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ABSTRACT

The pulmonary route has shown a tremendous promise for delivery of large
molecular weight therapeutic agents. Although the respiratory route has a larger surface
area compared to other mucosal routes of administration, a major impediment to deliver
proteins and macromolecules by this route is their poor absorption through the lung
epithelium. To obtain a therapeutically acceptable bioavailability after pulmonary
administration, drugs are co-administered with absorption promoters. Agents that have
been tested as absorption promoters include protease inhibitors, surfactants, lipids and
polymers. Unfortunately, none of the absorption promoters satisfy requirement of safety
and efficacy.
Recently it has been shown that alkylglycosides could be used at an extremely
low concentration to enhance nasal and ocular absorption of peptide and protein drugs.
Alkylglycosides are disaccharides such as sucrose and maltose attached to alkyl chains of
variable lengths. Currently, it is not known if alkylglycosides enhance pulmonary
absorption of peptide and protein drugs. Further, the safety of these excipients also
remains unknown. The purpose of the present dissertation is to test the hypothesis that
alkylglycosides safely and effectively enhance pulmonary absorption of insulin. This
research project is the first to document the safety and efficacy of alkylglycosides in
enhancing pulmonary absorption of peptides. The safety of insulin formulated with
alkylglycosides was tested in rats by bronchoalveolar lavage fluid analysis and studying
the effect of formulation on mucociliary transport rate in a frog palate model. The
efficacy of alkylglycoside based insulin preparations was tested in rats by monitoring the
vii

increase in plasma insulin and decrease in plasma glucose in a transiently hyperglycemic
rat model. The study suggests that octylmaltoside, an alkylglycoside containing 8-carbon
alkyl chain length, was the safest of all agents for the duration tested. Dry powder
pulmonary

preparation

of insulin

formulated

with octylmaltoside

showed

a

bioavailability of 48±7 %. The optimum dry powder insulin formulation contained 0.375
U of insulin plus 4.6 mmol of octylmaltoside per 5 mg of the dose. Further studies in
higher laboratory animals such as dogs and monkeys are required to establish the safety
and efficacy of pulmonary formulation of insulin with octylmaltoside before the
preparation can be tested in humans.

viii

CHAPTER 1
INTRODUCTION1

Over the past few decades, the pulmonary route for protein and peptide delivery
has been proposed as an alternative to other conventional invasive routes of drug delivery
(1-3). The lung as a potential entry-site for drugs has been appreciated since ancient
times. Agents such as nicotine and tetrahydrocannabinol have long been known to cross
the respiratory mucosa and produce systemic effect (4). As a portal for non-invasive
drug delivery, the lungs possess many favorable characteristics including a large
absorptive surface area (100 m2), low intrinsic enzymatic activity, extensive vasculature,
thin alveolar epithelium (0.1-0.2 µm) and short distance of air-blood exchange passage.
Major absorption of drugs intended for systemic action after pulmonary delivery
occurs from the deep alveolar region. The respiratory tract can be categorized into two
major regions: the upper respiratory region called the conducting zone and the lower
respiratory region termed the respiratory zone (Fig. 1). Nasal cavity, sinuses,
nasopharynx, oropharynx, larynx, trachea, bronchi, and bronchioles comprise the
conducting zone while the respiratory bronchioles, alveolar ducts and alveolar sacs
comprise the respiratory zone (5). Recently, advances in drug engineering and
recombinant DNA technology have led to production of numerous therapeutic
protein/peptide drugs. These drugs are either enzymatically unstable or impermeable
through the gastrointestinal tract and therefore require injection. Several newer routes of
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administration of these novel therapeutic drugs are under investigation including oral,
nasal, pulmonary, transdermal, and buccal (6). The pulmonary route of delivery has
generated considerable interest as a valid, noninvasive, and systemic administration of
therapeutic drugs which are unstable in the GIT. For example, Exubera®, a dry powder
inhaled insulin preparation is currently under evaluation by the US Food and Drug
Administration for its potential as a non-invasive peptide preparation (7). Despite the
successful journey of Exubera® up to the drug approval committee, the bioavailability of
this preparation is still low (6-10%) (8). A major obstacle to the widespread use of
pulmonary drug delivery is the relative impermeability of the lungs to many of these
peptide/macromolecular drugs when they are administered without an absorption
enhancer/promoter. Many absorption promoters have been investigated for the absorption
of various proteins from the lungs. The bulk of these absorption promoting agents have
been categorized into one of the following major classifications: (a) protease inhibitors
(b) surface-active agents (c) liposomes and phospholipids (d) cyclodextrins (e)
miscellaneous agents.
(a)

Protease inhibitors: The concept of including enzyme inhibitors in pulmonary

drug formulations has been researched extensively (9-12). The mechanism of action of
protein absorption enhancement by protease inhibitors is thought to be due to a reduction
in the proteolytic activity of various enzymes, which are responsible for degrading
susceptible molecules such as insulin. The amount of absorption enhancement will
typically rely on what enzyme the protease inhibitor inhibits as well as the specific
vulnerabilities of the peptides which are being delivered. Some of the various protease
inhibitors which have been investigated include nafamostat mesilate (10), bacitracin (11),
2

soybean trypsin inhibitor, chymostatin, potato carboxy peptidase inhibitor (pCPI),
phosphoramidon, antipain, leupeptin, bestatin, foroxymithin, amastatin, aprotinin,
nafamostat,

Tos-Lys-chloromethylketone,

dichloroisocumarin,

Tos-Phe-chloromethylketone,

trans-epoxysuccinyl-leucylamido

(4-guanido)

butane,

3,4and

diisopropyl flurophosphate (DFP) (12), di-peptidyl-aminopeptidase IV, leu-aminopeptidase, cathepsin-B (13), and (p-amidinophenyl) methanesulfonyl fluoride-HCl (14).
(b)

Surface active agents – bile salts, fatty acids and non-ionic surfactants: The

commonly employed surfactants include the sodium salts of cholate, deoxycholate,
glycocholate, glycodeoxycholate, taurocholate and taurodeoxycholate. Bile acids utilized
include chenodeoxycholic acid and ursodeoxycholic acid. The mechanism of action of
these agents may involve an increase in transcellular transport via an interaction and/or
fluidization of the cell membrane which subsequently makes it more permeable, or a
modulation of tight junctions and increase in paracellular permeability, or some
combination of both. Additional possible mechanisms that are involved in enhanced
absorption are: (i) alteration of mucus layer (ii) protection against enzymatic degradation
(iii) dissociation of high order protein multimers into lower order oligomers or monomers
(iv) increased paracellular absorption due to opening of tight junctions between epithelial
cells and (v) extraction and subsequent solubilization of membrane phospholipids and
proteins by forming micelles thereby facilitating transcellular passage of exogenous
protein molecules (15,16). An improved pharmacodynamic response seen with inhaled
insulin powder plus bile salt, although clinically advantageous, may not be feasible for
chronic use since bile salts may erode epithelial surfaces (17). Unsaturated fatty acids of
oleic, palmitoleic and linoleic acid have been shown to have potent effects for salmon
3

calcitonin absorption (12,18). The sodium salt of oleic acid was equally effective as the
parent acid and polyoxyethylene oleyl ether showed good enhancing ability for the
peptide. However, sorbitan trioleate, polyoxyethylene sorbitan monooleate and
polyoxyethylene sorbitan trioleate showed moderate enhancement while the enhancing
effects of glycerol trioleate, ethyl oleate, oleyl alcohol, palmitic acid and stearic acid were
relatively low (12).
(c)

Liposome and Phospholipids: Liposomes and phospholipids have been

investigated for the systemic absorption of different proteins after intratracheal delivery
(19,20). The mechanism of absorption enhancement by liposomes may be attributed to
the presence of surfactants on alveolar surface. The lung surfactants consist primarily of
dipalmitoyl phosphatidyl choline and low amounts of surfactant protein molecules A, B,
and C, which undergo rapid recycling (21). The addition of exogenous liposome
molecules hastens the surfactant recycling process in the alveolar cells, leading to
enhanced uptake of the protein molecule into the systemic circulation (21). Li et. al. (22)
demonstrated that the ability of liposomes to promote pulmonary protein absorption
depends on the concentration, charge and acyl chain length of the phospholipids. Further,
toxicological studies indicated that charge-inducing agents, e.g., stearylamine and
dicetylphosphate, might cause an apparent disruption of pulmonary epithelial cells (22).
(d)

Cyclodextrins: These species are cyclic oligomers of glucose and form inclusion

complexes with drugs whose molecules can fit into the lipophilic cavities of the
cyclodextrin molecule. The potential of cyclodextrins, especially the methylated
cyclodextrins, as absorption enhancers of proteins has been demonstrated for luteinizing
hormone-releasing hormone agonist (23), granulocyte colony stimulating factor (24), and
4

adrenocorticotropic hormone analogue (25). Cyclodextrins may have a direct disruption
effect on alveolar epithelial membrane as evidenced by the extraction of membrane lipids
and proteins, complexation with lipophilic penetrants, inhibition of proteolytic enzyme
activity or alteration of the physicochemical properties of a protein in the formulation
such as altering its solubility, drug partition coefficient or formation of weak ionic
interactions with the drug. Shao et. al. (26) evaluated the effectiveness of cyclodextrins
in promoting pulmonary protein transport and determined the rank order of effectiveness
of these agents to be dimethyl-β-cyclodextrin > α-cyclodextrin > β-cyclodextrin > γcyclodextrin > hydroxypropyl-β-cyclodextrin.
(e) Miscellaneous agents: Lanthanide ions (Ln3+) have been employed as protein
absorption promoters in pulmonary delivery (27). The relative bioavailability of insulin
after intratracheal administration with CeCl3 and GdCl3 was 57.9% and 59.5%,
respectively. Ln3+ binding to membrane lipids and membrane proteins can lead to a series
of consequent events, including conformational change of membrane proteins,
multiphase coexistence of membrane lipids, and the increased interaction between
membrane proteins and lipids (28,29). All of these events subsequently result in
permeability

enhancement

across

the

epithelium.

EDTA,

salicylates,

and

polyethyleneglycol have been tried as permeation enhancers of protein drugs across the
alveolar epithelium. EDTA and salicylates increase paracellular transport by affecting
the permeability of tight junctions due to the removal of membrane bound calcium (30).
Saurez et. al. (31) have demonstrated that low molecular weight amino acids could
facilitate the pulmonary delivery of a peptide, insulin. The effects of hydroxy methyl
amino propionic acid (HMAP) on the pharmacokinetics and pharmacodynamics of
5

porcine insulin delivered to the lungs of rats were investigated. At a dose of 16 mg/kg,
HMAP showed a maximal bioavailability of the peptide and a concomitant reduction in
the initial plasma glucose concentration (31). A single-dose toxicity study (32) of spray
instillation of HMAP plus insulin showed that the treatment resulted in a transient
inflammatory response. However, this was a one time acute toxicity study and provides
no significant indication of the damage caused by chronic use of an absorption enhancer
in pulmonary protein formulations. Alcohol has been shown to improve the
bioavailability of leuprolide acetate following intratracheal administration in beagle dogs
(33). The alcohol based formulation resulted in few slight microscopic and inflammatory
reactions of the lung tissues during a 14-day testing period while the alcohol free
formulation showed normal histopathology data (34).
Although various agents were found to be efficacious in enhancing peptide or
protein absorption across the lung epithelium, none has yet satisfied the stringent
requirements that must be imposed on a chemical that needs to be applied on a long term
basis. The mechanism of action of these absorption enhancers could be due to an
irreversible distortion of the alveolar epithelial cell layer which could potentially make
the lungs susceptible to entry of exogenous allergens and dust particles inhaled during
respiration. Thus, the use of absorption promoters in pulmonary drug delivery has
generated safety concerns regarding possible long-term effects. Recently, it was shown
that alkylglycosides could be used at extremely low concentrations to enhance mucosal
absorption of peptide and protein drugs (35-37). Chemically, alkylglycosides are
disaccharides such as sucrose and maltose attached to alkyl chains of variable lengths
(Fig. 1.2). These agents are non-ionic in nature and are metabolized to simple
6

carbohydrates and alcohols. Currently, it is not known if alkylglycosides as a class
enhance pulmonary absorption of peptides. Further, the safety of these excipients also
remains unknown. The purpose of the present dissertation was to test the hypothesis that
‘Akylglycosides safely and effectively enhance pulmonary absorption of a model peptide,
insulin’. The present research project is the first of its kind to study in detail the efficacy
and safety of alkylglycosides in enhancing pulmonary peptide absorption. The objective
of the present work was to prepare a safe and effective pulmonary preparation of insulin
formulated with alkylglycosides.

To test our hypothesis, we proposed the following research plans:
1. Investigate the efficacy of alkylglycosides in pulmonary absorption of insulin and
compare with that of a well known class of enhancers, cyclodextrins (Chapter 2).
2. Study the pulmonary absorption of monomeric and hexameric insulin form to
determine the role of insulin’s self associating property in the absorption process
(Chapter 3).
3. Investigate the safety of a series of alkylglycosides in vivo (Chapter 4).
4. Determine the role of formulation state, solution or dry form, in pulmonary
absorption (Chapter 4).
5. Perform physical characterization of the optimized insulin formulation (Chapter
4).
6. Investigate the transport mechanisms of insulin preparation across bronchial
epithelial cells (Chapter 5).
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7. Assess the effects of optimized insulin formulation on mucociliary transport rate
in a frog palate model (Chapter 6).
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Fig. 1.1. Schematic illustration of the human respiratory tract
Schematic illustration of the human respiratory system shows the upper respiratory and
lower respiratory tracts.
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R = -C14H29
R = -C12H25
R = -C10H21
R = -C8H17

Tetradecyl-β-maltoside
Dodecyl-β-maltoside
Decyl-β-maltoside
Octyl-β-maltoside

Fig. 1.2. Structure of alkylglycosides
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CHAPTER 2
TETRADECYL-β-MALTOSIDE AND DIMETHYL-β-CYCLODEXTRIN IN
ENHANCING PULMONARY ABSORPTION OF INSULIN2

1. Introduction
Over the past few decades, inhaled insulin has been proposed as a potentially
useful alternative to subcutaneously administered insulin (1-3). Since pulmonary delivery
of insulin results in a rapid absorption, insulin administered via this route has better
control over post-prandial hyperglycemia in comparison to subcutaneously administered
insulin. It has been shown in humans that inhaled insulin is more rapidly absorbed (Tmax
at 5-60 min) than injectable insulin (Tmax at 60-180 min) (2). Although newly developed
Lyspro® insulin was shown to control after-meal hyperglycemia more efficaciously and
expeditiously compared to regular insulin (4,5), this preparation still needs to be
administered as an injection when food intake occurs. In addition, use of subcutaneous
insulin is associated with discomfort and there is a perceived notion that non-invasive
insulin administration could improve the management of type I and type II diabetes
mellitus. This would allow frequent dosing to more precisely control blood glucose
levels. However, the primary obstacle to the pulmonary delivery of insulin is the relative
impermeability of the drug when formulated without an absorption enhancer. Many
absorption promoters have been investigated to obtain a clinically acceptable
bioavailability of insulin administered via the pulmonary route (6-8). In particular, insulin
xivxiv139139
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formulated with different surface active agents has been delivered in the form of solution
or powder via the pulmonary route (6,7).
More recently, Pillion and his colleagues showed that alkylglycosides could be
used effectively at extremely low concentrations to enhance nasal and ocular absorption
of insulin, calcitonin and glucagon (9-11). Of the alkylglycosides tested, tetradecyl-βmaltoside (TDM), an alkylglycoside containing a 14-carbon alkyl chain attached to a
maltose ring, has been shown to be the most efficacious in enhancing nasal insulin
absorption (12). As alkylglycosides are nonionic in nature, metabolized to simple
carbohydrates and alcohols, and inexpensive to produce, these excipients have shown
promise as absorption promoters for non-parenterally administered peptide drugs (13).
On the other hand, cyclodextrins are a distinct family of chemical reagents that
contain six, seven or eight monosaccharide units in a cyclized ring with a central cavity
that can accommodate other chemicals. A limited number of cyclodextrin derivatives
stimulate transmucosal absorption of peptide drugs, while others have no effect (14).
Importantly, methylated cyclodextrins, such as dimethyl-β-cyclodextrin (DMβCD),
strongly accelerate transmucosal insulin absorption while unmodified β-cyclodextrin has
little effect on insulin absorption (15). It is believed that both DMβCD and TDM enhance
absorption of insulin by different mechanisms. Cyclodextrins enhance transmucosal
absorption of insulin by formation of an inclusion complex with insulin or by direct
action on the membrane. The latter may involve removal of membrane proteins,
complexation with different membrane components or inhibition of proteolytic enzyme
activity (15,16). However, it is speculated that TDM acts by loosening cell-cell tight
junctions (17).
15

