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New developments to optimize
postprandial glucose control with insulin
in patients with diabetes

Bastiaan E de Galan*

Practice Points

Postprandial hyperglycemia is an important factor that contributes to suboptimal glucose control in
patients with diabetes, and is also an independent cardiovascular risk factor.

Current rapid-acting insulin analogs are not rapid enough to sufficiently curtail postprandial
hyperglycemia.

The solidity of the subcutaneous interstitium and the tendency of insulin to self-assemble to hexamers
are the rate-limiting factors for the absorption of subcutaneous insulin.

The absorption of subcutaneous (rapid-acting) insulin can be enhanced and advanced by techniques
including administration by jet injection, local skin warming, coadministration of hyaluronidase and the
addition of compounds that inhibit hexamer formation.

Pulmonary, oral and buccal insulin and insulin injected by microneedles are being developed as
alternatives for subcutaneous rapid-acting insulin with a faster onset of action.

Expansion of the arsenal of therapeutic rapid-acting insulin will enable individualized insulin treatment

for patients with diabetes.

SUMMARY  Many patients with Type 1 or insulin-requiring Type 2 diabetes fail to
achieve the widely recommended glycemic target of HbA1c below 7%. Insufficient control of
postprandial glucose excursion plays an important role in this failure. The pharmacological
profile of rapid-acting insulin analogs is still far from mimicking the physiological profile of
endogenous insulin secretion. Several products are under development that aim to bring this
goal closer. These developments include the use of jet injectors for insulin administration,
coadministration of hyaluronidase, insulin agents that are resistant to hexamer formation,
and insulin products that use an alternative route of administration. This review provides
an overview of recent developments and discusses potential benefits with respect to
postprandial glucose control.

Background few patients with Type 1 or insulin-treated
Most guidelines have defined HbAlc levels Type 2 diabetes are able to achieve this target.
below 7% as the target for glucose control in  For HbAlc levels below 8.5%, postprandial
patients with Type 1 or 2 diabetes [1], however, glucose excursions contribute more to overall
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glycemic control than fasting glucose levels [2].
It is therefore imperative to limit postprandial
glucose excursions when one wants to achieve
optimal glucose control. In addition, there are
strong suggestions that postprandial hyper-
glycemia independently predicts mortality and
cardiovascular disease, at least in individuals
with Type 2 diabetes and in those without dia-
betes [3,4]. Guideline recommendations from sev-
eral organizations have thus set the postprandial
glucose target at glucose values ranging from
7.8 to 10.0 mmol/l (i.e., in the high-normal
region) [15].

Optimal postprandial glucose control can be
best achieved using a therapeutic insulin that
closely mimics the time—action profile of endog-
enous insulin release. Current rapid-acting insu-
lin analogs have been developed for this purpose.
However, although better than regular insulin,
the pharmacokinetics and pharmacodynamics
of rapid-acting insulin analogs are still far from
approaching the time—action profile of endog-
enous insulin secretion. Indeed, the time-to-
peak insulin levels vary between 45 and 90 min
after subcutaneous injection, and the time
to the maximal glucose-lowering effect varies
between 85 and 198 min after injection (Table 1).
Consequently, postprandial hyperglycemia and
(late) postprandial hypoglycemia remain rela-
tively common, despite the use of rapid-acting
analogs. Indeed, a Cochrane review revealed that
treatment with rapid-acting analogs, rather than
regular insulin, was associated with only a mod-
est (0.2%) lower HbAlc level in patients with
Type 1 diabetes, whereas there was no such ben-
efit in patients with Type 2 diabetes. In neither
patient group did the use of rapid-acting analogs
reduce the risk of hypoglycemia [6].

Two factors determine the rate of insulin
absorption from the subcutaneous area into
the circulation. First, the extracellular matrix
of the subcutaneous tissue consists of numerous
structural macromolecules that limit the rate
by which a certain volume of drug permeates
the interstitium before it can be absorbed. The
second factor is the tendency of most therapeu-
tic insulins to self-assemble into hexamers in
the presence of zinc. The degree and strength
of hexamer formation is the rate-limiting step
for the absorption of regular human insulin,
but also affects the absorption of both the lis-
pro and aspart insulins, which contain zinc as
a stabilizing ligand (7.8]. However, the fact that
the pharmacological profile of glulisine, which
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does not contain zing, is very similar to that
of lispro and aspart insulin indicates that the
tendency for hexamer formation is not a major
issue for any of the rapid-acting analogs. In addi-
tion, it should be acknowledged that subcutane-
ous insulin differs from endogenous insulin in
that the latter reaches the liver first, where it is
already degraded by ~50% before entering the
circulation.

