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ABSTRACT

Inhalation is now increasingly used as a route of drug administration, both small- and high-molecular-weight
substances, although the scientific understanding of the mechanisms of their absorption is rather limited.
The present review summarizes the mechanisms of absorption of higher-molecular substances through
the pulmonary epithelium with the aim to draw attention to this issue.

Introduction  The exchange between the environ-
ment and the human body occurs either through
absorption of foreign substances or secretion
of endogenous substances. Absorption occurs
primarily in the intestine but also via the skin,
whereas excretion involves the kidney, bow-
el, and, in some cases, the skin. It is often over-
looked that the lung with an epithelial surface of
80 m?, with nearly 70 m? being in contact with
the capillaries,' is particularly exposed to the envi-
ronment. The lung is typically viewed as an organ
for gas exchange, although gas exchange already
comprises absorption and excretion. For a long
time, inhalation has been used as a way of drug
application to the lung as in asthma therapy or
to the systemic circulation as is the case of smok-
ing. The capacity of the lung to absorb substanc-
es, i.e., the nonrespiratory function of the lung,?
is gaining increasing interest because not only
small-molecular-weight drugs are absorbed but
also high-molecular-weight substances, such as
proteins, may reach the systemic circulation via
the lung.3”7 The administration of drugs of high-
er molecular weight is a more recent approach to
systemic therapy, although initiated long ago by
Ginsslen.” These questions are of clinical inter-
est. One example of pulmonary high-molecular
drug delivery is the successful use of inhaled in-
sulin to treat diabetes.58"" Although it is not very
effective in daily practice, the approach clearly
shows certain possibilities. Many other approach-
es have been investigated'?"® or may be developed
in the near future.

The present review provides some informa-
tion concerning the physiological and patho-

physiological mechanisms of absorption of higher-
-molecular-weight substances via the lung, al-
though the scientific background is still limit-
ed.’ In the past few years, several reports have
tried to elucidate the absorptive function of
the lung to understand the mechanisms involved
in the therapeutic use of drugs administered via
the lung 481214

This paper aims to raise open questions con-
cerning the absorption of substances via the lung,
but it is not intended to discuss the methods of
inhalation or methods to measure the uptake of
labeled substances. Moreover, the review does
not cover the measurement of the permeabili-
ty of the lung tissue and different epithelial cells,
i.e., the alveolar or bronchial epithelium. The al-
veolar and bronchial epithelium is able to absorb
drugs and proteins separately, but data on the ex-
act amount of drug absorbed via the lung relat-
ed to bronchial or alveolar tissue are still lacking.
In pharmaceutical studies, the lung has often been
regarded as a passive membrane. The biological
questions relating to the absorption of substances
and the cellular mechanisms facilitating absorp-
tion have only rarely been addressed, although
it is most likely that the lung epithelium is not
a passive membrane. The anatomical and func-
tional conditions within the lung''®'® comprise
the conditions of permeability. The different cell
types encountered from air to blood, the venti-
lation and the perfusion of the lungs are the pre-
requisites for the absorption of a given substance.
It is currently impossible to analyze these differ-
ent influences separately in relation to the absorp-
tion of different drugs, but changes in pulmonary
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TABLE 1 Examples of established administration
of systemic drugs via inhalation

nicotine

bronchodilatating drugs (B-adrenergic and vagolytic drugs)

cromones

corticosteroids

cannabis

cocaine

adrenaline

anesthetic gases

structure and function will have a profound ef-
fect on drug absorption.

It is well known that inhalation of particles,
chemicals, or biological substances may induce
immune reactions in the lung, as is the case in
asthma or alveolitis. The issue of immunolog-
ical processes induced by the presence of for-
eign substances in the peripheral lung will not
be dealt with in this paper, particularly because
there is a paucity of detailed studies investigat-
ing the administration of immunogenic drugs
via the lung.

A short overview of low-molecular substances Itis
well known that some low-molecular-weight sub-
stances are extremely well absorbed in the lung,
e.g., nicotine and other addictive substances.
However, B-adrenergic drugs, derivates of at-
ropine or steroids, and other therapeutic drugs
are also absorbed in the lung (TABLE 1). Interest-
ingly, the dosage given via inhalation route of-
ten corresponds to an intravenous dosage, even
if local effects on the lung are not intended."’
Active transport via the cell membrane (e.g.,
through receptor binding) has been suggested,
but a concentration-dependent passive trans-
fer via the membrane also has to be considered.
Unfortunately, there are only scanty data on
the mechanisms of these biological processes,
although some drugs, e.g., B-adrenergic drugs or
steroids, are regularly administered via the lung.
Low-molecular-weight substances may also be
transported transepithelially in solution form;
therefore, attention should be paid to the wa-
ter balance across the alveolar epithelium. Con-
cerning the difficulties to understand the absorp-
tion of low-molecular-weight substances across
the lung epithelium, it becomes clear that deal-
ing with high-molecular-weight substances will
raise a lot more complex questions.