Currently, it is not known if alkylglycosides enhance pulmonary absorption of
insulin; neither is it known if TDM, the most potent alkylglycoside, is as efficacious as
DMβCD in enhancing pulmonary insulin absorption. This study is designed to test the
hypothesis that TDM enhances pulmonary absorption of insulin and it is as potent as
DMβCD in enhancing absorption of insulin via pulmonary route. In addition, to compare
and contrast the efficacy of these reagents as absorption promoters, the duration of action
of both agents on the epithelial membrane of respiratory tract was investigated.
2. Materials and Methods
2.1. Materials
Tetradecyl-β-D-maltoside (TDM) was purchased from Calbiochem-Novabiochem
Corp. (La Jolla, CA), dimethyl-β-cyclodextrin (DMβCD) from Sigma-Aldrich Inc. (St.
Louis, MO) and regular human insulin, Novolin®, from Novo Nordisk Pharmaceuticals
Inc. (Princeton, NJ). Fiber optic laryngoscope was a product of Welch Allyn (Welch
Allyn, Skaneateles Falls, NY). A small animal intratracheal aerosolizer (MicroSprayer™)
was purchased from PennCentury Inc. (Philadelphia, PA).
Preparations of formulations
Stock solutions of TDM (1%) and DMβCD (1%) were prepared by dissolving the
reagents in normal saline and stored at 4°C for 30 days or less. Stock solutions older than
30 days were discarded. It was previously determined that there were no differences in
drug absorption when formulations containing reagents that stored for 30 days were used
compared to formulations containing freshly prepared TDM or DMβCD solutions. The
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concentrations of TDM and DMβCD used in insulin formulations were 0.06, 0.125 and
0.25%.
2.2. Pulmonary absorption studies
Male Sprague Dawley rats (Charles River Laboratories, Charlotte, NC) weighing
250-350 g were used for pulmonary absorption studies. On the day of the experiment,
animals were anesthetized by an intramuscular injection of a mixture of xylazine (20
mg/ml) and ketamine (100 mg/ml). Anesthesia was maintained with additional doses of
the anesthetic solution as needed during the experiments. Formulations were
administered 50-60 minutes after initial dose of anesthetic agents. For intratracheal
insulin administration, the upper incisors of anesthetized animals were tied with a rubber
band and the animal was held vertically by hanging to a burette stand. The tongue of the
animal was pulled aside with blunt forceps and the inside of the mouth was illuminated
with a fiber optic laryngoscope. While keeping the tongue pressed toward the lower jaw
using a restrainer attached to the laryngoscope, the trachea was visualized by
maneuvering the laryngoscope. Once the trachea was exposed, the MicroSprayer® tube
attached to a syringe (Merit Medical Systems, Inc., South Jordan, UT) was inserted into
the trachea and pushed gently inward until the tube reached the bifurcation. Formulations
containing insulin (1.25 U/kg) plus saline, TDM or DMβCD were then quickly sprayed
into the trachea. The amount of formulation administered was 80-115 µl depending on
animal body weight. The rat was removed from the stand, placed on the working table
and serial blood sampling was accomplished from the tip of the tail at time 0
(immediately before administration of any formulations) and 5, 10, 20, 30, 40, 60, 90 and
120 min after drug administration. At each time point, ~300 µl of blood sample was
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collected in heparinized microcentrifuge tubes, stored on ice until the plasma was
separated by centrifugation (1320 ×g for 5 min) and stored at -20 ºC until further
analysis.
Plasma glucose concentrations were measured using a glucose kit (Infinity™
Glucose Reagent, Sigma Diagnostics Inc., St. Louis, MO), the principle of which is based
on hexokinase method and measures glucose concentration with linearity in the range 0650 mg/dL. Plasma insulin concentrations were determined using a human insulin
specific radioimmunoassay (RIA) kit (Linco Research Inc., St. Charles, MO). All studies
were

approved

by

the

Institutional

Animal

Care

and

Use

Committee and were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals.
2.3. Reversibility studies
In vivo reversibility studies were performed as described earlier (18,19). For these
experiments, formulations were administered in two phases. In the first phase, 100 µl of
formulations containing 0.25% of one of the reagents, without insulin, were administered
to the trachea at time 0. In the second phase, formulations containing only the drug,
insulin (1.25 U/kg), were administered immediately or at 60 or 120 min after the first
phase of administration. In these experiments, blood samples were collected at 0, 5, 10,
20, 30, 40, 60, 90 and 120 min as described above. Plasma glucose and insulin
concentrations were determined as described above.
2.4. Pharmacokinetic/pharmacodynamic analysis
Standard non-compartmental pharmacokinetic analysis (Kinetica®, Version 4.0,
InnaPhase Corp. Philadelphia, PA) was performed for plasma insulin-time profiles. The
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area under the curve (AUC0→∞) for plasma insulin-time curves and AUC0→120 for blood
glucose-time curves were calculated by the trapezoidal method. The area above the curve
(AAC0→120) for the blood glucose-time curve was then obtained by subtracting the
AUC0→120 of the plasma glucose curve from the total area of the quadrilateral. The value
of plasma glucose at time zero was normalized to 100%. The percent total reduction in
initial plasma glucose concentration from 0 to 120 min (%TRG0→120) was calculated as
follows:
%TRG0→120 =

AAC 0→120
× 100 .
AUC 0→120

The relative bioavailability (F') was assessed by comparing the AUC0→∞ for plasmainsulin time curve obtained after pulmonary administration to that obtained after
subcutaneous administration.
2.5. Statistical Analysis
Bioavailability values for different formulations were compared with paired t-test
or one-way ANOVA. When the differences in the means were significant, post-hoc pair
wise comparisons were conducted using Newman-Keuls multiple comparison tests
(GraphPad Prism version 3.03, GraphPad Software, San Diego, CA). For all tests
employed, the level of significance (α) was set at 0.05
3. Results and Discussion
As reported previously, rats anesthetized with xylazine/ketamine display
hyperglycemia as a result of impaired insulin release (20). Fig. 2.1 shows changes in
plasma glucose after s.c. administration of xylazine/ketamine. Pulmonary administration
of 1.25 U/kg of regular human insulin was ineffective in lowering initial plasma glucose
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level when insulin was formulated in saline (Fig. 2.2A). When 0.06% TDM was added
to the pulmonary insulin formulations, the plasma glucose concentration significantly
decreased (p <0.05). Additionally, when the concentration of TDM was increased from
0.06% to 0.25% in the formulations, there was a further decrease in plasma glucose level.
The time to reach percent minimum plasma glucose level (t%MG) for all formulations
that contained insulin plus TDM was 60 min. (Table 2.1). Further, %TRG was highest
when 0.25% TDM was used in the formulation (Fig. 2.2B). The results are consistent
with the systemic uptake of insulin from the respiratory tract in a biologically active form
in rats that received insulin formulations containing TDM. In fact, the effect of
xylazine/ketamine anesthesia to diminish pancreatic insulin release would cause a steady
increase in plasma glucose over the 120-min experiment if insulin had not been absorbed
from the respiratory tract. In agreement with the decrease in plasma glucose, the plasma
insulin was markedly increased when insulin was formulated with TDM at a
concentration as low as 0.06% (p <0.05). In contrast, little or no insulin was absorbed
when it was formulated in saline (Fig. 2.2B). A plot of AUC0→∞ values for plasma
insulin-time curve against the concentration of TDM confirms a dose dependent effect of
TDM on pulmonary insulin absorption (inset, Fig. 2.2B). Likewise, the AAC0→120 values
for plasma glucose–time curves for the formulations containing TDM was found to
increase with increasing TDM concentrations (Table 2.1). However, when the TDM
concentration was further increased from 0.25% to 0.5% (data not shown), no additional
increase in AAC0→120 or AUC0→∞ was observed (p >0.05). This suggests TDM caused
maximum insulin absorption at a concentration of 0.25%. In fact, it has been reported that
absorption enhancers produce maximum increase in insulin absorption at a certain
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concentration. Above that concentration, no further absorption increase is observed. This
may be attributed to the result of maximum loosening of cell-cell tight junctions or
saturation of insulin transport which is believed to be receptor mediated (21,22) or
saturation of the interaction between insulin and TDM.
Pharmacokinetic parameters of insulin resulted in a substantial increase in Cmax
with the increasing concentrations of TDM (p <0.05) (Table 2.2). The Tmax for insulin
formulations containing TDM was reduced from 10 min (control) to 5 min. Overall, the
experimental data suggest that TDM is an effective absorption promoter of intratracheally
delivered insulin. Further, the efficacy of TDM as an absorption promoter for
intratracheally administered insulin agrees with its ability to enhance absorption of
peptide drugs such as insulin, glucagon and calcitonin, administered nasally and ocularly
(9-11).
Data presented in Fig. 2.3 depict changes in plasma glucose and plasma insulin
that occurred over 120 min following intratracheal administration of insulin plus saline or
insulin plus DMβCD formulations. Addition of 0.06% DMβCD to insulin formulations
produced a significant decrease in plasma glucose and increase in plasma insulin
compared to that obtained when insulin was formulated with saline (p <0.05). As with
TDM, when the concentration of DMβCD was increased from 0.06 to 0.25%, a more
pronounced and concentration dependent decrease in plasma glucose and increase in
insulin concentration were observed. A plot of AUC0→∞ values versus concentration of
DMβCD added to insulin formulations show a positive correlation with an increase in the
enhancer concentration (inset, Fig 2.3B). The Cmax value obtained reached a maximum
when 0.25% DMβCD was incorporated in the formulation (Table 2.2). However, Tmax
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values for all formulations containing 0.125% or 0.25% DMβCD was the same as that
obtained for control formulation.
It is worthwhile to note that one of the major challenges to insulin delivery is the
reproducibility in the amount of insulin delivered. The data presented in this study
showed that the amount of insulin delivered was fairly reproducible. For example, in case
of 0.25% TDM formulations, the coefficients of variation for Cmax and relative
bioavailability were 31 and 18%, respectively. Similarly, the coefficients of variation for
DMβCD formulation were in the acceptable range. Low variability observed in this study
was probably because the drug was administered as a fine mist directly into the lung after
laryngoscopic visualization of the trachea. However, variability in insulin delivery is not
unexpected. Others have also reported a wide variation in the percentage of instilled dose
reaching the lungs from nebulizers (23). For a reproducible insulin delivery to the lungs,
variables that need to be standardized include drug concentration, droplet size
distribution, animals’ breathing pattern, state of anesthesia etc. Future studies will be
directed to investigate the influence of these parameters for TDM and DMβCD based
pulmonary formulations of insulin.
To compare and contrast the efficacy and duration of action of TDM and DMβCD
for pulmonary insulin absorption, a reversibility study was conducted. Since the
mechanism of absorption promoters involves action on the epithelial membrane,
reversibility studies may give clues to the toxicity of the agents at the site of
administration. In addition, Bagger et al. (18) observed that a short duration of action
minimizes local toxicity and facilitates a quicker reestablishment of the normal epithelial
barrier. The concentration of TDM and DMβCD used in the reversibility study was
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0.25%. When insulin (1.25 U/kg) was administered immediately after administration of
0.25% TDM solution, a significant decrease in plasma glucose and increase in plasma
insulin was observed compared to control (p <0.05) (Fig. 2.4 and Table 2.3). These
plasma glucose and insulin profiles were comparable to that observed when insulin
formulated with 0.25% TDM was administered as a mixture to the anesthetized rat during
pulmonary absorption studies (Fig. 2.2). When insulin was delivered at 60 min after
TDM administration, there was a moderate decrease in plasma glucose and increase in
plasma insulin. However, when insulin was delivered at 120 min after TDM
administration, no significant differences in plasma glucose or plasma insulin levels were
observed compared to control (Fig. 2.4). The data for the reversibility study for DMβCD,
presented in Fig. 2.4 and Table 2.3, show a similar trend to that of TDM. Like that of
TDM, the effect of DMβCD on the epithelial membrane was reversible in 120 min.
These experiments suggest that increased permeability produced by TDM and DMβCD is
rapidly reversible. The data from reversibility study with TDM are in agreement with the
observations by Arnold et al. (19) on the effects of TDM on nasal mucosa.
The mechanism by which TDM enhances absorption of insulin is not known.
Pillion et al. (12) suggested that TDM may accelerate absorption of insulin by two
mechanisms: a direct, selective effect on the insulin molecule or a direct interaction with
the epithelial membrane that makes it more permeable to insulin. If alkylglycosides
caused insulin multimers to dissociate into dimers or monomers, absorption from the
respiratory tract could be accelerated as a result of reduction of size of insulin complex.
It can also be hypothesized that micelles formed due to the presence of TDM in the
formulation may entrap insulin monomers or dimers and help movement of insulin
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molecule through the hydrophobic bilayer of respiratory epithelium. It should be noted
that TDM concentrations used in three formulations were above the critical micellar
concentration (0.00054%) of TDM (Anatrace Chemical Catalog, Maumee, OH).
However, the reversibility study, mentioned above, showed that prior administration of
TDM to the respiratory tract could maintain a residual effect on insulin absorption. This
finding suggests that the concept of interaction between an absorption promoter and
insulin to form a complex, which facilitates the permeability of the latter across the
membrane, could be negligible with the present route as both insulin and TDM were
administered independent of each other in the reversibility study. This study also implies
TDM enhances absorption perhaps by solubilizing membrane components or loosening
of cell-cell tight junctions.
On the other hand, reports involving use of cyclodextrins in pulmonary protein
delivery are limited. However, the selection of a cyclodextrin for this route is narrowed to
β-cyclodextrin, hydroxypropyl-β-cyclodextrin and DMβCD (24). Data obtained in the
present study agrees with the fact that DMβCD can increase absorption of a peptide drug
administered via the pulmonary route (25). In vitro studies reported previously (26,27)
confirmed that DMβCD directly interacts with the insulin molecule by shifting the
equilibrium of multimeric insulin to dimeric or monomeric form. For example, Shao et
al. (28) reported that certain cyclodextrins alter the circular dichroism spectra of insulin
in vitro. This report taken in conjunction with data from the reversibility study reported
herein, suggests that DMβCD may enhance insulin absorption by dual mechanisms: a
direct interaction with insulin molecules and direct action on the respiratory epithelium.
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The latter mechanism is probably accomplished by the formation of a complex between
cyclodextrin and membrane components.
In summary, in vivo rat studies provide an elegant model for pulmonary insulin
delivery. Data obtained in this study were reproducible because the trachea of the
anesthetized rats was visualized by a fiber optic laryngoscope and thereby reducing the
possibility of accidental delivery of drug into the esophagus compared to blind
intubations into the trachea (29). Both absorption promoters were found to be effective
in enhancing pulmonary insulin absorption and caused increased insulin absorption by
acting on the membrane rather than by interacting with insulin. However, TDM was
shown to be twice as efficacious as DMβCD in enhancing pulmonary insulin absorption.
Reversibility studies demonstrated that acute exposure of TDM or DMβCD is less likely
to cause extensive damage or cellular toxicity in respiratory epithelial cells. However, in
vivo reversibility study provides rather limited data as to the safety of an absorption
promoter for pulmonary drug delivery. More extensive studies are required to determine
the cellular toxicities that may occur in lungs after administration of TDM based insulin
preparation. The cellular and biochemical response of the lung due to exposure of TDM
based insulin preparation are presented in Chapter 3.
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Fig. 2.1. Effect of xylazine-ketamine administration on plasma glucose
Changes in plasma glucose levels in rats after s.c. administration of xylazine-ketamine
mixture at a dose of 666 µl/kg. The ratio of xylazine (20 mg/ml) to Ketamine (100
mg/ml) in the anesthetic injection was 1:2. Data represent mean ± S.D. n = 4.
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Fig. 2.2. Plasma glucose and insulin profiles after insulin plus TDM administration
Changes in plasma glucose (A) and plasma insulin (B) after intratracheal administration
of insulin in saline or in the presence of increasing concentrations of TDM. Inset shows
changes in AUC0→∞ for plasma insulin-time curve with increasing concentrations of
TDM. Data represent mean ± S.D., n = 3-5.
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Fig. 2.3. Plasma glucose and insulin profiles after insulin plus DMβCD administration
Changes in plasma glucose (A) and plasma insulin (B) after intratracheal administration
of insulin in saline or in the presence of increasing concentrations of DMβCD. Inset
shows changes in AUC0→∞ for plasma insulin-time curve with increasing concentrations
of DMβCD. Data represent mean ± S.D., n = 3-5.

31

A
120

% Change in plasma glucose

100

80

60

40

20

0
0

30

60

90

120

150

180

210

240

150 180

210

240

Time (min)

B
600

Insulin (μU/ml)

400

200

0
0

30

60

90

120

Time (min)

Fig. 2.4. Reversibility studies with TDM application
Changes in plasma glucose (A) and plasma insulin (B) following administration of 1.25
U/kg of insulin at time zero (∆), 60 (□) or 120 (○) min post administration of 0.25%
TDM. Data represent mean ± S.D., n = 3-5.
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Fig. 2.5. Reversibility studies of with DMβCD application
Changes in plasma glucose (A) and plasma insulin (B) following administration of 1.25
U/kg of insulin at time zero (∆), 60 (□) or at time 120 (○) min post administration of
0.25% DMβCD. Data represent mean ± S.D., n = 3-5.
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Table 2.1. Hypoglycemic effects of insulin formulated with saline or with different concentrations of TDM or
DMβCD.

