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Introduction: Insulin has usually been administered subcutaneously in the
treatment of diabetes mellitus. Alternative delivery routes of insulin are
expected to overcome some limitations, mainly concerned with the possibility
of hypoglycemia episodes, weight gain and inadequate post-meal glucose
control, in order to lead a better patient compliance.

Areas covered: This review article covers all the most relevant non-invasive
insulin delivery methods under development, respective technology and
clinical data available according to their status of development. Special focus
is given to the systems with late clinical trial evidences, their achievements
and pitfalls. Pulmonary and oral appear to be the most advantageous routes,
with regard to the long list of potentially marketed products.

Expert opinion: Alternative insulin delivery to the subcutaneous adminis-
tration is more and more close to the success, being fundamental that any
optimized technology could overcome the overall low mucosal bioavai-
lability of insulin, mostly due to its early degradation before absorption,
inactivation and digestion by proteolytic enzymes and poor permeability
across mucosal epithelium because of its_high molecular weight and lack
of lipophilicity.
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1. Introduction

The subcutaneous (SC) injections of insulin have been considered the main treat-
ment for insulin replacement after its discovery, however, there are several barriers
related to weak patient compliance and difficult accurate glycemic control that offer
an extended resistance to diabetes mellitus (DM) therapy, for both patient and
healthcare providers. Currently available insulin treatment options still present sev-
eral limitations including the risk of severe hypoglycemia, the likelihood of weight
gain, inadequate post-meal glucose control, the need for complex titration of insulin
doses in connection with meals and the need for daily injections. Even newer prep-
arations, such as injected rapid-acting insulin (RAI) analogs, have not mimicked the
natural time-action profile of insulin normally seen in healthy individuals, which is
characterized by an early phase insulin response and appropriate duration of
metabolic effect [1.2].

Therefore, a continuous progress of innovative and non-invasive insulin delivery
systems has been reached. At this moment, these systems can be found at all stages
of clinical development, and promise to facilitate earlier initiation and optimization
of insulin therapy for achieving better treatment outcomes. In this review will be
represented an overview of the most relevant non-invasive insulin delivery methods
under development, respective technology and clinical data available according their
status of development.
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Article highlights.

o Long-term safety of inhaled insulin is currently
guaranteed by numerous clinical trials, including a
4-year study. Despite the postponement of the
development of several inhaled insulin products, a new
product will take a place in diabetes therapeutic arsenal
in few months.

Needle-free insulin delivery systems under current
development are viable alternatives to injected insulin
and have reached comparable clinical efficacy.
Additionally, some of these systems revealed protective
action against adverse effects of the insulin therapy.

In order to overcome the low oral bioavailability of
insulin, several strategies were devised, such as the use
of enteric capsules/tablets, absorption enhancers,
enzyme inhibitors or even insulin chemical modifications.
New carriers, like HDV-I or carriers which employ
vitamin B12, have been studied for the same purpose.
Microneedles have the ability to penetrate only in
stratum corneum, without reaching the nerve endings
present in the dermis, creating microchannels where
macromolecules are transported. As that system is
combined with transdermal patches, they not only offer
a continuous and controlled drug delivery, but also
allow easy handling by the patient and require minimal
healthcare support.

The buccal mucosa offers a good route for insulin
delivery, without gastrointestinal degradation or hepatic
metabolism. One buccal insulin spray product is already
being marketed in some countries; however, a new
system is under development which will deliver
insulin-passivated nanoparticles by means of buccal
soluble film.

This box summarizes key points contained in the article.

2. Pulmonary delivery systems

The history of pulmonary insulin delivery has been a miscel-
laneous of hope and disappointments in the past 6 years, since
the first inhaled insulin product, Exubera® (Exu) (Nektar
Therapeutics, Pfizer and Sanofi-Aventis), appeared in the
market. Exu was available from January 2006 to October
2007, and due to reduced sales and low acceptance by doctors
and patients, Pfizer decided to discontinue its production.

It seems like that decision shuddered other inhaled insulin
products being developed, such as AERx® iDMs (AERx insu-
lin diabetes management system, Novo Nordisk and Aradigm
Corp.) and AIR® insulin (Alkermes and Elil Lilly), because
few months later (January and March 2008, respectively) their
Phase III clinical trials were terminated by the respective com-
panies. In fact, practical and pharmacologic properties of
these products were similar to Exu, showing any evidence of
clinical advantages or convenience benefits that could over-
come current insulin therapies. Hence, weak adherence and
low cost-effectiveness ratio of these inhaled insulin products
were predictable and did not justify further investment by
the companies. Nevertheless, a number of long-term studies

with Exu have been performed but almost all were suddenly
stopped when commercial inability of the novel product was
known and Pfizer decided to return the Exu rights to Nektar,
which didn’t find a new marketing partner.

Fortunately, one company, MannKind Corp., kept actively
the development of its inhaled insulin system, Afrezza®,
which might get a place in the therapeutic arsenal in 2013.
Studies with Afrezza have shown that it is different from all
other prandial insulin products because it provides a unique
pharmacokinetic (PK) and pharmacodynamic (PD) profile
with corresponding clinical benefits, as well as a number
of device characteristics that appear to mitigate problems
identified with earlier technologies.

2.1 Afrezza

Afrezza consists of an innovative inhaled drug delivery plat-
form based on Technosphere® dry-powder formulation and
Dreamboat  inhaler device completely developed by Man-
nKind. The company had submitted a new drug application
to the Food and Drug Administration (FDA) on March
2009 and it is being expected a market approval. Meanwhile,
technical issues relating to next-generation inhaler, clinical
utility and labeling are being addressed [3]. The formulation
technology is based on a novel excipient termed fumaryl dike-
topiperazine (FDKP), an inert compound highly soluble in
water at neutral-basic pH. Through an acid-induced reaction,
FDKP crystallizes in microcrystalline plates that self-assemble
into microspheres called Technosphere particles. Regular
human insulin (RHI) in solution is adsorbed onto these
highly porous (approx. 70%) and slightly positively charged
microparticles, and the resultant Technosphere insulin (TT)
suspension is flash frozen into pellets and lyophilized. The
dry powder obtained is composed of 1:9 ratio of insulin/
FDKP with residual amounts of water and polysorbate 80,
and it is packaged into a single-dose cartridge [4].