Absorption of high-molecular-weight substances
The absorptive capacity of the lung for high-
-molecular-weight substances has been known for
the past few decades.”1318.1 Pregently, the role
of peptides and proteins draws considerable at-
tention since the successful administration of in-
sulin via the inhalation route has raised a num-
ber of new questions. Irrespective of the specific
effects of inhalation therapy with a biologically
active substance, i.e., a hormone such as insulin,
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TABLE 2 Examples of systemic administration of
higher-molecular-weight drugs via the lung: studies in
animals or humans; mainly experimental studies

heparin erythropoietin

interferon-a, - calcitonin

insulin a-1-proteinase inhibitor
human growth hormone  antibiotics

FSH glucagon

TSH prolactin

parathyroid hormone GCSF

luteinizing hormone oxytocin

vasopressin analogues cyclosporine A

somatostatin morphine and derivates

This list is not complete; it is only given to show
the broad spectrum of substances that are attempted to
be administered via the lung by inhalation?-6.10.21.22.38.45.47

Abbreviations: FSH — follicle-stimulating hormone, GCSF —
granulocyte colony-stimulating factor, TSH — thyroid-
-stimulating hormone

a series of questions have to be addressed here
because the biological mechanisms of absorp-
tion are particularly important. These questions
have also been addressed in reviews published
during the last years.3%7.813.20-22 Of note, most
of these data are experimental but they dem-
onstrate the scientific power behind these ques-
tions and provide a strong stimulus for further
research in this field. Only few clinical data are
available and to mention the results of some stud-
ies does not mean that clinical application will
soon follow. The examples of these studies are
provided in TABLE 2.

Absorption of lipids  The absorption of lipids is es-
sential in the recycling of surfactant? and follows

mainly the binding to receptors.?* Binding pro-
teins of those receptors have been characterized.?’

Recently, phospholipid transport proteins have

been described, but the function has not been

completely elucidated.?® Lipid absorption has

been described in detail in previous studies.?%-?"28

Those lipids may serve as vehicles for lipophilic
drugs. At present, there are no regular approaches

to administer lipophilic drugs via the lung. In con-
trast, liposomes have been used as transport vehi-
cles to administer interleukin 2 and cyclosporine

A. Also, a study with inhaled insulin-containing

liposomes has been published.??

Absorption of proteins There are different mech-
anisms by which higher-molecular substances
may pass the pulmonary epithelium (TABLE 3).
In the gut, proteins are continuously subject to
degradation, whereas the lack of proteolytic ca-
pacity in the lung almost excludes these process-
es. Nevertheless, some proteolytic activity may be
observed in the lung or in bronchial secretions,’
at least by the presence of leukocytes and mac-
rophages, which are usually present in the lung.
The lung contains protease inhibitors, but there
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TABLE 3 Mechanisms of protein absorption in the lung

degradation

transcellular transport
— pinocytosis
— internalization via receptors

paracellular transport

is scarce knowledge about the interactions of
these compounds with proteins during the ab-
sorption of proteins via the alveolar wall. Current
research will certainly create a rising number of
protein drugs. Therefore, their administration via

the lung is of increasing scientific and economical

interest,’ and there is an urgent need to address

these mechanisms in a more comprehensive way.
So far, data are only available for a limited number
of peptides or proteins from a few experimental

studies mostly on small mammalians.

The reuptake of albumin, which might pos-
sibly reach the alveoli in lung edema, has been
repeatedly investigated and is summarized in
a recent review by Hastings et al.?% It has been
shown that albumin is taken up by endocytosis in
type-I and type-II cells. According to the present
knowledge, lung epithelium, in contrast to oth-
er epithelial barriers, facilitates the clearance of
intact proteins without degradation, thus draw-
ing attention to the administration of drugs
via the lung. The clearance of proteins is much
slower than liquid clearance’®® and depends on
the molecular size®' and protein concentration
in the alveolar space. A receptor-mediated tran-
scytosis mechanism at low protein concentration
will change to a passive paracellular mechanism
at higher concentrations.? Specific receptors for
endocrine active peptides, e.g., vasoactive intes-
tinal peptide, gastrin or surfactant protein A, ac-
celerate the clearance, but there are only limit-
ed data concerning receptors for other drugs or
proteins. Apart from the uptake of proteins via
endocytosis,*?3 there may be other pathways en-
abling the uptake of different substances.® It is
still under discussion whether different mecha-
nisms of protein and peptide absorption depend
on the protein itself or whether the quality of
the pulmonary epithelial tissue plays the critical
role. Nonetheless, an association between the up-
take and molecular size has been shown.'®

