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SUMMARY the extent of permitting closed-loop therapy. However,

Subcutaneous (SC) insulin therapy has been a mainstay of
pharmacological diabetes management from the moment
insulin was successfully developed as treatment. Insulin
formulations have become more refined and less allergenic
over time, and ancillary technologies such as injection
devices and glucose measurement tools have evolved to

Correspondence: Thomas R. Strack, Asubio Pharmaceuticals - Head of
R/D, 115 West Century Road, Suite 380, Paramus, NJ 07652, USA. E-
mail: tstrack@asubio.com.

investigations have continued exploring alternative routes
of administration with the ultimate goal of implantable
islet replacements, whether cell- or “silicon”-based.
Progress on these lines of research, however, has been slow
to present patients with viable options: alternative delivery
routes have failed to deliver insulin reliably and with com-
mercially viable efficiency, while beta cell transplantation
continues to struggle with tissue availability and in vivo
viability. In the meantime, SC insulin formulations have
advanced for rapid- and long-acting formulations, to bet-
ter meet typical insulin requirements across the day. Thus,
SC insulin will likely remain a key technology for the fore-
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seeable future in order to address the needs of an ever larg-
er number of insulin-dependent patients with diabetes.

Key words: Insulin — Hyperglycemia — Type 2 diabetes -
T2DM - Type 1diabetes — TIDM

INTRODUCTION: PROGRESS SINCE 1922

Physiologically, only the monomeric form of human
insulin is designed to rapidly penetrate into target tis-
sues and exert biological effects. Within beta cell gran-
ules, however, insulin forms stable hexamers in the pres-
ence of zinc, calcium or phenol, allowing long-term
intracellular storage. A rapid decrease in granular pH
release upon fusion with the cell membrane facilitates
the release of large amounts of insulin. Once released
from beta cells, insulin continues to rapidly dissociate
into dimers and monomers as concentrations drop
quickly under the turbulent and high volume blood flow
conditions in pancreatic islets (1). These favorable condi-
tions are not usually found in the tissues considered for
the administration of exogenous insulin, such as subcu-
taneous fat, thus significantly hindering the rate and effi-
ciency of systemic insulin delivery. Also, the need to offer
stable formulations with sufficient shelf life, even under
adverse conditions (e.g., exposure to destabilizing glass
or plastic surfaces, mechanical stress in injection devices
or variable temperature) forces compromise. Thus, to
achieve sufficiently long shelf-life, most pharmaceutical
formulations of human insulin, until the 1980s, were
designed to facilitate the formation of dimers, and in the
presence of zinc ions and at higher insulin concentra-
tions, stable hexamers (6:2, insulin/zinc). This notwith-
standing, the efficacy of subcutaneous (SC) insulin ther-
apy ultimately depends upon the timely dissociation of
insulin from hexamers to bioactive monomers (2-4).
Unfortunately, injection of insulin into the less well-vas-
cularized (certainly compared to islets) subcutaneous
tissue results in absorption kinetics that are both too
slow to meet post meal demands, and too rapid to meet
fasting requirements equally well. Thus, one approach to
developing more clinically attractive insulin formulations
relies on controlling insulin self-association by specific
alterations to the amino acid sequence of human insulin
(5-8). As a result, both shorter- and longer-acting ana-
logues of human insulin emerged with pharmacokinetic
profiles that better adapt to help patients cope with the
vastly different prandial and fasting insulin requirements
by more closely mimicking physiological insulin release.
For the purpose of this review, these analogue insulins
will be discussed only briefly as excellent reviews of their
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detailed pharmacokinetics and clinical efficacy are avail-
able elsewhere (8-11).

SHORT- AND LONG-TERM SEQUELAE OF INSULIN
DEFICIENCY: EVIDENCE FOR BENEFIT OF SC
INSULIN THERAPY

Hyperglycemia defines diabetes, and glycemic control is
fundamental to the management of diabetes. To date,
approximately 382 million patients have diabetes, and
this number is expected to rise to 592 million by 2035
(12). Thus, widespread, affordable and safe treatment
options will be paramount to cope with this growing cri-
sis, and ensure that patients can maintain acceptable
glycemic control. Insulin plays a central role in achieving
near-normal glycemic targets as reflected by HbA, _levels
of approximately 6.5-7%. However, recent studies have
also highlighted that glycemic targets need to be care-
fully defined for individual patients, based on the ability
to manage short-term changes in insulin requirements
and prevent hypoglycemia, individual manifestations of
micro- and macrovascular complications, and the option
to treat associated metabolic disorders such as dyslipi-
demia or hypertension, with other safe medications.

The tenet of hyperglycemia causing much of the specter
of microvascular complications was established for type
1 diabetes by the Diabetes Control and Complications
Trial (DCCT) (13) and its follow-up study, the Epidemiol-
ogy of Diabetes Interventions and Complications (EDIC)
study (14, 15). For type 2 diabetes, the relatively small
Kumamoto Study in approximately 110 patients with a 5-
to 6-year disease duration (16) and the much larger UK
Prospective Diabetes Study (UKPDS) in > 4,800 recently
(3 months) diagnosed patients (17, 18) similarly demon-
strated the benefits of intensive glycemic control,
whether achieved by SC insulin or oral antihyper-
glycemic agents (in UKPDS, 15% of subjects were treat-
ed with sulfonylurea or insulin as initial pharmacothera-
py, 33% with metformin as initial pharmacotherapy). The
DCCT and UKPDS trials (13, 19) showed a curvilinear
relationship between HbA, and microvascular compli-
cations, implying that the greatest impact on the pre-
vention or reduction of the incidence of microvascular
complications should be achieved by focusing on
patients in very poor control, as further lowering of HbA,_
from “slightly abnormal” (7-8%) to normal (< 7%) values
is returning to ever lesser degrees of protection from
complications. Both EDIC and UKPDS also demonstrat-
ed that microvascular benefits in previously intensively
treated subjects could persist for decades following ini-
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tial tight glycemic control, in spite of levels of good con-
trol not being maintained during follow-up, suggesting
that a “metabolic memory” may play an important role
in the evolution and/or prevention of microvascular
complications (14, 15, 20). Furthermore, the EDIC study
participants previously randomized to the intensive
treatment group had a significant 57% reduction in the
risk of nonfatal myocardial infarction (Ml), stroke or car-
diovascular disease (CVD) death compared with those
previously in the standard arm (21). During the UKPDS
trial, there was a 16% reduction in CVD events (combined
fatal or nonfatal Ml and sudden death) in the intensive
glycemic control arm albeit without quite reaching sta-
tistical significance (P = 0.052). There was, however, no
apparent benefit on other CVD outcomes such as stroke.
After 10 years of follow-up, those subjects originally ran-
domized to intensive glycemic control still showed
reduced risk for Ml (15% with sulfonylurea or insulin as
initial pharmacotherapy, 33% with metformin as initial
pharmacotherapy) and all-cause mortality (13% and
27%, respectively) (21). Ray et al. (22) summarized the
effect of intensive glycemic control on adverse cardiovas-
cular outcomes and came to the conclusion that inten-
sive compared with standard glycemic control signifi-
cantly reduces coronary events without an increased risk
of death. However, the optimum treatment, and the
speed and extent of HbA,_reduction, might need to be
identified for different populations.

By contrast, patients with long-standing and not opti-
mally controlled type 2 diabetes experience only modest
benefits with regards to microvascular complications
when intensified treatment is used to aim at normal
HbA,_levels, as three more recently conducted outcomes
studies revealed:

* The Veterans Affairs Diabetes Trial (VADT), where
approximately 50% of subjects were using SC insulin,
showed significant reductions in albuminuria with
intensive compared to standard glycemic control but
no difference in retinopathy or neuropathy changes
(23, 24). The rate of CVD events was lower (but not
significantly) in the intensive arm (23). An ancillary
study of the VADT demonstrated that intensive
glycemic control significantly reduced primary CVD
outcomes in individuals with less atherosclerosis at
baseline (as assessed by coronary calcium) but not in
individuals with more extensive baseline atheroscle-
rosis (25). A post hoc analysis showed that those sub-
jects with a diabetes duration of less than 15 years
had a mortality benefit in the intensive arm, while
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those in the same study arm with a diabetes duration
of > 20 years had a higher mortality rate (26).

The Action in Diabetes and Vascular Disease:
Preterax and Diamicron MR Controlled Evaluation
(ADVANCE) study of intensive versus standard
glycemic controlin type 2 diabetes had low SCinsulin
use at baseline (1.4-1.5%) rising to approximately
40% in the intensive and approximately 24% in the
standard arm. There was no difference in overall or
cardiovascular mortality between the intensive com-
pared with the standard glycemic control arms (27).

The Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial where the use of SC insulin
doubled from approximately 34% at baseline to
approximately 77% in the intensively treated cohort
(vs. 55% in the control cohort) showed lower rates
for onset or progression of early-stage microvascular
complications in the intensive glycemic control arm
compared with the standard arm (28, 29).

The Outcome Reduction with an Initial Glargine
Intervention trial (ORIGIN) assessed cardiovascular
outcomes with insulin glargine (Lantus®) treatment
in 11,081 insulin-naive patients with diabetes, and
1,456 with prediabetes. Fifty-nine percent of study
participants had a prior CVD event, 80% had hyper-
tension, 15% had albuminuria and 12% smoked cig-
arettes. The primary composite endpoint included
myocardial infarction, stroke or cardiovascular
death. There was no difference in event rates
between those randomized to insulin, whose mean
HbA, was 6.1%, and those allocated to standard of
care (mean HbA, 6.4%) over a median follow-up of
6.2 years, suggesting that early treatment with
insulin in a population with increased CV risk is not
harmful (30).

ADVERSE EVENTS OF SC INSULIN THERAPY
Hypoglycemia

Despite more accessible technology for the monitoring
of blood glucose (31, 32), better training of patients,
computer-assisted interpretation of serial glucose meas-
urements (33-35) and insulin formulations that more
closely mimic postprandial or postabsorptive, “basal”,
insulin exposure, hypoglycemia remains the most signif-
icant adverse event with SC insulin therapy. Post DCCT,
the combination of lower glycemic targets and “intensi-
fied"”, higher dose and multiple injection insulin therapy
appears to be the primary driver of serious hypoglycemia
(36, 37), especially in children in whom rates appear to
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be even higher than in adults (38). As a result, emer-
gency department visits for the treatment of hypo-
glycemia have also risen continuously over time (Fig. 1).
Furthermore, recent outcomes trials like ADVANCE
demonstrated an increased mortality risk, possibly asso-
ciated with the increased risk for hypoglycemia that was
observed in intensive glycemic control subjects (39). In
this study, baseline use of insulin was approximately
35% but more than doubled to 77% in the intensive
glycemic control group while use in the standard arm
rose to only 55%. Exploratory analyses were unable to
identify a clear explanation for the excess mortality in
the intensive treatment arm. The ACCORD investigators
subsequently published additional epidemiological
analyses showing neither an increase in mortality in
those intensive arm subjects who achieved HbA, levels <
7%, nor in those who lowered their HbA, quickly after
entering the trial. However, intensive arm subjects whose
HbA,  remained highest also had the highest mortality
risk (40). However, unlike in the DCCT trial, every 1%
decline in HbA,_from baseline to 4 months into the trial
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was associated with a significant decrease in the rate of
severe hypoglycemia in both arms (41). Moreover, while
severe hypoglycemia was associated with excess mortal-
ity in both study arms, the association was stronger in
those subjects randomized to the standard arm, and
excess mortality in the intensive versus standard arms
was only significant for participants with no severe hypo-
glycemia, not for those with one or more episodes (42).
Thus, severe hypoglycemia may not have been the sole
driver for excess mortality, and the inability to lower
glycemia, through whatever mechanism, may be an
important area to investigate with respect to risk for
mortality. This notwithstanding, ACCORD and subgroup
analyses of the VADT suggest that hypoglycemia may
increase mortality in some patients with particular risk
factors, such as higher age, long diabetes duration,
propensity for severe hypoglycemia or advanced CVD.
Thus, severe or frequent hypoglycemia remains a strong
reason to raise glycemic targets, by modification of phar-
macological treatment (43) or more widespread pre-
scription of insulin formulations with proven reduced risk

Rate per 1000 emergency department visits (95% Cl)

Figure 1. Rise of emergency department for hypoglycemia visits in U.S. hospitals between 1993 and 2005. Based on data from

Trends and Disparities in U.S. (192).
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for hypoglycemia, especially nocturnal episodes, such as
insulin glargine. Apart from improving quality of life and
reducing the potentially fatal consequences, reduction of
hypoglycemia can also yield a substantial health eco-
nomic benefit (44).