Several strategic factors provide an efficient insulin trans-
port of the TI particles into the deep lung. First, TI powder
is characterized by low density and lack of flowability being
easily dispersed due to suitable size average of 2 - 3.3 pm pre-
sented by the particles, where more than 90% of the particles
have a diameter between 0.5 and 5.7 pm [5,6). Particle size is
fixed during particle formation eliminating the need of fur-
ther processing such as milling, sizing or blending (7], which
is an important step because additional sources of stress that
could interfere with protein stability are avoided. When in
contact with the interstitial fluid of the lung, TI micropar-
ticles dissolve immediately due to the large surface area of
the particles and high solubility of the FDKP at physiologic
pH. FDKP plays an essential role in this technology because
it will indirectly act as an absorption enhancer (89]. Another
key feature is based on the fact that insulin administered in
Afrezza should be in a monomeric state, allowing a rapid
absorption, even faster than RAI [10].

The MannKind’s inhaler device was designed attending
numerous patient-friendly properties. It is a light, compact,
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high-resistance, discrete, re-usable and easy-to-use device. In
addition, it can be loaded with a pre-metered single-dose car-
tridge with 2.5 - 10 mg of powder, which is discharged
through a simple patient inhalation by the device mouth-
piece [7]. FDA had requested additional studies to demon-
strate equivalence of the future commercial inhaler to the
first version of the device, MedTone , which was primarily
used in clinical trials. The first-generation inhaler experienced
some design changes after the initiation of Phase III clinical
trials in order to make the device more efficient and less costly
to manufacture. The results of one bioequivalence study
comparing the two devices showed that multiple TI doses
are additive, suggesting bioequivalence, albeit with larger
confidence intervals [11].

TI technology has been shown to deliver insulin to the
bloodstream with a PK/PD profile that closely mimics the
physiologic postprandial endogenous insulin responses [12].
TI has a rapid systemic insulin absorption that achieves an
insulin peak in plasma within 15 min, followed by a steep
decline and a subsequent, more gradual return to baseline lev-
els within 2 = 3 h 13]. The shorter duration of action and
faster time-action profile distinguish this product from all
others insulin forms [14-16].

Many clinical data (Table 1) have demonstrated that TT is
non-inferior to diabetes medications now on the market and
is able to offer comparable glycemic control with the advan-
tage of less weight gain, reduced risk of hypoglycemia and
reduced postprandial glucose (PPG) excursion. Studies of
the variability of insulin levels achieved with TI revealed
that MannKind’s drug-device combination yielded more
reproducible results than those achieved with SC administra-
tions, with an inter-individual variability of 19.6 versus
50.1% [(17-19], and relative bioavailability ranging between
20 and 25% [20] compared with subcutaneously administered
human insulin.

Regarding potential long-term toxicity concerns for
inhaled insulin, current studies with both TT [16,21,22] and
Exu [23] indicate that inhaled treatment was well tolerated
and no serious safety concerns emerged during the treatment,
even after 4 years of inhaled TT therapy [22. Early after ther-
apy initiation (first 3 months) detected small changes in lung
function, which remained non-progressive over 2 years of
continuous TI therapy, and seems not to be clinically mean-
ingful. In the same way, any alterations were observed in
cardiac function and morphology in TI-treated diabetic
patients. The most common adverse event associated with
TI was transient non-productive cough, occurring within
minutes of inhalation and characterized as mild to moder-
ate [21]. According to MannKind, patients who might have
impaired pulmonary function or are smokers, represent a
small proportion of the total diabetes market and for that
reason the company is not seeking approval of Afrezza in
these cases [13]. However, some studies have already suggested
that TT administration by these subjects do not alter insulin
PK profile [24].

Novel non-invasive methods of insulin delivery

In a market survey conducted in 2009 involving 101
endocrinologists and 102 primary care physicians, and the
second-generation inhaler of T1, physicians expressed a prefer-
ence for TI for approximately 25% of both type 1 and
type 2 patients that would qualify for use [3]. In the near
future, this intention rate will be proven to prescribe TT in
regular clinical practice.

2.2 Exubera

Exu consists in a dry-powder formulation with regular insulin
(approx. 60%) and stabilizers, primarily mannitol, packaged
in 1 and 3 mg blisters that contain approximately 3 and
9 U, respectively. Exu inhaler, Inhance , with a size of
20 X 4 cm, has a base into which the blister is placed and
through a pulse of compressed air, the dry-powdered insulin
formulation is deagglomerated into an aerosol cloud, which
is visible in the clear chamber of the device and ensures patient
feedback via dose visualization while separates acrosol cloud
generation from the inspiratory effort.

Insulin treatment with Exu was found to have PK/PD
properties comparable with injected RAI aspart [25], and a
faster onset of action and metabolic response than RHI [26]
showing a relative biodistribution (BD) of 18% in the first
60 min after inhalation [27].

Exu has proven that it can provide glycemic control
comparable with a conventional insulin regimen in both
type 1 diabetes mellitus (T1DM) and type 2 diabetes melli-
tus (T2DM) patients presenting similar adverse event pro-
files except for a higher incidence of cough in patients
receiving Exu [23,28-31]. Less weight gain was also observed
after 6 months using regimens including Exu compared
with SC insulin-only regimens in T1DM and T2DM
patients [32]. More long-term data have confirmed that these
differences are sustained over 2 years [51,33]. Even after with-
drawal of Exu, some studies have proven that inhaled insulin
can improve significantly the glycemic control in difficult-
to-treat patients due to needle phobia, injection site
problem [34] or severe resistance to SC insulin (35, being
well tolerated and greatly appreciated by these patients.
More recently, a 24-week trial has shown that once- or
twice-weekly insulin titration regimen of premeal Exu added
to oral antidiabetic (OAD) therapy can safely achieve values
of glycated hemoglobin (HbA;.) equal or less than 7% in
most T2DM patients inadequately controlled by only taking
OAD therapy [361.

Lung function changes observed during discontinuation
and re-administration of Exu therapy were likewise TT consis-
tent with a reversible, non-progressive and non-structural
pathological effect on lung function in adults with T2DM,
as well was not associated with an augmented insulin antibody
response [35].

Exu was tested under a wide range of typical use conditions
and potential misuse scenarios [37] but premarket studies had
excluded smoker patients and patients with comorbid illnesses
such as epilepsy, asthma and chronic obstructive pulmonary
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disease, which led to contraindication in patients with these
pulmonary conditions.

Treatment satisfaction with Exu was demonstrated in
several large studies with T1IDM and T2DM patients [29.38]
before being marketed. These studies reported that the
mean overall satisfaction and the quality-of-life scores
improved significantly for the inhaled group and worsened
slightly for the SC group. However, the related social comfort
wasn’t satisfactorily improved [39. Those questionnaires
slightly predicted some of the several limitations (Table 2)
that could not be well accepted from patient’s and physician’s
point of view.

