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Abstract. This laboratory has previously described a method of preventing air-space
enlargement In experimental pulmonary emphysema using aerosolized hyaluronan
(HA). Although It was found that HA preferentially binds to elastic fibers (Which un-
dergo breakdown by elastases In emphysema). It remains to be shown that such
attachment actually prevents damage to the fibers. In the current study, cell-free
radlolabeled extracellular matrices, derived from rat pleural mesothelial cells, were
used to test the ability of low molecular weight (.. 100kDa)streptococcal HA to prevent
elastolysls. Coating the matrices with HA significantly decreased elastolysls (P<0.05)
Induced by porcine pancreatic elastase (43%),human neutrophil elastase (53%),and
human macrophage metalloelastase (80%).Concomitant in vivostudies examined the
ability of an aerosol preparation of the streptococcal HA to prevent experimental
emphysema Induced by Intratracheal administration of porcine pancreatic elastase.
As seen with earlier studies Involving bovine tracheal HA, a single aerosol exposure
significantly decreased elastase-Induced airspace enlargement, as measured by the
mean linear Intercept (107.5vs 89.6 IJm; P < 0.05).Furthermore, repeated exposure to
the HA aerosol for 1 month did not reveal any morphological changes In the lung. The
results provide further evidence that aerosolized HA may be an effective means of
preventing pulmonary emphysema and perhaps other lung diseases that Involve elas-
tic flber Injury. [P.S.E.B.M. 2000, Vol 225:65-711

H
uman pulmonary emphysema is believed to result
from the degradation of parenchymal elastin by
elastases from inflammatory cells (I, 2). Whereas

most attempts at developing a treatment for the disease have
focused on the use of elastase inhibitors to reduce elastic
fiber damage and loss of alveoli, this laboratory has reported
a method of preventing such injury by intratracheal admin-
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istration of hyaluronic acid (HA) (3). Animals receiving HA
in either liquid or aerosol form prior to induction of experi-
mental emphysema with pancreatic or neutrophil elastase
have been shown to develop significantly less airspace
enlargement than controls treated with the enzyme alone
(4,5).

In those studies, HA was found to have no elastase
inhibitory activity (3), and the mechanism responsible for
its protective effect in experimental emphysema remained
unclear. HA was shown to bind to lung elastic fibers (4, 5),
but its ability to actually prevent the breakdown of these
fibers has yet to be determined.

The current investigation specifically addresses this is-
sue by examining the ability of HA to prevent elastic fiber
injury in vitro. Radiolabeled elastin-rich matrix, prepared
from cultured rat pleural mesothelial cells. was used to de-
termine the effect of HA on elastase-induced elastolysis.
Matrix treated with HA was exposed to several different
types of elastase, including human neutrophil elastase and
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human macrophage metalloelastase (MMP-12), both be-
lieved to playa role in pulmonary emphysema (I, 2).

Whereas previous experiments from this laboratory
used commercially available bovine tracheal HA, the pre-
sent studies were performed with low molecular weight
streptococcal HA (100 kDa average mol wt). Unlike bovine
tracheal HA, streptococcal HA can be produced readily in
large quantities by fermentation and is therefore more suit-
able for use in studies designed to determine therapeutic
efficacy.

In addition to testing the streptococcal HA for preven-
tion of elasto1ysis in vitro, an aerosol preparation of the
material was examined for its ability to prevent experimen-
tal emphysema in hamsters. Animals treated with the aero-
sol were instilled intratracheally with porcine pancreatic
elastase to induce emphysema, then examined for differ-
ences in pulmonary airspace size compared with untreated
controls.

Since pulmonary emphysema often results in only a
gradual loss of lung function, the ability to limit the de-
structive effects of elastolysis by even a small amount could
significantly alter the natural history of the disease.

