Reviews in Health Care 2012; 3(1): 51-65

DR
Narrative
review

Managing diabetes

with inhaled insulin
. |

Lucy D. Mastrandrea’

" Department of Pediatrics, School of Medicine and Biomedical Sciences, University at Buffalo, Buffalo, New York

Abstract
T

The incidence of diabetes is increasing world-wide. Many individuals with diabetes require insulin
to control their blood sugar and prevent both microvascular and macrovascular complications as-
sociated with this chronic disease. Current regimens involve delivery of subcutaneous insulin by
injection or continuous insulin infusion. One area of research to advance diabetes care is aimed at
developing alternate routes of insulin administration that will make daily management less invasive
for patients. This review will focus on inhaled insulin, a novel formulation which takes advantage
of drug delivery through the pulmonary system. The pharmacology, efficacy, and safety of inhaled
insulin will be discussed. In addition, the status of inhaled insulin as a potential therapy for indi-
viduals with diabetes will be reviewed.
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Managing diabetes with inhaled insulin

Introduction

The International Diabetes Federation estimates that diabetes affects over 285 million individuals
worldwide, with rates increasing particularly in developing nations [1]. The two major categories of
diabetes are type 1 diabetes (T1D) and type 2 diabetes mellitus (T2D). T1D is caused by autoimmune
destruction of the insulin-producing cells in the pancreas; individuals with this disease are completely
dependent on insulin for survival. T2D, which occurs predominantly in obese individuals, develops
when insulin production fails to compensate for peripheral tissue resistance to insulin [2,3]. Initially,
individuals with T2D manage their disease with weight loss, exercise, and oral medications. As the
disease progresses most will require insulin to prevent persistent hyperglycemia.

Since the discovery of insulin by Banting and Best in 1921 [4], the evolution of insulin therapy has fo-
cused primarily on modifying insulin preparations or the molecule itself to alter the pharmacodynam-
ics and improve bio-availability. However, for many patients, subcutaneous insulin delivery is invasive
and proves burdensome. A potential alternative to subcutaneous insulin is administration of insulin via
inhalation. The development of inhaled insulin as a tool to manage diabetes will be reviewed.

Goals in diabetes care

Diabetes is the 7™ leading cause of death in the USA, and the cost of this disease exceeded $174 billion
in 2007 [5]. The American Diabetes Association publishes guidelines for diabetes care with the primary
goal of optimizing metabolic control as measured by glycosylated hemoglobin (HbA1c) [6], a biochemi-
cal tool which correlates with mean blood sugar levels over the previous 2-3 months. The rationale for
this goal is that numerous studies have demonstrated associations between hyperglycemia, elevated
HbAlc, and long-term complications of diabetes. Diabetes complications include both microvascular
diseases — nephropathy, retinopathy, and neuropathy - and macrovascular diseases — atherosclerotic
disease, myocardial infarctions, and stroke. Large prospective trials in cohorts of individuals with either
T1D or T2D have shown that as diabetes control improves, the rate of microvascular disease decreases
[7,8]. While these prospective trials did not show parallel findings with respect to macrovascular disease,
follow-up studies in a group of patients with T1D who received intensified insulin therapy (3 or more
injections per day) had a 42% decreased risk of a first cardiovascular event compared to subjects treated
with conventional therapy [9]. Thus, the current clinical guidelines are to target as close to euglycemia
as possible in every patient, while minimizing the risk of adverse effects, particularly hypoglycemia.

In the non-diabetic state, the pancreas produces low amounts of insulin to regulate hepatic gluconeo-
genesis between meals (basal) while, in response to carbohydrate consumption, -cells secrete insulin
to control mealtime glucose excursions (bolus). Intensive therapy in patients with T1D aims to repli-
cate this basal-bolus pattern by using insulin analogs with appropriate pharmacodynamic profiles or
by continuous infusion with short-acting insulin analogs via insulin pump. Similar strategies are used
by patients with T2D who have persistent hyperglycemia in spite of optimized oral therapy with drugs
that stimulate insulin production (secretagogues) or that improve insulin sensitivity (biguanides and
thiazoladinediones).

In spite of the availability of intensified basal/bolus regimens, several barriers to optimizing glycemic
control remain. First, subcutaneous delivery of insulin does not replace the hepatic effects of endog-
enous insulin secretion delivered directly into the portal circulation. Secondly, optimal glucose-lower-
ing effect of short-acting insulin analogs is dependent on both the timing of dosing as well as careful
attention to quantity and type of carbohydrates consumed. In addition, while intensification of insulin
therapy leads to reductions in complications, there are corresponding increases in the risk of severe
hypoglycemia [7]. Recurrent hypoglycemia is treatment limiting because it places patients at risk for
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seizures, unconsciousness, and potentially, death. Finally, many patients are resistant to take on the
burden of intensified management. They may be fearful of injections or unprepared to learn the skills
necessary to match carbohydrate intake with insulin administration.