2.3 AERx iDMS

AERx iDMS is another developed product which allows the
delivery of insulin via inhalation but in a liquid form. It con-
sists of a disposable prefilled sterile liquid insulin (AERx strip)
with an integral nozzle, from which drug is aerosolized in par-
ticles of 2 - 3 pm via AERx Essence® device that delivers a
pre-set dose in a single breath at correct rate and depth of
breathing. The device has capabilities of precise dose adjust-
ments and data capture for dosing and compliance monitor-
ing [40. This system was very well accepted in a 12-week
multicenter open trial that revealed an excellent compliance
with its dosing, timing and inhalation technique by T2DM
patients [41]. Compared with RHI, the PK/PD profile of
inhaled insulin with this system is similar, but with a more
rapid onset of action [42] and with a relative bioavailability
of approx. 13% [43]. In individuals with diabetes, preprandial
inhaled insulin via AERx iDMS is as effective as preprandial
SC insulin injection in achieving glycemic control (HbA;,
reduction) with similar tolerability in both T1DM 44] and
T2DM 45] following intensive therapy (SC fast-acting insulin
or inhaled insulin before meals, and SC intermediate-acting
insulin at bedtime). However, the latest results suggest that
inhaled insulin using the AERx iDMS requires further
optimization to reduce nocturnal hypoglycemia and improve
device dose delivery [44].

2.4 Advanced inhalation research technology

Advanced inhalation research or AIR technology is charac-
terized by low-density particles with a diameter between
5 and 30 pm designed to allow an efficient drug delivery
to the deep lung using a breath-activated device [46]. AIR
system can be used in an intuitive manner and has proven
that it requires minimal patient education, which may
improve overall medication compliance [47]. Phase I clinical
trials have demonstrated that AIR insulin is rapidly
absorbed with prolonged insulin exposure and action com-
pared with insulin lispro [48]. It also exhibited dose strength
interchangeability and dose proportionality after single-
dose administration in healthy subjects [49). In T2DM
patients inadequately controlled by one or more OAD med-
ications, treatment with AIR insulin resulted in similar
improvement in glycemic control compared with insulin

lispro [501. On one hand, the last Phase IIT clinical trial evi-
denced that AIR insulin was less efficacious in lowering
HbA . than SC insulin in T1DM patients receiving inten-
sive insulin therapy [51]. By contrast, AIR treatment results
in more frequent cough and greater decrease in diffusing
capacity of the lung for carbon monoxide. Moreover, in a
9-month study where patients with diabetes not optimally
controlled by two or more OAD medications were involved
in a shared decision-making approach to insulin treatment
choices showed that the opportunity to choose AIR insulin
did not affect overall use of insulin at end point or HbA,,
outcomes [52]. On the other hand, in a 12-week trial 80%
of TIDM patients preferred AIR insulin to injected insulin,
and a greater treatment satisfaction, comfort and confidence
were significantly noted [53].

2.5 Aerodose

Aerodose insulin inhaler, a product developed by Aerogen, is
based on its proprietary OnQ® aerosol generator technology,
a breath-activated system able to deliver insulin to the deep
lung using a liquid insulin formulation that is aerosolized in
small droplets of approx. 4 pm of mean size [54]. The admin-
istration of higher insulin doses showed to be proportional
with increasing slow deep inhalations, presenting relative bio-
availability around 18 - 22% with no significant difference
among doses [55]. Inhaled insulin by Aerodose inhaler also
showed earlier time to maximum serum insulin (T, 76 +
51 vs 193 + 66 min) and physiologic effect (TGIR ., 170 +
53 vs. 244 + 75 min) compared with SC insulin (p < 0.001)
with comparable dosing reproducibility (56].

A new partnership created in January 2011 between Aero-
gen and Dance Pharmaceuticals, a biotech company expert
in the inhalation of peptides, is motivated in the development
of a next-generation inhaled insulin product based on OnQ
aerosol generator technology, and is likely to be even more
stimulated when Afrezza shows its market performance.

2.6 Protein matrix microspheres

ProMaxx® (from Protein Matrix microspheres) is a drug
delivery technology that allows the production of protein-
loaded microspheres through a simple but robust process
that preserves the protein structure and gives a narrow size dis-
tribution proper for pulmonary drug delivery (57). The process
involves a temperature-controlled precipitation of an aqueous
insulin solution in the presence of polyethylene glycol (PEG)
that after freeze-dried results in dry-powder microspheres of
1 - 3 pm of size composed of more than 95% of recombinant
insulin (58] and aerodynamic stability over 10 months [59]. In a
Phase I study [60], ProMaxx-inhaled insulin showed a faster
onset of action compared with SC insulin with similar dura-
tion of action as total metabolic effect, and a bioavailability
of 12% similar to other inhaled insulin formulations [61].
Optimization of the inhaler used to deliver ProMaxx insulin
as microspheres with a different diameter, which can be easily
formulated by the ProMaxx technology, may allow further
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Table 2. Exubera® failure causes.

Novel non-invasive methods of insulin delivery

Safety and efficacy » Treatment safety and efficacy comparable with other insulin regimens except for the higher incidence of

cough with inhaled insulin

Long-term safety

Uncertainty related to long-term safety of a new product.
Clinical trials showed reversible reduction of pulmonary functions and increase of insulin antibodies,

which was considered not clinically meaningful but brought a general concern

Inconvenience

Regular check of lung function.
Previous adequate training effort.

Cost

Dosing

of regular insulin)

Inhaler device aspect: bulky, not discrete.
Time-consuming management (blisters insertion, air pump activation, inhalation).

Treatments with basal insulin still require routine injections

The cost of Exu is much higher than injected insulins.
Limited insurance coverage for both therapy and pulmonary function testing

Exu doses differed from conventional units, thus conversions can be a source of confusion and error.
Inability to deliver precise insulin doses (the smallest blister pack available contains the equivalent of 3 U

Adapted from [134].

improvements in the delivery and pharmacological properties
of this inhaled insulin.

3. Nasal delivery systems

Intranasal delivery avoids many of the problems associated
with other delivery routes, such as gastrointestinal degradation
and first-pass metabolism associated with oral delivery, the
pain and inconvenience associated with SC delivery, potential
effects on lung function associated with pulmonary delivery
and the need for specialized applicators and patch rotation
associated with transdermal delivery. However, intranasal
delivery also experiments some challenges such as the limited
permeability of large molecule therapeutics through the
mucosa, the need for some drugs to be formulated at
high concentrations due to the acceptable dose volume
limits between 100 and 200 pl per nostril, and rapid
mucociliary clearance.

