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Abstract. This laboratory has previously shown that an intratracheally instilled solu-
tion of hyaluronic acid (HA) protects the lung from elastase-induced airspace enlarge-
ment. In those studies, fluorescein-labeled HA was found to bind preferentially to lung
elastic fibers, suggesting a mechanism for the protective effect. The current investi-
gation extends these findings by examining the capacity of an aerosol preparation of
HA to similarly inhibit elastase-induced lung injury. Syrian hamsters were exposed to
aerosolized bovine tracheal HA (0.1% solution in water) for either 25 or 50 min, then
immediately instilled intratracheally with 80 units of human neutrophil elastase. One
week later the lungs were examined for airspace enlargement, using the mean linear
intercept method. Animals exposed to HA for 50 min showed a significant decrease in
airspace enlargement compared to controls exposed to aerosolized water alone (68.2
Hm vs 85.9 ym; P < 0.05). The 25-min exposure to the HA aerosol also reduced the
mean linear intercept compared to controls (73.7 pm vs 85.9 pm), but this decrease
was not statistically significant. With regard to possible inflammatory effects of HA,
there was no difference in the percentage of lavaged neutrophils between HA-treated
and control lungs at 24 hr (1.4% vs 1.8%, respectively). As with earlier experiments
using intratracheally instilled HA, aerosolized fluorescein-labeled HA was found to
bind to lung elastic fibers. These results suggest that aerosolized HA may prevent

elastase-mediated injury in pulmonary emphysema.

[P.S.E.B.M. 1998, Vol 217]

n imbalance between elastases and their inhibitors
is believed to be responsible for the airspace en-
largement that characterizes pulmonary emphy-
sema (1-4). This protease-antiprotease concept has resulted
in the design of therapeutic agents for pulmonary emphy-
sema that focus on inhibiting the activity of elastases (5).
However, such a treatment strategy assumes that the disease
is caused by a single abnormality; namely, excess elastase
activity. If emphysema represents a more general response
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of the lung to a variety of insults (with elastases playing a
variable role), then enzyme inhibition may have only lim-
ited efficacy, and other potential forms of treatment may be
required.

To determine if mechanisms other than elastase injury
contribute to pulmonary emphysema, studies were per-
formed by this laboratory using a variety of agents to induce
lung elastic fiber breakdown and air space enlargement ex-
perimentally. In experiments using hyaluronidase and 60%
oxygen, results showed that significant damage to elastic
fibers occurs only when both agents are given concomi-
tantly, suggesting the possibility that hyaluronidase may
facilitate the breakdown of elastic fibers by making them
more accessible to injury (6). This hypothesis was further
tested by giving hamsters intratracheal instillments of hyal-
uronidase, followed by elastase, and then examining the
lungs for airspace enlargement (7). The findings showed
that pretreatment with hyaluronidase enhances elastase-
induced emphysema. Furthermore, intratracheally instilled
hyaluronic acid (HA) was found to have the opposite effect,
significantly reducing elastase-induced airspace enlarge-
ment. Studies using fluorescein-labeled HA, indicated that
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this polysaccharide preferentially binds to and coats elastic
fibers, possibly protecting them from injury (8).

In the current investigation, an aerosol solution of bo-
vine tracheal hyaluronic acid was used to counteract the
effects of intratracheally administered human neutrophil
elastase. The results indicate that the inhaled HA rapidly
coats pulmonary elastic fibers and significantly reduces the
amount of airspace enlargement induced by elastase. These
findings provide additional evidence that HA may be a use-
ful alternative to elastase inhibitors in protecting the lung
from injury.

Methods

Preparation of Fluorescein-Labeled HA. Fluo-
rescein amine was coupled to bovine tracheal hyaluronic
acid (Sigma Chemical Co., St. Louis, MO) according to
previously published techniques (9). A solution of 100 mg
of HA in 80 ml water was diluted with 40 ml dimethyl
sulfoxide and combined with acetaldehyde (50 ul), cyclo-
hexyl isocyanide (50 ul), and fluorescein amine (50 mg).
The mixture was incubated at 22°C for 5 hr, and the result-
ant fluorescein-labeled HA was purified by alcohol precipi-
tation and gel filtration on Sephacryl S-500, using a 1 x
135-cm column equilibrated with 0.2 M pyridine-acetate
buffer at pH 6.2. The HA was eluted at room temperature at
a rate of 8.0 ml/hr. Collected fractions were measured for
HA with the carbazole reaction method (10). An unlabeled
preparation of HA was subjected to the same purification
procedure for comparison with the labeled material.

