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Targeted glycemic control in patients with type 1 and type 2 diabetes is grossly inadequate, despite
data demonstrating reduced microvascular and macrovascular diabetic complications with inten-
sive treatment. A significant proportion of individuals with poorly-controlled type 2 diabetes are
resistant to initiating treatment with insulin. Several decades-long search for alternative forms of
insulin delivery has finally resulted in the U.S. Food and Drug Administration’s approval of the first
inhaled insulin delivery system, Exubera. Inhaled insulin provides hope that minimizing barriers to
initiating insulin therapy will improve the overall glycemic control in both type 1 and type 2 diabetic
patients. Inhaled insulin is a powder formulation that has been approved for pre-meal adminis-
tration in both type 1 and type 2 diabetic patients. The delivery system for Exubera employs
compressed air for producing an aerosol, which is then inhaled by the patient. Insulin is transported
across the alveolar-epithelial barrier into the blood and has onset of glucose-lowering activity within
10-20 min of inhalation. The duration of action of inhaled insulin is similar to that of subcutaneous
regular insulin. Although there are some limitations to the use of inhaled insulin, the potential to
improve adherence and thereby achieve target glycohemoglobin levels (= 6.5-7.0%) in poorly
controlled diabetic patients outweigh its disadvantages. Key words: diabetes, inhaled insulin, aerosol.
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INHALED INSULIN

Introduction

Diabetes mellitus refers to a group of metabolic de-
rangements in glucose control caused by varying degrees
of deficiency in insulin production and peripheral utiliza-
tion. Deficiency of insulin produces a chronic syndrome of
hyperglycemic effects. Type 1 diabetes mellitus results
from pancreatic 3-cell destruction and subsequent abso-
lute insulin deficiency. Type 2 diabetes mellitus, the most
prevalent form, is a consequence of progressive worsening
in insulin secretory function and peripheral resistance to
its action. Although not lacking in the ability to produce
insulin, many patients with type 2 diabetes ultimately re-
quire insulin treatment.!

Diabetes mellitus is a growing problem in the United
States, accounting for a substantial financial and health
care burden, with the number of diagnosed cases projected
to triple in the next 50 years. Over one in four of currently
diagnosed patients with diabetes use insulin;> however, an
even higher proportion of patients with diabetes actually
require treatment with insulin. Insulin continues to be sub-
optimally utilized, due to psychosocial barriers to current
insulin delivery systems (Table 1). Interest in alternative,
noninvasive modes of insulin delivery led to the approval
of an inhaled insulin system (Exubera, Pfizer, New York,
and Nektar, Mountain View, California) by the Food and
Drug Administration (FDA). In this review we will ex-
plore the clinical utility, application, advantages, and lim-
itations of the Exubera inhaled insulin system in diabetes
mellitus.

Table 1.  Barriers to Insulin Use in Type 2 Diabetes Mellitus

Patient-Related
Perception of poor compliance with other treatments
Unnatural way of treating diabetes
Weight gain
Need for repeated injections
Pain from injection
Fear of worsening diabetes
Complex form of treatment
Hypoglycemia due to insulin
Scheduling difficulties
Poor quality of life
Insulin will not treat the diabetes
Increases diabetic complications
Social stigma

Clinician-Related
Complex form of treatment
Hypoglycemia
Poor efficacy in type 2 diabetes
Weight gain
Lack of resources for teaching in office
Lack of resources for frequent monitoring
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Fig. 1. Age-specific prevalence of diagnosed diabetes, by
race/ethnicity and sex, in the United States in 2004. (From Refer-
ence 2.)

Epidemiology of Diabetes

Diabetes mellitus contributes to a rising health care bur-
den in the United States. Since 1997, the prevalence of
diagnosed diabetes mellitus increased from 10.4 million to
14.6 million people, with an additional 6.2 million undi-
agnosed cases accounting for associated morbidities and
health care utilization.? Diabetes mellitus is the sixth lead-
ing cause of death, claiming about 72,000 lives annually.
The overall prevalence of diabetes is about 2—4 times
higher in Hispanics, African Americans, and Native Amer-
icans (Fig. 1)—groups in which health care access and
utilization is known to be the lowest.? By the year 2050,
the prevalence of diabetes mellitus is expected to increase
to 29 million diagnosed cases, with the greatest increase
projected to occur in elderly women and African Ameri-
can men.* The elderly population will bear the brunt of the
increase in prevalence of diabetes mellitus, with half of the
increase anticipated to occur in people over 65 years of
age (Fig. 1).25 In 2002 alone, a total of $132 billion was
spent either directly or indirectly (disability, work loss, or
premature death) on patients with diabetes mellitus. Health
care dollars are often spent due to poor control of diabetes
and its associated complications. With 28% of all diabetic
patients using insulin,?> the management of the disease and
prevention of further complications are heavily dependent
on adherence to insulin therapy.