During last years, two different technologies reached the
Phase II of clinical development for nasal insulin delivery,
both representing ultra-rapid-acting intranasal insulin formu-
lations. One is Nasulin ', a nasal spray formulation of insulin
developed by CPEX Pharmaceuticals, Inc. Nasulin contains
RHI dissolved in sterile water in combination with polysor-
bate 20, sorbitan monolaurate, cottonseed oil and its key
and proprietary excipient cyclopentadecalactone, CPE-215,
as transmembrane absorption enhancer [62]. Initial and small
studies in healthy volunteers and T1DM subjects show that
Nasulin has a relative bioavailability of approximately
15 - 20% compared with SC insulin and is generally well tol-
erated. The absorption of insulin in this formulation results in
a rapid onset of action (10 = 20 min) peaked at 30 - 50 min
and with an appropriate duration of action (1.5 - 2 h) (63,64].
In a second study, PK and PD parameters showed propor-
tional and linear dose responses with the two concentrations
of Nasulin applied, making multiple doses available for

clinical development and greater titration flexibility (65]. Nev-
ertheless, the intrasubject variability observed with Nasulin
administration was always high (~ 40%) [62.66. In March
2010, the company reported the preliminary results of the
Phase Ila study designed to assess the glycemic control in
T2DM patients (n = 94). After 6-week treatment based on
basal glargine insulin injection in the morning and two
(50 TU) or four (100 IU) sprays of Nasulin at 1%, or placebo,
three times daily prior to meals did not produce differences
statistically significant between groups. Controversially, sub-
jects in the placebo group spent less time reaching euglycemia
compared with subjects in the Nasulin group [67]. After anal-
ysis of these preliminary outcomes, CPEX in 2010 decided
to stop further Nasulin development activities, secking to
out-license its program [68,69].

Nastech Pharmaceutical is another company that devel-
oped a rapid-acting intranasal insulin formulation, which is
currently property of Marina Biotech. The results from a
Phase II clinical trial with 29 T2DM patients revealed that
the novel ultra-rapid-acting intranasal insulin with a bioavail-
ability of 17 - 28% was both superior to usual therapy (OAD
medicines and/or basal insulin) and non-inferior to the
injectable RAI aspart in maintaining glucose control following
a meal. The time to reach maximum concentration for intra-
nasal insulin was faster (30 min) than for insulin aspart
(90 min), which further demonstrates the ultra-rapid-acting
nature of the product. Other aspects highlighted by the com-
pany were related to the safety advantage of lower rates of
post-meal hypoglycemia with the new formulation, and
the convenience of a nasal spray, which does not require
refrigeration and is easy to use [70].

Currently, no further development is being addressed by
the companies of these products until future new partnership
investments appear.

Due to intranasal delivery limitations, it is typically neces-
sary to include these formulations in excipients capable of
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enhancing mucosa permeation, such as bile salts and deriva-
tives, surfactants, fatty acids and derivatives, and various bio-
adhesive excipients (e.g., chitosan), because the bioavailability
of intranasally administered insulin without absorption-
enhancing agents is only 1 — 2%. Subsequent local irritation
and other adverse effects usually associated with nasal admin-
istration make this option a limited practical application for
long-term therapies. The most usually described adverse
effects and symptoms are sneezing, running nose, watering
eyes and stinging or burning sensation. Other more transient
and less frequently reported symptoms include tickling or tin-
gling, irritation, unpleasant taste or smell, headache, cough
and nasal congestion [62,65]. Longer-term studies will be
needed to see if chronic administration to the nasal mucosa
would lead to chronic inflaimmation or other adverse
local events.

Since the latest evidences that insulin administered intrana-
sally improves memory in healthy humans and cognitive func-
tion in Alzheimer’s disease patients [71,72], this novel route of
administration of insulin can experiment an exceptional over-
turn in future clinical developments. Interestingly, a recent
double-blind, placebo-controlled trial showed that an intrana-
sal insulin treatment (20 IU insulin/day) preserved not only
general cognition but also reduced the loss of metabolic integ-
rity of the brain in adults with amnestic mild cognitive
impairment (n = 64) and with mild-to-moderate Alzheimer’s
disease (n = 40) [73].

4. Oral delivery system

Oral route has largely been studied as a novel alternative to SC
insulin injections. This route can be considered the most
patient-friendly way of insulin administration and hence it
has high potential to facilitate early insulin therapy initiation
and offer a better patient compliance. Furthermore, in this
way insulin is absorbed at gastrointestinal tract (GIT), easily
reaches the portal vein and is directly transported to the liver,
mimicking the pathway of insulin endogenous, allowing a
better glucose swing control and decreasing the peripheral
hyperinsulinemia [74].

However, insulin is a protein with high molecular weight,
poor lipophilicity, low epithelial permeation and last, is able
to suffered enzymatic degradation along GIT. Thus, insulin
has low oral bioavailability, but some efforts are being devel-
oped to overcome this limitation by means of absorption
enhancers, enzyme inhibitors, chemical modifications or
new insulin carriers [75].

4.1 Capsulin
Diabetology developed a new technology that enables a pro-
. . . ™ .

tein and peptide delivery, Axcess Delivery System, an
enteric-coated capsule for gastric protection, containing drug
and a mixture of absorption enhancers and solubilizers that
allow absorption of the drug in the small intestine. Both com-
ponents are registered pharmacopoeial or generally recognized

as safe (GRAS) excipients with a long story of pharmaceutical
use. Thus, Capsulin’~ OAD uses the Axcess Technology as a
novel oral insulin delivery system for T2DM.

Phase I clinic trial results showed that system was tolerable
by the volunteers and the blood glucose reduction and the
suppression of peptide-C indicate that this system has a
good bioavailability and it is biologically active [76]. Moreover,
Phase II clinic trials have been completed. Some PK and PD
results in T2DM patients were reported when SC human
insulin and two different oral doses of Capsulin (150 U
and 300 U) was compared by the measurement of glucose
infusion rate (GIR) and plasma insulin concentration
(Table 3) [76,77].

Both doses of Capsulin had a GIR significantly elevated
after 6-h clamp period, indicating its effect exceed 6 h; how-
ever, SC human insulin’s GIR was higher than both Capsulin
doses. In turn, SC human insulin had a significant higher
plasma insulin concentration than oral insulin system studied,
but no difference was observed between 150 and 300 U Cap-
sulin. Therefore, administration of Capsulin oral insulin to
patients with T2DM demonstrated a significant hypoglyce-
mic action throughout a 6-h isoglycemic clamp procedure,
and with only a small increase in peripheral circulating
plasma insulin.

A repeat-dosing study was also performed where self-
monitored blood glucose was achieved in 10-day period
with 150 U at a dose of Capsulin, twice a day. This study
showed that system was tolerable and safe for the patients,
and at the post-study there were improvements in HbA;,
and triglycerides levels and weight (77].