Materials and Methods
Preparation of Low-Molecular-Weight HA. Low-

molecular-weight (== 100 kDa), streptococcal HA was ob-
tained from Glycomed Research (Hastings-on-Hudson,
NY). The average molecular weight of the material was
determined by measuring viscosity, using a Cannon
semimicro dilution viscometer (Cannon Instruments Co,
State College, PA). Intrinsic viscosity (TJ) was determined
by extrapolating viscosity measurements to zero concentra-
tion (6). Average molecular weight was calculated by using
intrinsic viscosity data in the Mark-Houwink equation (i.e.,
TJ =K(M)Q where a and K are constants for HA in saline
solution (6).

The purity of the HA preparation was determined by
measuring the content of uronic acid, hexosamine, and pro-
tein. Uronic acid was measured with the carbazole reaction
method (7). The content of hexosamine was determined by
a modification of the Elson-Morgan procedure (8). Protein
was measured by the method of Lowry et al. (9).

Fluorescein-Labeled HA. fluorescein labeling of
the low-molecular-weight HA was performed according to
previously published techniques (10). A solution of 100 mg
of HA in 80 ml water was diluted with 40 ml dimethyl
sulfoxide and combined with acetaldehyde (50 ~I), cyclo-
hexyl isocyanide (50 ul), and fluorescein amine (50 rng).
The mixture was incubated at 22°C for 5 hr, and the re-
sultant fluorescein-labeled HA was purified by alcohol pre-
cipitation and gel filtration on Sephacryl S-5oo, using a I x
135 ern column equilibrated with 0.2 M pyridine-acetate
buffer at pH 6.2. As previously demonstrated, the fluores-
cein labeling procedure does not significantly degrade

HA (4).
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Preparation of a Radiolabeled Cell-Free Tissue
Culture Matrix. Rat pleural mesothelial cells, obtained
from the American Type Culture Collection (Rockville
MD), were cultured in 75 em" plastic flasks using Nutriem
Mixture Ham's F-12 medium supplemented with 15% fetal
bovine serum, 1% glutamine, 20 units/ml streptomycin, and
20 units/ml penicillin G. The cultures were incubated at
37°C in a humidified atmosphere containing 5% CO2, Cells
and extracellular matrix were radiolabeled for 6 weeks with
14C-lysine (6.25 ~Ci per flask). At the end of the labeling
period, the cultures were washed with phosphate-buffered
saline (PBS), and the cells were lysed with 0.5% sodium
deoxycholate and EGTA. Following removal of the cellular
material, the matrix was rinsed with PBS and allowed to air
dry. The plastic surface containing the radiolabeled matrix
was then cut into 2 x 2-cm squares.

Determining the Effect of HA on Elastase Di-
gestion of the Matrix. The matrix squares were incu-
bated with 0.5 mg of low-molecular-weight HA in 0.5 ml
PBS for 30 min at room temperature. Controls were treated
with PBS alone. Following removal of the liquid, the ma-
trices were dried, then incubated for 3 hr at 37°C with 0.5
ml of either (i) 10, 1.0, or 0.1 ~glm1 of porcine pancreatic
elastase (Elastin Products Co., Owensville, MO) in 0.1 M
Tris buffer, pH 8.0; (ii) 1.0 or 0.1 ug/ml of human macro-
phage metalloelastase (II) in 0.05 M Tris buffer, pH 7.5,
with om M CaCl 2 and 0.15 M NaCI; or (iii) IO ug/ml of
human neutrophil elastase (Elastin Products Co., Owens-
ville, MO) in 0.1 M Tris buffer, pH 8.0. An additional set of
controls was treated with Tris buffer alone under the same
conditions. The liquid was then removed, combined with a
single 0.5 ml PBS wash of the matrix, and measured for
radioactivity in a liquid scintillation spectrometer.