Role of Insulin

The metabolic effects of insulin, a S1-amino acid pep-
tide pancreatic hormone, allow for appropriate functioning
of all organs in the body.® Metabolism of glucose,®’
fats,®8-11 ketones,®!2 and proteins!3-!4 all depend on ade-
quate production and utilization of the insulin hormone.
Insulin may also play a role in steroid synthesis,!>!¢ va-
sodilation via activation of nitric oxide,!”-!'8 inhibition of
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fibrinolysis by stimulating production of plasminogen ac-
tivator inhibitor-1,'°-2! and normal growth via anabolic
effects on protein and lipid metabolism.® Thus, deficiency
in insulin production or utilization affects a variety of
metabolic processes throughout the body.

Patients with type 1 diabetes mellitus account for about
5-10% of the total diabetic population.?> In such patients,
the insulin-producing 3 islet cells of the pancreas are com-
pletely destroyed and there is near complete absence of
insulin production. Therefore, all patients with type 1 di-
abetes require insulin replacement. Type 1 diabetics are
treated with either “conventional” insulin therapy (up to
twice-daily dosing of combination formulations of short-
acting and long-acting insulin) or “intensive” insulin ther-
apy (physiologic dosing with long-acting/continuous insu-
lin and pre-meal boluses of short-acting insulin).??.23
Physiologic insulin dosing in “intensive” therapy is ac-
complished by daily or twice-daily administration of long-
acting insulin (glargine or neutral protamine hagedorn
[NPH], respectively) or continuous short-acting insulin via
subcutaneous pump. This is supplemented with pre-meal
administration of rapid-acting (regular insulin) or very-
rapid-acting insulin (lispro); the dose of these are deter-
mined by the pre-meal glucose level, composition of im-
pending meal, and level of impending activity. When
compared with the “conventional treatment” group in the
Diabetes Control and Complications Trial, the “intensive
treatment” group experienced fewer complications of ret-
inopathy, nephropathy, and neuropathy.??

The pathogenesis of type 2 diabetes is complicated and
is characterized by impaired insulin secretion?*-27 and pe-
ripheral insulin resistance.?%28-2° Reduced insulin secre-
tion in the pre-diabetic or early diabetic states leads to
chronic hyperglycemia, the toxic effects of which may
contribute to deteriorating pancreatic 3-cell function.30-3!
Consequently, many type 2 diabetics eventually require
some form of insulin to control their hyperglycemia. Fac-
tors that suggest earlier need for insulin include substantial
weight loss at any age, severe hypoglycemic or hypergly-
cemic symptoms, heavy ketonuria, first presentation with
diabetic ketoacidosis, and difficult-to-control hyperglyce-
mia.>? Unfortunately, insulin therapy is often delayed in
type 2 diabetics, for a variety of reasons,3? despite data that
confirm reduced microvascular and macrovascular com-
plications in type 2 diabetes when a more intensive treat-
ment plan, often requiring insulin, is implemented.34—37

Barriers to Insulin Therapy

Resistance to initiating insulin therapy in type 2 diabet-
ics permeates both the health care system and the patient
population (Table 1). Reluctance to use insulin is often due
to poor education of both patients and their physicians on
the benefits of insulin therapy. Patient opposition to initi-
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ating treatment occurs mostly for psychosocial reasons.
Since diet and exercise are impressed upon type 2 diabet-
ics as factors that can improve glycemic control, starting
insulin is perceived as a sign of poor adherence on their
part, and as a sign of worsening disease. So they resist,
hoping that their disease will not worsen if they can “man-
age” on oral agents and lifestyle modification. Injections
are considered by some patients as unnatural and associ-
ated with complications such as hypoglycemia. Often pa-
tients fear the unpleasantries associated with injections,
such as pain, frequent dosing, social stigma, and schedul-
ing difficulties. Weight gain is another concern, especially
for diabetic women.33-38