In turn, it has been considered as an alternative to inhaled and
injected insulin systems for T1DM or late stage of T2DM,
being in Phase II stage of development. The main Phase Ila con-
clusion study showed that not only the system is safe and well
tolerable, but can also produce a consistent increase of insulin
blood level in 30 — 120 min after oral administration. It also
showed that insulin level is maintained during an extended
time period and provide both blood glucose control in a dose-
dependent manner and an increased insulin level. The study
also predicted that oral insulin delivery system is able to restore
the hepatic control of insulin regulation (7).

4.2 ORMD-0801

Oramed Pharmaceuticals developed a new oral insulin deliv-
ery, known as ORMD-0801, an enteric-coated capsule that
protects insulin against GIT degradation by incorporating
adjuvants which promote the transport across wall intestinal
and insulin uptake [78,79].

The safety, PK and PD properties of this system, when
administered in TIDM patients, were evaluated through a
Phase Ila study. After oral administration of two capsules of
ORMD-0801 (8 mg insulin each), a standard meal was served
at 10, 45 and 90 min. Insulin and PPG levels were monitored
over 6 h after oral administration (80]. This study concluded
that this system is safe, biologically active when administered
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Table 3. GIF and insulin concentration after 6-h SC human insulin and Capsulin™ administration; n = 16;

p < 0.05 statistically significant.

SC human Capsulin p-value

insulin (12 U) A

(150 U) B Avs B insulin (12 U) C

SC human Capsulin p-value
(300 U) D CvsD

GIR AUCq ¢ 1 (9/kg) 0.51 + 0.15 031+009 0036  0.60 =026 0.30 + 0.11 0.017
Crnax (MQ) 2.14 £ 0.58 150+ 043  0.017  2.49 + 1.25 142 +0.44  0.036
T (MiN) 283.8+57.3 197.5+93.3  0.080  245.0 + 92.1 2425+833  0.866
Insulin AUCo6 p (pmol /) 910 + 269.7 4721 + 2447 0.012  950.2 = 446.7 4333 +2189 0.012
concentration  Crnax (pmol/l) 197.9 + 50.4 1049 + 483  0.012  206.1 + 114.5 1371+ 1116 0.123
T max (MiN) 126.3 + 80.0 1563+ 60.0 0182  208.8 +57.4 213.8+74.1  0.944

Adapted from [77] with permission of John Wiley and Sons.
AUC: Area under the curve; GIR: Glucose infusion rate.

by preprandial oral route and it is cleared in 300 min. This
study also showed that on insulin removal ORMD-0801
was able to control the glucose levels in fasting TIDM
individuals (so1.

The safety, tolerability and efficiency of oral insulin
ORMD-0801 versus placebo was evaluated trough a
Phase IIb in T2DM patients during 6 weeks. The patients
received a capsule of ORMD-0801 or placebo at bedtime.
The study showed significant reduction of insulin,
C-peptide and fasting blood glucose (FBG); however,
HbA . levels were higher in experimental group than placebo.
It was concluded that ORMD-0801 can cause some hypogly-
cemic effect when administered at bedtime. Therefore, this
first long-term study proved that this system can be safe,
well tolerable with no adverse accumulative effects [81].

4.3 Eligen Technology

Eligen® Technology is a new system created by company
Emisphere Technology, which uses a delivery agent to carry on
molecules, like insulin, across the biological membranes,
avoiding the acid and peptidase degradation. These carriers
interact with protein drugs in a weak and non-covalent
manner, changing their conformation and increasing their
lipophilicity, allowing their absorption by passive transcellular
transport [74,82].

In a study performed in 10 fasted healthy volunteers,
oral insulin administration in combination with sodium
N-8-(2-hydroxybenzoyl) aminocaprylate (SNAC) showed
that insulin was rapidly absorbed into the bloodstream (C,,
occurred within 25 min). In other clinical study in T2DM
patients, one capsule containing 10 mg of insulin and
200 mg of SNAC was able to reduce PPG levels and increase
systemic insulin level over 30 min after a standardized meal.

Despite the fact that it has been considered as an alternative
for therapeutic protein delivery system, the formulation is
responsible for causing nausea and there is no clinical efficacy
study to date. Moreover, delivery system may be inconvenient
for patients because the used amount is quite higher than the
therapeutic proteins [83].

The 90-day Phase II study of high doses of oral insulin
using Eligen Technology in T2DM showed an HbA,,

reduction [82]. In another Phase II clinic trial by Emisphere
Tecnnology, oral insulin combined with metformin did
not present higher glycemic control as compared with
metformin-only treatment (group control) [84].

In 2010, the company made an agreement to develop
and commercialize oral insulin analogs patented by Novo
Nordisk, using Eligen Technology [ss].

4.4 Oral insulin delivery matrix

BOWS Pharmaceuticals established a system based on RHI in
dextran matrix capsule, which avoids and protects the insulin
against proteolytic degradation. It also allows a better insulin
target of local absorption when dextran degraded by endoge-
nous enzymes presents in small intestine mucosa [78386].
A Phase I/1I study using a peroral capsule containing human
insulin in a dextran matrix (ORA2) was performed with
the goal of assessing the safety, tolerance and PD profile
in T2DM patients. However, this study was suspended in
2010 (s7).

Merrion Pharmaceuticals developed Gipet® Technology
that uses drug absorption enhancers through matrices consti-
tuted by medium-chain fatty acids (recognized as a GRAS exci-
pients) [74]. The insulin and the other ingredients are mixed
through a physical mix and are formulated as solid dosage
form, a tablet, which just allow the insulin release in duode-
num, allowing the GIT transport and insulin absorption [74,88].

In turn, Merrion Pharmaceuticals established a partnership
with Novo Nordisk which pretend to use Merrion’s proprie-
tary Gipet with an insulin analog patented by Novo Nordisk.
In 2012, Novo Nordisk announced the ending of a single-
dose Phase I clinic trial of oral insulin 106 in a Gipet I
Gastro-resistance tablet (NN1952) in volunteers with
T1DM and T2DM (88,89]. It was concluded that single doses
of oral insulin were well tolerated, and when administered in
fasting states has a rapid absorption and onset of action.
However, PK and PD parameters had a large inter-individual
variability when compared with SC insulin. The study also
showed that absorption changed by the presence of food
(80 — 90% the AUC (area under the curve) of formulations
decreased). Furthermore, the clinical development project
was discontinued by Novo Nordisk [s9].
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4.5 Hepatic-directed vesicle insulin

Diasome Pharmaceuticals has developed a novel insulin deli-
very system called hepatic-directed vesicle insulin (HDV-I).
Insulin is bonded to a hepatic-directed vesicle (HDV) and, at
the phospholipid bilayer of liposome there is a hepatocyte-
targeting molecule (HTM), which allows a better targeting of
insulin in liver cells, mimicking the physiological conditions.
That system is also able to avoid the insulin degradation caused
by proteolytic enzymes present in GIT [74,90,91].