It is estimated that > 60% of individuals with diabetes fail to reach therapeutic targets. With the above bar-
riers in mind, efforts are underway to develop insulin regimens that will improve both overall glycemic
control as well as acceptance by patients. The two formulations that have come farthest along the pipeline
are Oral-lyn, insulin that is absorbed across the buccal mucosa, and inhaled insulin. Although only on the
market for a brief period, the Exubera® inhaled insulin delivery device system was approved by the Food
and Drug Association (FDA) and the European Medicines Agency (EMEA) for treatment of T1D and T2D.

DeIiverinﬁ dI’UﬁS through the Eulmonarz szstem

In developing inhaled insulin, researchers took advantage of the fact that drugs have been delivered

through the pulmonary system for a number of different diseases, including cystic fibrosis and asthma.
For these conditions, the bronchiole tree or lung parenchyma is the target of drug action. For inhaled
insulin to be effective, it must be absorbed across the large (145 m?), permeable, alveolar-capillary
network of the lung to enter the bloodstream. In 1925, Génsslen used nebulized insulin in subjects
with T1D and reported that blood glucose levels decreased [10]. However, it was not until the develop-
ment of devices capable of delivering drugs to the appropriate lung surface that the advancement of
inhaled insulin could become a reality. In addition, research has focused on technologies to produce
dry-powder formulations of insulin that meet the biophysical parameters facilitating deposition in the
alveolar space and maximizing glucose-lowering activity [11,12].

There are a number of factors that influence the successful delivery of insulin to the deep lung space.
First, insulin particle size should be between 1-3 uM to optimize deposition in the alveolar space [13].
This is achieved primarily by spray-drying liquid insulin combined with various excipients (such as
liposomes, lactose, and porous polymers) aimed at minimizing clearance from the alveolar space and
improving stability and absorption of the insulin. Secondly, the device must administer a consistent
dose with each use in order to optimize glycemic control. This is dependent on timing of release of the
insulin particles, particle velocity as well as the inspiratory effort of the user [14]. Finally, the devices
and insulin formulations must be user-friendly, durable, and safe for patients.

Inhaled insulin szstems

Inhaled insulin delivery systems differ with respect to size of the device, mechanism of insulin release

(mechanical vs. electronic), insulin formulation (liquid vs. powder), and bioequivalence of the insulin
formulation compared to subcutaneous insulin. Currently, there are at least two systems in continued

development, with at least 3 active trials listed on www.clinicaltrials.goy [15].

» Exubera®is an inhaled insulin developed through a partnership with Nektar therapeutics, Pfizer, and
Sanofi Adventis and approved as a pre-meal therapy for management of both T1D and T2D in the
United States and Europe. Most of the original data related to the pharmacology of inhaled insulin
was derived from studies testing Exubera®. The mechanical device delivers a dry powder formulation
of insulin from blister packets containing either 1 mg or 3 mg of regular insulin, which are bioequiv-
alent to 3 units and 8 units of subcutaneous short-acting insulin, respectively. After just over one
year of clinical use, Pfizer elected to withdraw Exubera® from the market, citing poor sales. In spite
of these setbacks, Dance Pharmaceuticals, a company formed by individuals from Nektar, is resolved
to redesign Exubera® technology in the hopes of bringing the drug to market again in the future [16].
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e Afrezza® is an inhaled insulin product being developed by MannKind Corporation, and the system
is the primary player in the field at this time. Using Technosphere® technology, the device delivers a
dry powder formulation of insulin that is rapidly absorbed into the circulation. The major advance
is the replacement of the MedTone” Inhaler with the DreamBoat® inhaler, a small breath-powered
device that is designed to serve for a broad range of inhaled products [17]. Approval of Afrezza®
was recently denied by the FDA with requests for more data related to performance of the inhaler
and risk of cardiovascular risks associated with Technosphere® insulin. MannKind Corporation
continues to pursue development of Afrezza® for clinical use.