Formulations containing insulin plus TDM Formulations containing Insulin plus
DMβCD
Insulin alone

Concentration of TDM
0.06%

%TRG0→120
9.31
% MG
6.35
t% MG
(min)
AAC0→120
2060
(%.min)

0.125%

Concentration of DMβCD
0.25%

0.06%

0.125%

0.25%

18.7 ± 4.26

47.3 ± 8.92

68.9 ± 7.45

81.8 ± 10.3

37.7 ± 11.59

58.5 ± 7.29 72.5 ±

80.7 ± 5.71

58.0 ± 8.82

42.4 ± 10.8

19.6 ± 5.0

61.9 ± 8.17

45.7 ± 10.2 36.5 ±

60

60

60

60

90

3850 ± 1230

5290 ± 1980

8470 ± 1758

3090 ± 1020

1890 ± 980

Data represent mean ± S.D., n = 3-5.
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90

4430 ± 1420 5770 ±

Table 2.2. Pharmacokinetic parameters of insulin formulated with saline or with different concentrations of
TDM or DMβCD.

Formulations containing insulin plus TDM

Formulations containing Insulin plus

DMβCD
Insulin alone

Concentration of TDM
0.06%

0.125%

Concentration of DMβCD
0.25%

0.06%

0.125%

0.25%

Cmax
34.2 ± 27.7
229 ± 97.0
366 ± 113
505 ± 161 102 ± 28.9
167 ± 31.8
254 ± 58.3
(µU.ml-1)
10
5
5
5
5
10
10
Tmax
(min)
AUC0→∞
4330 ± 1130 10300 ± 4220 15600 ± 4900 25600 ± 11600 5970 ± 1380 8330 ± 2790 14200 ± 6290
-1
(µU.min.ml )
F´
0.14 ± 0.03
0.34 ± 0.08
0.52 ± 0.11
0.84 ± 0.15
0.19 ± 0.04
0.29 ± 0.08
0.48 ± 0.13
Data represent mean ± S.D., n = 3-5.
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Table 2.3. Pharmacokinetic and Pharmacodynamic Parameters of insulin administered at different times post
administration of 0.25% of TDM or DMβCD during reversibility study.
Time at which insulin was
administered after application of TDM

Time at which insulin was
administered after application of

DMβCD
0 min

60 min

120 min

0 min

37.4 ± 9.72
62.9 ± 8.52
120
2578 ± 1123

20.2 ± 6.35a
79.2 ± 7.60a
90
2014 ± 898a

67.9 ± 9.13
45.8 ± 7.29
90
4841 ± 1224

60 min

120 min

Pharmacodynamic parameters
%TRG0→120

80.6 ± 10.1
22.5 ± 11.8
% MG
t% MG (min)
120
AAC0→120 (%.min)
5706 ± 1790
Phamacokinetic parameters

Cmax (µU.ml-1)
491 ± 95.7
284 ± 93.7
Tmax (min)
10
10
-1
AUC0→∞ (µU.min.ml ) 23150 ± 10135 12395 ± 5223

38.5 ± 7.62
18.8 ± 4.37a
61.2 ± 11.3
79.8 ± 12.3a
90
90
3334 ± 1067 1899 ± 913a

62.9 ± 47.7
245 ± 65.9
119 ± 14.5
10
10
10
a
4961 ± 1060 11683 ± 4664 5165 ± 1378

Data represent mean ± S.D., n = 3-5.
Not significantly different with respect to insulin plus saline formulation (p >0.05).

a
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81.1 ± 34.55
10
5038 ± 2794a

CHAPTER 3
INFLUENCE OF SELF-ASSOCIATING PROPERTY OF INSULIN ON ITS
ABSORPTION VIA THE PULMONARY ROUTE AND ACUTE EFFECTS OF
ABSORPTION PROMOTERS ON LUNG SAFETY3

1. Introduction
It is well documented that insulin undergoes self association and forms dimer
and/or hexamer in aqueous solutions at therapeutic concentrations. Insulin molecules tend
to associate with each other because of their thermodynamic instability in monomeric
forms. The free energy of the insulin molecule is reduced via self association and
consequently thermodynamic stability of the drug is increased. The tendency for self
association of the insulin molecules depends on several factors including concentration,
pH and dielectric properties of solvents (1,2). The self association property of insulin
plays an important role in the pharmacokinetics and pharmacodynamics of insulin
administered via the subcutaneous route. In fact, hexameric insulin is believed to
dissociate into dimer or monomer units before absorption can occur after subcutaneous
administration. As a result, subcutaneously administered insulin exhibits a delay in
insulin absorption, with an initial lag phase followed by a gradual increase in absorption
rate (3,4).
Recently, the relationship between the self-association properties of insulin and its
structure has been elucidated and the monomeric form of insulin has been developed. The
affinity of insulin molecules to associate with each other has been significantly reduced
xxxviixxxvii139139

3

Modified from Hussain and Ahsan (2005) European Journal of Pharmaceutical Sciences 25:289-298.
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by replacing the amino acid proline at position B28 (5). The newly developed monomeric
insulin, such as Lispro® insulin, has a very low association constant and exists in
monomeric form even at therapeutic concentration. The rate of absorption of monomeric
insulin is 2-3 times as fast as that of hexameric insulin delivered via the subcutaneous
route. Blood glucose levels produced by monomeric insulin administered just before a
meal are comparable to that produced by hexameric insulin administered 30 min prior to
food intake (6). In fact, the pharmacokinetics/pharmacodynamics of monomeric insulin
and the benefit offered by monomeric over hexameric insulin have been known for more
than a decade. However, little is known about the pharmacokinetics and
pharmacodynamics of monomeric insulin administered via mucosal routes including
nasal and pulmonary routes.
In recent years, the pulmonary route has been extensively studied for systemic
delivery of peptide drugs including insulin, calcitonin and parathyroid hormone (7-9).
Because of the huge surface area of the alveolar region and rapid distribution of drugs
into the systemic circulation after pulmonary administration, the bioavailability of
peptide and protein drugs administered via the pulmonary route is higher than that
obtained from other mucosal routes of administration (10). More importantly, in humans
inhaled insulin is absorbed much faster (Tmax 5-60 min) than the injectable form of insulin
(Tmax 60-180 min) (11). Further, mucosal fluid and surfactants present in the respiratory
tract are believed to play an important role in solubilizing and diluting a drug
administered via the respiratory tract. In fact, a thin fluid layer of mucous with 5 μm
depth covers the entire respiratory tract and the surfactants cover the alveolar surface to a
thickness of 10 to 20 nm (12). On the other hand, surfactants such as bile salts are known
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to dissociate insulin hexamers to monomers (13). We have previously shown that ntetradecyl-β-D-maltoside (TDM), a nonionic surfactant, enhances pulmonary absorption
of hexameric human insulin (14 & Chapter 2). Currently, it is not known if TDM will
increase the absorption of monomeric insulin to the same extent as hexameric insulin
when delivered via the pulmonary route. In addition, the relative rates of absorption of
monomeric insulin and hexameric insulin, each formulated with TDM, are unknown. On
the other hand, the safety of TDM as absorption enhancer is also unknown although the
efficacy of this agent in nasal and pulmonary absorption of insulin is well established
(14,15).
This study, therefore, attempts to compare and contrast the pharmacokinetics and
pharmacodynamics of monomeric and hexameric insulin administered via the pulmonary
route. It also evaluates if absorption of monomeric insulin is influenced by the presence
or absence of a dissociating agent, EDTA or absorption enhancer, TDM, in the
formulation. Further, safety of the pulmonary formulation was investigated by measuring
biological markers for lung injury in bronchoalveolar lavage fluid.
2. Materials and methods
2.1. Materials
Regular human insulin (Humulin®) and monomeric insulin (Humalog®) injections
were products of Eli Lilly and Co. (Indianapolis, IN). Tetradecyl-β-D-maltoside (TDM)
was purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA). EDTA disodium
salt was obtained from Fisher Chemicals (Fairlawn, NJ). Reagents for lactate
dehydrogenase and alkaline phosphatase determination were obtained from Pointe
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Scientific, Inc. (Lincoln Park, MI). N-acetyl glucosaminidase assay kit was purchased
from Equal Diagnostics (Exton, PA). Sodium dodecyl sulphate (electrophoresis purity
reagent) and lipopolysaccharide (E. coli 055:B5) were purchased from Biorad
Laboratories (Hercules, CA) and Sigma-Aldrich Inc., ( St. Louis, MO), respectively.
2.2. Pulmonary absorption studies
Stock solutions of TDM (46 mM) and EDTA (0.3 mM) were prepared by
dissolving the reagents in normal saline. Pulmonary formulations were prepared few
hours prior to the experiment by mixing hexameric or monomeric insulin with stock
solutions of TDM or EDTA and diluted to obtain a final concentration of 4.6 mM of
TDM or 0.03 mM of EDTA. Male Sprague Dawley rats (Charles River Laboratories,
Charlotte, NC) weighing between 300 and 350 g were used for the pulmonary absorption
studies. On the day of the experiment, the animals were anesthetized by an intramuscular
injection of a mixture of xylazine (20 mg/ml) and ketamine (100 mg/ml). Anesthesia was
maintained with additional doses of the anesthetic administered as needed throughout the
experiments. At 50-60 minutes after the initial anesthesia, the pulmonary formulations
were administered as reported earlier (14 & Chapter 2). Dose response studies were
conducted by administering increasing doses (0.625, 0.125, 2.5, 5 and 10 U/kg) of either
hexameric or monomeric insulin. The amount of formulation administered was 80-115
µl depending on the body weight of the animal. The rats were placed on their stomach
after the administration of formulations and blood sampling was performed from the tip
of the tail at time 0 (immediately before administration) and 5, 10, 20, 30, 40, 60, 90 and
120 min after the drug administration. About 200 µl of blood was collected in
heparinized microcentrifuge tubes, placed in an ice bucket until the plasma was separated
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by centrifugation (1320 ×g for 5 min) and stored at -20 ºC until analysis. For intravenous
administration, rats were injected 400 µl of insulin solution corresponding to 1.25 U/kg
body weight into the tail vein. Blood sampling (200 µl) was carried out via external
jugular vein for this procedure periodically at time intervals mentioned above for
pulmonary absorption studies. Plasma glucose levels were measured using a glucose kit
(Infinity™, Glucose Reagent, Sigma) and plasma insulin levels were determined using a
human insulin specific radioimmunoassay (RIA) kit (Linco Research Inc., St. Charles,
MO). This human insulin specific RIA has 0.1% cross reactivity with rat insulin.
2.3. Bronchoalveolar lavage studies
The bronchoalveolar lavage study was performed with a slight modification of a
previously reported method (16). Rats were divided into six groups, four rats in each
group, to receive six different treatments. Three groups of animals received three control
formulations: sodium dodecyl sulfate (0.1%; 3.5 mM) and lipopolysaccharide (0.1 µg/ml;
10-5 mM) as positive controls, saline as a negative control. The other three groups of
animals received the test formulation, insulin (1.25 U/kg), TDM (4.6 mM) and insulin
(1.25 U/kg) plus 4.6 mM TDM. The concentration of positive controls used in this study
were selected based on the study by Garcia-Contreras et al. (16), and the concentration of
TDM was chosen based on in vivo studies with rats in our laboratory (14 & Chapter 2).
All formulations were administered as described above and rats were re-anesthetized at
12 or 24 hrs after drug administration and respiratory apparatus was exposed by a mid
level incision in the thoracic cavity.

The lungs were surgically removed after ex-

sanguination by severing the abdominal aorta and wet lung weight was recorded. The
lungs were lavaged by instillation of 5 ml aliquot of cold normal saline into the trachea,
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left in the lungs for 30 sec, withdrawn, re-instilled for additional 30 sec and finally
withdrawn. The collected fluid was centrifuged at 500 ×g for 10 min and the supernatant
was collected for analysis of lactate dehydrogenase (LDH), alkaline phosphatase (ALP)
and N-acetylglucosaminidase (NAG) activity. The concentrations of these enzymes in the
BAL fluid were determined using commercially available kits mentioned above and the
activities of these enzymes are expressed as IU/ml. All animal studies were conducted in
accordance with the principles outlined in the “Guide for the Care and Use of Laboratory
Animals,” Institute of Laboratory Animal Resources, National Research Council.
2.4. Pharmacokinetic/Pharmacodynamic Analysis
Standard non-compartmental pharmacokinetic analysis (Kinetica, Version 4.0,
InnaPhase Corp.) was performed for the plasma insulin-time profiles. AUC(In)0→∞ for
plasma insulin-time curves and AUC(Gl)0→120 for blood glucose-time curves were
estimated by the trapezoidal method. The value of plasma glucose at time zero was
normalized to 100%.
2.5. Statistical Analysis
Bioavailability parameters for different formulations and changes in enzyme
activities in BAL fluid collected after different treatments were compared using one-way
ANOVA. Where the differences in the means were significant, post-hoc pair wise
comparisons were carried out using Newman-Keuls multiple comparison tests. For all
statistical tests performed, the level of significance (α) was set at 0.05.
3. Results and Discussion
3.1. Pulmonary absorption of monomeric and hexameric insulin
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The pharmacokinetics and pharmacodynamics of hexameric and monomeric
insulin were studied by measuring plasma insulin levels and monitoring concomitant
changes in blood glucose after pulmonary administration of two forms of insulin. These
sets of experiments were performed to determine if the rate and extent of pulmonary
absorption of hexameric insulin was similar to or different from that of monomeric
insulin. When regular hexameric insulin of increasing doses was administered via the
pulmonary route, there was an increase in insulin absorption with the increase in the dose.
The AUC(In)0-∞values for all doses of insulin tested were significantly higher than the
control (p <0.05) and showed a linear trend with increased insulin (Fig. 3.1A). The Tmax
values for different doses of insulin ranged between 16 and 20 min (Table 3.1). In
agreement with the systemic uptake of hexameric insulin from the lung, plasma glucose
levels showed a significant reduction with increasing doses of insulin. There was a
gradual reduction in AUC(Gl)0-120 values with the increasing doses of hexameric insulin
(Fig. 3.1B). The highest reduction in blood glucose levels was observed when the dose of
insulin was 5 or 10 U/kg. Interestingly, the extent of glucose reduction produced by 5
U/kg insulin was not significantly different from that produced by 10 U/kg insulin,
although the amount of insulin absorbed after administration of 10 U/kg insulin was
much higher than that obtained after administration of 5 U/kg insulin. The similarity in
plasma glucose reduction between the two higher doses of insulin could be attributed to
the lower limit of blood glucose reduction. The decrease in blood glucose values is a selflimiting factor because of the activation of counter-regulatory hormones that occurs when
the blood glucose values fall very low. It is important to point out that an infinitesimal
quantity of insulin was detected in rats treated with saline (Figs. 3.1&3.2 and Table 3.1).
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This could be due to the measurement of rat insulin by the human insulin specific RIA kit
since the assay kit used in this study can measure 0.1% of rat insulin.
The pharmacokinetics and pharmacodynamics of monomeric insulin were similar
to that of hexameric insulin. Like that of hexameric insulin, a dose-dependent increase in
insulin absorption was observed when monomeric insulin was administered via the
pulmonary route (Fig. 3.2A). The AUC(In)0-∞ values for all doses of monomeric insulin
tested were significantly higher than that of control. The Cmax and Tmax values for
monomeric insulin were comparable to those of hexameric insulin (Table 3.1). The extent
of glucose reduction produced by monomeric insulin was similar to that produced by
hexameric insulin (Fig. 3.2B). With the increased absorption of insulin, there was a
concomitant decrease in plasma glucose levels. Further, there was a decrease in
AUC(Gl)0-120 values for plasma glucose-time curve with the increasing doses of
monomeric insulin. Similar to the pharmacodynamics of hexameric insulin, the extent of
glucose reduction produced by 5 U/Kg monomeric insulin was not significantly different
from that of 10 U/kg hexameric insulin (p >0.05) (Table 3.2).
Hexameric and monomeric forms of insulin were treated with EDTA and
administered via the pulmonary route to investigate if addition of a dissociating agent to
insulin