Physicians also contribute to delayed insulin initiation.
Type 1 diabetics are often started on insulin therapy by
pediatricians and are subsequently inherited by adult phy-
sicians. In patients with adult-onset type 1 diabetes, the
diagnosis is often delayed unless the patient is obviously
underweight. It is often assumed that adult-onset diabetes
is always of the type 2 variety. About 10% of adult type 1
diabetics are erroneously diagnosed as having type 2 dia-
betes mellitus.3*-4! Misdiagnosis leads to delayed insulin
initiation in such patients. Another common misconcep-
tion among physicians is that type 2 diabetics do not need
insulin treatment, but only agents that promote insulin
secretion. Fear of hypoglycemia and patient weight gain
are potential adverse effects that prevent clinicians from
considering insulin treatment. If the clinician thinks of
insulin as a therapeutic option, delay in starting treatment
may be due to a lack of office resources to educate the
patient on insulin administration technique. Furthermore,
some offices may not be adequately equipped and staffed
to support the requirements for frequent glucose control
monitoring.33-38

The subcutaneous delivery of insulin has received neg-
ative publicity because of the above-described problems
with insulin injections. As a result, the goal of adequate
glycemic control in diabetics remains elusive. The Amer-
ican Diabetes Association and the American College of
Endocrinology recommend target glycohemoglobin
(HbAlc) levels below 7.0% and 6.5%, respectively. How-
ever, the national United States median HbA1c levels have
been reported to be between 8.6% and 8.9%.4>-4¢ The
National Health and Nutrition Examination Survey
(NHANES) is an ongoing national data-collection initia-
tive conducted by the National Center for Health Statistics.
These surveys are performed on the civilian population,
and they collect such data as blood pressure, caloric in-
take, smoking status, and vaccinations. Data pertinent to
diabetics, such as self-reported diabetic complications,
types of diabetic medications being taken, and duration of
diagnosis, are also collected. NHANES III focused on eth-
nic differences in glycemic control. Over half of the
NHANES III subjects studied had HbAlc levels greater
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than 7%, and poorest control was noted in the Hispanic
group.*74® We know from the United Kingdom Prospec-
tive Diabetes Study Group that intensive glycemic control
in type 2 diabetics (sulfonylureas and/or insulin), resulting
in 11% lower HbAlc than conventional glycemic control
(diet and counseling alone), reduced microvascular dia-
betic complications risk by 25%.3¢ Similar results were
found in the Diabetes Control and Complications Trial for
insulin-dependent diabetics; the intensive treatment group
(= 3 times daily insulin, with specific glycemic targets)
delayed the risk of microvascular complications by 35—
70%, compared with the conventional treatment group
(once or twice daily insulin guided by symptoms).?? Thus,
better control of diabetes with insulin has enormous social
and economic implications.

Alternative Devices for Insulin Delivery

Because of poor patient adherence to injections, alter-
native modes of insulin delivery have been investigated
for decades. These include: insulin pens, for ease of ad-
ministration and transport; insulin jet injectors, which emit
a fine spray mist at high pressure for absorption through
the skin; subcutaneous infusion ports; external insulin
pumps; and inhaled insulin. Other insulin delivery tech-
niques under investigation include implantable pumps that
are refilled every 2 months; continuous-delivery insulin
patches; insulin pills; buccal and intranasal sprays; and
surgically implanted artificial pancreas.**->0

Among devices that are approved and those still under
investigation, very few noninvasive options exist for in-
sulin delivery. Inhaled insulin delivery has been explored
for over a decade, and one formulation was approved by
the FDA in January 2006. This noninvasive alternative is
associated with significantly greater patient satisfaction
and quality-of-life scores, because it is painless, has social
acceptance, and is easy to use, among other factors.>!-54
Patient satisfaction was measured objectively, with the
Patient Satisfaction With Insulin Therapy questionnaire.>>

Inhaled Insulin Formulation

The first approved form of inhaled human insulin (Exu-
bera) is of recombinant deoxyribonucleic acid (rDNA) or-
igin. Exubera is a spray-dried insulin powder approved for
use in type 1 or type 2 diabetes.>® Excipients (mannitol,
glycine, and sodium citrate) are added to the dried insulin
to create the final product, which is a large, low-density
powder particle consisting of 60% insulin. The powder is
packaged in small blisters.>” The formulation is stable at
room temperature and its packaging protects the drug from
moisture. The aerosolized insulin has a mass median aero-
dynamic diameter of approximately 3 wm, which is an
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Fig. 2. Fractional particle deposition to the lung is critically depen-
dent on mass median aerodynamic diameter. (From Reference 58,
with permission.)

optimal size for enhanced alveolar deposition (Fig. 2),
with low oropharyngeal and large-airway deposition.>8