The need for developing more physiological
insulin treatments that are better at approach-
ing the profile of endogenous insulin secretion
has gradually been recognized. A number of
approaches are now in various stages of devel-
opment. These approaches are aimed at either
developing methods to improve absorption of
subcutaneous insulin or at developing alternative
routes for insulin administration. This review
will examine the potential benefits and limita-
tions of these developments for the treatment
of diabetes with specific respect to postprandial
glucose control.

Methods to enhance absorption of
subcutaneous insulin

Various methods are under development that are
aimed at promoting the absorption of subcuta-
neous insulin, either by facilitating subcutane-
ous tissue dispersion or tissue perfusion, or by
limiting hexamer formation. These approaches
include the use of jet injection or a heated patch
for administration of currently available insulin
products, and the development of novel, so-called
ultrafast, insulins that contain the extracellular
matrix degrading substance hyaluronidase or the
hexamer destabilizing factors EDTA and citric
acid. Table 1 summarizes the main findings with
respect to the pharmacokinetics and pharmaco-
dynamics of these products in comparison with
those of the rapid-acting insulin analogs, lispro
or aspart.

m Jetinjection

The concept of jet injection for insulin adminis-
tration was first introduced in the 1960s as a nee-
dle-free alternative, primarily for patients with
needle-phobia or unwillingness to initiate con-
ventional insulin therapy [9]. Current jet injec-
tors use a high-velocity jet (typically >100 m/s)
that ensures >90% delivery of injected insulin
into the subcutaneous tissue, without penetra-
tion of the underlying muscle. A loaded spring
mechanism that only releases the insulin after
appropriate pressure has been applied to the skin
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prevents bruises and wet injections, in which
the jet does not penetrate the skin. Jet injection
results in a typical spray-like dispersion pattern
in the subcutaneous area that differs from the
drop-like pattern seen after injection with a
syringe. The resultant larger surface area and
increased permeation of the subcutaneous tis-
sue both facilitate absorption of insulin into the
circulation.

Early studies have already suggested that the
absorption of neutral protamine Hagedorn or
regular human insulin occurred faster when
these insulins were administered using a jet injec-
tion rather than using a syringe [10-15]. Two stud-
ies have been published that investigated the use
of jet injection for the administration of rapid-
acting insulin analogs. A small study among four
subjects showed that 30 units of lispro insulin
were absorbed approximately twice as fast using
jet injection compared with injection using a
syringe (16]. In a larger study among 18 subjects,
it was recently shown that jet injection advanced
both pharmacokinetics and pharmacodynamics
of a standardized dose of aspart insulin, using an
insulin pen as a comparator [17]. Peak insulin lev-
els were achieved after 31 min with jet injection
versus 64 min after conventional pen injection
(p < 0.0001). The maximal glucose-lowering
effect, as derived from the glucose infusion rate
needed to maintain euglycemia, was reached
after 51 and 105 min, respectively (Figure 1).

Injecting insulin with a jet injector has not
been shown to be less painful than when an
insulin pen is used. The pressure of the device
on the skin may even be experienced as more
inconvenient than the prick of a small needle.
Sufficient training is required with the injection
procedure to prevent wet injections and bruises.
However, when trained properly, there is no
indication that local complications are more
frequent with jet injections than with conven-
tional injections. An advantage of using jet injec-
tors is that they can be applied for all insulins,
although from a pharmacological point of view
they appear to be appropriate for short-acting
insulin (analogs).

® | ocal heating of the skin

In daily practice, many patients with insulin-
treated diabetes report advanced insulin action
when the ambient temperature is elevated, such as
in the summer, in tropical areas or during sauna
visits (18]. Elevations of skin temperature typi-
cally result in vasodilation and increased tissue
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perfusion, which may promote absorption of
subcutaneously injected insulin. This concept
has been applied for the development of a heat-
ing pad attached to an insulin pump system that
elevates skin temperature to 38.5°C for 30 min
after an insulin bolus has been given. The device
was recently tested in 17 pump-treated patients
with Type 1 diabetes, who injected a standard-
ized dose of their own rapid-acting insulin analog
(either lispro or aspart) directly before a liquid
meal. Local heating was reported to improve the
pharmacokinetic profile of the insulin bolus with
the time until maximal insulin concentration
(T, ) being reduced by 42%. In addition, heat-
ing the skin resulted in a more shallow increase
of postprandial glucose levels, a lower glucose
peak and a significant reduction in postprandial
glucose burden, as reflected by the 3-h area under
the glucose curve [19]. The device and the heating
were well tolerated by the patients. Studies that
combine the heating pad to conventional insu-
lin injections have not been published. Although
there is no reason to believe that the concept of
local heating would not promote insulin absorp-
tion to a similar degree when injected by pens or
syringes, the practical execution appears rather
cumbersome.