formulation

makes

any

difference

in

their

pharmacokinetics

and

pharmacodynamics. When used at a concentration of 0.04 mM, EDTA was found to
dissociate 16.2 U/ml of hexameric insulin to dimeric form by sequestering zinc ions (17).
In the present study, 0.03 mM EDTA was added to the formulation containing 3.75 U/ml
hexameric insulin, but no differences between the absorption profiles of hexameric and
monomeric insulin were observed (Fig. 3.3). However, Tmax (6.6 ± 2.8; 5 min) for insulin
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formulated with EDTA was shorter than the Tmax (20 min) for insulin without EDTA
(Tables 3.1&3.2). Nevertheless, like the absorption profiles of hexameric and monomeric
insulin formulated with EDTA, there were minimal differences between the plasma
glucose levels for monomeric and hexameric insulin administered with EDTA (Fig. 3.3).
The results presented above suggest that both forms of insulin are absorbed from
the respiratory tract in the biologically active form that reduces plasma glucose levels in
anesthetized rats. It has been shown that xylazine and ketamine produce hyperglycemia
due both to enhanced hepatic production of glucose and impaired secretion of insulin
from pancreatic β cells (18). Further, pulmonary administration after laryngoscopic
visualization of trachea has been shown to reproducibly deliver insulin into the
respiratory apparatus (14). However, pulmonary delivery of increasing doses of
hexameric or monomeric insulin produced almost identical pharmacokinetic and
pharmacodynamic profiles. This is in contrast with the differences observed between the
absorption profiles of hexameric and monomeric insulin administered via the
subcutaneous route, wherein monomeric insulin has shown to be absorbed faster than the
hexameric form of insulin (6,19). Comparable pharmacokinetics and pharmacodynamics
of monomeric and hexameric insulin may be attributed to the dissociation of hexamers to
monomers by the lung surfactants and/or due to the large amount of extra cellular fluid
present in the respiratory tract. As mentioned above, insulin oligomers have been shown
to undergo dissociation into monomers in the presence of surfactants such as bile salts
(13). The surfactants present in the lung perhaps cause a rapid and instant dissociation of
the hexameric insulin into monomers and produce a rapid absorption after pulmonary
delivery. In addition to the effects of surfactants, the hexameric form of insulin can also
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dissociate to the monomeric form upon dilution. The large amounts of respiratory fluid
perhaps cause a quicker dilution of the hexameric form of insulin in the lung and convert
hexamers to monomers. The hypothesis of hexamer dissociation to the monomer is
consistent with the results obtained from EDTA treated insulin (17). If no dissociation of
hexamer to monomer had occurred in the respiratory tract, the pulmonary absorption
pattern of the EDTA treated hexamer would be different from that of the EDTA treated
monomer. However, the data presented in Fig. 3.3 suggest that there were no differences
between the absorption profiles of the EDTA treated hexameric insulin and that of
monomeric insulin. Interestingly, data on pulmonary absorption profiles of monomeric
and hexameric insulin presented in this study is in contrast to the studies reported by
others. Liu et al. (20) showed that the dimeric form of insulin (sodium insulin) was
absorbed faster than hexameric insulin (zinc insulin) via the pulmonary route when
administered as bolus instillation. It is worthwhile to note that as opposed to delivering
insulin as single bolus instillation, in the present study insulin was administered into the
lung in the form of spray. The spraying device used in this method of delivery aerosolizes
the drug and possibly facilitates quick dilution of hexamers to monomers. Therefore, it
can be argued that insulin administered by the pulmonary route is likely to dissociate
because of various factors including effect of surfactant, dilution and aerosolization.
However, Liu et al. (20), have also shown that there were no significant differences in the
duration of hypoglycemia produced by two forms of insulin, although hexameric form
produced a lower initial hypoglycemic response in comparison to that produced by
dimeric form. The data presented in Table 3.2 suggest that the two forms of insulin
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produced similar hypoglycemic effects with respect to the magnitude of plasma glucose
reduction.
The third series of experiments were performed to evaluate the efficacy of TDM
in enhancing absorption of monomeric form of insulin. Although TDM is known to
enhance pulmonary absorption of hexameric insulin (14), there is no report if the rate of
absorption of monomeric insulin will be faster than hexameric insulin in the presence of
TDM. When TDM was incorporated in the pulmonary formulation at a concentration of
4.6 mM, there was a significant increase in monomeric insulin absorption compared to
insulin in saline (Fig. 3.4). However, there were no differences in the absorption profiles
of monomeric and hexameric insulin formulated with TDM.

The pharmacokinetic

parameters for monomeric insulin formulated with TDM were similar to those of
hexameric insulin with TDM (Table 3.3). These results suggest that the pulmonary
absorption of monomeric and hexameric insulin is independent of the interaction of
alkylmaltoside with insulin as reported earlier. Pillion et al. (21) showed that
dodecylmaltoside, an alkylmaltoside containing 12 carbon alkyl chain, enhances nasal
absorption of insulin without favoring a shift from hexameric to monomeric form of the
peptide. The results presented in this dissertation also agree with previous studies on the
effect of TDM in enhancing nasal and pulmonary absorption of various peptide drugs
including insulin and calcitonin (14,15,22) Alkylglycosides have also been reported to
stabilize bovine insulin in solution and micelle formation of these surfactants was
considered to be an important factor for insulin stabilization (23). However, the present
study does not provide enough information to confirm if TDM plays any role in
dissociating hexameric insulin to monomeric form. Further studies are required to
47

investigate the in vitro dissociation kinetics of hexameric insulin in the presence of
alkylmaltosides.
3.2. Bronchoalveolar lavage study
The bronchoalveolar lavage (BAL) study was performed to investigate if insulin
formulated with TDM causes any cellular or biochemical changes in the lungs. In these
studies, lipopolysaccharide (LPS) and sodium dodecyl sulfate (SDS) were used as
positive controls. LPS is a complex molecule containing both lipid and polysaccharide
present in the outer membrane of gram-negative bacteria and SDS is an anionic surfactant
known for its harsh effect on biological membranes. Both of these agents have been
shown to cause lung damage and release lung injury markers such as lactate
dehydrogenase (LDH), alkaline phosphatase (ALP) and N-acetylglucosaminidase (NAG)
(16,24). In this regard, the safety of TDM based insulin formulations was assessed and
compared with LPS and SDS by monitoring the changes in the wet lung weight and
analyzing the markers of lung injury in the BAL fluid.
The wet lung weights of rats were recorded at 12 and 24 hours after the treatment
with SDS, LPS, saline, insulin, TDM or insulin plus TDM formulation (data not shown).
A slight increase in the wet lung weight was observed in SDS or LPS treated rats
compared to the animals treated with saline at 12 hours after the treatment (p <0.05). The
SDS treated group showed further increase in wet lung weight at 24 hours after treatment
compared to saline treated group, although increase in lung weight in LPS treated group
at 24 hours after treatment was not significantly different from that of saline treated
group. However, increases in the lung weights in rats treated with insulin, TDM or
insulin plus TDM formulation were not significantly different from that of saline treated
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group. The positive controls failed to cause a remarkable increase in wet lung weight
perhaps because the animals received a single dose of each of the agents.
Subsequent to measuring the lung weight, activities of common lung injury
markers for the six treatment groups were analyzed in BAL fluid (Fig. 3.5). LPS
produced a 3-fold increase in LDH levels 12 hours after the treatment compared to saline
(Fig. 3.5A). However, at 24 hours after the treatment, LDH levels in LPS treated animals
dropped down to the same level as saline treated rats. Unlike LPS treated animals, little
or no increase in LDH levels was observed in SDS treated rats compared to saline treated
rats 12 hours after the treatment, though the levels of the enzyme were increased by 1.5fold 24 hours after the treatment with SDS. However, no such increase in LDH levels
was observed in animals treated with insulin, TDM or insulin plus TDM formulation.
Similar results were obtained when ALP levels were measured for six groups of animals
at two different time points (Fig. 3.5B). The increase in ALP levels for LPS treated group
correlated well with the increased LDH levels, although the increase in ALP levels was
significantly less than LDH level. The profiles of NAG levels, presented in Fig. 3.5C, for
six different groups were slightly different from the profiles of LDH and ALP levels.
Both SDS and LPS treated rats produced a 2 to 2.5-fold increase in NAG levels 12 hours
after the treatment and the levels of the enzyme continued to increase in SDS treated rats
even 24 hours after the treatment. Like LDH and ALP levels in LPS treated rats, NAG
levels dropped down significantly 24 hours after the treatment with LPS. However, there
was no significant increase in NAG levels for rats treated with insulin, TDM or insulin
plus TDM formulation, at 12 and 24 hours after the treatment, compared to saline treated
rats (p >0.05).
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The biochemical changes that may occur in response to pulmonary administration
of a drug and pharmaceutical adjuvants have been studied by monitoring the changes in
enzymatic activities in bronchoalveolar lavage fluid (24). Of the enzymes studied, LDH,
ALP and NAG are known to provide important insights as to the cell injury produced by
exogenous substances. LDH is a well known injury marker released upon cell damage.
ALP, a membrane bound enzyme has been regarded as an indicator of alveolar type II
cell proliferation in response to type I cell damage (24,25). Elevated levels of lung
specific alkaline phosphatase were observed in the BAL fluid collected from Syrian
hamsters exposed to oxidant gas, NO2 (25). On the other hand, presence of lysosomal
enzymes such as NAG in the BAL fluid are used as an indication of enhanced phagocytic
activity of cells in response to inhaled particles (26).
An increase in LDH, ALP and NAG levels in LPS treated rats suggests that a
severe damage to the lung cells has occurred 12 hours after the treatment. The activities
of LDH and ALP dropped down significantly 24 hours after the treatment possibly
because of a gradual recovery of the cell to the normal physiological state. LDH and ALP
profiles in SDS treated rats imply that damage to the lung cell occurred over 24 hours
after the treatment. Interestingly, NAG levels in SDS treated rats were nearly doubled at
12 hours after the treatment and continued to increase until 24 hours. This is probably
because NAG is more responsive to SDS treatment than any other agents tested.
Altogether, the two positive controls used in the study produced significant damage to the
lung tissue, while insulin, TDM or insulin plus TDM formulation showed enzymatic
profiles similar to saline treated rats. This observation agrees with the data obtained from
in vivo reversibility studies reported earlier where the membrane permeabilization effect
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of TDM was reversible in 2 hr after its administration via the pulmonary route (14). It is
important to note that although the efficacy of TDM in enhancing pulmonary absorption
of insulin has been reported previously, the present study is the first to evaluate the short
term effects of a single dose of TDM on transient biochemical phenomena in the lungs.
However, limitation of this short term and single dose study must be recognized and
further studies are required using repeated doses and higher concentrations of TDM to
assess its safety according to prescribed toxicological protocols.
Taken together, monomeric insulin provides no appreciable advantages over
hexameric insulin following pulmonary administration. TDM increases the absorption of
monomeric insulin to the same extent as that of hexameric insulin. The BAL fluid
analysis shows that TDM does not increase the activities of the three injury marker
enzymes investigated at the dose studied. However, caution should be exercised in
interpreting this data as to the long term safety of TDM because cellular responses
observed in the present study were performed following a single administration of insulin
plus TDM formulation. In fact, a recent review (27) suggests that inhalation of most
peptides and proteins in itself is safe only for a short period. A complete safety profile of
TDM can only be appreciated by evaluating the markers of lung injury following long
term administration of TDM. Safety studies evaluating the biochemical markers of lung
injury after pulmonary administration of alkylglycosides are presented in the next chapter
(Chapter 4).
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Fig. 3.1. Plasma insulin and glucose profiles after hexameric insulin delivery
(A) Area under the curve (AUC0-∞) for plasma insulin-time profile following pulmonary
administration of different doses of hexameric insulin (HI); Sal = saline. (B) Changes in
AUC0-120 in plasma glucose. Data represent mean ± SD, n = 4-6.
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Fig. 3.2. Plasma insulin and glucose profiles after monomeric insulin delivery
(A) Area under the curve (AUC0-∞) for plasma insulin-time profile following pulmonary
administration of different doses of monomeric insulin (MI); Sal = saline. (B) Changes in
AUC0-120 in plasma glucose. Data represent mean ± SD, n = 4-6.
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Fig. 3.3. Plasma insulin and glucose profiles after insulin plus EDTA delivery.
(A) Plasma insulin-time profiles, (B) Plasma glucose-time profiles following pulmonary
administration of 1.25 U/kg of hexameric (HI) and monomeric (MI) insulin with or
without 0.03 mM EDTA. Data represent mean ± SD, n = 4-6.
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Fig. 3.4. Plasma insulin and glucose profiles after insulin plus TDM delivery.
(A) Plasma insulin-time profiles, (B) Plasma glucose-time profiles following pulmonary
administration of 1.25 U/kg of hexameric (HI) and monomeric (MI) insulin with or
without 4.6 mM TDM. Data represent mean ± SD, n = 4-6.
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Fig. 3.5. Enzyme activities in BAL fluid
Enzyme activities of LDH (A), ALP (B) and, NAG (C) following BAL fluid analysis at
12 or 24 hr after pulmonary administration of different formulations; Saline, Insulin (1.25
U/kg), TDM (4.6 mM), Insulin (1.25 U/kg) + TDM (4.6 mM), Sodium dodecylsulfate
(SDS, 0.1%; 3.5 mM) and, Lipopolysaccharide (LPS, 0.1 µg/ml; 10-5 mM). Data
represent mean ± SD, n = 4.
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Table. 3.1. Pharmacokinetic parameters of pulmonarily administered hexameric and monomeric insulin.

Hexameric Insulin (U/kg)
Saline
0.625
Cmax (µU.ml-1)
Tmax (min)
AUC (In) 0→∞
(µU.min.ml-1)
F (%)

16.1 ± 7.7
20
733 ± 102

1.25

2.5

100 ± 6.6
179 ± 41.5
16.6 ± 4.7
20
8015 ± 963 17301 ± 6228
11.6 ± 1.4

12.5 ± 4.5

413 ± 144
16.0 ± 2.8
25108 ± 5705
9.1 ± 2.0

5

10

771 ± 124
2114 ± 428
20
20
48546 ± 11997 119332 ± 45528
8.8 ± 2.2

10.8 ± 4.1

Monomeric Insulin (U/kg)
Cmax (µU.ml-1)
Tmax (min)
AUC (In) 0→∞
(µU.min.ml-1)
F (%)

92 ± 16.5
157 ± 29.3
335 ± 71.4
20
20
20
7673± 1215 11813 ± 2104 28784 ± 10261
11.1 ± 1.7

8.5 ± 1.5

10.4 ± 3.7

Data represent mean ± SD. n = 4-6.
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712 ± 109
1874 ± 627
20
23.3 ± 5.7
52070 ± 15035 110593 ± 18739
9.4 ± 2.7

10.0 ± 1.7

Table 3.2. Hypoglycemic effects of pulmonarily administered hexameric and monomeric insulin.
Hexameric Insulin (U/kg)
Saline
AUC (Gl ) 0→120
(%.min)
a
% MG
t% MG b(min)

12600 ± 496
-

0.625

1.25

2.5

5

10

11471 ± 693

10230 ± 679

8240 ± 359

6151 ± 407

6113 ± 291

95.5 ± 5.2
90

79.3 ± 8.7
120

53.9 ± 5.3
120

24.1 ± 4.0
120

29.0 ± 2.4
120

Monomeric Insulin (U/kg)
AUC (Gl ) 0→120
(%.min)
a
% MG
t% MG b(min)
a
b

11328 ± 358

9807 ± 289

8263 ± 431

6019 ± 1501

5354 ± 968

91.7 ± 7.3
120

74.4 ± 5.9
90

47.8 ± 4.2
120

25.9 ± 6.9
120

21.6 ± 8.0
120

%MG = Percent minimum plasma glucose value
t%MG = Time to reach percent minimum plasma glucose value. Data represent mean ± SD. n = 4-6.
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Table 3.3. Pharmacokinetic and pharmacodynamic parameters of 1.25 U/kg of hexameric insulin (HI) or monomeric insulin (MI)
administered with 0.03 mM EDTA or 4.6 mM TDM.
EDTA
+ HI

TDM
+ MI

+ HI

+ MI

Phamacokinetic parameters
Cmax (µU.ml-1)
Tmax (min)
AUC (In) 0→∞ (µU.min.ml-1)
F (%)
Pharmacodynamic parameters
AUC (Gl ) 0→120
(%.min)
a
% MG
t% MG b(min)
a
b

224 ± 71.0
318 ± 83.9
6.6 ± 2.8
5
17062 ± 3502 14032 ± 3972
12.4 ± 2.5
10.2 ± 2.8

671 ± 221
956 ± 173
5
5.3 ± 2.8
33096 ± 2613 29755 ± 3143
24.0 ± 1.9
21.6 ± 2.2

9663 ± 526

9126 ± 413

6590 ± 844

5921 ± 1133

66.8 ± 8.9
90

60.8 ± 6.5
90

37.4 ± 4.7
90

35.4 ± 7.2
90

%MG = Percent minimum plasma glucose value
t%MG = Time to reach percent minimum plasma glucose value. Data represent mean ± SD. n = 4-6.
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CHAPTER 4
EFFECTS OF THE STATE OF FORMULATION ON PULMONARY ABSORPTION OF
INSULIN AND SCREENING OF ALKYLMALTOSIDES FOR THEIR SAFETY4