Other inhaled insulin systems have been developed and studied in patients but are no longer being

investigated in clinical trials:

o The Alkermes AIR® system was developed in partnership with Eli Lilly. The device uses a breath-
activated system to effectively deliver relative large, but porous, dry-powdered insulin particles (5-
30 pm) to the deep lung space.

o The AERx iDMS® system was being developed through a collaboration between Aradigm Corpora-
tion and Novo Nordisk. There are several unique features to this system. First, the device generates
an aerosol from liquid insulin and then, using visual cues, signals the user to breathe at optimal
speed and depth to ensure delivery of the insulin to the alveolar space. The therapeutic breath is
followed by a “chaser breath” volume of 400 ml, making delivery more reproducible within and
between subjects. Second, the liquid insulin is contained in blister packets each containing 1 AERx"
unit of insulin. The device can deliver AERx® units of insulin in 1 unit increments up to 10 units
with each unit expected to equal one unit of insulin delivered subcutaneously. This provides in-
creased flexibility for mealtime carbohydrate coverage, as well as the potential for fewer “pufts” of
insulin at any given administration. Finally, the system can be downloaded, providing information
related to delivered doses, frequency of use, and breathing patterns.

Pharmacoloax of inhaled insulin

The inhaled insulin systems that have been developed are designed to provide glycemic control at
meal times (bolus) in patients with diabetes. The ideal inhaled insulin would have a glucose-lowering
effect similar to that of endogenous meal-time insulin with rapid onset of glucose-lowering activity
and duration of action over a period of 2-3 hours. This profile would control the rise in glucose while
minimizing the risk of delayed hypoglycemia. The pharmacologic properties of inhaled insulin have
been compared to those of subcutaneous insulin. Pharmacokinetics, as measured by serum levels of
insulin following inhalation, describe how well the product is absorbed across the alveolar-capillary
membrane to enter the bloodstream. The euglycemic glucose clamp technique is used to study the
glucose lowering effect, pharmacodynamics, of inhaled insulin.

Pharmacokinetic Earameters of inhaled insulin

Heinemann et al. studied the pharmacokinetics of inhaled insulin in 12 healthy, non-smoking males.
Compared to injected regular insulin, serum insulin levels were reached more quickly (T 24 vs. 106
min.), and the maximum insulin concentration (C__) was higher with inhaled insulin [18]. In addi-
tion, after insulin inhalation, the insulin exposure as measured by AUC was higher in the first 60 min-
utes of the clamp study, while the total AUC (360 min) was greater for injected insulin. By comparing
the relative doses of insulin administered for each route, the authors concluded that the bioavailability
of inhaled insulin is 7.8+3.5% of injected insulin. Studies performed in healthy non-smoking volun-
teers compared the pharmacokinetics of Exubera® to regular insulin. This study confirmed that inhaled
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insulin is absorbed more rapidly than regular insulin; however, both the C_ and cumulative insulin
exposure were similar for the two drugs [19]. Rave et al. studied the AIR® inhaled insulin system in 18
healthy male and female subjects with normal pulmonary function to compare three different inhaled
insulin doses to bioequivalent subcutaneous insulin lispro doses [20]. The T___was similar for all doses
studied and did not differ between inhaled insulin and subcutaneous insulin, indicating that exposure
to inhaled insulin mirrors that of the short-acting insulin analogs. As expected, the C__ increased with
increasing inhaled insulin dose. C__was lower for inhaled insulin compared to insulin lispro except at
the highest dose tested, where it was similar. The AUC of equivalent doses was comparable for inhaled
vs. subcutaneous insulin.

In summary, studies in patients without diabetes indicate that inhaled insulin displays initial phar-
macokinetics (T _and C__) similar to short-acting analogs, while total exposure (AUC) is more like
regular insulin.

Glucodxnamics of inhaled insulin

The euglycemic glucose clamp provides a mechanism to measure the amount of glucose required to

maintain euglycemia (and prevent hypoglycemia) following a given exposure to insulin. In agreement
with the pharmacokinetic data, the time of maximal glucose infusion occurs earlier with inhaled insu-
lin compared to subcutaneous regular insulin and the glucose infusion rates are higher in the first 60
minutes following drug exposure [18]. The duration of glucose-lowering effect for inhaled insulin is
longer than insulin lispro and similar to regular insulin, while the total glucose exposure does not differ
between insulin regimens [19,20].

In order to study the glucose lowering effect of different inhaled insulin dose equivalents, healthy sub-
jects inhaled AIR® insulin in single vs. divided doses. For example, subjects were treated with one 10 U
equivalent capsule and, on a separate occasion, one 6 U equivalent capsule plus 2 U equivalent capsules
(total dose = 10 U). The total glucose infusion rates were comparable between these two regimens,
indicating that doses can be interchanged with no loss in clinical efficacy [21].