Release of radioactivity was standardized to the matrix
squares themselves, which were of uniform size (2 x 2 ern).
Total digestible radioactivity per square was determined by
treating the matrix with relatively high concentrations of
pancreatic elastase (up to I mglml). The elastase concen-
tration used for the measurements of the protective effect of
HA was then adjusted to insure that the experiments were
performed within a range that yielded linear release of ra-
dioactivity with increasing concentrations of enzyme.

Identification of Matrix Elastic Fibers. Immuno-
histochemical identification of elastic fibers within the ma-
trix was performed, using a primary goat anti-rat lung
a-elastin antibody (Elastin Products Co, Owensville, MO)
and a secondary, fluorescein-labeled rabbit anti-goat IgG
antibody (Zymed Laboratories, San Francisco, CA). Matrix
samples, prepared from cells grown on glass slide cover-
slips, were fixed in acetone, treated with goat serum for 30
min, and washed with PBS. The samples were then incu-
bated with goat anti-rat lung elastin antiserum for 1 hr, and
again washed with PBS. After treatment with rabbit serum
for 30 min, the secondary, fluorescein-labeled rabbit anti-
goat IgG antibody was applied for I hr. The matrix samples



were then washed with PBS, mounted on glass slides, and
examined with a fluorescence microscope.

The Verhoeff- Van Gieson stain was also used to deter-
mine the presence of collagen and elastic fibers. Matrix
samples, prepared from cells grown on cover slips. were
fixed in 10% neutral-buffered formalin, mounted on glass
slides, then stained and viewed with a light microscope.

To determine the relationship between HA and the elas-
tic fiber network in the matrix, samples were treated with
fluorescein-labeled HA (I mg/ml) for 30 min, washed with
PBS, and examined with a fluorescence microscope. The
resulting pattern of fluorescence was compared with that
observed with the immunohistochemical studies of the ma-
trix elastic fibers.

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

Approximately 30 min following exposure to the aero-
sol, the animals were sacrificed, and their lungs were fixed
in situ by inserting a catheter into the trachea and instilling
10% neutral-buffered formalin at a pressure of 20 em H20 .
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 extraparenchymal structures, sectioned randomly,
and histologically processed. Unstained slide sections were
examined with a fluorescence microscope and compared
with ones treated with bovine testicular hyaluronidase (Poly
Scientific. Bay Shore. NY) to determine if the fluorescence
was due to labeled HA.

Exposure of Elastase-Treated Animals to Aero-
solized HA. Hamsters. weighing « 100 g, were exposed to
an aerosol solution of 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 animals were anesthetized with keta-
mine and instilled intratracheally with 40 units of porcine
pancreatic elastase (Elastin Products Company, Owensville,
MO) dissolved in 0.2 ml normal saline solution. The elas-
tase was delivered into the trachea via a 26-gauge needle
mounted on a l-ml syringe.

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

Long-Term Aerosol Exposure Studies. Ham-
sters, weighing :::: 100 g, were exposed to aerosolized HA
(10 mg in 10 ml water) for 25 min. three times per week, for

4 weeks. Then 72 hr following the last aerosol exposure, the
animals were sacrificed, and their lungs were fixed in situ as
described above. Slide sections of the lungs were then ex-
amined with a light microscope to determine the presence of
pathological changes.

Data Analysis. The two-sample t test was used to
determine statistically significant differences between treat-
ment groups (P < 0.05).

Results
Characterization of Low-Molecular-Weight

HA. The current studies employed a low-molecular-weight
preparation of streptococcal HA. In contrast to the bovine
tracheal HA used in previous investigations (3-5), strepto-
coccal HA can be readily produced in large quantities by
fermentation and is therefore more amenable to further stud-
ies designed to determine therapeutic efficacy.

The streptococcal HA had an average molecular weight
of 101 kDa, which is similar to that of the bovine prepara-
tion. Protein content was less than 0.1%. The ratio of hex-
uronic acid to hexosarnines was I:1, which is characteristic
ofHA.