1. Introduction
Dry powder inhalers (DPIs) offer several advantages over other pulmonary drug
delivery systems that include enhanced drug stability, greater accuracy in dosing, breath
actuated delivery and improved patient compliance (1). More importantly, DPIs are
preferred delivery systems for protein and peptide drugs that are susceptible to
degradation upon extended storage in aqueous solution. However, one of the limitations
of pulmonary delivery of large molecular weight drugs is the requirement that they be coadministered with a group of reagents called absorption promoters. Surfactants,
cyclodextrins and amphiphilic polymers are widely used to promote absorption of
macromolecules across the mucosal routes including pulmonary route of administration
(2). The most common practice for preparing and studying absorption enhancer based
formulation of peptide drugs is to mix the drug and absorption enhancer in an aqueous
solution and then administer the formulation by an aerosolizer or spraying device (3-5).
However, little information is available with regard to the efficacy of absorption
enhancers present in dry powder formulations of protein and peptide drugs. More
specifically, it remains largely unknown if absorption enhancer based formulations
administered as a dry powder inhaler are as efficacious as that administered as an inhaled

lxivlxiv139139

4

Modified from Hussain et al (2005) Pharmaceutical Research, In press.
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solution. Further, reports on the relative rates of absorption of peptide drugs administered
as dry powder inhalers and inhaler solutions are rather conflicting. For example, the
bioavailability of human granulocyte colony-stimulating factor administered as a dry
powder inhaler was found to be lower than that administered as an inhaled solution (6).
On the other hand, no differences in the bioavailabilities of several therapeutic proteins
including calcitonin, insulin and thyrotropin stimulating hormone were observed when
administered as dry powder inhaler and inhaled solution (7).
Previously we have shown that the pulmonary absorption of insulin can be
increased by formulating the drug in an aqueous solution of a group of absorption
enhancers called alkylglycosides (5). These agents have shown promise as absorption
enhancers of protein and other macromolecules after delivery via the respiratory route
(8,9). In earlier studies, efficacy of alkylglycosides as absorption enhancers was tested by
administering aqueous solution of alkylglycoside plus peptide formulation via the
respiratory routes. Currently, it is unknown if there are differences between the efficacies
of alkylglycoside based pulmonary formulation of insulin administered as a dry powder
inhaler and that administered as an inhaled solution.
On the other hand, it is of significant importance to investigate the biochemical
changes that may occur in the lungs due to chronic administration of a surfactant based
pulmonary formulation of peptide drugs. Surfactants increase the paracellular or
transcellular transport of a drug by loosening of cell-cell tight junctions or solubilizing
cell membrane components (10). However, the mechanisms of action of these agents may
compromise the integrity of lung epithelial barrier. A relatively simple method for
screening the safety of absorption enhancers for pulmonary drug delivery in animal
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models is the analysis of bronchoalveolar lavage (BAL) fluid. The pulmonary toxicity
studies using BAL fluid can provide important information as to the lung injury at both
cellular and enzymatic levels (11,12). Previously, we have reported an acute toxicity
study of a C-14 maltoside (14 carbon containing maltoside) based pulmonary formulation
of insulin (13). However, there is no data as to the safety of these agents upon chronic
administration via the lungs. It has been shown previously that the efficacy of
alkylglycosides in enhancing nasal absorption of insulin increases with the increase in
hydrophobic chain length (8). Nevertheless, it is not known if the hydrophobic chain
length of alkylglycosides plays any role in the release of injury markers in the lungs due
to chronic administration of these agents.
Further, the knowledge of physical characteristics of proteins, absorption
enhancers, formulation carriers and their interactions in a dry powder formulation is
important to further optimize the formulation for pulmonary delivery. Traditionally, the
carrier of choice for DPIs has been lactose, although alternative carriers such as mannitol,
glucose and sorbitol have also been proposed (14). Lactose offers several advantages as a
carrier for pulmonary formulations including its well established safety profiles (15),
good flow properties, ease of availability and relatively low price. Further, the adhesional
properties of lactose carriers used in DPI formulations have also been well investigated
(16). However, it is important to know the interactions between the absorption enhancer,
alkylglycosides, and the carrier, lactose, in order to design an alkylglycoside based
pulmonary formulation of insulin.
This study seeks to fill the above gaps in the knowledge of alkylglycoside based
pulmonary formulation of peptide drugs and therefore it is designed to: (i) screen the
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safety of alkylglycosides for pulmonary drug delivery by monitoring the release of lung
injury markers in BAL fluid (ii) investigate the relative efficacies of alkylglycoside
based dry powder inhaler and inhaled solution of a widely used peptide drug, insulin,
and (iii) study the interactions between the drug, carrier and absorption enhancer.
2. Materials and Methods
2.1. Materials
Recombinant human insulin (expressed in yeast) was obtained from SigmaAldrich Inc., (St. Louis, MO). n-Octyl-β-D-maltoside (C-8), n-Decyl-β-D-maltoside (C10), n-Dodecyl-β-D-maltoside (C-12), and n-Tetradecyl-β-D-maltoside (C-14) were
purchased from Anatrace Inc. (Maumee, OH). Reagents for lactate dehydrogenase and
alkaline phosphatase determination were obtained from Pointe Scientific, Inc. (Lincoln
Park, MI). N-acetyl glucosaminidase assay kit was purchased from Equal Diagnostics
(Exton, PA). Protein quantitation kit was obtained from Pierce chemical company
(Rockford, IL). Sodium dodecyl sulphate (electrophoresis purity reagent) was purchased
from Biorad Laboratories (Hercules, CA). Alpha-lactose monohydrate was a product of
Fisher Scientific (Fair Lawn, NJ).
2.2. Bronchoalveolar lavage studies
For this set of experiments, the rats were divided into six groups, four rats in each
group, to receive six different treatments. Four groups of animals received 4.6 mM
concentration of different alkylglycosides (C-8 to C-14 maltosides), while the fifth and
sixth groups received saline as a negative control and 4.6 mM of sodium dodecyl sulfate
solution as a positive control. The preparations (100 µl) were administered pulmonarily
67

for seven days as reported earlier (5), and on the eighth day animals were re-anesthetized
and the bronchoalveolar lavage fluid analysis was performed as described earlier (13).
Briefly, the respiratory apparatus was exposed by a mid level incision in the thoracic
cavity. The lungs were surgically removed after ex-sanguination by severing the
abdominal aorta and wet lung weight was recorded. The lungs were lavaged by
instillation of 5 ml aliquot of normal saline into the trachea, left in the lungs for 30 sec,
withdrawn, re-instilled for additional 30 sec and finally withdrawn. The fluid obtained
was centrifuged at 500 ×g for 10 min and the supernatant was collected for analysis of
total

protein

content,

lactate

dehydrogenase,

alkaline

phosphatase,

and

N-

acetylglucosaminidase activity. The concentrations of these enzymes in the lavage fluid
were determined by using commercial assay kits and activities of these enzymes are
expressed as IU/L.
2.3. Preparation of pulmonary insulin formulations
To prepare an insulin solution without absorption enhancer, the drug was initially
suspended in saline and then solubilized with the addition of 0.1 N HCl. The pH of the
solution was adjusted to 7.4 with the addition of 0.1 N NaOH. Insulin solution
formulation that contained C-8 maltoside was prepared by mixing a stock solution of C-8
maltoside with lactose and insulin solution. The concentration of maltoside in the
solution was 4.6 mM. The dry powder formulations were prepared by lyophilizing
insulin solution in the presence or absence of C-8 maltoside and lactose. The lyophilized
powder obtained was then grinded uniformly before using in pulmonary absorption
studies. The lyophilization of various solutions was carried out at a temperature of -50°C
and pressure of 120 mT in EZ-DRY (FTS Systems Inc., Stone Ridge, NY) for 16 hrs.
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2.4. Pulmonary absorption studies
Male Sprague Dawley rats (Charles River Laboratories, Charlotte, NC) weighing
between 275 and 325 g were used for the pulmonary absorption studies. On the day of the
experiment, the animals were anesthetized by an intramuscular injection of a mixture of
xylazine (20 mg/ml) and ketamine (100 mg/ml). Anesthesia was maintained with additional
doses of the anesthetic solution as needed throughout the experiments. At 50-60 minutes after
the initial anesthesia, pulmonary formulations (100 µl) were administered as reported
previously (5). Pulmonary administration of lyophilized dry powder was performed in a
similar way using a dry powder insufflator (Penn Century Inc., Philadelphia, PA). Dose
response studies were conducted by administering increasing doses (0.375 U, 0.75 U, and 1.5
U) of insulin solution or lyophilized dry powder or their formulation with C-8 maltoside
and/or lactose. The rats were placed on their stomach after the administration of formulations
and blood sampling was performed from the tip of the tail at time 0 (immediately before
administration) and 5, 10, 20, 30, 40, 60, 90 and 120 min after the drug administration. About
200 µl of blood was collected in heparinized microcentrifuge tubes, placed in an ice bucket
until the plasma was separated by centrifugation (1320 ×g for 5 min) and stored at -20 ºC
until analysis. The plasma glucose levels were measured using a glucose kit (Infinity™
Glucose Reagent, Sigma) and plasma insulin levels were determined using a human insulin
specific radioimmunoassay (RIA) kit (Linco Research Inc., St. Charles, MO). All the animal
studies were conducted in accordance with the principles outlined in the “Guide for the Care
and Use of Laboratory Animals,” Institute of Laboratory Animal Resources, National
Research Council.
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2.5. Pharmacokinetic/Pharmacodynamic Analysis
Standard non-compartmental pharmacokinetic analysis (Kinetica, Version 4.0,
InnaPhase Corp.) was performed for the plasma insulin-time profiles. AUC(In)0→∞ for
plasma insulin-time curves and AUC(Gl)0→120 for blood glucose-time curves were
estimated by the trapezoidal method. The value of plasma glucose at time zero was
normalized to 100%.
2.6. Statistical Analysis
Changes in enzyme activities in BAL fluid and bioavailability parameters after
different treatments were compared using one-way ANOVA. When the differences in the
means were significant, post-hoc pair wise comparisons were carried out using NewmanKeuls multiple comparison tests. For all statistical tests performed, the level of
significance (α) was set at 0.05.
2.7. Scanning Electron Microscope (SEM) Analysis
SEM images of different excipients in the formulation were obtained in Hitachi S808 scanning electron microscope (Freehold, NJ). Samples were prepared on a
conductive, double-sided adhesive tape and then sputter coated with gold under argon at
an atmospheric pressure of 50 mPa.
2.8. Fourier-Transform Infrared (FT-IR) spectroscopy
Infrared spectra were obtained with a Nexus 470 FT-IR (Thermo Nicolet
Corporation, Madison, WI). The spectra were recorded under automatic atmosphere
suppression mode and the number of scans and resolution were 32 and 4, respectively.
The samples were analyzed between wave numbers 4000 and 600 cm-1. A background
spectrum was collected before running each sample.
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3. Results and Discussion
3.1. Bronchoalveolar lavage studies
The BAL fluid analysis was used to assess biochemical changes that may occur in
the lungs after 7-days of treatment with alkylglycosides. Although there are reports that
shows data on the toxicity of absorption enhancers used in dry powder formulations for
pulmonary delivery (17,18), there is little or no data on the effects of repeated dosing of
absorption enhancers on the respiratory route. In fact, most studies were performed after
administration of a single dose of a given agent. A single dose study used to assess the
pulmonary injury is of little relevance to a formulation that is administered chronically. In
this study, short term effects of alkylmaltosides and the role of their alkyl chain length on
the lungs were investigated by determining the wet lung weight and enzyme levels in the
lung after administration of alkylmaltosides for seven days.
The wet lung weight of the animals showed a gradual increase with an increase in
the alkyl chain length of the glycosides (Fig. 4.1a). However, with the exception of the
positive control, sodium dodecyl sulfate (SDS), lung weights of none of the glycoside
treated rats were significantly different from that of saline treated rats (p >0.05). The
levels of LDH, ALP, and NAG activities in the BAL fluid analysis revealed a
concomitant increase with the increase in chain length of the alkylglycosides tested (Fig.
4.1b-d). However, increase in LDH and ALP enzyme levels for C-12 and C-14
maltosides and SDS treated rats were significantly higher compared to saline treated rats
(p <0.05). For NAG levels in the BAL fluid, the increase in enzyme activity was
significant only for C-14 maltoside and SDS treated group. The total protein content in
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the lavage fluids showed a significant increase in C-10, C-12 and C-14 maltoside treated
groups, with the positive control showing the maximum protein activity (Fig. 4.1e).
The BAL fluid analysis has been used as a useful tool for in-vivo screening of
pulmonary injury in experimental animals (19). Detection of LDH activity in BAL fluid
as an indicator of lung injury upon instillation of a surfactant showed that LDH levels
increased with an increase in amount of instilled surfactant (20). ALP, a membrane
bound enzyme, has been considered as a marker for type II pneumocyte proliferation in
response to type I cell damage (11). The presence of lysosomal enzymes such as NAG in
the BAL fluid has been associated with increased phagocytic activity or toxicity and lysis
of phagocytic cells in the lung (11). The total protein content in BAL fluid is a marker of
alveolar-capillary barrier permeability and total protein in BAL fluid from animal studies
has been shown to be a sensitive marker of inflammation (21).
The data presented above clearly suggest that the levels of injury markers released
by different agents vary depending on the alkyl chain length of the agent administered.
These differences can perhaps be best explained by critical micelle concentration and
micelle size of the agents. It has been proposed that the micelle size of a surfactant
increases with the square of the alkyl chain length (22). Therefore, we hypothesize that
with the increase in size of the micelles, the longer chain glycosides are likely to
accommodate more of the membrane components in their micellar structure compared to
shorter chain glycosides. Therefore, the long chain glycosides may compromise the
epithelial cell membrane integrity to a larger extent. These propositions are consistent
with the findings in the present study, in that, we found a gradual increase in the release
of enzymes in BAL fluid with the increase in chain length of alkylglycoside. In contrast,
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the C-8 maltoside showed the least increase in enzyme levels compared to saline control.
In terms of the safety of alkylglycosides, shorter chain glycosides, such as C-8 maltoside,
could be relatively safe compared to longer chain glycosides when used as absorption
enhancers for pulmonary delivery of peptide and protein drugs. However, it must be
recognized that in this study rats were treated with the absorption enhancers for seven
days. Although the data shows that C-8 maltosides were relatively safe compared to
longer chain agents, further studies are required to establish its safety for long term use in
a pulmonary formulation of insulin that needs to be administered for the entire life time
of a diabetic patient.
3.2. Pulmonary absorption studies
The pharmacokinetics and pharmacodynamics of insulin solution and dry powder
formulations were studied by measuring plasma insulin levels and monitoring
simultaneous changes in plasma glucose after pulmonary administration in anesthetized
rats. When solutions containing increasing doses of insulin (0.375, 0.75, and 1.5 U) were
administered, there was an increase in insulin absorption with the increase in the dose
(Fig. 4.2a). The AUC(In)0-∞ values for all doses of insulin tested were significantly higher
than that of saline control (p <0.05) and showed an almost linear trend with an increase in
dose (Inset, Fig. 4.2a). Pharmacokinetic profiles of insulin solution absorption after
pulmonary delivery are presented in Table 4.1. In agreement with the insulin data, plasma
glucose values showed a significant reduction with increasing doses of insulin solution
(Fig. 2b). Further, there was a gradual decrease in AUC(Gl)0-120 values for plasma
glucose-time profiles with the increasing doses of insulin (Inset, Fig. 4.2b). Similar to
insulin solution delivery, administration of different doses of insulin powder lead to a
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gradual increase in the peptide absorption from the lungs (Fig. 4.3a). The AUC(In)0-∞
values for insulin powder showed a linear increase with the increasing dose (Inset, Fig.
4.3a and Table 4.1). The AUC(In)0-∞ values for all the doses of peptide powder tested
were significantly different from each other and from that of the lactose control (p <0.05).
The decrease in plasma-glucose values was in agreement with the increase in insulin
absorption after pulmonary delivery. With increase in the dose of insulin powder, there
was a decline in plasma glucose levels (Fig. 4.3b). Further, the AUC(Gl)0-120 values for
dry powder insulin showed a decrease with the rise in dose of insulin (Inset, Fig. 4.3b).
However, when the absorption profiles of insulin solution and that of dry powder were
compared, the increase in insulin absorption from dry powder was significantly higher
than that for insulin administered as a solution. Interestingly, there were little difference
between the absorption profiles when the dose of insulin was 1.5 U (Figs. 2a & 3a). This
anomaly is perhaps because of the saturability of insulin absorption from the lung after
dry powder delivery and as a result the 1.5 U powder insulin dose did not cause a further
increase in insulin absorption compared to that of solution formulation.
The pulmonary absorption profiles of C-8 maltoside based dry powder inhaler and
inhaler solution are presented in Fig 4.4. When a lyophilized formulation containing
insulin (0.375 U), 4.6 mmol of C-8 maltoside and lactose was administered pulmonarily,
the increase in insulin absorption was significantly higher than that of insulin solution
containing C-8 maltoside plus lactose formulation (Table 4.2). The absolute
bioavailability of the powder formulation showed almost a two-fold increase compared to
that of solution mixture (F = 0.48 ± 0.07 vs. 0.25 ± 0.05). Concomitantly, with the
increase in exogenous human insulin levels in rat blood, there was a gradual decline in
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plasma glucose values (Fig. 4.4). In agreement with the increased plasma insulin levels
after the delivery of dry powder formulation, the reduction in plasma glucose levels was
more pronounced in the case of dry powder compared to solution (Fig. 4.4). The
administration of lactose or C-8 maltoside plus lactose did not cause any significant
reduction in plasma glucose values thereby suggesting that neither maltoside nor lactose
acts as hypoglycemic agent. These observations suggest that alkylglycosides are more
efficacious in enhancing pulmonary absorption of insulin when administered as dry
powder compared to insulin administered in aqueous solution.
The enhanced absorption of insulin observed after administration of dry powder
formulation compared to that of solution formulation could be attributed to two factors.
Firstly, lyophilization of the formulation carrier in the present study has shown to
produce particles with a porous morphology (Fig. 4.5f) compared to non-lyophilized
carrier particles (Fig. 4.5e). The presence of pores within a particle may have led to a
decrease in its density which could have made particles travel longer distance and deposit
in the alveolar region. A second explanation for enhanced absorption of dry powder
inhaler could be that for pulmonary delivery using insufflator, a relatively large amount
of air (3 ml) is required to force the dry powder through the delivery device for inhalation
into rats. This forceful delivery may have caused a deeper lung deposition of the powder,
thereby producing increased drug absorption in vivo compared to solution delivery.
However, such an aliquot of air was not required for administering liquids from the
inhalation device.
The results obtained in the dissertation are consistent with the findings reported
by others (23,24) that the dry powders are more efficacious than solution formulation for
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pulmonary delivery of proteins. Okamoto et al. (23) showed that spray dried insulin when
delivered as a powder was more effective than the spray dried solution in reducing
plasma glucose values in anesthetized rats. Kobayashi et al. (24) showed that when
surfactants were incorporated in pulmonary calcitonin formulations, the bioavailability of
the dry powder was more than that of the solution formulation.
3.3. Scanning Electron Microscopy
The most commonly used method for preparing solid protein pharmaceuticals is
lyophilization. This technique has also been employed for reducing particle size of
medicinal compounds (25). Scanning electron micrographs of insulin, C-8 maltoside and
lactose show differences in particle size and morphology before and after lyophilization
(Fig. 4.5). The particles of insulin showed a slightly porous morphology and reduced
size (<5 µm vs. ~10 µm) after lyophilization compared to untreated particles (Figs. 4.5a
and 4.5b). The particles of lyophilized C-8 maltoside showed slightly blunt and indistinct
edges in appearance in comparison to the sharp and well defined edges before
lyophilization resembling pieces of ‘broken glass’ (Figs. 4.5c and 4.5d). The untreated
lactose particles displayed the well-known tomahawk shape with hard surface
morphology, whereas the lyophilized particles showed small pores and crevices on their
surface (Figs. 4.5e and 4.5f), suggesting the carrier’s ability to form good electrostatic,
capillary and/or van der Waals interactions with other formulation excipients (26).
However, the contribution of each of these forces to the overall adhesional efficiency of
the carrier depends on several factors including contact area between the drug or
excipient and lactose, surface and interfacial free energies of formulation particles (27),
and environmental conditions (28).
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Although particle size of a drug in a DPI should be within the respirable range (<5
µm) for maximum alveolar deposition, the particles of carriers such as lactose are
generally outside this range and are mixed with smaller drug particles which have a larger
fraction within the respirable range (29). It should also be recognized that particle
interactions are of great significance within a DPI formulation. It is well known that
strong interparticulate forces within a powder formulation are the reasons for poor
efficiency of a DPI. Although such forces of interaction can be overcome by the forced
inhalation methodology employed in rodent studies, in a clinical setting the inspiratory
effort of the patient should be able to overcome these adhesive forces between drug and
carrier particles. Moreover, the interparticulate interaction is one of the important aspects
of DPI efficiency. The SEM analysis in the present study (Fig. 4.5f) reveals the carrier’s
surface morphology conducive to form such interparticle bonding. However, apart from
interparticle interactions, several other factors of a DPI formulation including particle
density and porosity need to be considered in order to obtain an optimized formulation
capable of deeper lung deposition after pulmonary delivery.
3.4. Fourier Transform Infrared Spectroscopy
The process of lyophilization may induce several potential changes in the IR
spectra of proteins. In this regard, the FTIR analysis is probably the most widely used
technique for studying structural modifications in proteins due to lyophilization (30,31).
Since the proportion of insulin and C-8 maltoside in the actual pulmonary formulation
was negligible compared to the bulk of the carrier lactose, lyophilized formulations
containing 1:1 ratios of insulin:lactose, and insulin:C-8 maltoside were prepared to
investigate the effects induced to the peptide during lyophilization.
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In an IR spectrum of peptides and proteins, the characteristic bands of amide
groups are similar to the absorption bands exhibited by secondary amides in general (32).
The bands at amide region I and II, which occur at wave numbers 1653 and 1567 cm-1,
respectively, have been most frequently used in monitoring the conformational changes
in protein molecules. The FTIR analysis in the present study reveals characteristic peaks
of amide region I and II for human insulin obtained from commercial source (Fig. 4.6a).
The spectrum of lyophilized insulin:lactose (1:1) system showed two distinct peaks at
wave numbers 1656 and 1539 cm-1 that correspond to amide region I and II, respectively
(Fig. 4.6b). There was no change in the position of peak for amide II region, though peak
position for amide I region shifted slightly towards lower wave number. In the spectrum
of insulin:C-8 maltoside (1:1) system, there was a small shift in region I and II of amide
bands compared to that of untreated insulin (Fig. 4.6c). Since the observed amide bands
are composite complexes representing several overlapping bands such as α-helices, βstructures, turns and random coils, it remains unknown as to which of these secondary
structures of the peptide were affected by lyophilization when combined with C-8
maltoside or lactose. It is worthwhile to mention that a change in the secondary structure
of the peptide does not necessarily lead to reduced biological activity. In many cases, IRmonitored structural changes during lyophilization seem to be reversible. For example, it
was shown that lyophilization caused significant changes in the secondary structures of
several model proteins including recombinant human albumin, RNase A, and insulin
(33). All structural changes were reversible upon reconstitution. The reason for the lack
of significant changes observed in peptide’s secondary structure in the present study
could most likely be due to the presence of lactose or C-8 maltoside in the formulation.
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This assumption is based on the fact that many sugars/polyols are used frequently as
nonspecific protein stabilizers during lyophilization (34,35). Further, of the sugars used,
disaccharides appear to be the most effective stabilizers. For instance, the disaccharides
trehalose, sucrose, maltose, and lactose were all essentially equivalent to or more
effective than monosaccharides such as glucose in stabilizing phosphofructokinase during
lyophilization (36). As lactose and C-8 maltoside are disaccharides, it is reasonable to
assume that these excipients also served as protein stabilizers during lyophilization apart
from rendering their functions in vivo as formulation vehicle and absorption enhancer,
respectively.
Taken together, the data presented above shows that C-8 maltoside based dry
powder formulation of insulin was effective in enhancing pulmonary absorption of
peptide drugs. The dry powder inhaler of insulin plus alkylglycoside was at least twice as
effective as inhaler solution in enhancing insulin absorption through the pulmonary route.
In fact, this is the first study that reports the use of dry powder of alkylglycoside in
peptide drug delivery via the respiratory route. The study also shows that alkylglycosides
with shorter hydrophobic chain length are relatively safe compared to the alkylglycosides
with longer hydrophobic chain. However, safety studies of short chain alkylglycosides
should be performed in higher laboratory animals for a much longer period of time as
most therapeutic protein and peptide drugs are administered on a long term basis.
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Fig. 4.1. Lung weights of rats and activities of enzymes in BAL fluid
(a) Corrected lung weight of rats, and (b) activity of LDH in broncho-alveolar lavage
fluid following chronic administration of 4.6 mM alkylglycosides. Data represent mean ±
SD. n=4.
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Fig. 4.1. (Contd..) Lung weights of rats and activities of enzymes in BAL fluid
Activities of (c) ALP, (d) NAG, and (e) total protein content in broncho-alveolar lavage
fluid; following chronic administration of 4.6 mM alkylglycosides. Data represent mean
± SD. n=4.
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(a)
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Fig. 4.2. Plasma insulin and glucose profiles after insulin solution delivery
Changes in (a) plasma insulin, and (b) plasma glucose after pulmonary administration of
increasing doses of insulin solution. Inset shows AUC changes in (a) plasma insulin, and
(b) plasma glucose with increasing doses of insulin. Data represent mean ± SD. n=4.
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(a)