Glucodynamics of inhaled insulin have also been studied in populations with diabetes. In individuals
with T1D, the glucose lowering effect was achieved more quickly with inhaled insulin than with subcu-
taneous insulin [22]. In addition, total glucose exposure increased with escalating inhaled insulin dose.
The intra-subject variability for glucose lowering effect was ~34% indicating that inhalation technique
is an important variable related to glycemic management. When individuals with T2D were treated
with Technosphere® insulin, the time to maximal metabolic effect occurred sooner than with subcuta-
neous regular insulin. Although the glucose lowering activity for the inhaled and subcutaneous insulin
doses were equal for the initial three hours of the clamp, the initial glucose exposure (0-2 hours) was
higher for inhaled insulin, while the total glucose exposure was greater for regular insulin [23]. Inter-
estingly, there was less intra-subject variability with inhaled insulin compared to subcutaneous insulin
in this population. These results confirm that inhaled insulin would be effective as a prandial therapy
with decreased risk for delayed hypoglycemia.

Inhaled insulin and conditions that

affect the Eulmonarx S\-/stem

The efficacy of inhaled insulin is dependent on an intact alveolar-capillary network as well as adequate

delivery of the product to the site of absorption. Thus, environmental exposures and diseases which
affect inhalation technique and insulin absorption will alter the glycemic action of the drug.
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Becker and colleagues studied the effect of smoking on the pharmacokinetics and pharmacodynamics
of inhaled insulin. Compared to non-smokers, the maximal insulin concentration and total insulin
exposure was higher in smokers following inhalation of Exubera® [24]. In addition, the peak insu-
lin concentration was reached sooner. Wise et al. confirmed these findings demonstrating that the
AUC-insulin increased by 58% and the maximal insulin concentration increased by 172% in smok-
ers following insulin inhalation [25]. The effects of smoking on insulin absorption are not dependent
on the inhaled insulin formulation, as similar pharmacokinetics are observed with dry powder and
liquid aerosol insulin. In spite of the increased insulin exposure, the hypoglycemic effect as measured
by glucose infusion rate was 50% lower in the smokers, suggesting a degree of insulin resistance in
this population. Within one week of smoking cessation, the pharmacokinetics of inhaled insulin is
equivalent to that of healthy non-smokers [24]. Finally, the effects of second-hand smoking on inhaled
insulin pharmacology were studied in healthy non-smoking volunteers [26]. After sitting in a smoke-
filled room for 2h, the T __was increased compared to no smoke exposure (75 min. vs. 60 min.), and
the C___was decreased. In addition, in those exposed to cigarette smoke, the total insulin absorption
(AUC) was less for all time periods tested (0-120, 0-240, and 0-360 min., respectively). Glucodynamics
were not performed in this study; however, it could be inferred from the pharmokinetic data that the
glucose-lowering effect of inhaled insulin would be impaired with exposure to second-hand smoke.
When Exubera® was approved by the FDA, it was not indicated for current smokers or those who had
smoked within the previous 6 months. Post-marketing data demonstrated an increased risk of lung
cancer in former smokers who were involved in clinical trials testing Exubera®. Thus, future approval
of inhaled insulin is likely to be limited to non-smokers.

There are a number of acute and chronic comorbid pulmonary diseases that might influence the effica-
cy of inhaled insulin in individuals with diabetes. Upper and lower respiratory infections are relatively
common, albeit short-lived conditions. In subjects without diabetes experiencing an upper respiratory
illness, the pharmacokinetics and glucodynamics of inhaled insulin were not altered either during the
acute or recovery phase [27], suggesting that inhaled insulin doses do not need to be adjusted during
these illnesses. Asthma is a chronic restrictive lung disease characterized by airway hyper-reactivity,
inflammation, and subsequent airway remodeling. Acute attacks of bronchospasm may be triggered
by airway pollutants. For individuals who have both diabetes and asthma, it is essential to ascertain
whether the glucose-lowering effect of inhaled insulin is altered during asthma exacerbations, and
whether the inhalation event itself can trigger an asthma attack. Henry et al. studied the effect of AERx®
insulin inhalation on both the pharmacology and pulmonary function in a group of non-diabetic sub-
jects with mild-moderate chronic asthma treated only with B-adrenergic agonist therapy [28]. Individ-
uals with asthma absorbed less insulin compared to healthy controls, which correlated with decreased
glucose-lowering effect of the drug. There was significant intra-subject variability in insulin absorption.
This coupled with the lowered absorption would contribute to inconsistent insulin dosing and could
lead to erratic glucose excursions. Woltz et al. performed a similar study with an asthmatic population
stratified into mild and moderate disease [29]. Both groups had significantly lower insulin absorption
compared to controls; however, only the group with moderate asthma showed a decreased glucody-
namic response to inhaled insulin which was partially abrogated by pre-treating with a long-acting
B-agonist. Inhaled insulin did not induce symptoms of airway hyper-reactivity, and there were no rel-
evant changes in pulmonary function testing in either study. These findings suggest that, while inhaled
insulin does not trigger bronchospasm, individuals with asthma who are treated with inhaled insulin
must be counseled to monitor glucose levels closely. In addition, during acute asthma exacerbations,
the option of transitioning back to subcutaneous insulin therapy may be warranted.