Peripheral hyperinsulinemia

Physiologically, endogenous insulin passes through the
hepatic circulation first before peripheral tissues are
exposed. Even though hepatic glucose uptake is not
insulin dependent, the liver will take up to 50% of pan-
creatic insulin, thus playing an important role in regulat-
ing peripheral insulin exposure. Furthermore, selective
infusion of exogenous insulin has shown discrete meta-
bolic effects (45), although none of these are thought to
raise clinical concern. Nonetheless, peripheral hyperin-
sulinemia is suspected to not only contribute to hypo-
glycemia but also increase the risk for CVD directly
or indirectly by increasing peripheral insulin resistance
(46-48) and, possibly, the risk for essential hypertension
(49-52).

Antigenicity

Immunological reactions against contemporary SC
insulin are very rare, and detectable antibody titers are
infrequent and low, whether in patients with type 1 or
type 2 diabetes (53). This scenario is in stark contrast to
the times when insulin was extracted from animal pan-
creas and presented in less pure formulations, which led
to insulin resistance and immediate or anaphylactic type
hypersensitivity, likely as a result of co-presentation of
other proteins (animal contaminants, protamine sulfate)
(54). Later, ultrapure animal insulin formulations indeed
showed reduced antibody generation equivalent to
human insulin (55). Even modern, ultrapure human
insulin administered via other routes of administration,
such as with pulmonary delivery, can induce antibodies,
although these are mostly of the IgG type and do not
cause clinical sequelae or changes in insulin dose (56-
58). Current SC insulin formulations including ana-
logues have very low antigenicity (59-61), and may even
be used to treat patients with antecedent insulin aller-
gies (62, 63). Thus, the antigenicity of current SC insulin
appears to be very low and of little clinical consequence,
even with amino acid substitutions that are extensive
compared to formerly used animal insulin, or with added
moieties such as fatty acids or polyethylene glycol (PEG),
designed to prolong duration of action.
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CURRENT TRENDS IN SC INSULIN DEVELOPMENT

Extended-action insulin analogues for SC injection are
designed to provide a basal level of insulin in between
meals and overnight. Four products are currently
approved:

* Neutral protamine Hagedorn (NPH) insulin made by
a Eli Lilly, Novo Nordisk

* Glargine insulin (Lantus®), made by Sanofi
* Detemir insulin (Levemir®) made by Novo Nordisk

* Degludec insulin (Tresiba®) made by Novo Nordisk

NPH was developed in 1936 by adding a naturally occur-
ring protein, protamine, and zinc to insulin, both facili-
tating the formation of stable crystals and retardation of
dissolution post injection. Glargine differs from human
insulin by a substitution of asparagine for glycine at A7,
and the addition of two arginine residues to the C-termi-
nus of the B-chain. As a result, human insulin’s isoelec-
tric point is shifted from approximately 5.4 to a more
neutral pH, reducing solubility and causing precipitation
under the physiologic pH conditions such as those found
in the subcutaneous tissue. Thus, glargine precipitates
post injection, resulting in slower absorption and
extended duration of action compared to unmodified
human insulin (64, 65). The value of pharmacokinetic
data on glargine is compromised by the fact that com-
mercially available antibodies against human insulin
have only 56% crossreactivity for glargine. Thus, plasma
insulin concentrations after SC glargine injection need to
be corrected when comparing with human insulin (65).

The modification of detemir involves covalent acylation
(C14 fatty acid, myristic acid) of the € amino group of
LysB29 and deletion of the adjacent ThrB30 amino acid
residue (Fig. 2) which promotes reversible binding of
insulin to albumin, delays its resorption from subcuta-
neous tissue because of slow dissociation post absorp-
tion and reduces the rate of transendothelial transport
(66). Importantly, the fatty acid side chain at the C-ter-
minus of the B-chain does not alter aggregation proper-
ties of the molecule and thus supports formulation sta-
bility. Unfortunately, the current pharmacokinetic data
for detemir are of only limited value as it is difficult to
distinguish between free and albumin-bound com-
pounds (67).

Rapid-acting insulin

Rapid-acting insulin is used to control the postprandial
glucose. Several strategies have been employed in order
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Figure 2. Modifications of human insulin to achieve pharmacokinetic profiles that can facilitate safer and more convenient subcuta-

neous insulin therapy.

to accelerate absorption from the subcutaneous tissue
to match the fast-rising glucose levels post meals. These
include removal of zinc by incorporating human insulin
into a diketopiperazine or competitive complexing agent
(Technosphere™/Afresa™; MannKind Corp.) (68); amino
acid substitutions facilitating charge repulsion (such as
those in insulin aspart [AspB28; Novolog®; Novo
Nordisk]) (69, 70); reduction of interface hydrophobicity
(e.g., insulin glulisine [LysB3, GluB29; Apidra®; Sanofi])
(71); replacement of metal binding sites (e.g., AspB10;
Novo Nordisk, development discontinued); or steric
manipulation at the B-chain terminus to decrease non-
polar contacts and 3 sheet interactions between insulin
monomers in the dimer (e.g., insulin lispro [LysB28,
ProB29; Humalog™; Eli Lilly) (72) (Fig. 2).

In solution, lispro, aspart and glulisine exist as inherent-
ly destabilized hexamers which rapidly dissociate into
monomers post SC injection. As a result, lispro, aspart
and glulisine can act within 5 to 15 minutes of injection
compared to 30-60 minutes for regular insulin. Again,
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changes in the primary amino acid sequence may confer
some difficulties in interpreting pharmacokinetic data of
these analogues based on standard immunoassays
requiring the use of correction factors (70) unless ana-
logue-specific immunoassays are used (73-77). However,
these assays are not widely available. Although the
above insulin analogues have a more rapid onset and
shorter duration of action than regular insulin, synchro-
nization between time-action profile and glucose
absorption from a meal is still less than ideal, in part
because size and composition of meals, exercise-induced
changes in blood flow at the injection site and changing
circadian insulin sensitivity are difficult to predict or inte-
grate into accurate dosing (78). In general, the pharma-
cokinetics of currently marketed rapid-acting analogues
fall in between pancreatic insulin secretion typically seen
after an oral glucose tolerance test or a mixed meal (Fig.
3), with t__ varying between 40-60 minutes post injec-
tion, depending on the site of injection (79-83). Moreover,
multiple daily injections of insulin or insulin pumps are
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Figure 3. Comparison of ranges for t__ (yellow), t, ,

(green) between pancreatic insulin secretion after oral glucose test (OGT) or

mixed meal challenges versus pharmacokinetics data observed after subcutaneous injection of human regular insulin or analogues
of human insulin. Shading intensity indicates probability of observed data based on observed mean and 95% confidence interval.

not accepted by all patients despite advances in needle
and device technology (84, 85). Thus, efforts continue to
develop SC insulins that further reduce hypoglycemia
risk and are either even faster acting than the current
generation of rapid-acting analogues to better mimic
postprandial pancreatic insulin release, or smoother (lit-
tle or no post injection peak) and longer acting (24-hour
duration) “basal” insulin analogues compared to the cur-
rent “gold standard”, insulin glargine.

EMERGING SC INSULIN FORMULATIONS

To minimize hypoglycemia, a number of new short- and
long-acting insulin formulations as well as ancillary
technologies are in development. For insulin formula-
tions, the strategy appears to be to make rapid-acting
insulin “peakier” than the current short-acting ana-
logues, while reducing initial exposure and extending
overall duration of action to 24 hours of long-acting
insulin. At the same time, working with existing insulin,
efforts continue to either build into the insulin formula-

THOMSON REUTERS - Drugs of Today 2014, 50(2)

tion glucose-sensitive elements that would reduce and
increase bioavailability of injected insulin depending on
ambient glucose, or use data from continuous glucose
measurements to more accurately predict dosing of
insulin, whether administered continuously via pumps or
discretely via conventional injections.

Long-acting insulin
Insulin peglispro

Insulin peglispro (LY-2605541) is a novel, long-acting
insulin that consists of insulin lispro that is modified with
a 20-kDa PEG moiety (Fig. 2) and has a hydrodynamic
size large enough to delay insulin absorption and reduce
renal clearance, resulting in prolonged duration of
action. The increase in functional molecular size also
appears to alter the distribution of this insulin to tissues:
hypothetically, the fenestrated hepatic sinusoidal
endothelium may facilitate greater transport of LY-
2605541 into the liver relative to peripheral tissues (i.e.,
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muscle and fat), potentially providing a more preferen-
tial hepatic action akin to normal physiology (86-89). In
a 3-month phase Il trial, LY-2605541-treated patients
had modest increases in triglycerides and LDL choles-
terol compared with baseline and to insulin glargine-
treated patients, while the HDL cholesterol with LY-
2605541 decreased from baseline and compared with
insulin glargine. LY-2605541 improved glycemic control
but at the cost of increased daily hypoglycemia rates
(even though nocturnal hypoglycemia was decreased),
reduced body weight and lowered mealtime insulin
doses (87). One will have to await further studies,
though, to better understand whether the undesirable
metabolic effects of LY-2605541 impact CV risk suffi-
ciently to outweigh possible benefits from improved
overall glycemic control, lowered nocturnal hypo-
glycemia rates and reduced body weight.

Degludec

Insulin degludec is based on the same technology origi-
nally developed for insulin detemir. It also shares the
human insulin amino acid sequence (Fig. 2) except for
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the deletion of ThrB30 and the addition of a longer
(compared to detemir) 16-carbon fatty diacid attached to
LysB29 via a glutamic acid spacer (90-91). Degludec
provides glycemic control in @ manner similar to insulin
detemir but reduces nocturnal hypoglycemia compared
to insulin determir or premixed aspart/detemir insulin; it
is also similar to insulin glargine (Fig. 4) (92-94).
However, an FDA advisory panel advised against
approval of degludec in November 2012 based on the
agency’s meta-analysis of CV events in the phase Il pro-
gram, which showed an increased hazard ratio of 1.67
(1.01, 2.75) for “core” major adverse coronary events
(MACEs) and 1.30 (0.88, 1.93) for “expanded” MACEs
(95). Subsequently, the FDA requested that the compa-
ny conduct a CV outcomes study per FDA's 2008 guid-
ance to demonstrate noninferiority versus standard of
care. By contrast, the EMA approved degludec in
October 2012, based on the same data submitted to the
FDA (96) after agreeing to the sponsor’s argument that
a CV analysis that included the events observed in the
extension period of the phase Ill program could be
adversely influenced by the increased drop-out numbers
for study subjects in that period (97). In Europe, degludec
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Figure 4. Modifications of human insulin to achieve pharmacokinetic profiles that can facilitate safer and more convenient subcuta-
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is also available as a 200 IU/mL formulation, in a pre-
filled pen only, to reduce accidental overdose. The high-
er concentration is meant to help patients with high
insulin requirements keep the injection volume small.