(b)

Fig. 4.3. Plasma insulin and glucose profiles after insulin powder delivery
Changes in (a) plasma insulin, and (b) plasma glucose after pulmonary administration of
increasing doses of insulin powder. Inset shows AUC changes in (a) plasma insulin, and
(b) plasma glucose with increasing doses of insulin. Data represent mean ± SD. n=4.
87

Fig. 4.4. Plasma insulin and glucose profiles after formulation delivery
Changes in (a) plasma insulin, and (b) plasma glucose after pulmonary administration of
C-8 maltoside based insulin solution or dry powder formulation. C-8M = C-8 maltoside.
Data represent mean ± SD. n=4.
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Fig. 4.5. Scanning electron micrographs
Scanning electron micrographs of dry powder formulation excipients. (a) untreated
insulin (b) lyophilized insulin, (c) untreated C-8 maltoside, (d) lyophilized C-8 maltoside,
(e) untreated lactose, and (f) lyophilized lactose.
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Fig. 4.6. FTIR spectrograms
FTIR analysis of dry powder formulation excipients. (a) untreated insulin, (b) lyophilized
combination of insulin+lactose (1:1), and (c) lyophilized combination of insulin+C-8
maltoside (1:1).
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Table. 4.1. Pharmacokinetic and pharmacodynamic parameters following pulmonary delivery of recombinant insulin solution
or dry powder.
Insulin solution
Saline

Insulin dry powder

Dose of insulin (U)
0.375

0.75

Lactose
1.5

Pharmacokinetic parameters
Cmax
16.1 ± 7.7 70.6 ± 11.5
365 ± 28.2
577 ± 135
(µU.ml-1)
Tmax
20
40 ± 23
6.6 ± 2.8
10
(min)
AUC (In) 0→∞ 733 ± 102 8781 ± 763 19513 ± 2767 36180 ± 3370
(µU.min.ml-1)
F(fr)
0.064 ± 0.005 0.07 ± 0.01 0.065 ± 0.006
Pharmacodynamic parameters
AUC (Gl ) 0→120 12600 ± 496 10035 ± 787 8920 ± 995
(%.min)
69.9 ± 7.19
50.9 ± 5.7
%MG a
t%MG b(min)
120
120
a
b

7443 ± 734
49.7 ± 3.2
90

= Percent minimum plasma glucose value
= Time to reach percent minimum plasma glucose value
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Dose of insulin (U)
0.375

0.75

1.5

6.2 ± 5.3

133 ± 32.9

551 ± 140

932 ± 121

5

20

15 ± 7.0

20

343 ± 205
12101 ± 225
-

14133± 1045 28585 ± 2498 43657 ± 7389
0.11 ± 0.007

0.10 ± 0.01

0.079 ± 0.013

9617 ± 956

7143 ± 624

5898 ± 521

72.7 ± 9.33
90

44.3 ± 5.3
120

31.7 ± 12.3
120

Table 4.2. Pharmacokinetic and pharmacodynamic parameters of pulmonarily administered solution or dry powder
formulations of insulin containing C-8 maltoside.

Insulin, 0.375 U + 4.6 mmol C-8 maltoside + Lactose
C-8 maltoside + Lactosea
Pharmacokinetic parameters
Cmax (µU.ml-1)
15.6 ± 4.06
Tmax (min)
30
AUC (In) 0→∞
417 ± 185
F(fr)
Pharmacodynamic parameters
AUC (Gl ) 0→120
11222 ± 814
(%.min)
%MG b
c
t%MG (min)

Solution formulation
321 ± 84.6
10
66197 ± 8398
0.25 ± 0.05

Dry powder formulation
1902 ± 454
5
134769 ± 4945
0.48 ± 0.07

7153 ± 823

4195 ± 709

44.2 ± 6.95
120

21.4 ± 5.89
90

a

= combination without insulin
= Percent minimum plasma glucose value
c
= Time to reach percent minimum plasma glucose value
b
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CHAPTER 5
MECHANISMS OF INSULIN TRANSPORT ACROSS HUMAN BRONCHIAL
EPITHELIAL CELLS

1. Introduction
In vitro cell culture models provide convenient tools for studying drug transport
across epithelial barriers and such models offer even greater benefit when used as
alternatives to complex organs such as the lung. Various types of lung epithelial cell
lines, including primary cells as well as transformed cells, have been investigated over
the years for understanding transport mechanisms of drugs across the lung delivered for
systemic action. Several well characterized cell lines are available today for studying the
transport mechanisms of drugs across the lung epithelial barrier in detail (1). However,
two of the better differentiated cell lines with potential as drug absorption models include
16HBE14o- and Calu-3 (2). Both of these cell lines have been shown to express major
intercellular junctions such as zonula adherens, desmosomes and tight junctions (3) and
reported to form confluent monolayers (4). In spite of several advances in developing
suitable cell culture models which mimic the lung epithelia, transport processes for drugs
across the lung, especially peptide drugs, remain poorly understood. Efforts have been
undertaken to understand the translocation of proteins across alveolar epithelial cell
cultures (5,6). The two most likely mechanisms include endocytosis across the alveolar
epithelium, known as transcytosis, or paracellular diffusion through the epithelial barrier
(7). It has been reported that net absorption of a protein, albumin, across alveolar cell
monolayers appears to occur by a receptor-mediated transcytotic process that involves
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binding of albumin to a 60 KDa protein (5, 8). However, such binding process is specific
for albumin and not for other macromolecules (5). For transcytosis to occur, proteins are
first internalized into the cells (endocytosis) and subsequently ferried towards basolateral
side of the epithelial layer (6). Although several studies have speculated transcytosis as
one of the contributing mechanisms for peptide translocation across the alveolar
epithelium, very little information is available with regard to visualization of the
transcytotic pathway of peptide transport.
Recent advances in fluorescence microscopy such as the Confocal Laser Scanning
Microscopy (CLSM) have revolutionized cell biology research by providing high
resolution images of subcellular components. The CLSM utilizes fixed line laser
illumination for excitation of fluorophores and detects the emitted fluorescence. This
microscopic approach uses a pinhole to exclude out-of-focus light to image a single
optical plane only, thereby significantly improving the image quality when compared to
standard wide-field microscopes. In addition, visualizing nanoparticles incorporated into
alveolar epithelial cell lines (9) and studying intracellular endocytic trafficking pathways
(10) have largely been simplified using CLSM.
We have earlier demonstrated the use of alkylglycosides as permeation enhancers
of insulin (11 & Chapter 2). Alkylglycosides are a class of non-ionic surfactants which
have shown promise as absorption enhancers of peptide and protein drugs via respiratory
routes (11,12). In spite of accumulating evidence on the efficacy of alkylglycosides as
permeation enhancers of peptide and macromolecular drugs, the mechanisms of drug
transport across the respiratory epithelium brought about by alkylglycosides are not
clearly understood. The purpose of the present work was to investigate the transport
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mechanism of model peptide insulin across human bronchial epithelial cell lines
16HBE14o- and Calu-3 using CLSM. Bioelectric measurements and flux of paracellular,
and transcellular markers and insulin across these epithelial cell lines have been
investigated in the absence or presence of C-8 maltoside, an alkylglycoside, to further
understand the mechanisms of alkylglycoside mediated drug transport.
2. Materials and Methods
Recombinant human insulin, FITC-insulin,