Individuals with the diagnosis of chronic obstructive pulmonary disease (COPD) suffer from either em-
physema (restrictive disease) or chronic bronchitis (obstructive disease). COPD affects between 10-12%
of individuals with diabetes [30], and it is a risk factor for diabetes likely because of the inflammatory
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state and impact on exercise tolerance. Rave et al. studied the pharmacokinetics of AIR® inhaled insulin
in a group of non-smoking individuals with COPD, stratifying them into a chronic bronchitis group and
an emphysema group [31]. Compared to controls, serum insulin levels following inhalation were lower in
both groups. In fact, for the chronic bronchitis cohort, the C___and total insulin exposure were 59.3% and
55.7% of healthy controls. The glucose lowering effect of inhaled insulin was significantly lower in both
groups compared to controls, with a high degree of intra-subject variability. In addition to having a nega-
tive impact on inhaled insulin pharmacology, subjects with chronic bronchitis had a consistent decline in
forced expiratory volume in 1 second (FEV ) following treatment. Recently, a trial using Technosphere®
failed to demonstrate differences in insulin absorption in 19 subjects with mild to moderate COPD [32].
Whether these findings are related to the study population or to the inhaled insulin formulation will need
to be addressed in larger studies. However, given that the most common etiology of COPD is tobacco use,

this population may be excluded from using inhaled insulin based on smoking history alone.

Clinical use of inhaled insulin
T

The efficacy and safety of inhaled insulin has been studied in clinical trials involving subjects with both

T1 and T2 diabetes. In addition, the use of inhaled insulin in special populations - pediatrics (T1D)
and adults over the age of 65 (T2D) - has been tested.

Type 1 diabetes

Individuals with T1D are reliant on insulin replacement for survival, and most patients require multi-
ple daily injection insulin therapy in order to optimize diabetes control. While continuous subcutane-
ous insulin infusion therapy provides flexibility in terms of dosing and does not require daily injec-
tions, not all individuals are candidates for the insulin pump. Inhaled insulin would provide prandial
mealtime coverage when combined with basal insulin, thereby limiting the number of injections.
Several different inhaled insulin systems have been used in randomized controlled trials testing the ef-
ficacy of inhaled insulin. Quattrin et al. performed a randomized parallel-group open-label study in 334
subjects with T1D, including 62 pediatric patients (age 12-18 years). When mealtime Exubera® plus Ul-
tralente was compared to regular insulin plus NPH, there was no difference in metabolic control between
the two groups, although fasting and 2-hour post-prandial glucose levels were lower in those receiving
inhaled insulin [33]. These observations may not be attributable to inhaled insulin alone since the basal
insulin therapy also differed between the groups. With the development of fast-acting insulin analogs,
inhaled insulin could be compared to drugs with similar glucodynamics. Comulada and colleagues tested
pre-meal AIR® inhaled insulin in combination with insulin glargine compared to insulin lispro/glargine.
While HbAlc improved more in the cohort treated with lispro/glargine, a similar number of patients
achieved the target HbAlc of <7% in each group [34]. Longer term studies have also examined the ability
of inhaled insulin to offer durable effects on glycemic control. In a 2-year study comparing AIR® insulin
to either subcutaneous regular or lispro insulin in combination glargine, inhaled insulin was less effica-
cious in lowering HbAlc [35]. Reductions in HbAlc were comparable in individuals treated for one
year with glargine plus either Technosphere® insulin or rapid-acting insulin analog [36]. Fasting plasma
glucose was lower in those receiving Technosphere®. These results suggest that inhaled insulin is, at best,
non-inferior to subcutaneous insulin in controlling blood glucose levels in those with T1D.

Type 2 diabetes

After initiation of lifestyle intervention strategies, the algorithm for escalating pharmacotherapy in in-
dividuals with T2D with suboptimal glycemic control includes introduction of oral metformin therapy
[37]. If glucose levels remain elevated, second tier therapies include oral hypoglycemic agents, thia-
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zolidendiones, and basal insulin. Over time, many individuals will require prandial insulin coverage to
control mealtime glucose excursions. Inhaled insulin has been tested in the T2D population in subjects
naive to insulin and those treated with insulin.