The intrinsic viscosity of both the labeled and unlabeled
HA was then measured to determine average molecular
weight. Viscosity measurements were made at 25°C in a
Cannon semi-micro dilution viscometer (Cannon Instru-
ment Company, State College, PA). Prior to measurement,
the hyaluronic sample was dialyzed against 0.15 M NaCl.
Intrinsic viscosity (n) was determined by extrapolating vis-
cosity measurements to zero concentration (11). Average
molecular weight was calculated by using intrinsic viscosity
data in the Mark-Houwink equation, (i.e., ; = KM)?
where a and K are constants for HA in saline solution) (11).

Aerosol Exposure to Fluorescein-Labeled HA.
Syrian hamsters, weighing approximately 100 g, were
placed inside a dual-port plexiglass chamber and exposed to
aerosolized fluorescein-HA via a Whisper-Jet nebulizer
(Marquest Medical Products, Englewood, CO) attached to a
compressed air source. The animals were exposed to either
10 mg of HA in 10 ml water for 25 min or 20 mg HA in 20
ml water for 50 min.

Immediately following exposure to the aerosol, the ani-
mals were sacrificed, and their lungs were fixed in situ by
inserting a catheter into the trachea and instilling 10% neu-
tral-buffered formalin at a pressure of 20 cm H,0. After 2
hr, both the lungs and the heart were removed from the chest
as a single block and additionally fixed in 10% formalin for
several days. The lungs were then dissected free of extra-
parenchymal structures, sectioned randomly, and histologi-
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cally processed. Unstained slide sections were examined
with a fluorescence microscope.

Exposure of Elastase-Treated Animals to Aero-
solized HA. Hamsters were exposed to an aerosol solution
of either 10 mg HA in 10 ml water for 25 min or 20 mg HA
in 20 ml water for 50 min, as described above. Control
animals were exposed to 20 ml water alone for 50 min.
Approximately 30 min following aerosol exposure, the ani-
mals were anesthetized with ketamine and instilled intratra-
cheally with 80 units of human neutrophil elastase (Elastin
Products Company, Owensville, MO) dissolved in 0.2 ml
normal saline solution. The elastase was delivered into the
trachea via a 26-gauge needle mounted on a 1-ml syringe.

Determination of Mean Linear Intercept. One
week following intratracheal instillment of HA and elastase,
the animals were sacrificed by intraperitoneal injection of
sodium pentobarbital. Their lungs were then fixed and his-
tologically processed as described above. Slide sections
stained with hematoxylin and eosin were coded, and mean
linear intercept measurements were made by an experienced
morphologist (JMC), according to published procedures
(12).

Lung Lavage. Hamsters were exposed to either an
aerosol preparation of 20 mg HA in 20 ml water for 50
min or, in the case of controls, 20 ml water alone for the
same period. Twenty-four hr later, the animals were sacri-
ficed, and their lungs were lavaged with a total of 12 ml of
normal saline solution, administered in 3-ml aliquots. The
recovered fluid was centrifuged, and the cell pellet was
resuspended in Dulbecco’s phosphate-buffered saline solu-
tion. Wright-stained smears were prepared, and the percent-
age of neutrophils was determined by counting 500 cells/
specimen.

Data Analysis. Differences among treatment groups
were analyzed for statistical significance (P < 0.05) with
Fisher’s LSD multiple comparison test.