HOE901-U300

HOE901-U300 is a new, not yet approved formulation of
insulin glargine. It has the same composition as the cur-
rent commercial formulation of insulin glargine 100
U/mL (Lantus) with adjustment of three-times the
amount of active pharmaceutical ingredient and corre-
sponding zinc content. The difference between HOE9O]1-
U300 and Lantus rests in the pharmacokinetic/pharma-
codynamic profile which, for HOE901-U300, is without
an observable maximum concentration and suggests a
lower risk of hypoglycemia as compared with Lantus, at
least shortly after injection. A comprehensive phase llI
program in more than 5,000 subjects with type 2 and
type 1 diabetes is underway to evaluate the efficacy and
safety of HOE901-U300. Results from the phase IlI
EDITION | and Il studies have already been published.
EDITION | evaluated once-daily evening HOE901-U300
versus Lantus in 807 patients with type 2 diabetes (98).
The basal insulin was titrated to achieve a fasting plas-
ma glucose target of 80-100 mg/dL. Reductions in
HbA,_ from baseline to 6 months (primary endpoint)
were similar: the least squares mean change was
-0.83% (0.06) in both groups. In addition, approximate-
ly 40% of subjects who had uncontrolled glycemic levels
despite combined therapy (oral antidiabetic agents plus
basal and prandial insulins) achieved glycemic targets.
HOE901-U300 was associated with a 21% reduction in
severe or confirmed nocturnal hypoglycemia between
months 3 to 6 (36.1% vs. 46.0%; RR 0.79; P = 0.0045),
and a lower occurrence of nocturnal hypoglycemic
events during the entire 6-month study period (45.3%
vs. 59.7%; RR 0.76; 95% Cl 0.66 to 0.87). EDITION II
evaluated HOE9O1-U300 in 811 patients with type 2 dia-
betes treated with basal insulin plus oral antidiabetic
therapy. Top-line results reported that HOE901-U300
achieved similar blood sugar reduction while fewer
patients experienced night-time hypoglycemic events
compared to Lantus (99).

Short-acting SC insulin formulations under
investigation

ViAject®

Biodel Inc. is developing an “ultrafast” insulin (VIAject®)
which, unlike previous analogues of human insulin, does
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not modify surface charges that contribute to self-asso-
ciation, such as exchanging amino acids, but by adding
EDTA and citric acid to the formulation: EDTA captures
the zinc ions away from insulin hexamers while citric acid
masks charges on the surface of the insulin molecule.
This causes the insulin hexamer to dissociate faster and
prevents re-association to hexamers state once injected
subcutaneously (100). The net effect is faster onset of
action compared to lispro insulin: time to early half-max-
imal glucose infusion rate (GIR) is 25 minutes with
VIAject versus 44 minutes with lispro insulin (101). The
company has conducted two phase Il studies with the
promise to reduce postprandial hypoglycemia and
weight gain without sacrifice of glycemic control. Biodel
reported results from an open-label phase Il study versus
lispro in September 2013, noting that VIAject was equiv-
alent to lispro with regards to HbA, and hypoglycemia
incidence while subjects on VIAject had less weight gain
(approx. 0.5 kg) compared to those on lispro (102).

Hyaluronidases

Hyaluronidases increase the dispersion and absorption
of co-injected regular human insulin and insulin lispro.
No increased injection site pain, erythema or induration,
and no other adverse effect has been observed thus far
with a recombinant human hyaluronidase (rHuPH20;
Enhance™, Halozyme Therapeutics Inc.) formulation
(103, 104). Time to 50% exposure decreased from
approximately 2 hours for the analogues injected by
themselves to 75 minutes when injected with rHUPHZ20.
Early (first hour) exposure to insulin was doubled with
rHuPH20 and halved beyond 2 hours (105).

Similarly, nicotinamide and arginine are being consid-
ered to enhance and stabilize insulin aspart monomers,
with the hope to shorten exposure time and reduce post-
prandial hypoglycemia.

“Smart insulins”

Biodel is also developing the BIOD-Smart Basal insulin
formulation which is aimed at releasing insulin propor-
tional to the subcutaneous glucose concentration.
BIOD-Smart insulin (BIOD-620) is based on insulin
glargine but adds glucose oxidase and peroxidase to the
formulation (106): as interstitial glucose levels rise, glu-
cose oxidase and peroxidase react to form gluconic acid.
This further lowers pH and increases glargine’s solubili-
ty. Conversely, low glucose would slow the formation of
gluconic acid and maintain pH at a level that hinders
glargine’s dissolution into monomers.
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Other companies developing “smart” insulins include
Merck & Co., who acquired the original developer
SmartCells in 2010 (107) and Sensulin LLC. SmartCells’
technology is based on a competitive binding strategy:
human insulin is attached to a sugar group binding to a
sugar-binding molecule in the formulation (108). When
interstitial glucose rises, it competes with insulin to bind
to the sugar-binding molecules, displacing insulin and
enabling release of the latter into the bloodstream.
Sensulin’s technology is based on microencapsulated
insulin. The microspheres are linked together by a glu-
cose-sensitive molecule into a lattice. In the presence of
low glucose, the insulin-containing microparticles
remain fixed in the lattice. Rising interstitial glucose lev-
els disrupt the linker molecules freeing the microparti-
cles from the lattice to dissolve and set insulin free. In
vivo data from these technologies have not been publicly
disclosed to date, however. Thus, it remains to be seen
whether simple SC human insulin can be “smartened
up” sufficiently to compete with closed-loop systems.

Ultrastable SC insulins

One of the historical challenges of SC insulin formula-
tions has been their propensity for degradation and
aggregation when exposed to higher temperatures or
mechanical stress such as in pump devices. It is now rec-
ognized that parts of both the A and B chains contribute
to this. Amino acid substitution, mainly at the B termi-
nus, has already furthered development of more conven-
ient insulin analogues for SC use. However, other modi-
fications, whether adding stabilizing peptide sequences,
A-B chain connecting peptide domains or a fourth disul-
fide bridge, may become novel development options to
create products that could be stable long-term, even
unrefrigerated and in harsh environments such as tropi-
cal climate zones (109).

Closed-loop SC insulin infusion

As early as 1959, the idea for an implantable artificial
endocrine pancreas (110) was proposed but was only
realized in the mid to late 1970s. Earlier prototype
devices such as the Biostator® (Miles Laboratories) were
large, desktop-sized apparatuses dependent on external
power supply and intravenous insulin infusion (111, 112).
However, insulin sensors were unreliable and required
constant recalibrations, and chronic i.v. blood draws or
drug infusions were simply impractical for outpatient
use. Only recently, the advent of more reliable continu-
ous glucose monitoring systems and the miniaturization
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of SC insulin infusion devices has reinvigorated the idea
of a mechanical device system as a long-term beta cell
replacement. Current efforts focus on perfecting the
computer algorithms necessary to compensate for the
inevitable time delays between intra-arterial/intra-
venous and interstitial glucose levels, and between the
rise and fall of arterial/venous insulin levels post SC
insulin infusion (113).

COMBINATIONS OF SC INSULIN WITH OTHER
PEPTIDE DRUGS IN DEVELOPMENT

SC insulin plus SC amylin

Amylin is another beta cell hormone that is co-secreted
with insulin in response to nutrient stimuli (114). Amylin
complements the effects of insulin on postprandial glu-
cose metabolism through several centrally mediated
effects, such as suppression of postprandial glucagon
secretion and delayed gastric emptying, which reduce
the influx of endogenous and exogenous glucose (115,
16). Clinical studies have demonstrated amylin’s
potential to reduce HbA,_and body weight in type Tand
type 2 diabetic patients without increased insulin use or
rates of severe hypoglycemia. The most commonly
observed side effects were mostly transient nausea.
However, the duration of action of the commercially
available amylin analogue pramlintide is short, and co-
formulation with commonly used SCinsulin is not being
offered forcing patients to administer two injections
before every meal.

SC insulin plus SC GLP-1

SC long-acting analogues of glucagon-like peptide 1
(GLP-T) have now been used for almost a decade as an
adjunct to diabetes management in clinical practice,
mostly in patients with type 2 diabetes. Like amylin,
GLP-1 slows gastric emptying and the speed of nutrient
absorption. In addition, GLP-1 increases satiety and pro-
motes weight loss while amplifying nutrient-stimulated
endogenous insulin secretion. Also like amylin, its
adverse effects are mainly gastrointestinal in nature
(nausea, vomiting). There may be also CV benefits
although more clinical evidence is required to validate
this nonclinical research-based hypothesis. Initially con-
ceived to provide an option after failure of oral diabetes
drugs and before initiation of insulin therapy, only a few
studies have been published in which GLP-1 analogues
have been used in combination with SC insulin (117-126).
These published study results indicate that GLP-1 ana-
logues are capable of improving glycemic control while
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preventing weight gain and excessive rise of hypo-
glycemia when used in patients with insulin-dependent
diabetes. Depending on treatment targets (better vs.
same glycemic control), insulin dose up- or downtitra-
tion resulted in better HbA,, at the expense of weight
gain and increased hypoglycemia, or maintenance of
HbA, . while decreasing weight and hypoglycemia rates.
Currently, fixed-dose SC GLP-1/insulin analogue combi-
nations of lixisenatide/glargine (NCT01910194) and
liraglutide/degludec (NCT01336023, NCT01392573,
NCT01952145) are being tested in clinical studies.

COMPETITION FOR SC INSULIN - ALTERNATIVE
ROUTES OF INSULIN ADMINISTRATION

Of the many possible alternative routes of insulin admin-
istration, only three remain today under active investiga-
tion: pulmonary, buccal and oral delivery.

Pulmonary route

Early attempts to deliver insulin as an inhaled aerosol
proved that, in principle, inhaled insulin was able to
reduce (urinary) glucose (127, 128). However, significant
progress was not achieved until the 1990s once the
importance of engineering proper aerosolizable parti-
cles was recognized: Deposition efficiency into peripher-
al lung areas is only optimal for aerosol particles with a
median mass aerodynamic diameter (MMAD) of 1-3 um
while larger particles with a MMAD of 5-10 um or
> 10 um remain predominantly in the tracheobronchial
or oropharyngeal regions while the smallest particles
(< 1 um) are being predominantly exhaled (129).
Pulmonary administration is attractive because the
lungs offer one of the largest (50-140 m?) surface areas
available (only second to the gastrointestinal tract), and
are well-perfused (approx. 5 L blood/minute). The
importance of local insulin degradation is unclear at
present but may add to drug delivery loss. The pattern of
breathing (inspiratory flow rate, inhaled volume and
‘breath-hold’ time) (130, 131), the presence of airflow
obstruction, asthma and interstitial lung disease (132,
133), smoking (134, 135), underlying lung diseases (136)
and exercise (137, 138) all also impact the efficiency and
reproducibility of inhaled insulin delivery. The perform-
ance of inhaler devices (precision of emitted dose; con-
trol of particle size, distribution and dispersion) and the
breathing pattern during delivery add to the challenge
to provide safe and effective insulin therapy via this
route. Thus far, most of the clinical experience with
inhaled insulin has been obtained using a dry-powder
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insulin formulation such as in the Exubera™ device,
which was originally developed by San Francisco-based
Nektar Therapeutics, later in collaboration with Pfizer
Inc. and Sanofi (139), and the Technosphere™/
Afresa® device developed by MannKind Corporation (67,
140). Exubera was withdrawn from the market by Pfizer
for lack of commercial success in late 2007. Thus,
MannKind Corp. remains the sole developer of inhaled
insulin at this time, having resubmitted an NDA to the
FDA in October 2013. The onset of action after inhalation
of regular human insulin is rapid and comparable to that
rapid-acting SC analogue insulin (141-143). Interestingly,
Afresa has an even shorter onset of action and duration
than other inhaled insulin products. It may owe this to its
particular formulation that allows faster disintegration
of the hexa- and dimeric insulin to monomeric insulin.
However, despite the optimized aerodynamic design of
aerosol particles, loss of insulin in the upper airways
remains a significant factor contributing to the relatively
low bioavailability compared to SC insulin (10-25% vs.
approx. 90%) (67).

Buccal/sublingual delivery

Administering insulin through the mucosa of the mouth
is another potentially attractive option as the oropharynx
also offers a relatively large surface for potential absorp-
tion (100-200 cm?). The route is also easily accessible,
proteolytic enzyme activity is low, and the mucosal lining
of the mouth is highly vascularized. On the other hand,
the mucosal layer is relatively thick, and the coverage
with and constant flow of saliva further impedes reliable
insulin absorption (144, 145). RapidMist/Oral-Lyn®
(Generex Biotechnology Corporation) is the only trans-
buccal/oropharyngeal form of insulin in advanced
stages of clinical development, and is currently approved
in a few countries (Ecuador, India, Lebanon). Oral-Lyn
shows rapid onset (tmaxapproximately 30 minutes) and
disappearance from plasma (within approximately 60-
80 minutes), and a modest bioavailability of approxi-
mately 5% (146).