Phase II clinic trials showed an improvement in blood glu-
cose control during an oral tolerance test in diabetic patients.
Another study was conducted to assess the dose-response
of PPG through escalating daily doses of oral HDV-I in
T2DM patients, along with OAD therapy. The study showed
a statistically significant reduction of PPG for all doses of oral
HDV-I when compared with placebo [92].

Another study compared the glucodynamic profile of oral
HDV-I with a SC RHI during 14 days in TIDM patients,
by the evaluation of 7-point blood glucose tested in 4 days,
FBG and PPG levels. No statistical differences were achieved
in 7-point blood glucose, FBG and PPG parameters between
oral HDV-I and SC insulin. But a significant decrease in over-
all mean daily value between two groups occurred, likely due
to small size of the sample. So, when compared with SC insu-
lin, oral HDV-I treatment significantly reduced the mean
daily 7-point blood glucose in T1IDM [93].

4.6 Biocon's insulin analogs

Another short-acting insulin analog developed by Biocon is
IN-105, which consists of an insulin molecule modified
with a short chain of PEG [7894]. In a study, the PK parame-
ters of different doses of IN-105 (10, 15, 20 and 30 mg) were
evaluated and compared with placebo in T2DM. The C,,,, of
insulin reached at 20 min post-administration and insulin lev-
els returned to baseline 80 min after administration. In turn,
blood glucose reached the minimum concentration at around
40 min. It was concluded that reduction of PPG occurred in a
dose-dependent manner. Furthermore, in previous clinical
studies, it was noted that the onset of action of insulin
occurred within 10 min after injection and the duration of
effect was over 1.5 to 2 h [95]. In 2009, Biocon announced
the beginning of Phase III clinic trials in T2DM patients [94].

4.7 Vitamin B4, to deliver oral insulin
In order to improve the intestinal absorption of proteins,
Access Technology developed a novel oral drug delivery tech-
nology named CobOral™. This technology is based on vita-
min Bj, properties and its natural transport system, which
allows co-absorption of the drug during vitamin uptake [96].
To enhance the drug absorption, Cobalamin"" or vitamin
B, analog and drug can be linked at polymers, or drug can
be encapsulated in a Cobalamin-coated nanoparticles. As
Cobalamin binds to intrinsic factor, it is in turn linked to a
receptor, where drug-Cobalamin conjugate is absorbed by
mediated endocytotic processes that allow the permeation

through intestinal wall. An iz vivo study of Cobalamin-
coated insulin-loaded nanoparticles had a pharmacological
response (blood glucose decrease), 80% equivalent or greater
than SC insulin. The system also showed a slower onset and
a longer duration of action when compared with SC route [96].
The beginning of Phase I clinical trial has been announced
but so far there are no results available [97].

5. Buccal insulin delivery system

Buccal route has an easy access to systemic circulation without
passing by first-pass liver and GIT degradation, increasing
the bioavailability of drugs. Due to its permeability and
large surface, buccal mucosa allows the passage of large
molecules [98,99].

Generex Biotechnology Corp. developed a new buccal
insulin delivery system called Oral-Lyn , which uses a
metered dose spray device, RapidMist , where drug is put
into a solution with an appropriate combination of enhancer
absorptions and GRAS excipients (8398]. This system is able
to produce reproducible doses, with an easy handling in
patient-friendly manner. Each dose delivers 10 U of insulin
but only 10% is absorbed, whereby the system is suitable for
prandial insulin delivery, immediately prior to breakfast [100].

Buccal insulin delivery system is safe and effective; there-
fore, it can be used for both TIDM and T2DM patients
and is considered as an alternative to SC injections [98]. This
system has been marketed at India, with the name brand
Oral Recosulin', however Phase III clinical trials have been
performed around the world (83,101].

In turn, Monosol Rx has developed an alternative technol-
ogy to pills, gels and injections, PharmFilm® Drug Delivery
Technology. This system uses a film, with a small size, thick-
ness and shape, allowing a uniform drug delivery through
buccal, sublingual, enteral or vaginal routes. PharmFilm
Technology is a versatile easy-to-use technology, it dissolves
quickly without taste, so that it can be used in different
patients, like pediatric, psychiatric and geriatric popula-
tions [102]. Monosol Rx in collaboration with Midatech
Group has developed a new nanoformulated transbuccal insu-
lin film, Midaform Insulin PharmFilm, which employs the
rapid-soluble PharmFilm Technology for delivering insulin-
passivated glyconanoparticles developed by Midatech Lid.
The Phase I clinical trial results announced in 2012 showed
that this system is safe, has a rapid onset of action and allows
to mimic the monomeric insulin secreted by pancreas [102,103].

6. Transdermal delivery systems

The skin is the largest organ of human body and has been
used as a route for macromolecules delivery, like insulin.
This non-invasive route offers a good way for absorption of
insulin until bloodstream, enabling a good control of diabetes
diseases and avoiding the pain of using needles [99). It also
avoids the gastrointestinal degradations and the metabolism
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of liver. However, the skin is a good and functional barrier of
human body, with low permeability that prevents the passage
of drugs, especially the hydrophilic macromolecules, such as
insulin [99,104].

To overcome the low permeability of insulin into the
skin, some techniques have been developed that allow the
transdermal insulin delivery system.

6.1 Microneedles

A novel approach to increase the transdermal insulin delivery
is based on the use of microneedles, needles that are fabricated
in a microscale, generally with a mean diameter of 1 micron
and a length range over 1 - 100 microns [105].

These systems are produced in a reproducible manner with
a high precision and moderate cost, through the use of several
materials, like silicon, metals, polymers, silicon dioxide, and
glass [105,106). With their microscale size, they can pierce the
skin opening microchannels larger than macromolecules
size, allowing the transport and the permeability of drugs,
like insulin. Besides micropathways created by microneedles,
they are able to penetrate only into the stratum corneum
due to their microsize (with a thickness of 10 - 15 pm),
thereby not reaching the nerve endings, avoiding the pain
and fear associated with needles [99,105,106].

Microneedles can be combined with a transdermal patch,
in other words, a patch system which has an array of micro-
scopic needles, providing a minimal invasive transport of
insulin until bloodstream [107]. This discrete system has several
advantages of a traditional transdermal patch technology,
such as continuous and controlled release, easy to use, mini-
mum involvement of healthcare professionals support and
painless [108].

Passport  System is a transdermal patch technology created
by Altea Therapeutics Corp., which allows efficient and fast
delivery therapeutic proteins. Due to its capacity of basal insu-
lin delivery, it has been clinically studied in TIDM patients,
and Phase I trials have already shown a sustained insulin deliv-
ery over a period of 12 h [109]. In 2007, a Phase II clinical trial
was completed, and results revealed that insulin level achieved
with transdermal system was equivalent to one SC long-acting
insulin (LAI) analog marketed (87,109,110].