Results

Characterization of Fluorescein-Labeled HA.
As shown in Table I, the fluorescein-labeled HA had an
average molecular weight of 87,214 compared to 86,137 for
the unlabeled material. These values are relatively low com-
pared to other preparations of HA, some of which may have
molecular weights in excess of 3 x 10°. The similarity in
molecular weight between the two samples indicates that
breakdown of HA did not occur during the labeling process.
Furthermore, chromatography of both the labeled and unla-
beled HA on Sephacryl S-500 produced very similar elution
profiles (Fig. 1).

Table 1. Physical Properties of HA Preparations

Sample Intrinsic viscosity (cc/g) MW
Fluorescein-HA 243 87,214
Control 240 86,137
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Figure 1. Chromatography of fluorescein-HA and unlabeled HA on
Sephacryl S-500 resulted in similar elution profiles, indicating that no
breakdown of HA occurs during the labeling process.

Aerosolization of Fluorescein-Labeled HA. The
lungs were rapidly labeled by the aerosolized fluorescein-
HA. Prominent fluorescence was observed after only a
single 25-min exposure to a 0.1% solution of the labeled
HA. Differences in the overall amount of lung fluorescence
between 25- and 50-min exposures to the aerosol were not
readily quantifiable. At both time points, there was prefer-
ential labeling of interstitial, vascular, and pleural elastic
fibers (Fig. 2). The identity of these fibers was confirmed
with the Verhoeff-Van Gieson elastic tissue stain. The pat-
tern of fluorescence was similar to that observed in a pre-
vious study involving intratracheal instillation of fluores-
cein-HA (8). However, in the earlier study, there was addi-
tional labeling of alveolar macrophages. These cells
presumably sequestered the relatively large amount of fluo-
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Figure 2. Fluorescence of elastic fibers in the lung interstitium (ar-
rowheads) was seen immediately following a 50-min exposure to
aerosolized fluorescein-HA. The visibility of other structures (e.g.,

alveolar septa, red cells) is most likely due to autofluorescence.
Original magnification: 990x.

rescein-HA (2 mg) administered in that study. The aerosol
preparation, in contrast, delivers a much smaller dose of the
material to the lung and does not elicit a similar reaction.

Effect of Aerosolized HA on Elastase-Induced
Emphysema. Animals exposed to aerosolized HA (0.1%
solution) for 50 min prior to intratracheal instillation of
human neutrophil elastase had a significantly lower mean
linear intercept at Week 1 compared to elastase-treated ani-
mals exposed to aerosolized water alone (68.2 pm vs 85.9
pm; P < 0.05; Fig. 3). Similarly, a 25-min exposure to the
HA aerosol reduced the mean linear intercept (73.7 pm)
compared to controls, but the difference was not statistically
significant. Morphologically, both the HA-treated and con-
trol lungs showed minimal residual inflammation at Week 1
(Fig. 4).

The actual amount of HA delivered to the lungs is very
much smaller than the 20 mg aerosolized over a 50-min
period. The volume of air inspired per minute by an adult
hamster is only approximately 30 ml whereas the airflow
through the exposure chamber is approximately 8 1/min.
Thus, as little as several milligrams of HA are available to
protect the lung from elastase injury. This estimate does not
include additional removal of HA by the upper respiratory
system.

Effect of Aerosolized HA on Lavaged Neutro-
phils. Compared to animals receiving aerosolized water
alone, those exposed to aerosolized HA for 50 min did not
show an increase in the percentage of lavaged neutrophils at
24 hr (Fig. 5). This finding suggests that an aerosolized
solution of 0.1% HA is not toxic to the lungs. In contrast,
previous experiments involving intratracheal instillation of
2 mg of HA produced a significant increase in the percent-
age of lavaged neutrophils during the first 96 hr following
treatment. The absence of inflammation associated with
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Figure 3. Animals exposed to aerosolized HA for 50 min showed
a significant decrease in elastase-induced airspace enlargement
compared to controls exposed to aerosolized water alone prior to
elastase. Mean linear intercept (MLI) measurements were made 1
week following treatment. The percentage increase in MLI is based
on a normal value of 60 pm (6). Values above bars represent mean
linear intercept + SEM and number of animals tested (figures in
parentheses).
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Figure 4. One week following elastase administration, there was no
significant inflammation in either HA-treated (top) or control lungs
(bottom). Original magnification of each photomicrograph: 200x.