Peroral delivery

Peroral delivery of insulin remains the most desirable
alternative to injection, despite many setbacks. Apart
from ease and broad acceptance of use, this route is one
of the few options to restore physiological insulin expo-
sure by providing a desirable hepatic first pass effect as
blood from the upper Gl tract is primarily drained into
the portal circulation via the mesenteric vein (147-149). In
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addition, the surface area available for absorption is also
very large (approximately 200-500 m?) (150). However,
some hurdles appear to be more difficult to overcome
than with any other form of delivery:

* Bioavailability tends to be very low as a result of
chemical (low gastric pH), biochemical (enzymes -
pancreatic proteases, serine endopeptidases, brush-
border peptidases [151]) degradation, and low per-
meability of the mucosal lining for peptides or pro-
teins, especially for those that are charged,
hydrophilic and of larger molecular weight such as
insulin.

* Reproducibility of pharmacokinetics and parmaco-
dynamics is also poor, probably a result of variable
gastric emptying and negative food interaction.

 Potential for food-drug interactions can diminish
further bioavailability at a time when higher insulin
availability would be desirable.

Thus far, development efforts have mostly targeted the
improvement of bioavailability. To enhance the chemical
stability of insulin and protect it against proteolytic
enzymes, attempts have been made to incorporate
insulin into liposomes (152), use surfactants or emul-
sions to increase the permeability of the intestinal
mucosa for insulin (153, 154), or encapsulate insulin, with
or without protease inhibitors, into enteric-coated and
pH-dependent biodegradable synthetic (155-159) or nat-
ural polymer nanocarriers (160-164). More recently,
modifications to the insulin molecule such as non-acy-
lated amino acids (Emisphere Technologies) have been
evaluated to facilitate the exposure of the hydrophobic
side chains of insulin and its passive diffusion through
lipid bilayers (165). A philosophically similar strategy
attaches amphiphilic oligomers to insulin to enhance
passage through membranes (Nobex Corporation) (166,
167). However, in the few studies that have been carried
out in humans, only modest glucose-lowering effects
have been observed while pharmacokinetic data show
high variability (CV approx. 48-106%) and low bioavail-
ability (approx. 2%, probably even less postprandially,
relative to SC insulin) which, at the very least, makes this
treatment modality very costly. This notwithstanding,
other companies are continuing the development of oral
insulin formulations: Oramed is currently conducting
phase Il studies with its encapsulated insulin formulation
(168). Biocon Pharmaceuticals in Banaglore, India, has
signed an agreement with Bristol-Myers Squibb to
develop Biocon IN-105 as oral insulin. Capsulin™
(Diabetology Ltd.) is being developed in India and
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reported to be in phase Il clinical development. An inter-
esting spin-off from oral insulin technology is the devel-
opment of intestinal patches that aim to improve
bioavailability by encapsulating insulin into polyacrylitic
patches that self-attach to the upper gastrointestinal
mucosa and protect insulin from proteolytic enzymes, as
insulin is only released to the contact surface between
patch and gastrointestinal mucosa. A proof-of-principle
study in rats showed relatively good bioavailability (5-
10%) (169). However, further studies are required to
establish long-term safety (high local concentrations of
insulin, predictability of release and potential for hypo-
glycemia).

Implantable insulin pumps

Starting from the mid-1970s, bedside closed-loop IV
insulin infusion systems emerged to test IV glucose-
dependent insulin infusion algorithms and the potential
to achieve near-normal glycemia, at least over short
periods of time while awaiting technical progress on
device size and component reliability, especially of the
glucose sensor (170-172). Finally, more reliable and
miniaturized glucose sensing and SC insulin infusion
systems have emerged over the past decade (173-175), as
well as refined algorithms to provide long-term auto-
mated glucose control with minimal needs for calibra-
tion or other use intervention (176-178). Notwithstanding
the recent success with extracorporal, closed-loop SC
insulin delivery systems, many patients would prefer
more discrete implanted devices. However, those devices
face additional challenges: resupply of the insulin reser-
voir, and biocompatibility of materials. Importantly, the
risk for infections and thromboembolism in case of
intravascular placement of components, or excessive
scarring when placing catheters or pumps intraperi-
toneally (179, 180) remains to be addressed satisfactorily
before widespread use should be considered. Thus,
efforts are being made to test novel materials, and
embedded antibiotics are being designed to reduce
infection risk (181-184), while concepts are being devel-
oped for refilling and recharging devices non-invasively
(185). However, in vivo studies have not been reported,
and widespread use of IV or IP pumps appears unlikely
for the near future.

Islet cell replacement

Currently, islet or beta cell transplantation is not a viable
option for the treatment for most potential recipients,
largely due to limitations in sourcing suitable cells and
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the requirement for life-long immune suppression.
Xenografts (186-188) or stem cell products (189) may be
more abundantly available but still require immunologi-
cal protection, administration of immunomodulatory cell
subsets or encapsulation. Even with corticosteroid-free
immunosuppressive protocols such as the Edmonton
protocol (190), longevity of islets is limited, and long-
term sequelae remain unknown until larger trials have
been completed. California-based ViaCyte (previously
Novocell) previously reported positive nonclinical results
with their Pro-Islet™ system (191). However, it remains to
be seen whether this approach will fare better in the clin-
ic than past attempts.

CONCLUSIONS: NO REPLACEMENT FOR SC
INSULIN IN THE IMMEDIATE (NEXT 10-15 YEARS)
FUTURE

The newer long-acting insulin products show reduced
nocturnal hypoglycemia, decreased weight gain and
comparable HbA,_lowering when compared with Lantus
in type 2 diabetes. However, larger phase Il clinical trials
are needed to confirm hepatic (LY-2605541) and cardio-
vascular (LY-260441, degludec) safety in patients. The
newer short-acting insulin formulations appear to
reduce postprandial hyperglycemia better, and offer the
potential for more convenient dosing shortly before or
even after meals. However, larger phase lI-lll trials are
still required to confirm efficacy, site tolerability and car-
diovascular safety. On the other hand, most alternatives
to SCinsulin injection investigated thus far have not met
critical milestones based on pharmacokinetic presenta-
tion and bioavailability. In order to treat diabetes safely
and effectively with insulin, patients need to rely on pre-
dictable parameters such as onset of action, particularly
for prandial insulin injections, and duration of action.
Bioavailability is critical because cost of goods is an
important limitation to obtain patients’ or payers’ will-
ingness to adopt the product, especially if safety and
efficacy do not surpass that of SC insulin. Unfortunately,
reported numbers for bioavailability are not based on a
uniform definition and thus are difficult to compare. This
review is also limited by the scarcity of reported intrain-
dividual variability measures. This is a particular concern
as variations in t__ from administration to administra-
tion may increase the risk for hypoglycemia. In general,
novel administration routes need to use SC regular
human insulin as benchmark, and meet or better exceed
SC insulin’s performance for intraindividual exposure
variability. Although the efficiency of absorption across
epithelial surfaces, such as of the mouth, gastrointesti-
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nal tract, skin or nose, has increased somewhat using a
wide variety of absorption-enhancing techniques,
bioavailability remains too low to warrant commercial
development and too erratic to be of clinical value. How
important bioavailability and cost, but also comparative
medical effectiveness and competition from concurrent
non-insulin options, are is exemplified by the fate of
inhaled insulin which, despite demonstration of safety
and efficacy being comparable to that of SC insulin,
failed to attract enough interest, possibly as a result of
high price and persistent patient burden (frequent dose
administration in combination with invasive glucose
monitoring). Thus, while general clinical safety, precision
of dosing, dose adjustments and reproducibility will
remain key requirements, more attractive, longer-lasting
formulations and attractive costs (based on a bioavail-
ability of at least 20%) will be paramount to justify the
nowadays very expensive clinical development for dia-
betes drugs. Thus, not too surprisingly, the majority of
current development programs focus on novel SC insulin
formulations and delivery systems, as well as on SC
biosimilar products (Fig. 5). At the same time, research
into improved treatments for diabetes continues on sev-
eral fronts and directly competes with alternative insulin
administration routes. There has been renewed interest
in the use of external and implantable SC pumps which,
in combination with non-invasive continuous glucose
sensors as closed-loop systems may help to optimize
insulin replacement therapy. Islet cell transplantation
may also expand once new tissue sources and more tol-
erable immunosuppressive agents become available,
with the promise to restore glycemia to near normal. A
rapidly expanding array of new treatment modalities for
patients with type 2 diabetes involving SC agents with
potentially better durability of action, such as incretin
analogues, may reduce the need for insulin therapy.
Finally, SC “smart” insulin formulations may further
increase protection from hypoglycemia and obviate the
need for closed-loop control systems in many patients.

DISCLOSURES

E. Leifke is employed by Sanofi. The views and opinions
expressed in this article by the authors do not necessar-
ily reflect the position of Sanofi.

T. Strack is employed by Asubio Pharmaceuticals. The
views and opinions expressed in this article by the
authors do not necessarily reflect the position of Asubio.

This review includes information and discussions on
non-approved use of therapeutics.

193



FUTURE PERSPECTIVES FOR SC INSULIN

E. Leifke and TR. Strack

Novel SC

BIOD-123 (Biodel) g

balira (HND),
BIOD-531 (Biodel) rH| prandal oasal=GLP-4
1005 : :
Easal U500 rHI Lispre (Lilly)

pranda

::.

Sulien (Lipooen) FE
Easal .

UltraFast (Halg

HOWA [Diasarme)
arangal

HOV-8 (Diasome)
basal

HinsBet (Adocial @

prandal

Smartinsulin (Merck)
B Oeal MDY (Diasome) @)

ViAtab [Eicdal) @

Capsulin {Duabetology) @

Phase 1

@ ORUDDEE [Suppeste | Oranes

@ s insine

. Oral-Lym SEray | Gerens

gt Baien (Rines)
p {Encapsulaton Systems.

lan @ BioconMylan
aspat&isom

Biosimilar

LG Life Sciences

glargme

HM1354
(HNDY

Figure 5. New insulin formulations and insulin delivery systems currently in development. Novel subcutaneous (SC) insulin formu-
lations and analogues as well as SC biosimilars comprise the majority of ongoing development activity.

Submitted: November 29, 2013. Revised: February 5, 2074.
Accepted: February 10, 2074.

REFERENCES

1. Lifson, N., Kramlinger, K.G., Mayrand, R.M., Lender E.J.
Blood flow to the rabbit pancreas with special reference to the
islets of Langerhans. Gastroenterology 1980, 79(3): 466-73.

2. Berson, S.A., Yalow, R.S. Insulin in blood and insulin anti-
bodies. Am J Med 1966, 40(5): 676-90.

3. Hollenberg, M.D. Receptor triggering and receptor regula-
tion: structure-activity relationships from the receptor’s point
of view. J Med Chem 1990, 33: 1275-81.

4. Smith, G.D.D.C., Swenson, E.J., Dodson, G.G., Reynolds,
C.D. Structural stability in the 4-zinc human insulin hexam-
er. Proc Natl Acad Sci U S A 1984, 81: 7093-7.

194

. Brems, D.N., Alter, L.A., Beckage, M.J. et al. Altering the

association properties of insulin by amino acid substitution.
Protein Eng 1992, 5: 527-33.

. Brems, D.N., Brown, P.L., Bryant, C. et al. Improved insulin

stability through amino acid substitution. Protein Eng 1992,
5: 519-25.

. Brange, J., Owens, D.R., Kang, S., Velund, A. Monomeric

insulins and their experimental and clinical implications.
Diabetes Care 1990, 13: 923-54.