14

C-mannitol (specific activity: 53

mCi/mmol; 0.1 mCi/ml), 3H-propanolol (specific activity: 20 Ci/mmol; 1.0 mCi/ml), and
paraformaldehyde were obtained from Sigma-Aldrich Inc., (St. Louis, MO). n-Octyl-β-Dmaltoside (C-8 maltoside) was purchased from Anatrace Inc., (Maumee, OH). Modified
Eagle’s medium (MEM), fetal bovine serum (FBS), glutamine, penicillin and
streptomycin solution, and trypsin-EDTA solution were obtained from American Type
Cell Culture (Rockville, MD). Transwells cell culture assemblies with polyester inserts
(0.4 µm pore size, 1.13 cm2 surface area) were purchased from Corning Inc., (Corning,
NY). Vitrogen-100 solution was obtained from Angiotech Biomaterials (Palo Alto, CA).
DRAQ5™ was a product of Axxora Life Sciences Inc., (San Diego, CA) while Alexa
Fluor 594 conjugated Concanavalin A (4 moles dye/mole of lectin) was a product of
Molecular Probes, Inc. (Eugene, OR).
2.1. Transepithelial Electrical Resistance (TER) and transport studies across human
bronchial epithelial cell monolayers
16HBE14o- cells were a gift from Dr. Dieter Gruenert (University of Vermont,
Burlington, VT, USA). The cells were grown and plated in transwells as reported earlier
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(13). Briefly, cells were grown in 75 cm2 culture flasks (treated with fibronectin/collagen
solution) with the addition of 12 ml MEM containing 10% FBS, 2 mM glutamine, 100
U/ml penicillin, and 100 µg/ml streptomycin, in a humidified 37° C incubator with 5%
CO2. Culture medium was changed every 2 days, and passages used in the experiments
were between 19 and 37. Calu-3 cells were obtained from ATCC (Rockville, MD) and
grown in 75 cm2 flask (untreated) with the same medium and conditions used for
16HBE14o-. Culture medium was changed every other day and the passages used in the
experiments were between 11 and 29. The transwell inserts used for performing
permeability studies were coated with a neutralized, isotonic solution mixture containing
collagen, 0.1 M NaOH and 0.1 M HCl. For transport studies, 16HBE14o- cells were
seeded at a density of 2.5 x 105 cells/well and Calu-3 cells were seeded at a density of 5 x
105 cells/well. On the day of the experiment,

14

C-mannitol and 3H-propanolol were

dissolved in culture media and applied at a concentration of 0.1µCi/ml and 1.0 µCi/ml,
respectively, on the apical chamber. For experiments employing C-8 maltoside, the
maltoside was present at concentrations of 0.125%, 0.25%, or 0.5% in the apical
chamber. Insulin was used at a concentration of 0.75 U/ml in the upper chamber.
Monolayers with TER values > 400 Ω.cm2 were used in the present study. Samples (50
µl) were withdrawn from the basolateral chamber at various time intervals and
replenished with an equal quantity of fresh medium. The amount of 14C-mannitol and 3Hpropanolol transported across cell monolayers was determined by counting the samples in
a Beckman LS 6500 liquid scintillation counter (Beckman Instruments, Inc., Fullerton,
CA). The amount of insulin transported was determined by the use of a radioimmuno
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assay kit (Linco Research, MO). The apparent permeability coefficient values were
calculated from the following equation.
Papp = (

1
dQ
)*
A * C0
dt

where Q = cumulative amount of drug permeated across the cell monolayers over time
‘t’, A = surface area of transwells (1.13 cm2), C0 = initial drug concentration in the apical
chamber.
2.2. Confocal Laser Scanning Microscopy
Bronchial epithelial cell lines, 16HBE14o- and Calu-3 were seeded on collagen
coated transwells and grown until confluency. On the day of experiment, cells were
incubated with FITC-insulin (10 µM) in the apical chamber for 15 minutes. After
washing the cells with HEPES buffered saline, 100 µg/ml solution of Alexa Fluor 594
conjugated Concanavalin-A (lectin) was added onto the cells and left for 3 min. The cells
were washed and then contrasted with 5 nM solution of DRAQ5™ (nucleus binding dye)
for 3 min and rinsed. The cells were fixed with a 4% solution of paraformaldehyde for 10
min and the transwell membrane was cut out and placed on a glass slide with the apical
chamber side facing up. A drop of glycerol was used to fix the glass coverslip and the
coverslip was then glued around. Confocal microscopy was performed with Leica
Confocal Microscope (Leica Microsystems Inc., Extaon, PA). FITC-insulin was excited
with 488 nm line of the Argon laser, Alexa 594-Concanavalin was excited with 546 nm
line of GreNe laser, and DRAQ5™ was excited with 633 nm line of the HeNe laser.
Images were obtained with HCX PL APO 63 x oil immersion lens with a numerical
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aperture of 1.4-0.6. Leica confocal software, version 2.61 Build 1537 was used for image
acquisition and analysis.
2.3. Statistical Analysis
Differences in apparent permeability co-efficient values for different treatments
were compared using one-way ANOVA. Where differences in the means were
significant, post-hoc pair wise comparisons were performed using Newman-Keuls
multiple comparison tests. For all statistical tests performed, the level of significance (α)
was set at 0.05.
3. Results and Discussion
3.1. Measurement of Transepithelial Electrical Resistance (TER)
Visual inspection of 16HBE14o- and Calu-3 cells showed that the cell lines when
fully confluent formed tightly packed monolayers. The transepithelial electrical resistance
(TER) values for both these cell lines were above 400 Ω. cm2. Fig. 5.1A shows the
changes in TER with time upon addition of C-8 maltoside to 16HBE14o- monolayers.
With the increase in the concentration of C-8 maltoside, there was a gradual reduction in
TER values. Similarly, the Calu-3 cells showed a gradual decline in TER with an increase
in concentration of C-8 maltoside (Fig. 5.1B). The TER values of 16 HBE14o- and Calu3 for the control group obtained in the present study are consistent with the values
reported by others (14-16). However, large variations in TER values have been reported
in literature for these two pulmonary cell lines ranging from 100 to 1000 Ω. cm2. This
could possibly be due to variations in growth conditions (submerged vs. air/liquid
interface), which may affect overall cellular morphology and differentiation. The addition
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of C-8 maltoside to the apical chamber influenced TER values in both these epithelial cell
lines. Surfactants, such as dodecylphosphocholine, caused marked reduction in TER
values compared to control in Caco-2 cell monolayers due to modulation of tight
junctions (17). It has been known that most of the functional control of tight junction
structure appears to occur through phosphorylation and/or dephosphorylation of tight
junctional proteins involved. Regulation of proteins involved in these signaling pathways
alter the phosphorylation state of tight junctional proteins, which leads to alterations in
TER values and permeability characteristics of cell membranes (18). C-8 maltoside might
have influenced the signaling pathways responsible for altering the phosphorylation state
of tight junctional proteins thereby causing a reduction in TER values across the
epithelial cell cultures.
3.2. Flux of permeability markers and insulin across cell lines
The transport of paracellular and transcellular markers across 16HBE14o- and
Calu-3 in the presence or absence of C-8 maltoside was determined. Figs. 5.2A&3A
show the permeability of mannitol in presence of increasing concentrations of C-8
maltoside in the apical chamber for 16HBE14o- and Calu-3, respectively. With the rise in
concentration of the maltoside, there was gradual increase in the cumulative amount of
paracellular marker transported across the cell lines. The Papp (apparent permeability coefficient) values showed a gradual rise with the increase in C-8 maltoside concentration
(Table 5.1). The mannitol permeability co-efficients of 2.36 ± 0.4 x 10-6 cm.s-1 and 2.37 ±
0.16 x 10-6 cm.s-1 for 16HBE14o- and Calu-3 respectively, reported by Wan et. al. (4) are
consistent with Papp values of mannitol control group (without C-8 maltoside) obtained in
the present study. Figs. 5.2B&3B show the transport of propanolol across 16HBE14o99

and Calu-3 in the presence or absence of C-8 maltoside. With the increase in
concentration of maltoside, there was a gradual rise in cumulative flux of propanolol over
the 3 hr time course. There was an increase in Papp values for propanolol with the increase
in maltoside concentration in the apical chamber (Table 5.1). However, the total
percentage of propanolol transported across each of these cell lines during the
experimental period was higher than the corresponding total percentage of mannitol
transported.

Although such increased flux of a transcellular marker, testosterone

compared to mannitol, in the presence of surfactant was not observed in the case of Caco2 cells, the results in this study are in agreement with the findings with bronchial
epithelial cells reported by others (16,19,20). Ehrhardt et. al. (16) found a 31-fold higher
Papp value for propanolol compared to the hydrophilic marker, fluorescein-sodium across
16HBE14o- cells. Forbes et. al. (19) and Mathias et. al. (20) reported ~12-fold and ~100fold, respectively, higher Papp values for the lipophilic marker, propanolol compared to
mannitol across 16HBE14o- and Calu-3 cells. In our present study for the control group,
we obtained a Papp value of propanolol which was approximately 5 times higher than the
Papp value of mannitol across 16 HBE14o- cells and a Papp value of propanolol which was
approximately 6 times higher than that of mannitol across Calu-3 cells (Table 5.1).
Surfactants are known to act by dual mechanisms: (a) by loosening cell-cell tight
junctions thereby increasing paracellular transport and (b) by solubilizing cell membrane
components thereby aiding in increased transcellular flux. Although, cell membrane
disruption did not appear to play a role in surfactant mediated transport of transcellular
marker across Caco-2 cells (17), it does seem to play a role in surfactant-mediated
transport of transcellular marker across bronchial epithelial cell monolayers as observed
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in the present study. We found a gradual but significant increase in Papp values for
propanolol across both cell lines with increasing concentration of C-8 maltoside present
in the apical chamber (Table 5.1).
The permeability of insulin across 16HBE14o- and Calu-3 cell monolayers in the
presence and absence of different concentrations of C-8 maltoside was determined (Figs.
5.4A&B). With the rise in maltoside concentration in the apical chamber of transwell
assembly, there was a gradual rise in cumulative flux of insulin across both the cell
monolayers over the experimental time course. The Papp values for insulin showed a
gradual increase with rise in concentration of C-8 maltoside in the apical chamber (Table
5.2). The increased transport of insulin observed with the addition of C-8 maltoside could
be due to loosening of cell-cell tight junctions (increased paracellular diffusion) and/or
disruption of cell membrane (increased transcellular diffusion). Insulin transport has been
studied in both primary alveolar epithelial cells and immortalized bronchial epithelial
cells. While some studies report the mechanism of insulin transport to be paracellular
(21), others report it to be transcellular (22). However, both of these studies have shown
an asymmetric transport of insulin across epithelial cell monolayers. The mechanism for
such asymmetric transport flux of insulin is not known, although fluid-phase transcytosis
in conjunction with paracellular diffusion has been suggested to be consistent with such
observations (22). Numerous vesicles and membrane invaginations (including caveolae
and clathrin-coated pits) are known to be present on Type I cells and endothelial cells
which are expected to play major roles in transcellular movement of proteins (6).
Although the cell monolayers used in the present study are of bronchial as opposed to
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alveolar origin, there is a possibility that such transcellular movement might have played
a role in insulin’s translocation across the bronchial epithelial cell lines.
3.3. Confocal Microscopy: visualization of vesicular transport of insulin
Several reports have postulated transcytosis to be involved in the transport of
peptides and proteins across the lung epithelium (6,7), however, there is limited data with
regard to visualization of transcytotic pathway of a peptide. So we made use of confocal
microscopy and attempted to image the vesicular transport of insulin across bronchial
epithelial cell monolayers, 16HBE14o- and Calu-3. Confocal microscopy and the
fluorescent labeling techniques suitable for cell imaging have been successfully utilized
for visualization of several intracellular trafficking pathways (10). In the present
dissertation, FITC-insulin was added to the apical chambers of transwell assemblies
seeded with either 16HBE14o- or Calu-3 cells. When FITC-insulin was incubated with
16HBE14o- cells for 15 min and then visualized, there was significant uptake of insulin
(green color) into the cells (Fig. 5.5A). Such green color was not observed in control cells
(Fig. 5.5B) which were not incubated with FITC-insulin, suggesting that the green color
obtained inside the cell was due to internalization of insulin into cells. When FITCinsulin was added to Calu-3 cells and incubated for 15 min, similar uptake of green color
was observed into cells (Fig. 5.6A). However, the uptake in Calu-3 cells was much less
compared to that in 16HBE14o- cells. No presence of green color was seen inside control
cells, where no insulin was added to the apical chamber (Fig. 5.6B).
Fluorescence microscopy provides a comprehensive tool for investigating many
aspects of drug transport across cell monolayers or intact tissue. While imaging of intact
lungs after pulmonary administration of fluorophores has been investigated for deposition
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into alveolar regions (23,24) , studies on imaging transcellular movement of drugs across
bronchial epithelial cells have been scarce. With the increasing number of therapeutic
peptide molecules currently targeted for pulmonary delivery, it is of paramount
importance to investigate the mechanisms of peptide transport in vitro for aiding in their
enhanced transport across epithelial barriers. The present dissertation is the first to report
the visualization of transvesicular uptake of insulin for possible translocation across
airway epithelial cells. However, caution should be exercised in overestimating the
transport of peptide by a transcytotic mechanism. In the ‘parallel model’ as reported by
Matsukawa et al. (25), a pathway for translocation of intact proteins co-exists with the
degradative uptake pathway. Fractions of protein taken up into the cells may be destined
for degradation in lysosomes with the remainder entering a transcytotic pathway for
delivery of intact molecules to the downstream fluid. Further, internalization of
exogenous proteins across cell monolayers occurs via endocytosis that can be divided
into pinocytosis (fluid-phase endocytosis), and adsorptive endocytosis. Proteins which
are pinocytosed may be subjected to sorting and consequent transcellular delivery across
the cell (26). Adsorptive endocytosis occurs by initial adsorption of proteins to cell
membranes or glycocalyx by electrostatic interaction and subsequent invagination of
endocytic vesicles (6). However, apart from fluid phase and adsorptive endocytosis, the
possibility of receptor-mediated endocytosis cannot be ruled out. Receptor-mediated
endocytosis can occur by either clathrin coated or caveolae coated pits as lung epithelial
cells have been shown to contain several vesicles and coated pits (27). However, more
detailed studies will be required to investigate if insulin receptors are present on
bronchial epithelial cell lines or if insulin is transported by a non-specific protein receptor
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expressed on these cell monolayers. Further, the contribution of transcellular pathway
versus paracellular pathway to overall insulin transport remains to be determined.
In summary, it was demonstrated by the use of confocal microscopic imaging the
uptake of insulin inside two immortalized human bronchial epithelial cell monolayers,
16HBE14o- and Calu-3 cells. Specialized transport processes such as adsorptive
endocytosis or receptor-mediated endocytosis are likely to play a part in insulin
translocation across the lung epithelium in vivo. Revelations of such contributory
transport mechanisms provide opportunities for developing improved delivery
approaches for systemic administration of peptide and protein drugs via the pulmonary
route.
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Fig. 5.1. Changes in transepithelial electrical resistance (TER)
Changes in TER values with time in 16HBE14o- cells (A) and Calu-3 cells (B), in the
absence and presence of varying concentrations of C-8 maltoside. Data represent mean ±
S.D., n = 3.
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Fig. 5.2. Flux of permeability markers across 16HBE14o- cells.
Transport of mannitol (A) and propanolol (B) across 16HBE14o- cell monolayers in the
absence and presence of varying concentrations of C-8 maltoside. Data represent mean ±
S.D., n = 3.
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Fig. 5.3. Flux of permeability markers across Calu-3 cells.
Transport of mannitol (A) and propanolol (B) across Calu-3 cell monolayers in the
absence and presence of varying concentrations of C-8 maltoside. Data represent mean ±
S.D., n = 3.
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(A)

(B)

Fig. 5.4. Transport of insulin across bronchial epithelial cells.
Transport of insulin with time in 16HBE14o- cell monolayers (A) and Calu-3 cell
monolayers (B) in the absence and presence of varying concentrations of C-8 maltoside.
Data represent mean ± S.D., n = 3.
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(A)

(B)

Fig. 5.5. Confocal images of 16HBE14o- cells.
Optical horizontal sections of 16HBE14o- cells in the XY-plane showing (A) FITCinsulin (green), Concanavalin-A (red), and DRAQ5™ (blue), and (B) Control cells
without FITC-insulin.
112

(A)

(B)

Fig. 5.6. Confocal images of Calu-3 cells.
Optical sections of Calu-3 cells showing (A) FITC-insulin (green), Concanavalin-A (red),
and DRAQ5™ (blue), and (B) Control cells without FITC-insulin.
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Table 5.1. Apparent permeability coefficient values of permeability markers
Apparent permeability coefficients (Papp) values of permeability markers across bronchial epithelial cell monolayers in
the absence and presence of C-8 maltoside. Activity of mannitol, 0.1 µCi; activity of propanolol, 1 µCi.