When glycemic control continues to be suboptimal on dual oral agent therapy, most clinicians choose
to introduce basal insulin therapy. Hompesh et al. tested the hypothesis that addition of prandial in-
haled insulin (3 doses per day) would lower glucose exposures to a greater degree than insulin glargine
(1 dose per day) in a T2D cohort poorly controlled on oral agents [38]. Using a continuous glucose
monitoring system, they demonstrated that the addition of Exubera® lowered 24 hour glucose levels,
particularly after meals, more effectively than basal insulin. In a similar population, the addition of ei-
ther prandial AIR® inhaled insulin or insulin lispro to oral therapy resulted in comparable reductions in
HbA1c after 6 months of therapy [39]. When Exubera® was substituted for or added to dual oral thera-
py in a cohort of T2D patients with HbA1c >8%, the change in HbAlc from baseline was significantly
lower for those subjects receiving inhaled insulin vs. those receiving oral therapy alone [40]. While the
combination of oral therapy and Exubera®led to the highest percentage of subjects achieving HbAlc
<7% (32%), more subjects reached target HbAlc with inhaled insulin alone compared to dual oral
therapy (16.7% vs. 1%). This suggests that inhaled insulin alone may represent a valid treatment option
in this population. A weakness of the above study is the lack of a placebo-controlled arm. It is possible
that the novelty of using the inhaled insulin device biased the results in favor of improved diabetes
control in those receiving Exubera®. To control for this pitfall, MannKind developed a Technosphere®
placebo device. In insulin-naive patients with T2D treated with at least one oral agent, the addition of
inhaled Technosphere® insulin led to a significantly greater reduction in HbA1lc from baseline (-0.72
vs. -0.30%) compared to placebo Technosphere® powder [41].

The availability of inhaled insulin to cover meal-time glucose excursions has the potential to decrease
the number of insulin injections for individuals with T2D on intensive insulin therapy. Hollander et
al. studied the effect of Exubera® on glycemic control in a cohort of T2D subjects treated with at least 2
insulin injections per day but on no oral medications [42]. Subjects were randomized to receive twice
daily dosing of regular + NPH insulin or premeal Exubera + Ultralente insulin before bedtime. The
difference between the mean change from baseline HbA ¢ for the groups was not statistically different.
However, in the inhaled insulin group, more subjects achieved HbAlc <7%, and the fasting plasma
glucose was significantly lower. In another study, individuals with T2D treated with oral agents plus
glargine were randomized to one of three arms - continuation of glargine alone, initiation of AIR®
prandial insulin alone, or addition of AIR® prandial insulin to glargine [43]. A forced titration algo-
rithm was used to intensify glycemic control in those continuing on glargine. As might be predicted,
post-prandial glucose excursions were significantly lower in subjects randomized to inhaled insulin.
This translated to a significant decrease in HbAlc from baseline in the two arms receiving inhaled
insulin compared to the glargine alone group; there was no difference between the group randomized
to inhaled + glargine vs. inhaled alone. These findings demonstrate that addition of mealtime inhaled
insulin has beneficial effects on glucose control in the T2D population. Studies comparing inhaled in-
sulin to short-acting insulin analogs in subjects already using prandial insulin have not been reported.
However, based on experiences in insulin-naive patients [39], it is likely that inhaled insulin would be
non-inferior to subcutaneous insulin with respect to overall glycemic control. As a result, decisions to
initiate or transition to inhaled insulin would be dependent on patient preference and treatment risks.

Safety of inhaled insulin

Safety and adverse events have been studied in populations exposed to inhaled insulin. The most com-
mon immediate treatment-related complaint was cough which generally decreased over time and was
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rarely treatment-limiting. Other important safety considerations are related to insulin itself as well as
effects of insulin inhalation on the pulmonary system. These include hypoglycemia, weight gain, and
changes in lung function.

Intensification of insulin therapy places individuals with diabetes at risk for hypoglycemia. In fact, the
Diabetes Control and Complications Trial demonstrated that as glycemic control improves, the rates of
severe hypoglycemic events increase [7]. Extensions studies during which some subjects transitioned
from regular insulin to short-acting insulin analogs showed further reductions in HbAlc without cor-
responding increases in hypoglycemia rates [44]. In spite of the fact that the pharmacokinetics of in-
haled insulin compares more favorably with short-acting insulin analogs, hypoglycemia is always a
concern, particularly in insulin-naive subjects. In studies including individuals with T1D, reports of
hypoglycemia were similar for inhaled insulin and subcutaneous therapy [33-35]. Skyler et al. reported
a higher rate of severe hypoglycemic events in subjects treated with inhaled insulin compared to regu-
lar insulin (6.5 vs. 2.3 episodes/100 patient months) [45]. However, the increased rate of hypoglycemia
in this study may have been attributed to the fact that the basal insulin used in the study was twice daily
NPH, while other studies combined inhaled insulin with glargine or Ultralente. In a study comparing
Technosphere® insulin to Technosphere® placebo in insulin-naive T2 subjects, there was no increase in
hypoglycemic events/month in those receiving inhaled insulin [41]. Hypoglycemia rates were higher in
individuals with T2D treated with inhaled insulin either alone or in combination with two oral agents
compared to those treated with oral agents alone [40]. In a study of subjects with poorly controlled T2D
on two oral agents, the incidence of hypoglycemia was comparable between inhaled AIR® insulin and
lispro insulin [39].