There are 2 blister sizes. One contains 1 mg of powder,
which translates to 2.7 units of injected insulin. The other
contains 3 mg of powder, which translates to 8 units of
injected insulin. Compared with smaller particles, the spe-
cially formulated low-density particles of insulin do not
aggregate, which improves alveolar deposition. The slightly
larger particle size also reduces phagocytic clearance.>®
Once deposited in the alveoli, the insulin particles are
transported to the adjacent capillaries through vesicles, via
a process called transcytosis.®0-63

After systemic absorption, inhaled insulin has a rapid
onset of action, occurring within 20 min of administration,
similar to that of insulin lispro or insulin aspart, and its
duration of action is similar to that of subcutaneous regular
insulin (Fig. 3). The time to half-maximum glucose-low-
ering effect occurring before the maximum glucose infu-
sion rate (IR earty s0%) correlates with the onset of action
of inhaled insulin. Rave and co-workers reported that
(tGIR carly 50%) Of inhaled insulin was shorter than that of
subcutaneous regular insulin (32 min vs 48 min, respec-
tively, p < 0.001). The duration of action of inhaled in-
sulin, determined by the time to half of the maximum
glucose infusion rate after the maximum glucose infusion
rate (tgr jae s0%)> Was longer than the duration of lispro
(387 min vs 313 min, p < 0.01).46> The pharmacody-
namics of inhaled insulin indicate that it is a viable, and
possibly better, option for short-acting insulin delivery in
diabetic patients, especially because of its ease of use and
reduction in adverse effects of injected insulin.
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Fig. 3. Serum insulin concentration-time profile in 17 nondiabetic
volunteers after inhalation of 6 mg insulin or subcutaneous (SC)
injection of 18 units of regular insulin. (From Reference 64, with
permission.)

Delivery System

Exubera, the first approved inhaled insulin preparation,
is delivered with an aerosol device called the Exubera
inhaler, designed by Nektar. The device is a dry powder
inhaler (DPI) system that uses compressed air for drug
dispersion. The blister units are packaged on a perforated
aluminum card. The cards with the 1-mg blisters are printed
in green ink and marked with one raised bar, and the cards
with the 3-mg blisters are printed in blue ink and marked
with 3 raised bars, for easy identification. The inhaler

Fig. 4. Left and center: Exubera inhaled insulin delivery system.
(Courtesy of Pfizer.) Right: Lilly/Alkermes inhaled insulin delivery
system. (Courtesy of Lilly/Alkermes.)

consists of an inhaler base, a chamber, and an Exubera
release unit (Figs. 4 left, center, and 5). The drug blisters
should be stored at room temperature (59-86°F) and used
within 3 months of opening the foil wrap. The inhaler can
be used for up to one year after initial use.

The recommended method of inhaling Exubera is de-
scribed in Table 2. Briefly, the base is separated from the
chamber by pulling on the black ring. The aluminum
wrapped blister is placed into the slot with the printed side
up. The blue handle is pulled out and squeezed until snapped
shut. The blue button (facing the patient) is then pushed.
This punctures the blister and an aerosol cloud of dried
insulin is released into the clear chamber. With the mouth-
piece turned toward the patient for activation, the lips are
sealed around the mouthpiece and the insulin is inhaled
with one slow, deep breath (see Fig. 5).°¢ A video clip
demonstrating the use of Exubera inhaler can also be found

Chamber

Blue Button
{not visible)

Fig. 5. Exubera inhaler system. (Courtesy of Pfizer.)
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Table 2.  Use and Cleaning of the Exubera Inhaler

Use
1. Hold Exubera inhaler in hand, with the words “Exubera Inhaler”
facing you
2. Pull base out of chamber by pulling black ring until it locks in
place.
3. Hold blister (in aluminum packaging) with printed side up and
insert into slot
. Make sure mouthpiece is closed
. Pull out blue handle
. Squeeze blue handle until it snaps shut
. Stand or sit up straight
. Hold the inhaler with blue button facing you

O 00 3 N L A

. Push blue button until it clicks and the insulin cloud fills the
transparent chamber
10. If the insulin cloud does not appear, press the gray button to
remove the blister and re-insert the blister into the slot
11. After the insulin cloud is visible, breathe out normally and turn
the mouthpiece to face you
12. Place mouthpiece into mouth and form a seal around it
13. Take one slow, deep breath
14. Take mouthpiece out of mouth and hold breath for 5 seconds
15. Breathe out normally
16. Turn mouthpiece back to closed position
17. Press gray button and remove used blister
18. Squeeze the chamber-release buttons and replace the base into the
chamber
Cleaning
1. Pull black ring until base locks into open position
2. Squeeze chamber-release buttons and pull base completely out of
chamber
3. Clean chamber once a week, with a clean, damp, soft cloth, using
mild soap and warm water
4. Ensure complete dryness before re-assembling the unit
5. Wipe only the outside surfaces of the base

as a supplement to the recently published article on in-
haled insulin in the New England Journal of Medicine.%’

