47,48] and insulin pumps [49].

Metabolic and Mitogenic Characteristics

A standard 2-year carcinogenicity study of insulin
aspart has not yet been performed. In a 52-week study,
there was increased incidence of mammary gland
tumours, preimplantation and postimplantation foetal
losses and visceral/skeletal abnormalities in female rats
given insulin aspart at a dose 32 times the average
human subcutaneous dose of 1.0 U/kg/day. Human
insulin had a similar effect and may have been the result
of severe hypoglycaemia caused by very large doses of
insulin. Insulin aspart was not genotoxic in a standard
battery of genetic tests. Because there are no studies in
pregnant women, insulin aspart remains a category C
medication for pregnancy [45].

Insulin Glulisine

Insulin glulisine has been manufactured by substituting
lysine in position B29 for glutamine and aspartic acid in
position B3 for lysine. This structural change decreases
the rate of self-association into dimers and hexamers
when injected into the subcutaneous tissue [50].
Insulin glulisine is a rapid-acting insulin that is
absorbed twice as rapidly as is human insulin but has
a similar total glucose disposal rate. In phase three stu-
dies, insulin glulisine has been shown to be effective
when used in multiple dose injection regimens [51,52]
and insulin pumps [53].

Metabolic and Mitogenic Properties

Insulin glulisine is equivalent to human insulin in its
affinity to the insulin receptor, rapidity of phosphoryla-
tion and subsequent signalling [54]. However, multiple
other studies showed that it only marginally activates
IRS-1 protein. In contrast, activation of IRS-2 with insu-
lin glulisine is the same or higher than with human
insulin [55,56]. It has also been shown to have a much
lower activation of secondary messenger (mitogen-
activated protein kinase) and DNA synthesis than human
insulin. Due to its unique properties of preferentially
activating IRS-2, insulin glulisine exerted anti-apoptotic
effects against fatty acid and cytokine-induced apoptosis
of pancreatic cell lines (30—35% inhibition of apoptosis
in comparison with human insulin which has 10-20%
inhibition) [57]. The clinical significance of this finding is
unclear.

© 2006 Blackwell Publishing Ltd
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In contrast to previous studies, in vivo testing did not
show any differences between insulin glulisine and
human insulin in activating the insulin receptor and
secondary messengers [58]. There were no increases in
incidence of mammary gland tumours in female rats
treated for 12 months with different doses of insulin
glulisine (2 x 20 U/kg and 2 x 50U/kg) [56].

Long-Lasting Insulin Analogues

Insulin Glargine

Insulin glargine is produced by recombinant DNA techniq-
ues by adding two arginine residues to the B chain at
position 31 and 32 and substituting asparagine with gly-
cine in the A chain at position 21 [59]. These changes
cause a shift of the isoelectric point to a neutral pH, and
precipitation of the analogue at a physiologic pH by form-
ing hexamers, remaining soluble (monomeric) at an acidic
pH in the vial [60]. The slow dissolution of hexamers into
blood results in a flatter prolonged time—action profile as
compared with insulin NPH. Insulin glargine has been
found to last 24 h after subcutaneous injection and has
been effective in once daily dosing regimens [61].

Metabolic and Mitogenic Properties

It is important to realize that changes in the C-terminus
of the insulin molecule (an area important for insulin
affinity towards the IGF-1 receptor) can change the way
the insulin molecule interacts with the IGF-1 receptor,
giving rise to the possibility of increased mitogenic
action [8]. Receptor-binding studies demonstrated that
insulin glargine has a 60% lower binding affinity to the
insulin receptor and 1.5 times faster dissociation than
does human insulin. However, it has a 6.5 times
increased binding affinity for the IGF-1 receptor and an
eightfold increased potency for stimulating DNA synth-
esis in human osteosarcoma cells [12] (table 1).

This increase in mitogenic potency has not been con-
firmed in other studies using human diabetic muscle
cells [62], rat fibroblasts overexpressing human insulin
receptor [63] or myoblasts overexpressing the IGF-1
receptor [64]. An in vivo study performed on mice and
rats indicates that there was no increase in the incidence
of mammary gland tumours using insulin glargine at
doses of 2-12.5 p/kg [65].

The reproductive toxicity of the analogue was evalu-
ated in several animal studies. There was no direct
effect on reproduction or embryo foetal development.
Pregnant rats and rabbits, however, did show an
increased chance of abortion, intrauterine deaths and
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single anomalies when treated with moderate to high
doses of insulin glargine and insulin NPH. This effect
was probably related to hypoglycaemic episodes caused
by high doses of insulin [66]. There is no data on preg-
nant women apart from anecdotal reports. Insulin glar-
gine remains a category C medication for pregnancy.

Insulin Glargine and Retinopathy

An incidence in the progression of retinopathy has been
addressed in conjunction with the use of the rapid-
acting insulin, insulin lispro. Because of this concern,
extra effort has been directed towards eliminating
retinopathy risk with all new insulin analogues. The
higher affinity of insulin glargine for the IGF-1 receptor
raised concern; this is why the FDA has required that the
effect of insulin glargine on the progression of diabetic
retinopathy be evaluated.