® Coadministration of hyaluronidase

Hyaluronan is the main component contributing
to the solidity of the extracellular matrix by trans-
forming it into a gel-like substance that creates a
barrier to large fluid flow. Recombinant human
hyaluronidase (rHuPH?20) is a soluble, neutral
pH-activated substance that degrades hyaluro-
nan and other glycosaminoglycans under physi-
ologic conditions, thus promoting the perme-
ation and absorption of subcutaneously injected
drugs, including insulin [20]. In healthy volun-
teers, coadministration of rHuPH20 to regular
or lispro insulin reduced the time to peak plasma
insulin levels by ~50% (Table 1) [21]. Subsequent
meal studies among patients with Type 1 [22] and
Type 2 diabetes [23] confirmed the faster phar-
macokinetics of both insulins when coadmin-
istered with rHuPH20. Coadministration with
hyaluronidase was also associated with a lower
area under the hyperglycemia excursion curves
and — at least in patients with Type 2 diabetes —a
reduced tendency towards hypoglycemia [23]. A
remarkable, yet somewhat unexpected, find-
ing was that coadministration of hyaluronidase
reduced the intra- and inter-subject variability
of pharmacokinetic and pharmacodynamic
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Figure 1. Pharmacokinetic and pharmacodynamic profile of aspart insulin. (A) Pharmacokinetic
and (B) pharmacodynamic profile of aspart insulin injected by jet injector or a conventional

insulin pen.

Reproduced from [17] with permission from the American Diabetes Association.

parameters [24]. Although no dose—response rela-
tionships were investigated, these findings sug-
gest that disrupting the interstitial integrity may
combat the concentration-related impediment
of absorption of larger doses of insulin. Longer-
term studies on the effect of adding rtHuPH20 to
the treatment with rapid-acting insulin analogs
in patients with Type 1 or 2 diabetes are ongoing
(25]. As with all new pharmacological treatments,

future science group

extensive testing in randomized controlled trials
of sufficient size is required to establish its effi-
cacy and safety, so that the marketing of such
a product cannot be expected in the next few
years.

m Addition of EDTA & citric acid

A different approach for faster insulin absorp-
tion is acheived by adding EDTA and citric
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acid to regular human insulin, a formulation
formerly known as VIAject™, but recently
renamed Linjeta™. EDTA is a chelator of zinc,
which may destabilize insulin hexamer forma-
tion by pulling out the zinc ions, whereas citric
acid masks surface charges so that monomer-
ization of insulin and subsequent absorption is
facilitated. In a proof-of-concept study among
ten healthy subjects, Linjeta was absorbed twice
as fast as human soluble insulin and slightly
faster than lispro insulin (Table 1). After an
injection of Linjeta, maximal glucose-lower-
ing action was also reached faster than after
regular insulin or lispro insulin [26]. In a meal
study, use of Linjeta resulted in slightly flatter
postprandial glucose excursions than did the
use of regular or lispro insulin [27]. Injection
site pain and irritation reported by participants
were thought to be caused by the acidity of the
product (pH ~4.0). The product was, therefore,
recently reformulated to a neutral pH, which
was shown to be bioequivalent to the original.
Nevertheless, the frequency of injection site
discomfort did not differ between the two for-
mulations and was still higher in comparison
to lispro insulin [28].

Alternative routes of insulin
administration
® Inhaled insulin
In 1925, Gaensslen envisaged delivering insulin
through inhalation rather than by injection [29].
The large surface area (~140 m?), rich perfusion
and highly permeable monolayer of epithelium
(0.1-0.2 pm) of the alveoli, combined with the
absence of peptidases and proteolytic enzymes
and the general immunotolerance of the lungs
all facilitate the absorption of small peptides
such as insulin [30].