aerosolized HA most likely reflects the much lower amount
of material entering the lung. Nevertheless, long-term ex-
posure studies are needed to confirm the lack of toxicity of
the aerosol preparation.
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Figure 5. At 24 hrs, animals exposed to either HA or water alone
(controis) had a similar percentage of lavaged neutrophils. T-bars
indicate SEM; figures in parentheses represent number of animals
tested.
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Discussion

These results indicate that aerosol administration of HA
can significantly decrease experimental pulmonary emphy-
sema induced by neutrophil elastase. Direct inhibition of
elastase does not appear to be responsible for this reduction
in airspace enlargement since HA is unable to prevent the
enzyme from degrading elastin in vitro (7). This finding
distinguishes HA from other agents that ameliorate experi-
mental emphysema by inactivating elastase (3-5) and sug-
gests that intratracheally administered HA may provide an
alternative approach to reducing lung parenchymal injury
by elastases.

In a previous study from this laboratory, in which hy-
aluronidase was found to interact synergistically with 60%
oxygen to produce airspace enlargement, it was hypoth-
esized that HA and other glycosaminoglycans may protect
elastic fibers (6). Several studies have supported this con-
cept by providing evidence that HA is closely associated
with elastic fibers (13, 14). Degradation of HA might be
necessary for elastases and cells, such as monocytes or neu-
trophils, to gain access to these fibers (15). As shown by this
laboratory and other investigators, pretreatment of the lung
with hyaluronidase resulted in an additional significant in-
crease in airspace enlargement over that induced by intra-
tracheal instillment of elastase alone (7, 16).

The current studies provide additional evidence that
HA forms a complex with elastic fibers. The strong asso-
ciation of the fluorescein-labeled HA with elastic fibers
clearly indicates that the instilled HA coats these fibers,
presumably protecting them from degradation by elastase.
The mechanism responsible for this interaction may possi-
bly involve formation of electrostatic or hydrogen bonds
between carboxyl or hydroxyl groups of HA and elastic
fibers.

HA may also influence airspace enlargement by virtue
of its ability to retain water. It has been shown that a loss of
HA can reduce extravascular water content in the lung in-
terstitium (17). Negatively charged carboxyl groups at-
tached to the saccharide moieties repel one another, enlarg-
ing the domain of HA and enhancing its ability to entrap
water (18). The hydrated and expanded HA may protect
alveolar elastic fibers from contact with elastase.

The fact that aerosolized HA is effective against neu-
trophil elastase increases the possibility that it may be useful
in treating human emphysema. This enzyme has access to
lung parenchyma through neutrophil migration and secre-
tion, as well as by macrophage sequestration, and is thought
to play an important role in the disease. The ubiquity of
neutrophil elastase in various lung inflammatory reactions
suggests the possibility that HA may be effective against
other forms of pulmonary injury as well.

The current studies are difficult to compare to previous
work using intratracheally instilled HA to protect the lung
from neutrophil elastase (8). For one thing, HA was given 2
hr prior to intratracheal administration of neutrophil elastase



in the earlier studies, whereas there was no significant in-
terval between the HA and elastase administration in the
current work. Nevertheless, it is suspected that aerosolized
HA would remain effective for several hours, since studies
of the clearance of fluorescein-HA from the lung (8) show
that it remains attached to elastic fibers for at least 4 hr.

As a possible treatment for protease-induced pulmo-
nary injury, HA should be well-tolerated by the lung. It is a
naturally occurring extracellular matrix constituent that has
been administered to other tissues without adverse effects
(19-23). In contrast to elastase inhibitors, which are now
being considered as therapeutic agents for emphysema, HA
might provide a more direct form of lung protection with
fewer potential side effects.

The ability to slow the progression of emphysema, even
a small amount, would be very beneficial to those who
suffer from this disease. The disease generally results in a
gradual loss of lung function and produces severe symptoms
only late in its course. If a particular form of treatment
altered development of the disease only modestly, then the
devastating effects of emphysema might be postponed to
extreme old age, effectively eliminating them from the life
of most patients.
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