. Brange, J., Dodson, G.G., Xiao, B. Designing insulin for dia-

betes therapy by protein engineering. Curr Opin Struct Biol
1991, 1: 934-40.

. Brange, J., Ribel, U., Hansen, J.F. et al. Monomeric insulins

obtained by protein engineering and their medical implica-
tions. Nature 1988, 333: 679-82.

THOMSON REUTERS - Drugs of Today 2014, 50(2)



E. Leifke and T.R. Strack

10

.

13.

7.

18.

20.

21

22.

. Brange, J., Owens, D.R.,, Kang, S., Valund, A. Monomeric
insulins and their experimental and clinical implications.
Diabetes Care 1990, 13: 923-54.

Owens, D.R., Zinman, B., Bolli, G.B. Insulins today and
beyond. Lancet 2001, 358: 739-46.

. International Diabetes Foundation IDF Diabetes Atlas,
Sixth edition: http://www.idf.org/diabetesatlas. Accessed
February 5, 2014.

The Diabetes Control and Complications Trial Research
Group. The effect of intensive treatment of diabetes on the
development and progression of long-term complications in
insulin-dependent diabetes mellitus. N Engl J Med 1993,
329: 977-86.

. The Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and
Complications Research Group. Retinopathy and nephropa-
thy in patients with type 1 diabetes four years after a trial of
intensive therapy. N Engl J Med 2000, 342: 381-9.

. Martin, C.L., Albers, J., Herman, W.H. et al. DCCT/EDIC
Research Group. Neuropathy among the diabetes control
and complications trial cohort 8 years after trial completion.
Diabetes Care 2006, 29: 340-4.

. Ohkubo, VY., Kishikawa, H., Araki, E. et al. Intensive insulin
therapy prevents the progression of diabetic microvascular
complications in Japanese patients with non-insulin-
dependent diabetes mellitus: a randomized prospective 6-
year study. Diabetes Res Clin Pract 1995, 28: 103-17.

UK Prospective Diabetes Study (UKPDS) Group. Effect of
intensive blood-glucose control with metformin on complica-
tions in overweight patients with type 2 diabetes (UKPDS 34).
Lancet 1998, 352: 854-65.

UK Prospective Diabetes Study (UKPDS) Group. Intensive
blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications
in patients with type 2 diabetes (UKPDS 33). Lancet 1998,
352: 837-53.

. Stratton, .M., Adler, A.l., Neil, H.A. et al. Association of gly-
caemia with macrovascular and microvascular complications
of type 2 diabetes (UKPDS 35): prospective observational
study. BMJ 2000, 321: 405-12.

Holman, R.R., Paul, S.K., Bethel, M.A_, Matthews, D.R., Neil,
H.A. 10-year follow-up of intensive glucose control in type 2
diabetes. N Engl J Med 2008, 359: 1577-89.

Nathan, D.M., Cleary, P.A., Backlund , JY. et al. Diabetes
Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC) Study
Research Group. Intensive diabetes treatment and cardio-
vascular disease in patients with type 1 diabetes. N Engl J
Med 2005, 353: 2643-53.

Ray, K.K., Seshasai, S.R., Wijesuriya, S., Sivakumaran, R.,
Nethercott, S., Preiss, D., Erqou, S., Sattar, N. Effect of inten-
sive control of glucose on cardiovascular outcomes and death

THOMSON REUTERS - Drugs of Today 2014, 50(2)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

FUTURE PERSPECTIVES FOR SC INSULIN

in patients with diabetes mellitus: a meta-analysis of ran-
domised controlled trials. Lancet 2009, 373(9677): 1765-72.

Duckworth, W., Abraira, C., Moritz, T. et al. VADT Investiga-
tors. Glucose control and vascular complications in veterans
with type 2 diabetes. N Engl J Med 2009, 360: 129-39.

Moritz, T., Duckworth, W., Abraira, C. Veterans Affairs
Diabetes Trial—corrections. N Engl J Med 2009, 361: 1024-5.

Reaven, P.D., Moritz, T.E., Schwenke, D.C. et al. Intensive
glucose-lowering therapy reduces cardiovascular disease
events in Veterans Affairs Diabetes Trial participants with
lower calcified coronary atherosclerosis. Diabetes 2009, 58:
2642-8.

Duckworth, W.C., Abraira, C., Moritz, T.E. et al. Investigators
of the VADT. The duration of diabetes affects the response to
intensive glucose control in type 2 subjects: the VA Diabetes
Trial. J Diabetes Complications 2011, 25: 355-61.

Patel, A., MacMahon, S., Chalmers, J. et al. ADVANCE
Collaborative Group. Intensive blood glucose control and
vascular outcomes in patients with type 2 diabetes. N Engl J
Med 2008, 358: 2560-72.

Ismail-Beigi, F,. Craven, T., Banerji, M.A. et al. ACCORD Trial
Group. Effect of intensive treatment of hyperglycaemia on
microvascular outcomes in type 2 diabetes: an analysis of the
ACCORD randomised trial. Lancet 2010, 376: 419-30.

Chew, EY., Ambrosius, W.T., Davis, M.D. et al. ACCORD Eye
Study Group. Effects of medical therapies on retinopathy
progression in type 2 diabetes. N Engl J Med 2010, 363:
233-44.

Gerstein, H.C., Bosch, J., Dagenais, G.R. et al. ORIGIN Trial
Investigators. Basal insulin and cardiovascular and other
outcomes in dysglycemia. N Engl J Med 2012, 367: 319-28.

Murata, G.H., Shah, J.H., Hoffman, R.M., Wendel, C.S.,
Adam, K.D., Solvas, P.A., Bokhari, S.U., Duckworth, W.C.
Intensified blood glucose monitoring improves glycemic con-
trol in stable, insulin-treated veterans with type 2 diabetes:
the Diabetes Outcomes in Veterans Study (DOVES). Diabetes
Care 2003, 26: 1759-63.

Klonoff, D.C. Continuous glucose monitoring: roadmap for
2lIst century diabetes therapy. Diabetes Care 2005, 28:
1231-9.

Pimazoni-Netto, A., Rodbard, D., Zanella, M.T. Diabetes
Education and Control Group. Rapid improvement of
glycemic control in type 2 diabetes using weekly intensive
multifactorial interventions: structured glucose monitoring,
patient education, and adjustment of therapy - a randomized
controlled trial. Diabetes Technol Ther 2071, 13(10): 997-
1004.

Polonsky, W.H., Fisher, L., Schikman, C.H. et al. A structured
self-monitoring of blood glucose approach in type 2 diabetes
encourages more frequent, intensive, and effective physician
interventions: results from the STeP study. Diabetes Technol
Ther 2011, 13(8): 797-802.

195



FUTURE PERSPECTIVES FOR SC INSULIN

35.

36.

37.

38.

39.

40.

4.

=

42.

43.

44,

45.

46.

196

Van Herpe, T., Mesotten, D., Wouters, P.J., Herbots, J., Voets,
E., Buyens, J., De Moor, B., Van den Berghe, G. LOGIC-
insulin algorithm-guided versus nurse-directed blood glucose
control during critical illness: the LOGIC-1 single-center, ran-
domized, controlled clinical trial. Diabetes Care 2013, 36(2):
188-94.

Johnson, E.S., Koepsell, T.D., Reiber, G., Stergachis, A.,
Platt, R. Increasing incidence of serious hypoglycemia in
insulin users. J Clin Epidemiol 2002, 55: 253-9.

Leese, G.P,, Wang, J., Broomhall, J., Kelly, P., Mardsen, A.,
Morrison, W., Frier, B.M., Morris, A.D., DARTS/MEMO
Collaboration. Frequency of severe hypoglycemia requiring
emergency treatment in type 1and type 2 diabetes: a popula-
tion-based study of health service resource use. Diabetes
Care 2003, 26: 1176-80.

Bulsara, M.K., Holman, C.D.J., Davis, E.A., Jones, TW. The
impact of a decade of changing treatment on rates of severe
hypoglycemia in a population based cohort of children with
type 1diabetes. Diabetes Care 2004, 27: 2293-8.

Gerstein, H.C., Miller, M.E., Byington, R.P. et al. Action to
Control Cardiovascular Risk in Diabetes Study Group. Effects
of intensive glucose lowering in type 2 diabetes. N Engl J Med
2008, 358: 2545-59.

Riddle, M.C., Ambrosius, W.T., Brillon, D.J. et al. Action to
Control Cardiovascular Risk in Diabetes Investigators.
Epidemiologic relationships between A1C and all-cause mor-
tality during a median 3.4-year follow-up of glycemic treat-
ment in the ACCORD trial. Diabetes Care 2010, 33: 983-90.

Bonds, D.E., Miller, M.E., Bergenstal, R.M. et al. The associ-
ation between symptomatic, severe hypoglycaemia and mor-
tality in type 2 diabetes: retrospective epidemiological analy-
sis of the ACCORD study. BMJ 2010, 340: b4909.

Ismail-Beigi, F-, Moghissi, E-, Tiktin, M., Hirsch, I.B,,
Inzucchi, S.E., Genuth, S. Individualizing glycemic targets in
type 2 diabetes mellitus: implications of recent clinical trials.
Ann Intern Med 2011, 154: 554-9.

Bullano, M.F., Al-Zakwani, |.S., Fisher, M.D., Menditto, L.,
Willey, V.J. Differences in hypoglycemia event rates and asso-
ciated cost-consequence in patients initiated on long-acting
and intermediate-acting insulin products. Curr Med Res
Opin 2005, 21(2): 291-8.

Adkins, B.A., Myers, S.R., Hendrick, G.K., Stevenson, R\W.,
Williams, P.E., Cherrington, A.D. Importance of the route of

intravenous glucose delivery to hepatic glucose balance in the
conscious dog. J Clin Invest 1987, 79(2): 557-65.

Takahashi, F., Hasebe, N., Kawashima, E. et al.
Hyperinsulinemia is an independent predictor for complex
atherosclerotic lesion of thoracic aorta in non-diabetic
patients. Atherosclerosis 2006, 187(2): 336-42.

Adler, A.l., Neil, H AW., Manley, S.E., Holman, R.R., Turner,
R.C. Hyperglycemia and hyperinsulinemia at diagnosis of
diabetes and their association with subsequent cardiovascu-

47.

48.

49.

50.

51.

=

52.

53.

54.

55.

56.

58.

E. Leifke and TR. Strack

lar disease in the United Kingdom Prospective Diabetes Study
(UKPDS 47). Am Heart J 1999, 138(5): S353-9.

Després, J.P., Lamarche, B., Mauriege, P. et al
Hyperinsulinemia as an independent risk factor for ischemic
heart disease. N Engl J Med 1996, 334(15): 952-7.

Hall, J.E., Brands, M\W., Zappe, D.H., Alonso Galicia, M.
Insulin resistance, hyperinsulinemia, and hypertension: caus-
es, consequences, or merely correlations? Proc Soc Exp Biol
Med 1995, 208(4): 317-29.

Tack, C.J., Smits, P, Willemsen, J.J., Lenders, JW., Thien, T.,
Lutterman, J.A. Effects of insulin on vascular tone and sym-
pathetic nervous system in NIDDM Diabetes. 1996, 45(1):
15-22.

Anderson, E.A., Hoffman, R.P., Balon, TW., Sinkey, C.A.,
Mark, A.L. Hyperinsulinemia produces both sympathetic
neural activation and vasodilation in normal humans. J Clin
Invest. 1991, 87(6): 2246-52.

El-Atat, F.A., Stas, S.N., McFarlane, S.I., Sowers, J.R. The
relationship between hyperinsulinemia, hypertension and
progressive renal disease. J Am Soc Nephrol 2004, 15(11):
2816-27.

Fineberg, S.E., Kawabata, TT., Finco-Kent, D. et al.
Immunological Responses to Exogenous Insulin. Endocr Rev
2007, 28(6): 625-52.

Patterson- R, Mellies, C.J., Roberts, M. Immunologic reac-
tions against insulin 1. IgE anti-insulin, insulin allergy and
combined IgE and I1gG immunologic insulin resistance. J
Immunol 1973, 110(4): 1135-45.