Other inhalation delivery systems are currently being
investigated in clinical trials. The human inhaled insulin
powder (HIIP) by Alkermes/Lilly (see Fig. 4 right) is de-
livered with a breath-actuated DPI that is smaller than the
Exubera device, which allows for ease of use and trans-
port. The HIIP unit also works by puncturing a blister of
insulin. These blisters come in 0.9-mg (2 insulin units) and
2.6-mg (6 insulin units) doses, which should be adminis-
tered within 15 min of starting a meal.®® Nebulizers, me-
tered-dose inhalers, other DPIs, and aqueous mist inhalers
of insulin are also being investigated.®®7% Inhalation de-
vices under investigation include: the aqueous mist inhaler
AERx iDMS (Aradigm and Novo Nordisk); the breath-
activated liquid insulin formulation designed for the Aero-
dose Inhaler (Aerogen); the AIR inhaled insulin system
(HIIP, Alkermes/Eli Lilly) described above; the Alveair
delivery system (Coremed), which uses a polymer/bioad-
hesive mechanism to create 1.9-um insulin particles for
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Fig. 6. In vitro studies have demonstrated lack of variability in
emitted mass and particle size, despite variable flow rates. EM =
emitted mass. FPD = fine-particle dose. MMAD = mass median
aerodynamic diameter. (From Reference 57, with permission.)

deep lung deposition; the capsule-based high-impedance
Technosphere Inhaler (Mannkind Pharmaceuticals) used
with the Medtone DPI, which is a formulation of latticed
microspheres that dissolve at the neutral pH of the alveolar
surface; and a metered-dose inhaler type system being
investigated by Kos Pharmaceuticals. Various formula-
tions of inhaled insulin that are being investigated have
been reviewed in detail by Jani et al (2007)7! and Owens
et al (2003).72

Effect of Airflow and Breathing Pattern
on Particle Deposition

Although Exubera is packaged in nominal doses of 1 mg
and 3 mg per blister, the amount of insulin delivered is
variable between any 2 patients and between any 2 doses
with one patient, because delivery of a DPI formulation is
often dependent on the patient’s inspiratory flow rate. The
actual dose delivered to the lung in vivo may depend on
additional factors, such as the breath-hold maneuver and
variable breathing patterns of the patient. The breath-hold
maneuver is expected to produce greater lung deposition
(see Fig. 2), but it does not seem to correlate with in-
creased bioavailability of insulin in patients.”> The Exu-
bera system is unique, because the powder is aerosolized
by compressed air prior to inhalation, thereby avoiding the
effect of inhalation flow rate on aerosol production ob-
served with other DPIs. In vitro studies of the Exubera
formulation have shown that inhalation flow rates do not
affect the mass median aerodynamic diameter, fine-parti-
cle dose, or emitted powder mass of the drug (Fig. 6).
Moreover, the variability in the glycemic metabolic effect
of Exubera is comparable to that observed with subcuta-
neous delivery.>’
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Indications

The FDA approved inhaled recombinant human insulin
(Exubera) for adult patients with type 1 or type 2 diabetes.
Patients with type 1 diabetes may be started on inhaled
insulin as an adjunct to long-acting subcutaneous insulin.
Poor glycemic control in patients with type 2 diabetes
currently being managed with oral agents or with poor
adherence to injectable insulin, could be improved with
the Exubera inhaler.”3-7¢ These patients are often initially
resistant to use of invasive forms of insulin. In both type 1
and type 2 diabetes, inhaled insulin is indicated to replace
pre-meal subcutaneous regular insulin and is not indicated
for long-term maintenance therapy.