Exubera® was the first — and thus far the only
— inhaled insulin to have acquired approval
from the US FDA and EMEA for the treat-
ment of diabetes. The pharmacokinetic profile
of Exubera was very similar to that of rapid-
acting insulin analogs, except that the duration
of hyperinsulinemia lasted longer with Exubera.
The bioavailability of Exubera was only ~10%
(31]. In clinical trials among patients with Type 1
or 2 diabetes, the use of Exubera, in conjunc-
tion with long-acting subcutaneous insulin if
necessary, was about as effective as rapid-acting
insulin analogs in maintaining glycemic control.
However, a meta-analysis calculated a small but
significantly lower HbAlc with subcutaneous

Diabetes Manage. (2012) 2(3)

insulin [32]. In 2008, Exubera was withdrawn
from the market because sales were hugely lag-
ging behind expectations [33). Shortly thereaf-
ter, most other companies stopped their inhaled
insulin development programs, supposedly for
the same reason.

Technosphere® insulin (Afrezza®) is currently
the only inhaled insulin product still under
development and is awaiting approval by the
FDA. Technosphere insulin is a dry powder,
in which the inhaled insulin is encapsulated in
microparticles. These microparticles rapidly dis-
solve after entering the alveolar space to release
the insulin. The bioavailability of Technosphere
insulin is approximately threefold greater than
that of Exubera, and the absorption occurs
much faster. Under euglycemic clamp condi-
tions, the time-to-peak insulin concentration
after inhalation was approximately 15 min
and the time to maximal glucose-lowering
effect was 39 min [34,3s5]. Technosphere insulin
three-times daily in combination with glargine
was equivalent to premixed insulin (bi-aspart)
twice daily with respect to glycemic control in
patients with Type 2 diabetes, but at lower risk
of severe hypoglycemia and weight gain [36].
In a recent study of 130 patients with Type 1
diabetes who used glargine as basal insulin,
16 weeks of Technosphere insulin was as effec-
tive as lispro insulin in lowering HbAlc levels
at a slightly lower risk of moderate hypogly-
cemia [37]. Technosphere is inhaled through a
specifically designed breath-activated handheld
inhaler, which is smaller than an insulin pen.
Apart from a dry cough after inhalation that
usually abates after weeks to months and an
initial small decline in pulmonary function,
Technosphere insulin is generally well tolerated
(38]. Although studies of intermediate duration
have not revealed an increased risk of pulmo-
nary malignancies, inhaled insulin cannot be
prescribed to smokers because of this concern.

® Oral insulin

Oral insulin has the potential advantage over
subcutaneous administration and other routes
of insulin delivery in that it is absorbed in the
gut and transferred to the liver in much the same
way as endogenously released insulin. In the
liver, insulin stimulates storage of glucose enter-
ing the liver through the same route, so that no
more than ~50% of insulin is released into the
circulation. Due to this first-pass hepatic insu-
lin extraction, peripheral hyperinsulinemia will

future science group
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be substantially lower after oral administration
compared with after parenteral administration.
Several obstacles limiting the oral route include
the acidic environment of the stomach, the pres-
ence of peptidases in the upper GI tract, the
tight barrier of epithelial cells lining the gut wall
and the thick mucus layer in which mucins tend
to bind the insulin protein [39]. These obstacles
are overcome, in part, by using enteric coating
on the tablets and conjugation with absorp-
tion enhancers so that the portal vein can be
accessed. Nevertheless, the biopotency (i.e.,
pharmacodynamic action) is only ~5% [40] so
large doses are required to obtain a clinically
meaningful glucose-lowering effect. It has been
reported that peak insulin levels can be reached
~20 min after ingestion and the subsequent
maximal fall in glucose occurs after ~40 min
(39]. However, most studies have reported much
slower onset of glucose-lowering action, com-
parable to that of subcutaneous regular insulin
(41-44], questioning the applicability of current
oral insulin’s pharmacology. A more extensive
review on oral insulin is provided elsewhere [39].

® Buccal insulin

The buccal mucosa is highly vascularized, has
low enzymatic activity, can easily be accessed
and has a neutral, relatively stable pH, all of
which enable drug absorption. However, the
continuous flow of saliva and the great variation
in permeability of the different oral mucosal
areas make buccal insulin delivery a challeng-
ing undertaking. The relatively large particle
size of buccal insulin causes it to jam in the
upper airways when accidently inhaled. When
buccal insulin is inadvertently swallowed, it is
rapidly degraded in the stomach [39]. Oral-lyn™
is the only buccal insulin under development
that has been tested in humans. Each puff con-
tains 10 units of insulin, which corresponds to
~1 unit of subcutaneous insulin (bioavailability
of ~10%). Oral-lyn is more rapidly absorbed
than a subcutaneous injection of regular insulin
or a rapid-acting insulin analog, with plasma
insulin levels typically peaking after 25-40 min
and returning to baseline values in as early as
90 min [45-47]. A second round of puffs may
therefore be required to achieve a long-lasting
glucose-lowering effect. Oral-lyn has already
been marketed in a number of countries, includ-
ing India and Ecuador, even though sufficiently
large clinical studies to establish its efficacy and
safety have not been conducted [39].