Mann, N.P., Johnston, D.I., Reeves, W.G., Murphy, M.A.
Human insulin and porcine insulin in the treatment of diabet-
ic children: comparison of metabolic control and insulin anti-
body production. Br Med J (Clin Res Ed) 1983, 287(6405):
1580-2.

Fineberg, S.E., Kawabata, T., Finco-Kent, D., Liu, C., Krasner,
A. Antibody response to inhaled insulin in patients with type
1 or type 2 diabetes. An analysis of initial phase ii and iii
inhaled insulin (Exubera) trials and a two-year extension trial.
J Clin Endocrinol Metab 2005, 90(6): 3287-94.

Heise, T., Bott, S., Tusek, C. et al. The effect of insulin anti-

bodies on the metabolic action of inhaled and subcutaneous
insulin. Diabetes Care 2005, 28(9): 2161-9.

. Hermansen, K., Ronnemaa, T., Petersen, A.H., Bellaire, S.,

Adamson, U. Intensive therapy with inhaled insulin via the
AERXx insulin diabetes management system: a 12-week proof-
of-concept trial in patients with type 2 diabetes. Diabetes
Care 2004, 27:162-7.

Fineberg, N.S., Fineberg, S.G., Anderson, J.H., Birkett, M.A.,
Gibson, R.G., Hufferd, S. Immunologic effects of insulin lispro
[(Lys (B28), Pro (B29) human insulin)] in IDDM and NIDDM
patients previously treated with insulin. Diabetes 1996, 45:
1750-4.

THOMSON REUTERS - Drugs of Today 2014, 50(2)



E. Leifke and T.R. Strack

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Fineberg, S.E., Huang, J., Brunelle, R., Gulliya, K.S.,
Anderson, J.H. Jr. Effect of long-term exposure to insulin
lispro on the induction of antibody response in patients with
type 1or type 2 diabetes. Diabetes Care 2003, 26: 89-96.

Lindholm, A., Jensen, L.B., Home, P.D., Raskin, P.,, Boehm,
B.O., Rastam, J. Immune responses to insulin aspart and
biphasic insulin aspart in people with type 1 and type 2 dia-
betes. Diabetes Care 2002, 25: 876-82.

Kara, C., Kutlu, A.O., Evliyaoglu, O., Bilgili, H., Yildirim, N.
Successful treatment of insulin allergy in a 1-year-old infant
with neonatal diabetes by lispro and glargine insulin.
Diabetes Care 2005, 28: 983-4.

Moriyama, H., Nagata, M., Fujihira, K. et al. Treatment with
human analog (GlyA21, ArgB31, ArgB32) insulin glargine
(HOE9O) resolves a generalized allergy to human insulin in
type 1diabetes. Diabetes Care 2001, 24: 411-2.

Owens, D., Coates, P,, Luzio, S., Tinbergen, J., Kurzhals, R.
Pharmacokinetics of '?*I-labelled insulin glargine (HOE 907)
in healthy men. Diabetes Care 2000, 23: 813-9.

Lepore, M., Pampanelli, S., Fanelli, C. et al. Pharmaco-
kinetics and pharmacodynamics of subcutaneous injection of
long-acting human insulin analog glargine, NPH insulin, and
Ultralente human insulin and continuous subcutaneous infu-
sion of insulin lispro. Diabetes 2000, 49: 2142-8.

Markussen, J., Havelund, S., Kurtzhals, P. et al. Soluble, fatty
acid acylated insulins bind to albumin and show protracted
actions in pigs. Diabetologia 1996, 39: 281-8.

Bott, S., Tusek, C., Jacobsen, LV., Endahl, L., Draeger, E.,
Kapitza, C., Heise, T. Insulin detemir under steady-state con-
ditions: no accumulation and constant metabolic effect over
time with twice daily administration in subjects with Type 1
diabetes. Diab Med 2006, 23: 522-8.

Steiner, S., Pflutzner, A., Wilson, B.R., Harzer, O,
Heinemann, L., Rave, K. Technosphere™ insulin — proof of
concept study with a new insulin formulation for pulmonary
delivery. Exp Clin Endocrinol Diabetes 2002, 110: 17-21.

Home, P.D., Barriocanal, L., Lindholm, A. Comparative phar-
macokinetics and pharmacodynamics of the novel rapid-act-
ing insulin analogue, insulin aspart, in healthy volunteers. Eur
J Clin Pharmacol 1999, 55: 199-203.

Heinemann, L., Weyer, C., Rauhaus, M., Heinrichs, S., Heise,
T. Variability of the metabolic effect of soluble insulin and the
rapid-acting insulin analog insulin aspart. Diabetes Care
1998, 21: 1910-4.

Becker, R.H.A. Insulin glulisine complementing basal
insulins: A review of structure and activity. Diab Technol Ther
2007, 9:109-21.

Bakaysa, D.L., Radziuk, J., Havel, H.A. et al. Physico-
chemical basis for the rapid time-action of LysB28ProB29 -

insulin. Dissociation of a protein-ligand complex. Protein Sci
1996, 5: 2521-31.

THOMSON REUTERS - Drugs of Today 2014, 50(2)

72.

73.

74.

75.

76.

77.

78.

79.

80.

8.

=

82.

83.

84.

FUTURE PERSPECTIVES FOR SC INSULIN

Danne, T., Becker, R.H.A., Heise, T., Bittner, C., Frick, A.D.,
Rave, K. Pharmacokinetics, prandial glucose control, and
safety of insulin glulisine in children and adolescents with
type 1 diabetes. Diabetes Care 2005, 28: 2100-5.

Bowsher, R.R., Lynch, R.A., Brown-Augsburger, P., Santa,
P.F., Legan, W.E., Woodworth, J.R., Chance, R.E. Sensitive
RIA for the specific determination of insulin lispro. Clin Chem
1999, 45: 104-10.

Smith, W.C., Bowsher, R.R. A sensitive chemiluminescent
enzyme immunoassay for the bioanalysis of carboxyl-termi-
nal B-chain analogues of human insulin. J Pharmac Biomed
Anal 2007, 26: 53-61.

Lindstrom, T., Hedman, C.A., Arnqvist, H.J. Use of a novel
double-antibody technique to describe the pharmacokinetics
of rapid-acting insulin analogs. Diabetes Care 2002, 25:
1049-54.

Andersen, L., Volund, A., Obsen, K.J., Pham, A., Walsh, D.
Validity and use of a non-parallel insulin assay for pharmaco-
kinetic studies of the rapid-acting analogue, insulin aspart. J
Immunoassay Immunochem 2001, 222: 147-63.

DeWitt, D.E., Hirsch, I.B. Outpatient insulin therapy in type 1
and type 2 diabetes mellitus. JAMA 2003, 289: 2254-64.

Center for Drug Evaluation and Research Application
Number 21-629, Clinical Pharmacology and Biopharma-
ceutics Review(s): Apidra™, http://www.accessdata.fda.
gov/drugsatfda_docs/nda/2004/21-629_Apidra_
BioPharmr.pdf. Accessed February 5, 2014.

Center for Drug Evaluation and Research Application
Number 21-629, Clinical Pharmacology and Biopharma-
ceutics Review(s): Insulin Aspart for Injection (100U/mL),
http://www.accessdata.fda.gov/drugsatfda_docs/nda/
2000/20-986_NovolLog_biopharmr.pdf. Accessed February
5, 2014.

Heinemann, L., Heise, T., Wahl, L.Ch., Trautmann, M.E.,
Amudia, J., Starke, A.A.R., Berger, M. Prandial glycaemia
after a carbohydrate-rich meal in type 1 diabetic patients:
using the rapid-acting insulin analogue [Lys(B28), Pro(B29)]
human insulin. Diab Med 1996, 13: 625-9.

Horowitz, M., Edelbroek, M.A., Wishart, J.M., Straathof, J.W.
Relationship between oral glucose tolerance and gastric
emptying in normal healthy subjects. Diabetologia 1993,
36(9): 857-62.

Castro A., Scott, J.P., Grettie, D.P., Macfarlane, D., Bailey,
R.E. Plasma insulin and glucose responses of healthy sub-
jects to varying glucose loads during three-hour oral glucose
tolerance tests. Diabetes 1970, 19(11): 842-51.

Hunt, L.M., Valenzuela, M.A., Pugh, J.A. NIDDM patients’
fears and hopes about insulin therapy. The basis of patient
reluctance. Diabetes Care 1997, 20: 292-8.

Overman, H., Heinemann, L. Injection-meal interval:

Recommendations of diabetologists and how patients han-
dle it. Diabetes Res Clin Pract 1999, 43: 137-42.

197



FUTURE PERSPECTIVES FOR SC INSULIN

85.

86.

87.

88.

89.

90.

o

=

9e.

93.

94.

95.

198

Bergenstal R. M., Rosenstock, J., Arakaki, R.F. et al. A ran-
domized, controlled study of once-daily LY2605541, a novel
long-acting basal insulin, versus insulin glargine in basal
insulin—treated patients with type 2 diabetes. Diabetes Care
2012, 35: 2140-7.

Rosenstock, J., Bergenstal, R.M., Blevins, T.C. et al. Better
glycemic control and weight loss with the novel long-acting
basal insulin LY2605541 compared with insulin glargine in
type 1 diabetes: a randomized, crossover study. Diabetes
Care 2013, 36(3): 522-8.

Moore, M.C., Smith, M.S., Sinha, V.P., Beals, J.M., Michael,
M.D., Jacober, S.J., Cherrington, A.D. Novel PEGylated basal
insulin LY2605541 has a preferential hepatic effect on glucose
metabolism. Diabetes 2013: DB_130826.

Sinha, V.P., Howey, D.C., Choi, S.L., Mace, K.F.,, Heise, T.
Steady-state pharmacokinetics and glucodynamics of the
novel, long-acting basal insulin ly2605541 dosed once-daily
in patients with type 2 diabetes mellitus. Diabetes Obes
Metab 2013, Advanced publiction.

Heise, T., Hermanski, L., Nosek, L., Feldman, A,
Rasmussen, S., Haahr, H. Insulin degludec: four times lower
pharmacodynamic variability than insulin glargine under
steady-state conditions in type 1 diabetes. Diabetes Obes
Metab 2012, 14(9): 859-64.

Nasrallah, S.N., Reynolds, L.R. Insulin degludec, the new
generation basal insulin or just another basal insulin? Clin
Med Insights Endocrinol Diabetes 2012, 5: 31-7.

Bode, B.W., Buse, J.B., Fisher, M. et al. BEGIN® Basal-Bolus
Type 1Trial Investigators Insulin degludec improves glycaemic
control with lower nocturnal hypoglycaemia risk than insulin
glargine in basal-bolus treatment with mealtime insulin
aspart in type 1 diabetes (BEGIN® Basal-Bolus Type 1): 2-year
results of a randomized clinical trial. Diabet Med 2013,
30(M): 1293-7.

Rodbard, HW., Cariou, B., Zinman, B., Handelsman, V.,
Philis-Tsimikas, A., Skjgth, TV., Mathieu, C. Comparison of
insulin degludec with insulin glargine in insulin-naive sub-
jects with type 2 diabetes: a 2-year randomized, treat-to-tar-
get trial. Diabet Med 2013, 30(11): 1298-304.

Birkeland, K.I., Home, P.D., Wendisch, U. et al. Insulin
degludec in type 1diabetes: a randomized controlled trial of a
new-generation ultra-long-acting insulin compared with
insulin glargine. Diabetes Care 2011, 34(3): 661-5.

Hollander, P., Cooper, J., Bregnhoj, J., Pedersen, C.B. A 52-
week, multinational, open-label, parallel-group, noninferiori-
ty, treat-to-target trial comparing insulin detemir with insulin
glargine in a basal-bolus regimen with meal-time insulin
aspart in patients with type 2 diabetes. Clin Ther 2008,
30(1): 1976-87.