16HBE14o- cells
Mannitol†
Propanolol†
Control

Mannitol †

Calu-3 cells
Propanolol†

2.21 ± 0.2

10.9 ± 0.7

1.88 ± 0.3

11.8 ± 0.6

+ 0.125% C-8 maltoside

2.58 ± 0.1

14.7 ± 0.9

2.62 ± 0.2

16.6 ± 0.7

+ 0.25% C-8 maltoside

2.95 ± 0.3

16.5 ± 0.8

3.19 ± 0.6

21.3 ± 1.1

+ 0.5% C-8 maltoside

3.5 ± 0.2

21.9 ± 1.3

3.68 ± 0.6

26.8 ± 1.5

†

= x 10-6 cm.s-1
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Table 5.2. Apparent permeability coefficient values of insulin flux
Apparent permeability coefficients (Papp) values of insulin flux across bronchial epithelial cell monolayers in the
absence and presence of C-8 maltoside. Concentration of insulin, 0.75 U/ml

16HBE14o- cells†

Calu-3 cells†

0.012 ± 0.003

0.004 ± 0.001

+ 0.125% C-8 maltoside

0.26 ± 0.008

0.079 ± 0.005

+ 0.25% C-8 maltoside

0.36 ± 0.016

0.119 ± 0.003

+ 0.5% C-8 maltoside

0.53 ± 0.028

0.19 ± 0.006

Control (Insulin)

†

= x 10-6 cm.s-1
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CHAPTER 6
EFFECTS OF C-8 MALTOSIDE BASED PULMONARY INSULIN FORMULATION ON
MUCOCILIARY CLEARANCE IN BULLFROG PALATES

1. Introduction
Mucociliary clearance is the primary defense mechanism of the human body
against inhaled pathogens or toxic agents. This clearance system is based on the
continuous movement of mucus by a synchronized beating of the cilia present on airway
epithelium (1). Although pulmonary formulations intended for systemic delivery are
aimed for deeper lung deposition (alveolar deposition), a considerable portion of the
formulation also gets deposited on the upper airways. A pulmonary formulation or its
excipients should not compromise the important defense mechanism of the human body
against noxious inhalants. Disruption of normal mucociliary clearance in the airways is
undesirable also due to increased risk of respiratory diseases. The inhaled pathogens
entrapped within the mucus are not cleared effectively in the presence of an impaired
mucociliary transport which in turn may cause colonization of the inhaled entity leading
to infection.
An isolated frog palate system has been widely used as a model for monitoring
changes in mucociliary transport of the airways in vitro (2-4). It is a simple and efficient
method to study mucociliary function (Fig. 6.1). The palate of frog possesses
pseudostratified epithelium with mucus secreting cells and numerous ciliated cells which
closely resemble the epithelium of human conductive airways (3). Several studies have
shown the usefulness of this model for evaluating the effects of agents on mucociliary
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activity in vivo (4-7). Further, a close correlation was found between in vitro clearance of
canine tracheal mucus applied onto frog palate and in vivo respiratory mucus clearance
obtained in dogs (8), suggesting that the frog palate model may represent a simple
alternative for in vivo mammalian mucociliary function. There has been a substantial
relationship shown between the presence of cilia and mucus movement (4), although the
exact mechanism of such interaction is poorly understood. Scanning electron microscopic
studies revealed large areas of deciliated cells and exfoliation of intact ciliated cells in
frog palates exposed to cigarette smoke (4). Consequently, mucus clearance in the
cigarette-smoke exposed palates was significantly reduced compared to control,
emphasizing the role of intact cilia in propelling the mucus. The frog palate technique has
primarily been used to study the effects of air pollutants on mucociliary clearance (9,10)
or the effects of pathological secretions on mucociliary transport in various disease states
(2). However, use of this model in assessing the effects of pulmonary formulation of
peptides or pharmaceutical excipients on the mucociliary transport remains largely
unexplored. The frog palate technique, therefore, can be used to test whether a pulmonary
formulation adversely affects the natural defense mechanism of the human respiratory
system by compromising the mucociliary clearance.
We have previously shown the efficacy and safety of alkylglycosides in
pulmonary insulin formulations (11 & Chapter 2,12). Alkylglycosides are non-ionic
surfactants which have shown promise in enhancing peptide and protein drug absorption
via the respiratory routes (11,13). Among the class of alkylglycosides, the C-8 maltoside
(eight carbon containing maltoside) was suggested to be safer to be incorporated in
pulmonary peptide formulation (Chapter 4). However, the effects of a pulmonary
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formulation of peptide formulated with alkylglycoside on mucociliary transport rate
remains unknown.
Therefore, the objective of the present chapter was to investigate the changes in
mucociliary transport rates in frog palate model after application of pulmonary insulin
formulation containing C-8 maltoside.
2. Materials and Methods
Recombinant human insulin (expressed in yeast) and Ethyl 3-aminobenzoate
methanesulfonate salt were obtained from Sigma- Aldrich Inc., (St. Louis, MO). nOctyl-β-D-maltoside (C-8 maltoside) was purchased from Anatrace Inc. (Maumee, OH).
Alpha-lactose monohydrate was a product of Fisher Scientific (Fair Lawn, NJ).
2.1. Preparation of formulations
Insulin solution was prepared by suspending insulin in saline and subsequently
solubilizing it with the addition of 0.1 N HCl. The pH of the solution was adjusted to 7.4
with the addition of 0.1 N NaOH. Insulin dry powder formulation containing C-8
maltoside was prepared by lyophilization technique. For the dry powder, C-8 maltoside
and lactose were added to insulin solution to give a final concentration of 4.6 mM of C-8
maltoside and the mixture was subsequently lyophilized. The lyophilization of solution
was carried out at a temperature of -50 °C and pressure of 120 mT in EZ-DRY (FTS
Systems Inc., Stone Ridge, NY) for 16 hrs. The final amounts of insulin in the solution
and dry powder was 0.375 U/dose.
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2.1. Frog palate preparation
The frog palate for mucociliary clearance studies was prepared with a slight
modification to the methods reported by Macchione et. al. (14) and Rubin et. al. (5). The
frogs were anesthetized by a subcutaneous injection of a 2% solution of 3-aminobenzoic
acid ethyl ester (methanesulfonate salt) at a dose of 1 ml/100 g of body weight. This
procedure of anesthesia was used previously to collect urinary bladders of bull frogs (15).
Once the animal was anesthetized, it was pithed by bending the head forward and
inserting an 18-gauge needle into the brain and then down the spinal cord. The site of
pithing was recognized by a slight midline skin depression posterior to the eyes when the
neck was flexed. The jaw of the euthanized animals was disarticulated, and the upper
portion of the head was removed by cutting with a pair of scissors through the junction of
the posterior pharynx and esophagus. The excised head with intact palate was placed with
palate side facing up on a piece of gauze dipped in Ringer's solution (quarter strength)
and mucociliary transport experiments were subsequently performed on frog palates.
2.3. Mucociliary transport rate measurement
Fresh frog palates were used within 30-45 min of initiation of experiment.
However, palates have been reported to provide an excellent model system for studying
all of the relevant variables for mucociliary clearance up to 3 hrs of excision at room
temperature (16). Frog palates were divided into six groups with three palates in each
group. The palates were then sprayed with each of the test formulation with a Micro
sprayer™ or Dry Powder Insufflator™ (Penn-century, Philadelphia) and kept for 10 min
before initiating the transport studies. The treatments were as follows: Ringer’s solution
(200 µl), 0.25% C-8 maltoside solution (200 µl), insulin solution (0.375 U, 200 µl),
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insulin dry powder formulation, 5 mg (insulin + maltoside + lactose). A set of untreated
frog palates (n=3) was taken as control. Before starting each experiment, Ringer’s
solution was sprayed onto palates to maintain viability of the preparation and mucus
transport was checked by observing the movement of a marker particle (mustard seed).
Only the palates which showed an initial mucus movement were taken in the study. For
mucociliary transport rate (MTR) measurements, a mustard seed was placed on a specific
location on the palate and its movement was monitored until it reached another preset
point. The distance between the two points was at least 2 cm in each study in order to
eliminate taking into consideration movements by chance as true movements of the
mucociliary apparatus. The measurements on each palate were taken in triplicates. The
mucociliary transport rate (MTR) was calculated by,
MTR (cm.min-1) = (Distance traveled by mustard seed from one point to another) / (time
elapsed)
2.4. Data Analysis
Differences in mucociliary transport rates for different treatments were compared
using one-way ANOVA. Where the differences in the means were significant, post-hoc
pair wise comparisons were performed using Newman-Keels multiple comparison tests.
For all statistical tests performed, the level of significance (α) was set at 0.05.
3. Results and Discussion
Mucociliary clearance bears a major implication for drug delivery to airways.
Impairment of the clearance mechanism by a pulmonary formulation increases the risk of
respiratory complications. The frog palate model employed in our study is sensitive to
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injury, allows determination of different parameters of mucociliary transport and has
been used as an experimental tool to assess the harmful effects of oxidants on ciliated
epithelium (14). In this dissertation, we investigated the effects of pulmonary formulation
of a peptide with alkylglycoside on ciliated epithelium by monitoring changes in mucus
transport rate in bullfrog palates.

The MTR in untreated frog palates shortly after

isolation was found to be approximately 1 cm.min-1 (Fig. 6.2). Upon spraying Ringer’s
solution on the frog palate, the MTR increased significantly. A significant increase in
MTR was also observed with C-8 maltoside or insulin application (Fig. 6.2). However,
when the dry powder formulation containing insulin, C-8 maltoside and lactose was
administered onto frog palates, there was an insignificant increase in MTR. Hypertonic
saline (14.4%), used as positive control, produced a significant reduction in MTR
compared to that observed in untreated palates.
The MTR values obtained in untreated frog palates was closer to the range of 1.23.0 cm.min-1 reported by others (17). However, variations in mucus secretions due to
seasonal effect, sex, species, etc. may lead to differences in mucociliary transport rates.
For instance, Rubin et al (18) demonstrated that mucus transport on the frog palate was
strongly influenced by season, with maximal transport occurring in late June. This
increased transport rate was associated with a summertime increase in mucus recoil and a
decrease in mucus hydration. Further, these authors also postulate species differences to
be the reason for differences in mucus secretion between two kinds of frogs used in their
study. Surfactants have been shown to enhance the mucociliary clearance in both in vivo
(19) and in vitro (20) models. In this dissertation, it was found that application of C-8
maltoside, a non-ionic surfactant, on frog palates caused an increase in MTR. The
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stimulation of MTR may be due either to the direct effect of surfactant on ciliary
function, changes in mucus rheology, or a reduction in periciliary fluid viscosity. With
administration of insulin on the frog palate a similar increase in MTR was observed.
Surprisingly, when insulin formulation containing C-8 maltoside and lactose was
administered, the increase in MTR was not statistically significant. The most likely
explanation for this could be the mutual inhibitory effects of C-8 maltoside and insulin on
MTR. The MTR enhancing mechanism of one is hampered by the other, and hence an
overall insignificant increase in MTR was obtained compared to that of untreated frog
palates. Hypertonic saline solution (14.4%) was shown to have an irreversible ciliostatic
effect in vitro (21). Although in the present study there was no complete abolition of
mucus movement because of ciliary inactivation, a significant decrease in MTR was
observed with the application of hypertonic saline on frog palate.
Rates of transport for a variety of substances on frog palate other than mucus
suggest that mucociliary transportability can exist in structures that are chemically and
physically dissimilar to mucus (22). Particles such as charcoal powder (23), glass and
steel balls, licopodium spores, and mercury drops (17) have been used as makers to detect
mucociliary movement. It was shown that particles with significant differences in weight
and density behaved in a similar fashion and were transported at the same speed on frog
palates (17). In our study we used mustard seeds (density, ~1.4 mg/mm3), which were
easily accessible, as a marker for monitoring mucociliary transport.
In conclusion, the frog palate was used as a model to investigate the effects of a
pulmonary formulation of peptide with surfactant on ciliary activity. Limitations of this
model are that it is of non-mammalian origin and that the epithelial tissue is non122

respiratory. Nevertheless, it provides a unique and simple model for gaining elementary
information on the effects of pulmonary formulation or its excipients on ciliary activity
when administered in mammals. The results from this study indicate that C-8 maltoside
based pulmonary insulin formulation didn’t significantly affect the ciliary activity.
However, individual administration of C-8 maltoside or insulin caused an increase in
MTR values. It is suggested that administration of peptide with a surfactant probably
preserves the mucociliary activity. Further studies utilizing repeated applications of
pulmonary formulation on frog palate can possibly be used for assessing chronic
administration effects on mucociliary clearance activity.
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Fig. 6.1. Bullfrog palate preparation
Bullfrog palate preparation to study mucociliary transport. Arrows indicate direction of
mucus flow on the epithelium. Dots represent the marker particle.
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NT = Non-treated
RS = Ringer's solution
C8-M = 0.25% C-8 maltoside
I = Insulin (0.375 U)
F = Formulation (Insulin + C8-M + lactose)
CS = Ciliostatic (14.4% NaCl)
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Fig. 6.2. Mucociliary transport rate measurement
Changes in mucociliary transport rate (MTR) after application of different solutions or
pulmonary preparation of insulin formulated with C-8 maltoside. Data represent mean ±
S.D., n = 3. ( *, significantly different compared to non-treated palates, p < 0.05).
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CHAPTER 7
CONCLUSIONS

This doctoral dissertation study conducted the feasibility of a non-invasive route
of peptide delivery as an alternative to currently administered parenteral route of
delivery. Several commercially available inhalation delivery systems such as the
pressurized metered dose inhalers incorporate various non-ionic surfactants in their
formulation. A newer class of non-ionic surfactants, known as alkylglycosides, was
employed for enhancing insulin absorption from the pulmonary route. The overall
conclusion of the project is that lower chain alkylglycosides can be used for increasing
absorption of peptide and protein drugs after pulmonary administration.
The non-ionic surfactant used in later parts of the work (C-8 maltoside or Octylmaltoside) has been the outcome of a subchronic toxicity screening method using the
bronchoalveolar lavage fluid analysis. The lavage fluid analysis revealed that longer
chain alkylglycosides may affect the lung physiology as manifested by the release of lung
injury markers to greater extents compared to control and shorter chain glycosides. As an
accompaniment to this observation, the lower chain alkylglycosides are suitable agents
which can be incorporated in chronically used pulmonary peptide preparations
administered for systemic action. Further, comparison of effects between dry powder
insulin preparation with C-8 maltoside and insulin solution with C-8 maltoside
demonstrated that the dry powder was absorbed to a higher extent. The method of
administration in rats was by inserting the tube of the Microsprayer or Dry powder
Insufflator directly into the trachea and spraying the solution or powder into lungs.
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However, in humans such method is impractical. In spite of the mode of administration in
rodents being different than that usually taken by humans, the results did show similarity
in that a greater increase in peptide absorption from dry powder was obtained compared
to solution formulation. This could partly originate from the fact that the aliquot of air
employed to disperse the dry powder through the nozzle might have lead to deposition of
the powder into peripheral areas of the respiratory tract where probability of systemic
absorption is high. In humans too, deeper alveolar deposition is obtained from dry
powders compared to solution since the drug from a dry powder is released according to
patient’s inspiratory pattern. The individual doesn’t have to coordinate his breathing
pattern as he would do with a pressurized metered dose inhaler (solution). Therefore, for
successful pulmonary absorption of a drug, the onus depends to some extent on patient’s
inspiratory effort.
Several mechanisms of insulin transport across the alveolar epithelium have been
proposed. However, the most common processes are transcytosis and paracellular
diffusion. Although several studies have hypothesized the possible contribution of a
transcellular movement of peptide across the lung, little work had been performed for
investigating the transvesicular transport of the peptide. The present study, in part, gave
an indication for such transvesicular transport of insulin across bronchial epithelial cell
lines. However, whether the internalized insulin is ferried across the epithelium in vivo or
its fate is degradation in lysosomes remains unknown. Accumulation of data on such
transport processes may pave the way for designing newer pulmonary preparations to
target and increase transvesicular transport of the peptide as well. The reason for
transcellular flux is likely due to the presence of several caveolae and clathrin coated pits
129

on alveolar type I cells, which subsequently internalize after the capture of therapeutic
entity giving rise to its transcellular movement. Approximately 90% of the absorptive
surface area of the alveolar region is attributed to the presence of type I cells, and
therefore, there is a greater proportion of caveolae and clathrin coated pits on the alveolar
epithelium. One strategy to increase transcellular transport of peptides across the lungs
could be to conjugate peptides with agents that are able to append to caveolae or clathrin
coated pits, the pits forming a vesicle and ultimately the peptide being ferried across the
cell.
Although pulmonary formulations intended for systemic delivery are aimed for
deeper lung (alveolar) deposition, some portion of the formulation is also deposited on
the upper airways. Disruption of normal mucociliary clearance in the upper airways by a
pulmonary formulation is undesirable as this clearance system is the primary defense
mechanism of the human body against inhaled pathogens. As part of this Ph.D. project, a
frog palate model was developed as a means of assessing the effects of pulmonary
preparations on mucus transport. Models such as these, although of non-mammalian
origin, could provide information on changes in mucus transport after application of
formulation. They could give some preliminary information on the effects of pulmonary
formulation or its excipients on the mucociliary function. The present Ph.D. work opens
avenues for several research projects to be pursued further such as the use of
alkylglycosides in pulmonary protein formulations, assessing the toxicity of excipients
using the bronchoalveolar lavage fluid analysis approach, elucidating the mechanisms of
peptide transport across the lung, and assessing the mucociliary function change of the
respiratory tract. All of these areas are critical in further enhancing our knowledge about
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drug absorption processes across the lung and formulating effective therapeutic strategies
for maximizing the benefit offered by pulmonary delivery of peptides and
macromolecules.
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