Two other groups of patients in whom inhaled insulin
could be considered are pregnant women and morbidly
obese diabetic patients. Gestational diabetes may not be an
appropriate indication because inhaled insulin is pregnancy
category C, and there is lack of sufficient data in that
group. However, the manufacturer of Exubera does not
prohibit its use in pregnancy.®’ In the morbidly obese,
subcutaneous insulin may be poorly absorbed, and inhaled
insulin use may be preferred because its absorption is not
limited by body mass index.¢”

According to the Exubera package insert, the pharma-
cokinetics of inhaled insulin in pediatric, adolescent, and
geriatric patients was similar to those in adults. Sex, eth-
nicity, or obesity differences were not noted either.%” There-
fore, all of these groups may safely use this product. Since
the effects of inhaled insulin in patients with renal or he-
patic impairment are unknown at this time, caution is needed
when prescribing to these groups of patients.®”

Clinical Studies

In type 1 diabetes, inhaled human insulin is used as a
pre-meal bolus, to replace short-acting subcutaneous insu-
lin, in conjunction with long-acting subcutaneous insulin,
such as once-daily insulin glargine or twice-daily insulin
NPH. In type 2 diabetes, inhaled insulin may be used as a
single agent, 10 min prior to a meal, or in a combination
regimen with long-acting subcutaneous insulin or oral an-
ti-hyperglycemic agents.®® For initial pre-meal dosing,
Dunn and Curran suggested the equation:

pre-meal dose (mg) = body weight (kg) X 0.05 mg/kg

Subsequent doses could be titrated as needed for glucose
concentrations, time of day, exercise timing, meal size,
and meal composition.67-6°

In patients with upper respiratory infection, close mon-
itoring of glucose control is needed because of decreased
airway absorption. The use of bronchodilators in temporal
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relation to inhaled insulin use also needs to be standard-
ized to a schedule because of the potential for bronchodi-
lators to alter inhaled human insulin absorption.®”.77 Base-
line lung-function testing with bi-annual follow-up is
recommended. Inhaled insulin should be discontinued if
the forced expiratory volume in the first second (FEV,) or
the diffusion capacity of the lung for carbon monoxide
(D1 co) 18 less than 70% of predicted or declines by more
than 20% from the baseline value. Exubera is not recom-
mended for patients with underlying lung disease such as
asthma or chronic obstructive pulmonary disease. Inhaled
insulin is contraindicated in smokers. Patients must abstain
from smoking for at least 6 months prior to starting in-
haled insulin.®”

A meta-analysis by Ceglia et al on the efficacy of in-
haled insulin therapy in patients with diabetes included
data from 16 open-label trials.”® Glycemic outcomes of
inhaled versus subcutaneous insulin in patients with type 1
and type 2 diabetes found a small but statistically signif-
icant decrease in HbAlc, which favored subcutaneous
forms of treatment (Fig. 7). Although not a comparison
trial, Cefalu et al found a decrease in HbAlc in patients
with type 2 diabetes who were previously poorly con-
trolled with 2-3 times daily subcutaneous insulin.”® These
investigators observed that the mean HbAlc decreased
from a baseline of 8.67% to 7.96% at the end of a 12-week
trial with pre-meal inhaled insulin treatment as a supple-
ment to ultralente at bedtime.”® These data support the
benefit of inhaled insulin in type 2 diabetics with poor
glycemic control.

When comparing inhaled insulin with oral hypoglyce-
mic agents, the former achieved lower targets of HbAlc.
However, the 2 studies that were larger, of longer duration,
and reached the 7% HbAlc target recommended by the
American Diabetes Association,’”-”® showed only small,
yet statistically significant, advantages of inhaled insulin
over oral hypoglycemic agents (Fig. 8).

Adverse Effects and Limitations of Inhaled Insulin

Inhaled human insulin appears to be efficacious in re-
ducing blood glucose levels and is convenient to use, with
a high patient satisfaction rate. However, several adverse
effects and limitations to the use of inhaled insulin require
that patients be closely monitored while using this drug.

The inability to use inhaled insulin in smokers or pa-
tients with a history of lung disease is one of its major
limitations. Twenty-five percent of patients with diabetes
are tobacco smokers. Absorbance of insulin is decreased in
nondiabetic patients with asthma, and it is increased in
nondiabetic former smokers and in patients with chronic
obstructive pulmonary disease.’®30 However, it is unclear
whether increased absorbance in smokers translates to in-
creased hypoglycemic effects. Lack of expected hypogly-

917



INHALED INSULIN

Study, Year Study Weighted Mean Difference
(Reference) Duration, wk (95% CI), %

Type 1 diabetes

Skyler et al., 2001 12 0.15 (-0.20 to 0.50)
Garg et al., 2006 : 12 — - -0.10 (-0.29 t0 0.09)
Quattrin et al., 2004 24 — 0.14 (~0.04 to 0.32)
Skyler et al., 2005 24 —_——— -0.11 (-0.30 to 0.08)
Heise et al., 2005 24 V 0.00 (-0.38 to 0.38)
Exubera study 1027, 2005 24 ————— 0.07 (~0.07 t0 0.21)
Exubera study 1022, 2005 104 — 0.25(0.13 to 0.37)