In Vitro Studies. Cell-free matrix was prepared from
cultures of rat pleural mesothelial cells, which have previ-
ously been shown to synthesize elastin (13). Both the his-
tochemical and immunofluorescence studies demonstrated
that the matrix contains a complex network of elastic fibers
(Fig. I). Relatively little collagen was present, based on the
absence of positive (red) staining for this component with
the Verhoeff-Van Gieson stain. Fluorescein-labeled HA
bound to the matrix, producing a pattern of fluorescence that
resembled the staining pattern of elastic fibers (Fig. 2).

Radiolabeled cell-free matrix was used to determine the
effect of HA on elastase-induced elastic fiber injury. The
concentration of HA (l mg/ml) used in these experiments
was the same as that used for the in vivo studies described
below. Each matrix sample was incubated with HA for 30
min, then exposed to varying concentrations of elastase for
3 hr. Release of radioactivity from the matrices was used to
measure the degree of elastolysis.

Treatment of the matrices with HA reduced the amount
of radioactivity released by exposure to pancreatic elastase
(Fig. 3). Although there was only a small difference be-
tween HA-treated and untreated matrices with 10 !Jog/ml of
pancreatic elastase (3536 vs 3423 cpm), the reduction in
release of radioactivity was much larger with application of
lower concentrations of the enzyme. A 35% decrease in
radioactivity was observed with I ug/ml of elastase (2819
vs 1844 cpm: P < 0.00 I), and a 43% reduction was seen
with 100 ng/ml (1257 vs 715 cpm: P < 0.01). Background
counts from matrix treated with Tris buffer instead of elas-
tase averaged 190 cpm.

Washing the HA-treated matrices with PBS prior to
elastase treatment did not reduce the protective effect. Ma-
trix samples treated with HA and rinsed with PBS prior to
incubation with I !Jog/ml of pancreatic elastase showed a
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Figure 1. (A, upper) The Verhoeff·Van Gieson stain reveals a com-
plex network of elastic fibers within the matrix. Original magnification:
x2000. (8, lower) Immunofluorescence, using anti-rat lung elastin
antibodies, further demonstrates the abundance of elastic fibers
within the matrix. Original magnification: x600.

Figure 2. Fluorescein-labeled HA binds to the matrix, producing a
pattem similar to that seen with both histochemical staining and
immunofluorescence. Original magnification: x2000.
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Figure 3. Treatment of the matrix with HA reduces release of ra-
dioactivity induced by pancreatic elastase. T-bars indicate SEM. Fig-
ures in parentheses refer to number of samples tested.

60% reduction in release of radioactivity compared with
controls (2091 vs 833 cpm; P < 0.05).

A similar protective effect was seen with human me-
talloelastase (Fig. 4). Again, the lower concentration of en-
zyme was associated with a greater reduction in release of
radioactivity from the HA-treated matrices. A 46% decrease
in radioactivity was seen with 1 ug/rnl of enzyme (855 vs
465 cpm; P < 0.01), whereas an 80% reduction was seen
with 100 nglml (128 vs 26 cpm; P < 0.05).

HA treatment also reduced the release of radioactivity
by human neutrophil elastase (Fig. 5). A 53% decrease in
radioactivity was observed at an enzyme concentration of
10 u.g/ml (990 vs 464 cpm; P < 0.00 I).

Figure 4. HA significantly decreases human macrophage metal-
loelastase-induced release of radioactivity from the matrix. T-bars
indicate SEM. Figures in parentheses refer to number of samples
tested.
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Figure 5. HA reduces elastolysis resulting from exposure to 10 1Jg/

ml of human neutrophil-elastase. T-bars indicate SEM. Figures in

parentheses refer to number of samples tested.

In Vivo Studies. HA was labeled with fluorescein to

detennine its anatomic location within the lung following

aerosolization. Prominent fluorescence was observed after a

50-min exposure to a 0.1% solution of the labeled HA.

There was preferential adherence of the fluorescein-HA to

interstitial. vascular. and pleural elastic fibers (Fig. 6A).