Altea Therapeutics’s system has an applicator and a Pass-
Port Patch which contains a drug reservoir and a small screen,
also called porator that contains metallic filaments [109,111].
The applicator releases an electric charge to the porator, where
electrical energy is converted in thermal energy at the patch’s
filaments. That way, hundreds of microchannels in the kerati-
nized layer of skin are formed, where the insulin can pass until
the blood circulation. No pain is felt because the amount of
thermal energy used does not penetrate so deeply, not
attaining the sensitive nerve endings in the dermis [109].

Valeritas, Inc. has already its transdermal patch in the
market and it is known as V-Go' . It is a fully disposable
insulin delivery device that can be used with Novo Nordisk’s
NovoLog® and Eli Lilly’s Humalog® (112]. It employs the

Novel non-invasive methods of insulin delivery

h-Patch ™ technology, a disposable device which allows a con-
trolled drug delivery through the combination of transdermal
patch and conventional ambulatory pumps advantages [112,113].
The system is able to deliver a set basal dose of insulin (20,
30 or 40 U/24 h) and on-demand bolus insulin at mealtimes
can be added at the same time (2 U for each administration,
allowing 36 U bolus RAI during 24 h) 12,113. V-Go is a
simple and discrete device which can be applied in several parts
of human body. It has a small size, low weight, an ecasy
application (just by removing the adhesive strip can be applied
directly into skin) and doesn’t need needles, syringes, battery or
electronic sources for insulin delivery. However, prior to use, a
new device is required to fill V-Go insulin reservoir [113].
After skin application, patients need to press a button for basal
insulin administration. A second button is required to be
pressed for mealtime bolus delivery [113,114]. The h-Patch can
be used just during 24 h, and after its removal, the micro-
needles retract being blocked, which means that the device is
useless for re-use. FDA approved its marketing for T2DM
treatment and in 2011 it received approval for being marketed
in Europe [112,114].

6.2 lontophoresis/sonophoresis

Iontophoresis is a technique that uses small electric currents
for enhancing permeability of drugs into skin. This method
allows a continuous, pulsatile, controlled and non-invasive
drug delivery using processes of electromigration and
electro-osmosis [99].

A study reported iontophoresis can have a synergic effect
for insulin delivery with microneedle-induced microchannels.
This study in rats showed that iontophoresis drives the
insulin-loaded nanovesicles into the deep layers of the skin
over microchannels, where it can be released, followed by
the absorption [115].

Another approach for insulin delivery is sonophoresis,
which uses ultrasound waves for delivering therapeutic mole-
cules across the skin by the use of high-frequency sono-
phoresis (HFES), frequencies upper than 0.7 MHz [116] or
low-frequency sonophoresis (LFS), frequencies between
20 and 100 kHz [116,117]. Several studies have shown that
HES is able to enhance the permeability of molecules with
low molecular weight, as non-steroidal anti-inflammatory
drugs (NSAIDs) or local corticosteroids delivery [116], but no
good outcome was found for large hydrophilic molecules
until Mitragotri e al. published in 1995 the first 77 vivo study
which showed that application of ultrasounds at 20 kHZ
helped in delivery of insulin at therapeutic levels through hair-
less rat skin [118]. Thus, LFS was found to be much more
effective for the delivery of hydrophilic macromolecular drugs
such as insulin [116-118].

The sonophoresis mechanism is still not fully achieved, but
it is believed that enhancement of skin permeability is due to
cavitation effect [116]. This method comprises growing and
oscillation of air pocket present on keratinocytes and which
is responsible for lipid bilayer disorganization of stratum

Expert Opin. Drug Deliv. (2012) 9(12) 1549

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

S. Soares et al.

corneum [118]. As the cavitation effect increases with the
decrease of ultrasounds frequency [117,119], the use of LES pro-
vides bilayer disorganization enough to allow the permeation
of large molecules through the skin [118].

In order to have an appropriate sonophoresis efficacy, several
parameters must be achieved, such as ultrasound energy dose,
frequency, intensity, pulse length and distance of transducer
from the skin [1201. However, sonophoresis can be combined
with several strategies as chemical enhancers, iontophoresis or
electroporation, for having a synergic effect and consequently
a better skin permeability [121,122].

Transdermal Specialties, Inc. has developed a new transder-
mal system called U-Strip  patch, a needle-free system that
uses alternating ultrasonic waveforms to increase the pore
diameter of skin, so that drugs, drugs like insulin can pene-
trate the skin and reach the blood [123]. The system has an
insulin patch, where insulin is stored and transducer coupler
is snapped. It also has a battery, an ultrasonic applicator,
which is responsible for generating ultrasonic transmissions
and a keypad to program drug dosage and frequency [124].
This disposable device can be used on the arm or abdomen
and it is available in four different doses (25, 50, 100 and
150 U), allowing a bolus insulin delivery and a basal insulin
delivery enough for 2 days [(123.125]. This system is able to
detect insulin level on the patch, making a sound alarm
when battery is low, low insulin level on the patch or when
the system falls off. The system is a closed-loop delivery which
contains a glucose sensor, so that glucose readings can
be registered. These data and the insulin amount that remains
on the patch can be saved during 60 days. This device has
also the ability to send a dose report directly to physician via
internet for monitoring and provide updates to patients
about insulin dose and glucose level information along the
day [123-125].

Transdermal Specialties is currently involved in U-
Strip clinic trials development. Just two clinical trials involv-
ing over 500 diabetic patients are required for FDA approval:
a study to assess if blood glucose level of insulin patch can
reach at the same time as pump, but with less amount of insu-
lin. This trial also pretends to evaluate if that system is more
effective in glucose reduction at morning for those patients
who wake with high blood glucose levels; and a second one
which will be conducted at patient’s home to evaluate
HbA . levels for over 4 months [125].

6.3 Transferosomes

Transferosome is a trade name registered by IDEA AG, which
means ‘carrying body’. It is an elastic, flexible and deformable
vesicle which allows to squeeze itself in order to pass through
the pores of the skin, even those pores with less size than the
own vesicle. These vesicles are made using a phospholipid
component, like phosphatidylcholine, to assemble the lipid
bilayer and a mixture of surfactants, which in appropriate
rate, is able to control the flexibility of vesicles and conse-
quently their stability [126,127].

Due to their flexibility properties, these vesicles are able to
penetrate into the skin through a transcellular route. When
applied at skin, it follows the natural gradient of water
across the epidermis to secure its adequate hydration,
thus the transepidermal hydration is the driving force of
transferosomes [126,127].