Guettier, J. Introduction: Degludec and Degludec/Aspart
Endocrinologic and Metabolic Drugs Advisory Committee
Meeting. November 8, 2012. http://www.fda.gov/down-
loads/AdvisoryCommittees/CommitteesMeetingMaterials

=

E. Leifke and TR. Strack

/Drugs/EndocrinologicandMetabolicDrugsAdvisoryCommi
ttee/UCM330923.pdf

. European Medicines Agency Pending EC Decisions.

http://www.ema.europa.eu/ema/index.jsp?curl=pages/m
edicines/human/medicines/002498/smops/Positive/hu
man_smop_000437.jsp&mid=WC0Ob01ac058001d127.

. European Medicines Agency CHMP assessment report:

Tresiba. September 20, 2012. http://www.ema.europa.eu/
docs/en_GB/document_library/EPAR_-_Public_assess-
ment_report/human/002498/WC500139010.pdf

. Riddle, M., Bolli, G.B., Ziemen, M., Muehlenbartmer, 1.,

Bizet, F., Home, P.D. New insulin glargine formulation.
Glucose control and hypoglycemia in people with type 2 dia-
betes using basal and mealtime insulin (EDITION ). 73
Annu Meet Sci Sess Am Diabetes Assoc (ADA) (June 21-25,
Chicago) 2013, Abst 43-LB.

. Sanofi announces positive phase 3 results for investigational

new insulin U300 [news release]. Sanofi, June 22, 2013.
http://en.sanofi.com/Images/33225 20130622 _EDITION-
|-and-II-ADA _en.pdf. Accessed February 5, 2014.

100.Steiner, S., Hompesch, M., Pohl, R., Simms, P., Flacke, F.,

Mohr, T., Pfutzner, A., Heinemann, L. A novel insulin formu-
lation with a more rapid onset of action. Diabetologia 2008,
51(9): 1602-6.

. Heinemann, L., Nosek, L., Flacke, F., Albus, K., Krasner, A.,

Pichotta, P., Heise, T., Steiner, S. U-100, pH-Neutral formula-
tion of VIAject®: faster onset of action than insulin lispro in
patients with type 1 diabetes. Diabetes Obes Metab 2012,
14(3): 222-7.

102.Biodel’s BIOD-123 achieves primary endpoint in phase 2 clin-

ical trial demonstrating glycemic control comparable to
Humalog® [news release]. Biodel, September 8, 2013.
http://investor.biodel.com/releasedetail.cfm?ReleaselD=7
89404. Accessed February 5, 2014.

103.Hompesch, M., Muchmore, D.B., Morrow, L., Vaughn, D.E.

Accelerated insulin pharmacokinetics and improved post-
prandial glycemic control in patients with type 1 diabetes after
coadministration of prandial insulins with hyaluronidase.
Diabetes Care 2011, 34(3): 666-8.

104.Vaughn, D.E., Yocum, R.C., Muchmore, D.B., Sugarman,

B.J., Vick, A.M., Bilinsky, I.P., Frost, G.I. Accelerated pharma-
cokinetics and glucodynamics of prandial insulins injected
with recombinant human hyaluronidase. Diabetes Technol
Ther 2009, 11(6): 345-52.

105. Morrow, L., Muchmore, D.B., Hompesch, M., Ludington,

E.A., Vaughn, D.E. Comparative pharmacokinetics and
insulin action for three rapid-acting insulin analogs injected
subcutaneously with and without hyaluronidase. Diabetes
Care 2013, 36(2): 273-5.

106. Biodel reports progress with development of glucose-

regulated ‘smart’ basal insulin [news release). Biodel, July 12,

THOMSON REUTERS - Drugs of Today 2014, 50(2)



E. Leifke and T.R. Strack

2010. http://investor.biodel.com/releasedetail.cfm?
releaseid=487208. Accessed February 5, 2014.

107. Merck to acquire SmartCells, Inc. [news release]. Merck & Co.,
December 2, 2010. https://www.merck.com/licensing/
our-partnership/SmartCells-partnership.html. Accessed
February 5, 2014.

108.Zion, T.C., Lancaster, T.M. (Smartcells, Inc.). Soluble non-
depot insulin conjugates and uses thereof. US 2012/
0010134 A1, January 12, 2012.

109.Weiss, M.A. Design of ultra-stable insulin analogues for the
developing world. J Health Specialties 2013, 1(2): 59-70.

T0. McCullagh, E.P. Hormones — whence an whither: presidential
address. J Clin Endocrinol Metab 1959, 19(12): 1563-74.

Albisser, A.M., Leibel, B.S., Ewart, T.G., Davidovac, Z., Botz,
C.K., Zingget, W. An artificial endocrine pancreas. Diabetes
1974, 23(5): 389-96.

2. Pfeiffer, E.F., Thum, C., Clemens, A.H. The artificial beta
cell—a continuous control of blood sugar by external regula-
tion of insulin infusion (glucose controlled insulin infusion
system). Horm Metab Res 1974, 6(5): 339-42.

3. Strack, T.R. Exploring closed-loop artificial pancreas use in
type 1diabetes. Drugs Fut 2011, 36(10): 759-69.

4. Moore, C.X., Cooper, G.J. Co-secretion of amylin and insulin
from cultured islet beta-cells: modulation by nutrient secreta-
gogues, islet hormones and hypoglycemic agents. Biochem
Biophys Res Commun 1991, 179(1): 1-9.

15. Weyer, C., Maggs, D.G., Young, A.A., Kolterman, O.G.
Amylin replacement with pramlintide as an adjunct to insulin
therapy in type Tand type 2 diabetes mellitus: A physiological
approach toward improved metabolic control. Curr Pharm
Des 2001, 7(14): 1353-73.

16. Fineman, M.S., Koda, J.E., Shen, L.Z., Strobel, S.A., Maggs,
D.G., Weyer, C., Kolterman, O.G. The human amylin analog,
pramlintide, corrects postprandial hyperglucagonemia in
patients with type 1 diabetes. Metabolism 2002, 51(5): 636-
41.

17. Buse, J.B., Bergenstal, R.M., Glass, L.C., et al. Use of twice-
daily exenatide in basal insulin-treated patients with type 2
diabetes: a randomized, controlled trial. Ann Int Med 2011,
154:103-12.

8. Seino, Y., Min, KW., Niemoeller, E., Takami, A. Randomized,
double-blind, placebo-controlled trial of the once-daily GLP-1
receptor agonist lixisenatide in Asian patients with type 2 dia-
betes insufficiently controlled on basal insulin with or without
a sulfonylurea (GetGoal-L-Asia). Diabetes Obes Metab 2012,
14: 910-7.

19. Riddle, M., Ahmann, A., Basu, A., Aroda, V., Ratner, R.
Metformin+exenatide+basal insuiln vs metformin+place-
bo+basal insulin: reaching Alc <6.5% without weight-gain or
serious hypoglycemia (Abstract 18-LB). Diabetes 2010, 59.

120.Blevins, T.C., Arakaki, R.F., Liljenquist, D.R., et al. Once-daily
basal insulin added to oral antihyperglycemic medications

.

=

THOMSON REUTERS - Drugs of Today 2014, 50(2)

FUTURE PERSPECTIVES FOR SC INSULIN

(OAMs) and exenatide (Ex) improves glycemic control in
patients (Pts) with type 2 diabetes (T2D) (Abstract 19-LB).
Diabetes 2012, 59.

121. Arakaki, R.F.,, Blevins, T.C., Liljenquist, D.R. et al. Efficacy
and safety of insulin lispro protamine suspension versus
insulin glargine added to oral antihyperglycaemic medica-
tions and exenatide in patients with type 2 diabetes (Abstract
979). Diabetologia 2010, 53: S390-1.

122.DeVries, J.H., Bain, S.C., Rodbard, HW. et al. Sequential
intensification of metformin treatment in type 2 diabetes with
liraglutide followed by randomized addition of basal insulin
prompted by AIC targets. Diabetes Care 2012, 35: 1446-54.

123.Bain, S.C., DeVries, J.H., Seufert, J. et al. Adding insulin
determir (IDet) to liraglutide and metformin improves gly-
caemic controls with sustained weight reduction and low
hypoglycaemia rate: 52 week results (Abstract 73).
Diabetologia 2011, 54: S37.

124. Rosenstock, J., Shenouda, S.K., Bergenstal, R.M., Buse, J.B.,
Glass, L.C., Heilmann, C.R., Kwan, AY., MacConell, L.A.,
Hoogwerf, B.J. Baseline factors associated with glycemic
control and weight loss when exenatide twice daily is added
to optimized insulin glargine in patients with type 2 diabetes.
Diabetes Care 2012, 35(5): 955-8.

125. Levin, P.A., Mersey, J.H., Zhou, S., Bromberger, L.A. Clinical
outcomes using long-term combination therapy with insulin
glargine and exenatide in patients with type 2 diabetes melli-
tus. Endocr Pract 2012, 18(1): 17-25.

126.Riddle, M.C., Forst, T., Aronson, R., Sauque-Reyna, L.,
Souhami, E., Silvestre, L., Ping, L., Rosenstock, J. Adding
once-daily lixisenatide for type 2 diabetes inadequately con-
trolled with newly initiated and continuously titrated basal
insulin glargine: a 24-week, randomized, placebo-controlled
study (GetGoal-Duo 1). Diabetes Care 2013, 36(9): 2497-
503.

128.Heubner, W., de Jongh, S.E., Laquer, E. Uber Inhalation von
Insulin. Klin Wochenschr 1924, 3: 2342-3.

129. Gaensslen, M. Uber Inhalation von Insulin. Klin Wochenschr
1925, 4: 71.

130.Heyder, J., Gebhart, J., Rudolf, G., Schiller, C.E., Stahlhofen,
W. Deposition of particles in the human respiratory tract in
the size range 0.005-15 um. J Aerosol Sci 1986, 17: 811- 25.

131. Schultz, H. Mechanisms and factors affecting intrapul-
monary particle deposition: implications for efficient inhala-
tion therapies. Pharm Sci Technol 1998, 1: 336-44.

132. Farr, S.J., McElduff, A., Mather, L.E., Okikawa, J., Ward, M.E.,
Gonda, I, Licko, V., Rubsamen, R.M. Pulmonary insulin
administration using the AERx™ system: physiological and
physiochemical factors influencing insulin effectiveness in
healthy fasting subjects. Diab Technol Ther 2000, 2: 185-97.

133. Wollmer, P., Evander, E. Biphasic pulmonary clearance of
99mTe-DPTA in smokers. Clin Physiol 1994, 14: 547-509.

199



FUTURE PERSPECTIVES FOR SC INSULIN

134. Bradvik, I. One year follow-up of lung clearance of *°™Tc-
diethylene traimine penta-acetic acid and diseases activity in
sarcodisis. Vasc Diffuse Lung Dis 2000, 17: 281-7.

135.Becker, R.H.A., Sha, S., Frick, A.D., Fountaine, R.A.
The effect of smoking cessation and subsequent resumption
on absorption of inhaled insulin. Diabetes Care 2006, 29:
277-82.

136. Himmelmann, A., Jendle, J., Mellen, A., Petersen, A.H.,
Dahl, U.L., Wollmer, P. The impact of smoking on inhaled
insulin. Diabetes Care 2003, 26: 677-82.

137. Henry, R.H., Mudaliar, S.R.D., Howland, W.C. lll, Chu, N.,
Kim, D., An, B., Reinhardt, R.R. Inhaled insulin using the
AERXx insulin diabetes management system in healthy and
asthmatic subjects. Diabetes Care 2003, 26: 764-9.

138. Meignam, M. Exercise increases the lung clearance of inhaled
technetium-99m DPTA. J Nuclear Med 1986, 27: 274-80.

139. Schmekel, B., Borgstrom, L., Wollmer, P. Exercise increases
the rate of pulmonary absorption of inhaled terbulatin. Chest
1992, 1: 742-5.

140. Strack, T. Inhaled human insulin. Drugs Today (Barc) 2006,
42: 207-22.

141. Richardson, P.C., Boss, A.H. Technosphere® insulin technol-
ogy. Diab Technol Ther 2007, 9: S65-72.

142.Wall, D.A. Pulmonary absorption of peptides and proteins.
Drug Deliv 1995, 2: 1-20.