These fibers were previously identified as elastic in nature

based on comparison with tissue sections treated with the

Verhoeff-Van Gieson stain (4). Hyaluronidase treatment of

the tissue sections abolished the fluorescence (Fig. 6B).

Hamsters exposed to aerosolized HA (0.1% solution)

for 50 min prior to intratracheal instillation of porcine pan-

creatic elastase had a significantly lower mean linear inter-

cept at I week compared with elastase-treated animals ex-

posed to aerosolized water alone (107.5 vs 89.6 urn; P <

0.05; Fig. 7).
To determine the potential pulmonary toxicity of HA.

hamsters were exposed to the aerosol for a 4-week period

(three times per week for 25 min). Such treatment produced

no morphological changes in the lung. This study supple-

ments earlier work indicating that a single 50-min exposure

to the aerosol did not increase the percentage of neutrophils

present in lung lavage fluid at 24 hr (5).

Discussion

The concept that pulmonary emphysema is caused by

an imbalance between proteinases and their inhibitors has

served to focus research on the role of elastases with the

hope that inhibiting the activity of these enzymes will pre-

vent lung injury (14). However. such a treatment strategy

assumes that emphysema is caused by a single abnormality,

namely. excess elastase activity. If the disease represents a

more general response of the lung to a variety of insults

(with elastases playing a variable role). then enzyme inhi-

Figure 6. (A. upper) Aerosolized fluorescein-labeled HA binds to

lung elastic fibers. Original magnification: x600. (8, lower) Auores-

cence is abolished following hyaluronidase treatment. Original mag-

nification: x600.

bition may have only limited efficacy. and other forms of

treatment may be required.

As studies from this laboratory indicate. an alternative

approach to preventing alveolar destruction may involve the

use of HA to protect lung elastic fibers directly from injury.

HA preferentially binds to elastic fibers. prevents elastoly-

sis. and has been shown to limit airspace enlargement in

experimental models of emphysema induced by either pan-

creatic or neutrophil elastase (3-5). Since elastic fiber

breakdown may be a final common pathway in the disease

process, this form of treatment might be effective against a

number of agents capable of causing emphysema. including

various oxidants present in air pollutants and cigarette

smoke.

In the extracellular matrix. HA has been shown to be a

versatile molecule with multiple functions. It acts to stabi-

lize proteoglycans and retain water, and it may also con-

tribute to tissue growth and repair (15-18). A number of

studies indicate that HA and other glycosaminoglycans may

form a network that surrounds elastic fibers (19-21). There-

fore, degradation of HA might be necessary for elastases

and cells, such as monocytes or neutrophils, to gain access

to these fibers. As shown by this laboratory and other in-

vestigators, pretreatment of the lung with hyaluronidase to
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Figure 7. Aerosolized HA significantly reduces pancreatic elastase-
induced airspace enlargement. Measurements were made 1 week
after intratracheal instillation of the enzyme. The percentage in-
crease in alveolar diameter (mean linear intercept) is based on a
normal value of 60 urn (24). Figures in parentheses refer to number
of animals tested.

in human emphysema (27). It may be speculated that lyso-
zyme interferes with the attachment of HA to elastic fibers,
thereby adversely affecting the progression of the disease.

In addition to providing a physical barrier, HA may
protect elastic fibers by virtue of its ability to retain water.
It has been shown that a loss of HA can decrease extravas-
cular water content in the lung interstitium (16). Negatively
charged carboxyl groups attached to the saccharide moieties
of HA repel one another, enlarging the domain of HA and
enhancing its ability to entrap water (18). This process may
cause an increase in viscosity that reduces the movement of
surrounding molecules, including elastases, thereby limiting
injury to elastic fibers.