Four of the randomized multinational glargine trials
of 28-52-week duration were reviewed for development
of retinopathy [67]. During the treatment period, retinal
examinations were done by funduscopic clinical exam-
ination and also with fundus photographs. Multiple
parameters were tested. In one of the four studies,
more patients in the insulin glargine group had three-
step or greater (not one or two-step) progression on the
standard scale (early treatment diabetic retinopathy
study) for evaluation of retinopathy (7.5 vs. 2.7%,
P < 0.05) [68]. In another study, a higher incidence of
new onset macular oedema (11.2 vs. 6.5%) was observed
[69]. These were isolated findings of these two measures
in only two of four studies. There was lack of consis-
tency between measurement of different parameters by
clinical examination and retinal photography, and the
most common ocular adverse effect of IGF-1 treatment,
optic disc swelling, was not present (table 2).

In relationship to this finding, a small randomized pro-
spective study of 28-week duration was performed [70].
Twenty type 1 well-controlled diabetic patients on regular
insulin were randomized to insulin NPH or glargine com-
bined with premeal regular insulin. Patients were evalu-
ated by dilatated fundus examination and seven standard
field retinal coloured photographs. There was no differ-
ence in mean retinopathy grades between the two groups
at baseline or at the end of the study.

As a safety measure, the pharmaceutical company is
performing a 5-year randomized multicentre study with
type two diabetic patients to determine whether patients
treated with insulin NPH or glargine are at similar risk
for three or more step progression of diabetic retinopa-
thy. More then 1000 type two diabetic patients with
HbA1c > 6.7 have been randomized to either insulin

Diabetes, Obesity and Metabolism, 8, 2006, 611-620
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NPH or glargine daily combined with premeal regular
human insulin. The goal is a HbAlc < 7.0%. Retinal
examinations are performed by seven standard field ret-
inal colour photographs at 3, 6 and 12 months and then
yearly for 5 years. The study is still in progress, and the
data are pending.

Insulin Detemir

Another long-lasting insulin analogue is insulin detemir,
in which the 14 carbon myristic acid is acetylated to the
B29 lysine position. This change in the structure of the
insulin molecule delays the absorption of insulin detemir
by three mechanisms [71,72]: (i) the insulin remains
liquid in the subcutaneous tissue, providing greater sur-
face area with reduced variability in absorption, (ii) there
is strong binding to albumin at the injection site, in the
plasma (98% remains bound to albumin) and in the
target tissue (96% remains bound to albumin). This pro-
tects insulin detemir from liver clearance which is only
about 1/500 or 8% of the single pass extraction of human
insulin [73]. In the interstitial fluid, albumin reduces
insulin receptor affinity and therefore results in the rela-
tively low biological efficacy of the insulin analogue
compared with human insulin [74] and (iii) the side
chain fatty acid interacts with neighbouring insulin
molecules and further prolongs the rate of absorption.

Metabolic and Mitogenic Properties

In vitro experiments showed that insulin detemir’s affi-
nity for the insulin receptor is 50% lower and it dissoci-
ates from the receptor two times faster than native insulin,
which results in a 50-fold lower metabolic potency (27%
if adjusted for albumin binding only). The affinity for the
IGF-1 receptor was 15 times lower than that of human
insulin, and growth-promoting effects using human
Saos/B10 were >250-fold lower than that of human insu-
lin (11% if corrected for albumin binding) [12].

Conclusion

Despite the fact that the biological behaviour of most
insulin analogues is predictable based on receptor
kinetics, some discrepancies exist. Insulin aspart B10
showed an increased association with insulin and IGF-1
receptors, and these were linked to an increased mito-
genic activity in vitro and an increase in cancerogenesis
in vivo. The relationship between these three compo-
nents is only speculative, because two analogues (insu-
lin lispro and insulin glargine) that have a higher
affinity for the IGF-1 receptor than does human insulin

© 2006 Blackwell Publishing Ltd
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Table 2 Incidence of > three-step retinopathy progression, new onset of PDR, new onset of MO, new AEs and disc swelling
in four multicentre international trials comparing insulin glargine with insulin NPH

Type 1 diabetes Type 2 diabetes
3001 (%) 3004 (%) 3002 (%) 3006 (%)
Finding Glargine NPH Glargine NPH Glargine NPH Glargine NPH
Progression
Clinical exam 4.8 5.7 9.5 7 8.4 13 9.2 10.7
Photography 5.3 3.4 3.2 3.9 5.9 9.1 7.5% 2.7*
New PDR
Clinical exam 1.9 1.1 1.3 1.7 0.7 0 2.7 1.3
Photography 2.2 2.6 1.8 3.8 2.1 1.8 4.1 2.2
New MO
Clinical exam 3.7 1.9 0.9 1.3 1.8 2.4 3.1 3
Photography 6.9 7.9 0.9 1.3 11.2* 6.5% 2.8 2.2
Retinal AEs 18 12 9.8 10.4 3.1 25 22 24.7
Disc swelling 0 0 0 0 0 0 0 0

AE, aneurysm; MO, macular oedema; NPH, neutral protamine hagedorn; PDR, proliferative diabetic retinopathy.

*Statistically significant increased incidence in new onset macular oedema and three steps and more progression of retinopathy in insulin
glargine groups

With kind permission of Springer Science and Business Media.

Glargine and NPH are insulin types.

Retina was assessed by clinical ophthalmologic examination and seven standard retinal fields coloured photography.
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