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Many diabetics require the use of some form of injectable, long-acting 
insulin to provide basal serum insulin levels. Inhaled insulin is being 
developed to provide rapid-acting serum levels that decline in a few hours. 

The purpose of this research was to develop an inhaled version of a PEG 
(polyethylene glycol)-insulin that would cross the lungs efficiently and 
provide prolonged serum levels of insulin. Prolonged glucose suppression 
was used as the pharmacodynamic marker of activity. Previous 
intratracheal liquid instillation work in rats showed that a 750 molecular 
weight PEG attached to insulin crossed the lungs efficiently and provided 
prolonged serum insulin levels accompanied by prolonged blood glucose 
suppression. 

In this work, the 750-PEG-insulin was formulated into a dry powder and 
given as an aerosol delivered by an endotracheal tube directly into the 
lungs of beagle dogs. The results were compared to underivatized insulin 
also given as an aerosol to the same dogs. Results showed that both the 
inhaled PEG-insulin and insulin alone caused a similar rapid appearance of 
insulin in the serum (e.g., t-max<15 min for each), accompanied by a 
similar drop in blood glucose levels (e.g., baseline ~75 mg/dl declining to 
~25 mg/dl for each). Serum insulin returned to baseline approximately 2-3 
hours after dosing for insulin alone, whereas serum insulin did not return to 
baseline until 6-12 hours for the PEG-insulin. Similarly, blood glucose 
returned to baseline in 3-4 hours after dosing for insulin alone, whereas 
blood glucose did not return to baseline until 6-12 hours for the PEG-
insulin. 

In conclusion, a new dry powder formulation of PEG-insulin provided 
prolonged serum insulin levels along with a concomitant suppression of 
glucose concentrations as long as 6-12 hours after pulmonary dosing.
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Synthesize and formulate PEG-insulin into a respirable powder and 
deliver it to the lungs of dogs.

Determine if PEG-insulin can cross the lungs efficiently.

Determine if PEG-insulin provides prolonged systemic activity over 
regular insulin alone.

Supplement previous results obtained from the liquid installation of 
unformulated PEG-insulin in rats.

The 750 Dalton-methoxyPEG-insulin was prepared by reacting mPEG-
750-succinimidyl propionate with insulin in DMSO.  The 750-mPEG-insulin 
preparation was purified by RP-HPLC. Aerosol dry powders were prepared 
by spray drying insulin or PEGylated insulin combined with a proprietary 
excipient with a Büchi 190 spray dryer. The emitted dose (ED) of the 
resulting powder was determined using the Nektar Pulmonary Delivery 
System. The ED of the aerosol was approximately 90%. In addition, the 
Andersen Cascade impactor was used to determine the aerosol’s fine 
particle mass (FPM), defined as particles <3.3 microns mass median 
aerodynamic diameter. The FPM was 56%. Thus, the ED and FPD 
suggested that the aerosol was highly respirable.

Two sets of inhalation studies of PEG-insulin were conducted in dogs. The 
powder formulations of 750-PEG-insulin and regular insulin were dosed 
from a modified PDS as aerosols to the lungs via an endotracheal tube 
inserted into anesthetized dogs. Serum insulin and blood glucose levels 
were measured across multiple time points up to 24 hours. m

Potential PEGylation sites on insulin (A1, B1, B29)
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PEGylating large and small molecules carries many potential benefits, 
including protection from metabolism, increased circulation time, and 
protection from antibody formation. There is a need for a prolonged-activity 
inhaled insulin product to supplement short-acting inhaled insulin currently 
in development in order to eliminate the need for basal maintenance 
injections. 

Previous work with non-formulated liquid installation of PEG-insulin 
showed that derivatizing insulin with PEG (Figure 1), particularly the 
smaller PEGs, resulted in good bioavailability across the lungs, prolonged 
systemic insulin levels, and prolonged glucose suppression, most notably 
with the 750 Dalton-PEG-insulin (Figure 2a and Figure 2b). PEGylating 
insulin did not appear to significantly affect clearance once the molecule 
reached the systemic circulation (Figure 3a and 3b). 

A set of experiments was conducted with an inhaled powder formulation of 
750-PEG-insulin in dogs to further test the results of the rat intratracheal 
work.

750 Dalton PEG-insulin was synthesized, formulated into a respirable 
dry power, and delivered as an aerosol to the lungs of dogs.

PEG-insulin inhalation maintained glucose suppression for 6 to 12 hours 
versus 3 to 4 hours of glucose suppression for regular insulin.

Similarly, PEG-insulin inhalation increased serum insulin levels for 6 to 
12 hours versus less than 2 hours of increased insulin levels for regular 
insulin.

Inhalation of 750 Dalton PEG-insulin provided prolonged systemic 
activity in dogs as measured by blood glucose suppression as well as 
insulin elevation.

Figure 2a Figure 2b

Figure 3a Figure 3b

Figure 1

The first experiment entailed exposing a single dog to inhaled PEG-insulin 
and, after a washout period, exposing the same dog to inhaled insulin 
alone. Doses of each test material were adjusted to match activity levels 
as closely as possible. Figure 4 shows that insulin alone produced a 
standard response where serum insulin levels rose quickly and returned to 
baseline within 2 to 3 hours. There was a concomitant dip in blood glucose 
levels returning to baseline within 3 to 4 hours. However, Figure 5 shows 
that while inhaled PEG-insulin caused a similar immediate rise in serum 
insulin, the values did not return to baseline for 8 to 10 hours. The 
concomitant glucose drop did not return to baseline for 10 to 12 hours. 
Figure 6 compares the glucose suppression data of PEG-insulin and 
insulin alone.

Figure 4 Figure 5

Figure 6

In the second experiment, three dogs were exposed first to inhaled PEG-
insulin and, after a washout period, then to inhaled insulin alone. Doses of 
each test material were adjusted to match activity levels as closely as 
possible. Figure 7 shows that insulin alone produced a standard response 
wherein serum insulin levels rose quickly and returned to baseline within 
2 to 3 hours. In contrast, inhaled PEG-insulin caused a similar immediate 
rise in serum insulin; however, the values did not return to baseline for 
6 to 8 hours. Figure 8 shows that glucose levels were suppressed for 
2 to 3 hours with insulin alone versus 6 to 8 hours with PEG-insulin.

RESULTS  (continued)

Figure 7* Figure 8

Note that doses of PEG-insulin and insulin alone were 
matched by insulin equivalent activity and not by the mass of 
insulin versus PEG-insulin. That is, some of the PEG-insulin 
was PEGylated on the A1 position, which deactivates 
insulin. Thus, 2.9 mg of PEG-insulin was estimated to match 
the activity of 1.9 mg of nonPEGylated insulin. However, the 
RIA assay for insulin cannot discriminate between active and 
inactive insulin. Thus, direct AUC comparisons using serum 
insulin levels from each formulation cannot be drawn.
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Serum Insulin  Following  Intravenous Administration of  
Non-PEGylated and 750-PEGylated Human Insulin in Rats
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Blood Glucose and Serum Insulin Following Inhalation of 
Non-PEGylated Insulin (1.9 mg) in Dogs 
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Blood Glucose and Serum Insulin Following Inhalation of 
750-PEGylated Insulin (2.9 mg) in the Dog
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Comparison of  Blood Glucose Follow ing Inhalation of  Non-PEGylated 
and 750-PEGylated Insulin in Dogs
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