Type 2 diabetes

Cappelleri et al., 2002 12 0.17 (-0.23 to 0.57)
Hermansen et al., 2004 12 0.08 (-0.21 t0 0.37)
Hollander et al., 2004 24 -0.07 (-0.31 t0 0.17)
Exubera study 1029, 2005 ' 104 — 0.09 (-0.05 to 0.23)
All studies —a 12=0% 0.08 (0.03 to 0.14)
Study duration: 12 wk _— 12=0% 0.01 (~0.13 to 0.14)
Study duration: 24 wk R I : 12=0% 0.03 (~0.06 t0 0.11)
Study duration: 104 wk JE— 12=0% 0.18 (0.09 to 0.27)
Type 1 diabetes — 12=0% 0.09 (0.03 to 0.16)
Type 2 diabetes — - 12=0% 0.06 (-0.04 to 0.17)
T T T T T 1
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Favors INH Favors SC

Weighted Mean Difference (95% CI), %

Fig. 7. In a meta-analysis directed at examining the efficacy of inhaled insulin (INH), there was a small advantage in reducing glycohemo-
globin (HbA1c) with subcutaneous (SC) insulin, when compared with inhaled insulin in type 1 and type 2 diabetes. Cl = confidence interval.
(From Reference 78, with permission.)

Study, Year Study Weighted Mean Difference
(Reference) Duration, wk (95% CI), %
Weiss et al., 2003 12 e e -2,20 (-2.70 to ~-1.70)
Rosenstock et al., 2005A 12 —o— -1.20 (-1.43 to -0.97)
Rosenstock et al., 20058 12 — @ ~-1.67 (-1.90 to -1.44)
DeFronzo et al., 2005 12 o -0.89 (-1.23 to -0.55)
Barnett et al., 2006 24 -0 ~0.20 (~0.38 to -0.02)
Exubera study 1002, 2005 24 —o— -0.20 (-0.41 to 0.01)
All studies —a— 1?2 = 68.9% —1.04 (-1.59 to -0.49)
Study duration: 12 wk el — 12=393% -1.45 (-1.80 to -1.10)
Study duration: 24 wk - 12=0% -0.20 (-0.34 t0 -0.07)
r T T T T 1
-2.5 -15 0.5 05 15 25
Favors INH Favors OHA

Weighted Mean Difference (95% Cl), %

Fig. 8. Ceglia et al demonstrated a favorable effect of inhaled insulin (INH) compared with oral hypoglycemic agents (OHA) in reducing
glycohemoglobin (HbA1c). Cl = confidence interval. (From Reference 78, with permission.)

cemic effects may be due to lower insulin sensitivity and habits were shown to influence inhaled insulin pharmaco-
glucose utilization in smokers.8! Alteration in smoking kinetics, although most of these observations were made in
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studies of nondiabetic smokers.”881-83 Peak plasma con-
centrations were 2-5-fold higher, area under the curve
from 0—6 hours on a plasma-concentration/time curve was
2-5 times higher, and the time to peak serum concentra-
tions was also faster in smokers than in nonsmokers (31 min
vs 53 min, respectively).82-83 These data form the basis for
the recommended contraindication to the use of inhaled
human insulin in smokers.

Cough occurs in 21% of patients who use inhaled insu-
lin, compared with 4-8% in comparator diabetic
groups.3284 Cough occurs soon after initiating treatment
and often decreases in frequency and severity over time.”8
The presence of acute respiratory issues, such as bronchi-
tis, is known to alter medication absorption. Caution should
also be exercised in patients using bronchodilators. The
time of bronchodilator use, in relation to inhaled insulin
use, should not be changed because of the potential for
altered absorption of insulin.

In patients with type 1 diabetes treated with inhaled
versus subcutaneous insulin, a weighted mean reduction in
Dy o of —0.902 mL/min/mm Hg was found in the inhaled
insulin groups that were treated for less than 24 weeks, but
not in the study that was followed for 2 years.53-:08.77.85-87
These D ¢ reductions revert back to baseline when in-
haled insulin is discontinued, which suggests reversibility
and possible impermanence of D; -, reduction.®®8% No
D, o reduction was found in type 2 diabetics monitored
for 2 years.”” A small but statistically significant decline in
forced expiratory volume in the first second (FEV,) occurs
in patients who receive inhaled human insulin, compared
with subcutaneous insulin in type 1 diabetes, and com-
pared with oral hypoglycemic agents in type 2 diabetes
(weighted mean difference —0.031 L).51,53.74-77.79.85-88
FEV, continued to decline until 6 months, at which time it
stabilized.”® However, one small study by the Inhaled In-
sulin Study Group in 2001 reported no significant changes
in either spirometry or Dy .73