Using A 549 cells, Kobayashi et al.¥’ studied
the permeability of 14 different peptides, and
in agreement with previous studies they found
that permeability depended on the molecular
weight. Moreover, they showed a small but nev-
ertheless significant degradation by proteas-
es, but no dependence on temperature. The au-
thors explained their findings with a paracellu-
lar uptake of the proteins investigated. The ex-
act mechanisms and the forces counteracting
oncotic pressure have not yet been resolved and
have only rarely been analyzed. Recent studies?-3°
have shown active absorption of an oligopeptide
(B-lactam antibiotic) by a peptide transporter,

which was present in type-II cells, in the bron-
chial epithelium and in the endothelium of small
arteries, but not in type-I cells. The role of oth-
er transporter proteins such as P-glycoprotein*’
or multidrug-resistant protein on absorption re-
quires further evaluation. Whether this uptake
mechanism also applies to high-molecular-weight
proteins or to drugs has not been determined
yet. Although most of the experimental results
derive from isolated alveolar cells, it has to be
stressed that the data for low- as well as for higher-
-molecular-weight substances do not differenti-
ate between transfer across the alveolar wall and
that across the bronchial epithelium, although
from a practical point of view this would be ex-
tremely important in terms of different inhalation
techniques and different therapeutic approach-
es.*! An interesting approach is the use of absorp-
tion enhancers to facilitate the uptake of higher-
-molecular drugs.*?*3

Effect of lung diseases on absorption The uptake
of high-molecular-weight substances under path-
ological conditions has not been sufficiently as-
sessed and still has to be elucidated, both for ex-
perimental and clinical settings. Known drug
transporters, which play an important role dur-
ing the intestinal absorption of pharmacological
agents, have not been demonstrated in the lung
so far. Nevertheless, such crucial information
would be very helpful for the administration of
therapeutic drugs, particularly proteins delivered
by inhalation. For lower-molecular-weight sub-
stances, e.g., vitamin E, an increased uptake un-
der hyperoxic conditions has been shown,** but
for proteins there are virtually no data answer-
ing these questions. Unfortunately, we are not
able to draw a convincing pattern concerning
the changes in the absorptive capacity in the lung
under pathological conditions. The studies dealing
with the resolution of pulmonary edema do not
address drug absorption in disease states. Apart
from the technical problems encountered regard-
ing the administration of drugs or substances, it
is possible that every single disease of the bron-
chi or the lung affecting lung mechanics, which
also have effects on the metabolism and chang-
es in the cell composition of the lung tissue, de-
creases or increases the absorption of a given
drug given via the inhalation route unexpected-
ly (TaBLE 4). It should be noted that in the current
literature basically nothing is known about these
questions, particularly regarding pulmonary pa-
thologies, although the issues have been men-
tioned in a number of reviews.”-512.21.41.45

Conclusion  Since future drug development will
certainly try to use the attractive possibility of
drug administration via the lung,*® from a clin-
ical point of view there is an increasing need to
elucidate the precise mechanisms of drug absorp-
tion under pathologic conditions.? This research
should be done in experimental settings such as
cell cultures as well as in experimental animals
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TABLE 4  Factors that influence the administration and
absorption of substances via the lung

administration systems

technique of breathing

breathing abnormalities

ventilation-perfusion imbalance

obstruction and inhomogeneous obstruction

mucus in the bronchi

alteration of alveolar cell composition
— inflammatory cells in the alveoli
— liquid in the alveoli
—increased number of interstitial cells
— interstitial fibrosis

alteration in the pulmonary circulation
— inhomogeneous perfusion
— role of bronchial circulation
— vasculitis

alteration of the alveolo-capillary permeability
— lung diseases
— cardiac diseases

— general diseases, e.g., systemic inflammation or
sepsis

induction of immune reactions
— by a drug or substance
— by other mechanisms

interaction and interdependence of different
substances or drugs in the lung

and clinical studies. The present paper aimed to
draw attention to the problems related to drug
inhalation and encourage future research to ad-
dress these interesting and important questions.
In addition, future studies may provide new es-
sential insights into the function of the pulmo-
nary epithelial barrier, which in turn could be of
vital importance in the understanding of pulmo-
nary diseases.
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StOWA KLUCZOWE STRESZCZENIE

biatka, ptuca, Obecnie coraz czes$ciej stosuje sie inhalacje do podawania lekéw sktadajacych sig zaréwno z matych,

przyswajanie lekéw,
réwnowaga ptynow,

jak i z duzych czasteczek, jednak naukowe wyjasnienie mechanizmu wchianiania tych substancji wciaz
pozostaje niepetne. W pracy oméwiono mechanizmy wchfaniania wysokoczasteczkowych substancji

wchtanianie przez nabtonek ptucny w celu zwrdcenia uwagi na ten problem.
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