future science group

® Microneedles

Transdermal delivery of insulin by microneedles
is a promising new method of insulin adminis-
tration. The dermis is highly vascularized and
contains a dense network of lymph vessels. The
regional capillaries also have thinner vessel
walls and reduced endothelial barrier function,
both of which promote absorption of small pro-
teins, such as insulin [48]. Microneedles of vari-
ous lengths with a diameter of 260 pm were all
found to increase the rate of absorption of lispro
insulin in human volunteers, as evidenced by
reductions in the T of 28—44% in compari-
son to subcutaneous injection. Similarly, the
time until maximal glucose-lowering effect
was reduced by 14-18% when employing the
microneedle technique [49]. Similar results have
been obtained in patients with Type 1 diabe-
tes [50.51). In animals, the pharmacokinetic
profiles of lispro and regular human insulin
were almost superimposable when injected by
microneedles [48], but this could not be repro-
duced in humans [50]. Whether microneedles
are less painful than conventional subcutane-
ous injections by syringes or pens has not been

fully elucidated.

Conclusion

Current insulin treatment falls short in achiev-
ing widely recommended glucose targets in the
majority of patients with Type 1 and 2 dia-
betes. An important reason for this failure is
the inability of current rapid-acting insulin
analogs to control postprandial glucose excur-
sions. Several products are currently under
investigation for their ability to afford a more
physiological time—action profile of prandial
insulin. Although the techniques to achieve
this goal differ widely, early pharmacokinetic
and pharmacodynamic studies show prom-
ising data with respect to the rate of insulin
absorption and insulin action. However, there
are still many issues that remain to be inves-
tigated. First, data on longer-term efficacy of
these products on parameters of glucose con-
trol, such as HbAlc, 24 h glucose variability
and hypoglycemic events are largely unavail-
able, the only exception being inhaled insulin.
This is important, because a more physiologi-
cal time—action profile does not automatically
translate to better glucose control and lower
risk of hypoglycemia [6]. A second important
issue concerns safety. This is especially relevant
for products that use an alternative route of
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administration, such as inhaled, oral or buccal
insulin and for products with specific additives
to promote faster absorption of subcutaneous
insulin. Third, the reproducibility is an often
overlooked but important issue for any new
insulin entering the market. A product meant
for administration several times a day for many
years needs to have a reliable and predictable
pharmacologic effect. Finally, the patient’s
perspective should not be forgotten. Ease-of-
use and acceptability of the insulin product or
device with which the insulin is administered
greatly contributes to the success or failure of
that product in daily practice.

Future perspective

Around 15 years ago, rapid-acting insulin ana-
logs were introduced and rapidly conquered
the insulin world. Good marketing by phar-
maceutical companies apparently convinced
many care providers that the quest for seeking
the optimal formulation of prandial insulin
replacement was over. Few realized that rapid-
acting insulin analogs, although clearly the best
available at the time, were still not very good at
mimicking the physiological profile of endog-
enous insulin. Results from the aforementioned
Cochrane review and patient experiences of not
reaching target glycemia levels despite use of
analogs have gradually persuaded clinicians
and scientists that faster (i.e., more physiologic)
insulin products are needed. As a consequence,
many products are still in such an early stage
of development that marketing cannot be
expected in the next couple of years, if at all. It
is doubtful whether the medical world is ready

to welcome insulin products that use alterna-
tive routes of administration, as painfully illus-
trated by the Exubera story. Indeed, although
Technosphere inhaled insulin is quite different
from Exubera in many aspects, the FDA has
still not approved it for the treatment of dia-
betes. The reason for this conservative point of
view may be that subcutaneous insulin, despite
its many shortcomings, has been proven to be
highly effective and safe, even when used for a
lifetime of diabetes. Therefore, improvements
to the administration of subcutaneous insulin
are the most likely candidates to obtain a sizable
market share in the near future. As such, both
Linjeta and coadministration of hyaluronidase
to insulin are attractive concepts that, when
proven to be safe, could advance the treatment
of patients with diabetes. Jet injectors hold a
similar promise for improving postprandial glu-
cose control and can already be prescribed to
patients, at least in Europe. As a consequence,
more tailor-made individualized insulin treat-
ments will become available for patients with
Type 1 or insulin-requiring Type 2 diabetes in
the near future.
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