Another important aspect of optimizing diabetes care is weight control. Obesity is the primary con-
tributor to the development of insulin resistance that is the precursor of T2D, and weight loss can re-
verse many of the metabolic defects associated with the disease. Even in T1D diabetes, excessive weight
gain creates an insulin resistant state, necessitating escalation of insulin doses to maintain glycemic
control. When insulin therapy is started or intensified, many individuals gain weight, both because of
the anabolic effects of the hormone and in response to hypoglycemia (actual or perceived). In subjects
with T1D, weight change was either the same [46] or slightly decreased [33-35] in subjects treated with
inhaled insulin compared to subcutaneous insulin. In those with T2D, insulin naive patients treated
with inhaled insulin gained more weight than those continuing on oral agents [40]. However, in studies
comparing prandial inhaled insulin to short-acting subcutaneous insulin, there was either no change
or less weight gain in those randomized to inhaled insulin [39,47,48].

The unique safety issue of inhaled insulin compared to other insulin formulations is related to potential
effects on lung function. In spite of significantly lower affinity, insulin does have growth-promoting ef-
fects through the insulin growth factor-1 receptor. Since larger quantities of insulin must be inhaled to
achieve a bioequivalent effect on glucose control, the hypothetical risk of overgrowth and remodeling
to the alveolar-capillary network and epithelial lining of the bronchiole tree are higher. In addition,
there is the concern about the long-term effects of inhalation of particulate matter into the airways. As
a result, many clinical studies performed pulmonary function testing to assess the effects of inhaled
insulin on both lung volumes and diffusion capacity. Short term (12 weeks) studies with inhaled insu-
lin in T2D showed no change from baseline in either FEV or diffusion capacity for carbon monoxide
(DL_,) [40,49]. Longer term studies (6 months) in subjects with T1D showed small but equivalent
changes in FEV, and total lung capacity in all subjects, while those who received inhaled insulin had
a small but significant decrease in DL, compared to those treated with subcutaneous insulin [33,46].
The clinical significance of these changes in diffusion capacity is unclear. Extension trials (1-4 years)
did not reveal any delayed effects of inhaled insulin on lung volumes, and the changes in DL, did not
worsen over longer treatment periods [39,43,50,51]. Comulada et al. showed that following discon-
tinuation of AIR® inhaled insulin, DL remained significantly lower in subjects treated with inhaled
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insulin compared to the group randomized to lispro insulin [34]. However, in a study which tested the
effect of initiation, discontinuation, and reinitiation of Exubera® over a three year period of time, Sky-
ler et al. showed that changes in FEV and DL occurred within three months of initiation of inhaled
insulin, resolved within one month of discontinuing inhaled insulin, and reoccurred with resumption
of inhaled insulin [52]. There was no evidence of progressive decline in lung function, and repeated
treatment did not exacerbate differences between the groups. These findings suggest that lung function
will not deteriorate with prolonged inhaled insulin use. However, it is likely that regulatory agencies
will recommend that pulmonary function testing be performed prior to initiating inhaled insulin prod-
ucts. In addition, regular testing of lung function will be part of surveillance care in those treated with
inhaled insulin. Thresholds for baseline function and decline in function will trigger discontinuation of
therapy. Finally, history of tobacco use may be a contraindication to inhaled insulin [53].

Inhaled insulin: Eatient satisfaction and adherence

As discussed above, inhaled insulin has proven to be non-inferior to subcutaneous insulin in achieving
the goal of diabetes care: improving glycemic control. As yet, there are no long-term studies to dem-
onstrate that inhaled insulin has a favorable impact on chronic complications related to diabetes care,
including progression to cardiovascular or renal disease. The FDA rejected MannKind’s application for
approval of Afrezza® requesting further data related to the cardiovascular safety of the drug. Recently,
Bilheimer et al. reviewed adverse events in over 4400 patients treated with Afrezza®in clinical trials
and reported that there is no increased risk of cardiovascular events in any group receiving the inhaled
insulin [54].