Transfersulin® consists of encapsulation of insulin into
transferosome which is a good approach for overcoming
the problems of SC insulin injection [127]. Unfortunately,
no further information is available related to its status
of development.

7. Conclusions

Diabetes management requires daily blood glucose control
through a series of multifaceted actions but mainly by multi-
ple daily insulin injections. Several non-invasive methods of
insulin delivery have been created and largely developed using
diverse strategies and following different routes of administra-
tion (Table 4) with the purpose of SC insulin replacement.
These non-invasive methods promise a better diabetes care
by giving improvements in blood glucose level control, and
decreasing the weight gain, peripheral hyperinsulinemia,
hypoglycemic events and late diabetic complications. Contin-
uous studies covering all stages of the clinical development are
being addressed, and most of them have evidenced good clinic
results, but there are still many barriers to be overtaken.
Inhaled insulin system, especially Afrezza, has proved its effi-
cacy, safety and tolerability to SC insulin injections. In turn,
some absorption problems must be overcome for nasal spray
insulin being used. Oral route is one of the main strategies
that have been developed. A solution has been achieved for
poor insulin bioavailability and intestinal permeation; how-
ever, risk-benefit and long-term toxicity must be further stud-
ied. Apart from V-Go, there are others transdermal systems
which use different strategies that need to be evaluated before
being marketed.

Each route and delivery method has its own potential
advantages and limitations, and maybe a universal suitability
of a system cannot be possible. However, regardless of route
administration, any non-invasive and alternative approach
would revolutionize the current diabetes treatment and
would be well accepted by the patients and healthcare
professionals, particularly if it presents cost-effectiveness and
user-friendly aspects.

DM is a disease that affects thousands of people around the
world, and a single suitable pharmacological profile or public
adherence is not enough to ensure the success of a novel
insulin delivery system.

8. Expert opinion

Despite the main purpose of diabetes treatment, innovative
technologies for non-invasive insulin delivery have been cre-
ated under different multistrategic approaches and each one
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supply specific requirements inherent of respective adminis-
tration routes. Each new method developed has its own limi-
tations and potential advantages, and it is not possible to find
a product for everyone due to product or individual contrain-
dications. Nonetheless, a novel product will be as successful as
higher its suitability among diabetic patients in general.

The clinical trial results have revealed a pronounced poten-
tial of these novel insulin delivery systems in DM treatment.
Most of the studies evidenced that treatments with new deliv-
ery systems are comparable with standard of care insulin ther-
apy, and promise a suitable coverage of prandial insulin
requirements, which means they have the potential to replace
the numerous short-acting insulin injections every day. How-
ever, in a general view, better comparator studies should be
carefully designed. Comparison between different delivery
systems of the same route of administration, comparison
with more insulin analogs, with insulin delivered by pen
devices or with continuous infusion systems are still to
be performed.

Inhaled insulin therapy consistently demonstrated
improvements in glycemic control, whether added to longer-
acting SC insulin regimens in patents with TIDM and
T2DM or used to supplement or replace OAD therapy in
patients with T2DM. Inhaled insulin therapy with Afrezza
showed not only to be efficacious, well tolerated and has
long-term safety profile, but also to provide advantages of
effective protection against postprandial hyperglycemia and
less weight gain than conventional insulin therapies.

On the other hand, nasal insulin spray formulations face
some absorption challenges and require further optimization.
At least, if today the nasal insulin delivery doesn’t sound a
future non-invasive alternative in DM treatment, it is defi-
nitely a new promising approach to treat neurodegenerative
disorders as some recent studies have shown.

As the most convenient administration route, oral insulin
delivery systems have been considered a desirable and poten-
tial alternative to SC insulin injections. However, many
barriers remain to be overcome. Oral insulin absorption
has been proved, but the reproducibility of oral insulin
absorption in a larger range of patients needs to be per-
formed in order to evaluate the inter-individual variability.
Phase III clinical trials results haven’t been shown, and the
changes of PK caused by the influence of others drugs or
food still need to be evaluated. The risk-benefit and chronic
toxicity administration must be assessed, as the extended use
of enhancer absorption, which increases the intestinal per-
meability, could increase the absorption of other com-
pounds in particularly toxins or even pathogens agents.
The use of protease inhibitors has been studied as an
approach for oral insulin delivery, needs to be carefully
assessed as they might inhibit some useful enzymes for
digestive process. Another barrier is the possible mitogenic
activity caused by insulin which could cause mutagenic
changes in intestinal mucosa, therefore long-term safety
studies must be performed.

Novel non-invasive methods of insulin delivery

In the same way, transdermal route can offer a good
approach to SC insulin, once it can provide a controlled and
continuous drug delivery. Microneedles combined with
patches have been studied for other disease treatment or vac-
cination with good results. Undoubtedly, V-Go Disposable
Insulin Delivery Device could revolutionize the diabetes
care. However, the system applicability to others insulin ana-
logs, and long-term safety, should also be assessed. Due to
bioengineering development, the combined use of micronee-
dles with other active enhancement technologies, like
iontophoresis and sonophoresis, can be a good strategy to
overcome the several skin barriers. In turn, transferosomes
are able to permeate stratum corneum, allowing insulin
delivery due to their flexibility. Little information about their
status of development was found, probably because these sys-
tems can suffer oxidation and natural phospholipids have
poor purity.

At this time it is not possible to say that certain non-
invasive insulin delivery system is better than traditional
diabetes treatment. Nonetheless, a non-injectable alternative
system of insulin delivery will be attractive to fight psycholo-
gical insulin resistance in both patient- and physician-related
barriers that contribute to the late initiation of insulin ther-
apy and consequently further DM complications. In fact,
the possibility to achieve a good glycemic control through
any reduction of HbA, . and additionally without being asso-
ciated with weight gain and increased hypoglycemia will be
welcomed, but it does not guarantee overall adherence.
From the patient’s point of view, it is comprehensible
that a diabetic person, who has to follow several self-
management tasks (including physical activity, healthy eat-
ing, taking medications correctly, glycemic self-monitoring,
among others), just will perfectly comply with a new insulin
product if it will have an easy handling and do not yield
more complicated issues. The acceptance of a new alternative
insulin treatment will also result from the inherent judgment
and comparison between the current well known, safe and
effective treatments, and respective cost-effectiveness rates.
The price is always an unavoidable criterion. The companies
of the new products will have to make an extra effort with a
solid marketing strategy to show characteristics of its product
when it hits the market. Obviously, manufacturing process
should be as simple as possible and at the same time be
able to produce at high scale to ensure all diabetic market
supplying. In the near future, it will be possible to see how
next non-invasive insulin product coming to the market
based on microsphere technology can be transformed
into an industrial scale, and keep its availability in a
sustainable concept.
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