Several nonrespiratory issues are also important to con-
sider when inhaled insulin is employed. When compared
with oral anti-hyperglycemic agents, inhaled human insu-
lin had a 3-fold higher occurrence of hypoglycemia.”® Sim-
ilar to other insulin preparations, weight gain of 2-3.6 kg
occurred with inhaled human insulin; this was higher than
that observed in patients using oral anti-hyperglycemic
agents for type 2 diabetes.®” This effect was seen in pa-
tients whose glucose levels were previously poorly con-
trolled with oral agents over a 24-week period.®® Inhaled
human insulin also increases circulating insulin antibod-
1es.98:85 However, no association with altered outcomes of
dosing, glucose control, allergies, adverse pulmonary ef-
fects, or hypoglycemic effects have been documented.”8-90
Other adverse effects, such as chest pain, dry mouth, and
otitis media, are infrequently observed.”®
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Although marketed for ease and convenience of insulin
administration, the Exubera delivery system is quite large
and cumbersome to use. But the benefits of avoiding in-
jection use may outweigh that issue. Exubera is packaged
in 1-mg and 3-mg blisters, which equate to about 2.7 units
and 8 units of insulin. However, the mathematics of dosing
may cause errors in administration and nonreproducible
dose delivery and thereby variable intra-dose hypoglyce-
mic effects. To date, most studies that have compared
inhaled insulin to subcutaneous insulin were designed on a
noninferiority basis.>1-33:67.68.85-83.91 [ contrast, the studies
that compared inhaled insulin with oral agents were de-
signed for a superiority effect.67-74-76.79 Despite all the
above-mentioned issues with inhaled insulin, many pa-

tients prefer its use over frequent injection forms of insu-
lin.78.92

Place of Inhaled Insulin in Diabetes Therapy

Type 1 or insulin-dependent type 2 diabetic patients are
heavily dependent on accurate dosing and tight glycemic
control to prevent acute, potentially severe hyperglycemia.
Since studies based on the “superiority” principle were
only performed in comparison with oral anti-hyperglyce-
mic agents,’® there is no clear advantage to replacing tra-
ditional insulin delivery systems with inhaled insulin. How-
ever, those patients treated with several oral agents with
fair-to-poor control and who are resistant to the idea of
injection treatment are excellent candidates for inhaled
human insulin. Improved glycemic control in type 2 dia-
betics could be achieved at an earlier stage, when oral
anti-hyperglycemic agents and inhaled human insulin com-
bination therapy is considered as a bridge to converting to
“insulin only” regimens. Patients with poor subcutaneous
absorption and nonadherent insulin-dependent patients may
also benefit from inhaled human insulin use. Potential can-
didates need to be screened for pre-existing airways dis-
ease or smoking history, and they need to be closely mon-
itored for appropriate glycemic control until further clinical
experience is attained. Patients also need extensive edu-
cation on the limitations of the formulation, so that inhaled
human insulin is avoided during states of potentially al-
tered absorption (acute bronchitis or bronchodilator use).

Conclusion

Despite the availability of data that support appropriate
glycemic targets in diabetic patients, less than half the
diabetic population is adequately controlled. Limitations
to achieving good control of blood sugar revolve around
lack of physician education on the utility of insulin and
patient resistance to insulin use. Inhaled insulin offers a
highly patient-favorable alternative to injectable forms of
insulin, especially in type 2 diabetes, thereby offering prom-
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ise to improve medication adherence and glycemic goals.
In the indicated groups of type 1 and type 2 diabetes,
inhaled insulin is a viable new option when used with less
frequently dosed long-acting insulin or oral hypoglycemic
agents, respectively. Although underlying pulmonary dis-
ease poses a limitation to its use, the other significant
adverse effects of inhaled insulin are similar to those of
injection formulations. With close glycemic monitoring
and education on appropriate use, patients who were pre-
viously opposed to insulin treatment could demonstrate
improved diabetes control with inhaled insulin and meet
the goals recommended by the American Diabetes Asso-
ciation and the American College of Endocrinology. Newer
inhaled insulin formulations and delivery systems are be-
ing investigated to increase access and ease of use. The
place of inhaled insulin in the treatment of diabetes is
likely to evolve with the approval of other preparations for
clinical use, and with increased familiarity of patients and
clinicians with the inhaled route of insulin administration.
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