143.Byron, P.R., Patton, J.S. Drug delivery via the respiratory
tract. J Aerosol Med 1994, 7: 49-75.

144.Patton, J.S., Bukar, J., Nagarajan, S. Inhaled insulin. Adv
Drug Deliv Rev 1999, 35: 235-47.

145.Nagai, T., Machida, Y. Mucosal adhesive dosage forms.
Pharm Int 1985, 6: 196-200.

146.Aungst, B.J., Rogers, N.J. Site dependence of absorption-
promoting actions of laureth-9, Na salicylate, Na,EDTA, and
aprotinin on rectal, nasal, and buccal insulin delivery. Pharm
Res 1988, 5: 305-8.

147. Cernea, S., Kidron, M., Wohlgelernter, J., Modi, P, Raz, I.
Comparison of pharmacokinetic and pharmacodynamic
properties of single dose oral insulin spray and subcutaneous
insulin injection in healthy subjects using the euglycemic
clamp technique. Clin Ther 2004, 26: 2084-91.

148.Card, J.W., Magnuson, B.A. A review of the efficacy and safe-
ty of nanoparticle-based oral insulin delivery systems. Am J
Physiol Gastrointest Liver Physiol 2011, 301(6): G956-67.

149.Wong, TW. Design of oral insulin delivery systems. J Drug
Target 2010, 18(2): 79-92.

150.Arbit, E. The physiological rationale for oral insulin adminis-
tration. Diab Technol Ther 2004, 6: 510-17.

151. Shankar, B. Oral drug delivery - the holy grail.
http://www.ondrugdelivery.com/publications/Oral_Drug_
Delivery_07.pdf. Accessed February 5, 2014.

200

E. Leifke and TR. Strack

152.Woodley, J.F. Enzymatic barriers for Gl peptide and protein
delivery. Crit Rev Ther Drug Carrier Syst 1994, 11: 61-95.

153. TenHoor, C., Dressman, J. Oral absorption of peptides and
proteins. STP Pharma Sci 1992, 2: 301-12.

154. Geho, W. Hepatic-directed vesicle insulin: a review of formu-
lation development and preclinical evaluation. J Diab Sci
Technol 2009, 3(6): 1451-9.

155. Carino, G.P., Mathiowitz, E. Oral insulin delivery. Adv Drug
Deliv Rev 1999, 35: 249-57.

156.Patel, H.M., Ryman, B.E. Orally administered liposomally
entrapped insulin. Biochem Soc Trans 1977, 5: 1739-41.

157. Zhang, N., Ping, Q., Huang, G.H., Wenfang, X. Lectin-modi-
fied solid lipid nanoparticles as carriers for oral administra-
tion of insulin. Int J Pharm 2005, 294(1-2): 247-59.

158.Cui, F., Shi, K., Zhang, L., Tao, A., Kawashima, Y.
Biodegradable nanoparticles loaded with insulin-phospho-
lipid complex for oral delivery: preparation, in vitro character-
ization and in vivo evaluation. J Control Release 2006,
114(2): 242-50.

159. Damgé, C., Socha, M., Ubrich, N., Maincent, P. Poly(epsilon-
caprolactone)/eudragit nanoparticles for oral delivery of
aspart-insulin in the treatment of diabetes. J Pharm Sci
2010, 99(2): 879-89.

160.Zhang, X., Sun, M., Zheng, A., Cao, D., Bi, Y, Sun, J.
Preparation and characterization of insulin-loaded bioadhe-
sive PLGA nanoparticles for oral administration. Eur J Pharm
Sci 2012, 5(5): 632-8.

161. Mathiowitz, E., Jacob, J.S., Jong, Y.S. et al. Biologically erod-
able microspheres as potential oral drug delivery systems.
Nature 1997, 386: 410-4.

162.Sarmento, B., Ribeiro, A., Veiga, F., Sampaio, P., Neufeld, R.,
Ferreira, D. Alginate/chitosan nanopatrticles are effective for
oral insulin delivery. Pharm Res 2007, 24(12): 2198-206.

163.Zhang, N., Li, J., Jiang, W., Ren, C,, Li, J., Xin, J., Li, K.
Effective protection and controlled release of insulin by
cationic beta-cyclodextrin polymers from alginate/chitosan
nanoparticles. Int J Pharm 2010, 393(1-2): 212-8.

164.Reis, C.P, Ribeiro, A.J., Houng, S., Veiga, F., Neufeld, R.J.
Nanoparticulate delivery system for insulin: design, charac-
terization and in vitro/in vivo bioactivity. Eur J Pharm Sci
2007, 30(5): 392-7.

165. Woitiski, C.B., Neufeld, R.J., Veiga, F., Carvalho, R.A,,
Figueiredo, V. Pharmacological effect of orally delivered
insulin facilitated by multilayered stable nanoparticles. Eur J
Pharm Sci 2010, 41(3-4): 556-63.

166.Sonia, T.A., Sharma, C.P. An overview of natural polymers
for oral insulin delivery. Drug Discov Today 2012, 17(13-14):
784-92.

167. Milstein, S.J., Leipold, H., Sarubbi, D., Leone-Bay, A.,
Mlynek, G.M., Robinson, J.R., Kasimova, M., Freire, E.
Partially unfolded efficiently penetrated cell membranes —

THOMSON REUTERS - Drugs of Today 2014, 50(2)



E. Leifke and T.R. Strack

implications for oral drug delivery. J Control Release 1998,
53: 259-67.

168.5till, J.G. Development of oral insulin: progress and current
status. Diabetes Metab Res Rev 2002, 18: S29-37.

169.Clement, S., Still, G., Kosutic, G., McAllister, R.G. Oral
insulin product hexyl-insulin monoconjugate 2 (HIM2) in type
1 diabetes mellitus: The glucose stabilization effects of HIMZ.
Diab Technol Ther 2002, 4: 459-66.

170. Eldor, R., Arbit, E., Corcos, A., Kidron, M. Glucose-reducing
effect of the ormd-0801 oral insulin preparation in patients
with uncontrolled type 1 diabetes: a pilot study. PLoS 2013,
8(4): 59524.

171. Whitehead, K., Shen, Z., Mitragotri, S. Oral delivery of
macromolecules using intestinal patches: applications for
insulin delivery. J Control Release 2004, 98: 37-45.

172. Fogt, E.J., Dodd, L.M., Jenning, E.M., Clemens, A.H.
Development and evaluation of a glucose analyzer for a glu-
cose controlled insulin infusion system (Biostator). Clin Chem
1978, 24:1366-72.

173. Clemens, A.H., Hough, D.L., D'Orazio, P.A. Development of
the Biostator glucose clamping algorithm. Clin Chem 1982,
28:1899-1904.

174. Hoshino, M., Haraguchi, Y., Mizushima, 1., Sakai, M. Close
relationship between strict blood glucose control, including
suppression of blood glucose variability, and mortality reduc-
tion in acutely ill patients with glucose intolerance investigat-
ed by means of a bedside-type artificial pancreas. J Artif
Organs 2010, 13: 151-60.

175. Klonoff, D.C., Cobelli, C., Kovatchev, B., Zisser, H.C. Progress
in development of an artificial pancreas. J Diabetes Sci
Technol 2009, 3: 1002-4.

176. Kumareswaran, K., Evans, M.L., Hovorka, R. Artificial pan-
creas: an emerging approach to treat type 1 diabetes. Exp
Rev Med Dev 2009, 6: 401-10.

177. Hoshino, M., Haraguchi, Y., Mizushima, 1., Sakai, M. Recent
progress in mechanical artificial pancreas. J Artif Organs
2009, 12: 141-9.

178. Bruttomesso, D., Farret, A., Costa, S. et al. Closed-loop arti-
ficial pancreas using subcutaneous glucose sensing and
insulin delivery and a model predictive control algorithm: pre-
liminary studies in Padova and Montpellier. J Diabetes Sci
Technol 2009, 3:1014-21.

179. Renard, E., Place, J., Cantwell, M., Chevassus, H., Palerm,
C.C. Closed-loop insulin delivery using a subcutaneous glu-
cose sensor and intraperitoneal insulin delivery. Feasibility
study testing a new model for the artificial pancreas.
Diabetes Care 2009, 33: 121-7.

180.Wredling, R., Adamson, U., Lins, P.E., Backman, L.,
Lundgren, D. Experience of long-term intraperitoneal insulin
treatment using a new percutaneous access device. Diabet
Med 1991, 8: 597-600.

THOMSON REUTERS - Drugs of Today 2014, 50(2)

FUTURE PERSPECTIVES FOR SC INSULIN

181. Selam, J.L., Micossi, P., Dunn, F.L., Nathan, D.M. Clinical trial
of programmable implantable insulin pump for type | dia-
betes. Diabetes Care 1992, 15(7): 877-85.

182.Francolini, I., Donelli, G. Prevention and control of biofilm-
based medical-device-related infections. FEMS Immunol
Med Microbiol 2010, 59: 227-38.

183 Palchesko, R.N., McGowan, K.A., Gawalt, E.S. Surface
immobilization of active vancomycin on calcium aluminum
oxide. Mater Sci Eng C 2011, 31: 637-42.

184.Braceras, I., Azpiroz, P., Briz, N., Fratila, R.M., Oyarbide, J.,
Ipinazar, E., Alvarez, N., Atorrasagasti, G., Aizpurua, J.M.
Plasma polymerized silylated ciprofloxacin as an antibiotic
coating. Plasma Process Polym 2011, 8: 599-606.

185.Satishkumar, R., Sankar, S., Yurko, Y., Lincourt, A., Shipp, J.,
Heniford, B.T., Vertegel, A. Evaluation of the antimicrobial
activity of lysostaphin-coated hernia repair meshes.
Antimicrob Agents Chemother 2011, 55: 4379-85.

186.Xu, L.C., Siedlecki, C.A. Submicron-textured biomaterial sur-
face reduces staphylococcal bacterial adhesion and biofilm
formation. Acta Biomater 2012, 8: 72-81.

187. Ricotti, L., Assaf, T., Dario, P., Menciassi, A. Wearable and
implantable pancreas substitutes. J Artif Organs 2013, 16(1):
9-22.

188.Hering, B.J., Wijkstrom, M., Graham, M.L. et al. Prolonged
diabetes reversal after intraportal xenotransplantation of
wild-type porcine islets in immunosuppressed nonhuman
primates. Nat Med 2006, 12(3): 301-3.

189.Hecht, G., Eventov-Friedman, S., Rosen, C. et al. Embryonic
pig pancreatic tissue for the treatment of diabetes in a non-
human primate model. Proc Natl Acad Sci U S A 2009, 106:
8659-64.

190.Dufrance, D., Goebbels, R., Gianello, P. Alginate macroen-
capsulation of pig islets allows correction of streptozotocin-
induced diabetes in primates up to 6 months without
immunosuppression. Transplantation 2010, 90: 1054-62.

191. Shapiro, A.M., Ricordi, C., Hering, B.J. et al. International
trial of the Edmonton protocol for islet transplantation. N
Engl J Med 2006, 355(13): 1318-30.

192.Kroon, E., Martinson, L.A., Kadoya, K. et al. Pancreatic endo-
derm derived from human embryonic stem cells generates
glucose-responsive insulin-secreting cells in vivo. Nat
Biotechnol 2008, 26(4): 443-52.

193.Ginde, A.A., Espinola, J.A., Camargo, C.A. Emergency
department visits for hypoglycemia, 1993-2005. Diabetes
Care 2008, 31(3): 511-3.

194. Guettier, J. Introduction: Degludec and Degludec/Aspart
Endocrinologic and Metabolic Drugs Advisory Committee
Meeting November 8, 2012. http://www.fda.gov/down-
loads/AdvisoryCommittees/CommitteesMeetingMaterials
/Drugs/EndocrinologicandMetabolicDrugsAdvisoryCommi
ttee/UCM330923.pdf. Accessed February 5, 2014.

201