For inhaled insulin to be successful in the diabetes care arena, the product must offer an additional
advantage in patient care. One of the perceived benefits of inhaled insulin is that patients will find the
delivery system less cumbersome and anxiety-provoking than injection devices. As a result, patient
satisfaction, quality of life, and adherence would improve and translate to positive effects on glycemic
control. When over 1000 adults with self-reported T2D were surveyed regarding the perceived benefits
of inhaled insulin, those who were not currently treated with insulin responded that the availability
of an inhaled insulin product would increase the likelihood that they would agree to add insulin to
their medical regimen [55]. In a 1 year extension study, individuals with diabetes randomized to either
Exubera® or subcutaneous insulin for 12 weeks were allowed to choose their treatment regimen [56].
Of those initially randomized to inhaled insulin, 85% elected to continue therapy, and 75% of those
initially on subcutaneous therapy transitioned to inhaled insulin. Patient satisfaction, including ease
of use and social comfort, improved significantly from baseline for subjects continuing or switching to
inhaled insulin compared to subjects treated with subcutaneous insulin. Importantly, these improve-
ments in patient satisfaction were accompanied by sustained decreases in mean HbAlc.

The definition of adherence is whether a patient follows the medical regimen at the dose and fre-
quency prescribed by the physician. Adherence rates strongly correlate with disease control; however,
the likelihood of adherence to medical therapy in chronic disease decreases significantly as the medi-
cal regimen becomes more complicated [57]. Mechanisms for assessing adherence in diabetes include
patient report, measurement of diabetes control, and pharmacy fill rates, all of which are fraught with
inaccuracies. The AERx® system records the number of delivered insulin doses and provides informa-
tion about the adequacy of breathing techniques performed by the patient. Thus, it provides a unique
opportunity to assess adherence to insulin therapy. When individuals with T2D used AERx"® as pre-
prandial therapy, the adherence rate was 95%. In addition, the sustained improvement in glycemic
control identified in long-term extension trials with inhaled insulin strongly support patient accept-
ance and adherence to the therapy.
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Future of inhaled insulin

Since Pfizer withdrew Exubera® from the market due to poor acceptance, only MannKind is actively
developing an inhaled insulin product for clinical use. While Pfizer reported increased rates of lung
cancer in former smokers who received Exubera® during preclinical trials, Aradigm and NovoNordisk
did not identify any occurrences of lung cancer in subjects treated with AERx® inhaled insulin [58].
Hurdles that must be overcome in the continued development and launch of inhaled insulin products
relate specifically to the cost/benefit ratio. The annual cost of inhaled insulin is estimated to be at least
2-4 fold higher than bioequivalent amounts of subcutaneous insulin depending on the population
served [59]. Prescription benefit plans will need to determine whether cost savings that arise from
improved patient adherence, including prevention of chronic diabetes complications, will justify the
increased cost. Inhaled insulin also faces competition from other alternative methods of insulin deliv-
ery as well as advances in subcutaneous insulin delivery systems such as combined insulin pump/
continuous glucose monitoring systems. The near future will determine whether inhaled insulin will be
available as an alternative in the treatment of diabetes.

If inhaled insulin is approved for clinical use by regulatory agencies, many questions will be addres-
sed in post-marketing studies. The first is whether a greater proportion of individuals with diabe-
tes meet glycemic targets with inhaled insulin. In addition, the potential role that inhaled insulin
will play in mitigating chronic diabetes comorbidities can be assessed with respect to its effects on
glycemic control. Secondly, the long-term effects of inhaled insulin on the lung must be addressed,

particularly in the T1D population where inhaled insulin therapy may be introduced at an earlier
age. Cost-benefit analyses must continue to address how use and acceptance of inhaled insulin is
influenced by the changing healthcare environment as well as advances in insulin production, bio-
availability, and delivery. Finally, future research in this field may lead to the development of long-
acting inhaled insulin analogs to replace subcutaneous basal therapy thereby providing a needle-
free insulin administration system.

The review in brief

Clinical question Diabetes is a chronic disease characterized by hyperglycemia. While significant advances have been
made in the field of diabetology in terms of understanding the pathophysiology of the disease,
associated comorbidities, and therapeutic developments, long-term diabetes management is still based
predominantly on subcutaneous insulin therapy. This review will focus on the journey to develop an
alternate route of insulin delivery, namely, inhaled insulin.

Type of review  Narrative

Literature search PubMed, with the following keywords: Diabetes care; Glycemic control; Hemoglobin A1c; Inhalation;
Insulin; Lung; Pulmonary; Type 1 diabetes; Type 2 diabetes

Conclusions Inhaled insulin may serve as an alternative to subcutaneous insulin for management of diabetes,
facilitating adherence while maintaining optimal glycemic control.

Limitations The cost of inhaled insulin, coupled with questions about long-term safety, remain potential barriers to
acceptance and widespread use of inhaled insulin in patients with diabetes.
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