The observation that HA is effective in vitro against
both human neutrophil elastase and human macrophage me-
talloelastase raises the prospect that it could be useful in
treating human emphysema. The metalloelastase, in particu-
lar, may be responsible for emphysematous changes asso-
ciated with cigarette smoking (28). Since increased activity
of these enzymes is noted in a variety of lung inflammatory
reactions, HA may be effective against other forms of pul-
monary injury as well.

It should be emphasized that the experimental model of
emphysema employed in these studies involves the use of
exogenously administered elastase whereas human emphy-
sema is believed to result from the release of elastases by
cells residing within the lung interstitium. This difference
imposes limits on predicting the effect of HA on protease-
induced injury in the human lung. Nevertheless, the fact that
aerosolized HA permeates the lung interstitium and be-
comes adherent to elastic fibers suggests that it would pro-
vide protection against endogenous elastase injury as well.

Although it is unclear how a large molecule like HA
crosses the alveolar barrier, other high molecular weight
compounds, such as dextran, are known to be transported
rapidly to the lung interstitium following aerosolization
(29). Moreover, pulmonary injury can significantly enhance
the movement of aerosolized substances across the alveolar
barrier (29). In the case of intratracheal elastase adminis-
tration, severe injury to the alveoli would greatly facilitate
the transport of HA into the lung interstitium.

With regard to the duration of protection by HAt earlier
studies from this laboratory have indicated that intratra-
cheally instilled HA remains attached to elastic fibers for at
least 4 hr following administration and is largely cleared
from the lung by 24 hr (4). Furthermore, the instilled HA
limits elastase-induced lung injury when given either 2 hr
before or I hr after the enzyme (4). The inability of HA to
protect the lung when given 2 hr following elastase admin-
istration may be due to the fact that much of the injury to
elastic fibers has already occurred within this period.

Since the magnitude and duration of the protective ef-
fect of HA may be dependent on both the amount of intra-
tracheally instilled elastase and the conditions of exposure
to HA, it is difficult to extrapolate the data from these
experiments to the human disease process. However, it is

89.S*
(S)

P <0.05

HA-treated

* mean linear intercept
(micrometers)107.5*

(7)

O..J----
Untreated

reduce its HA content results in a significantly greater elas-
tase-induced airspace enlargement compared to lungs with
normal HA content (3, 22). HA is also significantly reduced
in the lungs of patients with pulmonary emphysema (23).

Whereas several studies, including one from this labo-
ratory, indicate that the concentrations of elastase used in
the current investigation generally exceed that found in the
lung (24, 25), local elastase concentration may be much
higher when a neutrophil or macrophage is in contact with
elastic fibers. Therefore, the ability of HA to reduce such
contact might be especially important in preventing direct
cell-mediated elastic fiber damage. Compared with elastase
inhibitors, which might not gain access to the area of contact
between cells and elastic fibers, HA would be more likely to
decrease this type of elastolysis.

The mechanism responsible for the interaction between
HA and elastic fibers may possibly involve formation of
electrostatic or hydrogen bonds between these two compo-
nents. Such binding sites may not be situated on the elastin
protein itself, but may instead involve surrounding struc-
tures such as the microfibrillar component or other glyco-
proteins. The self-aggregating nature of HA also suggests
that both exogenously administered and native HA may
combine to form larger molecular complexes (26).

Furthermore, the ability to bind to elastic fibers may not
be limited to HA. Recent studies from this laboratory indi-
cate that lysozyme preferentially binds to lung elastic fibers
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possible that an aerosol preparation of HA administered
several times a day might provide protection against
the endogenous elastases that play a role in pulmonary
emphysema.

As a normal constituent of the pulmonary extracellular
matrix, HA should be well tolerated by the lung. The current
study indicates that repeated exposure to aerosolized HA
does not cause pulmonary inflammation. Furthermore, HA
has been administered to other tissues without adverse con-
sequences (30-32). In contrast to specific elastase inhibi-
tors, which are now being considered as therapeutic agents
for emphysema, HA might provide protection against a va-
riety of harmful agents with fewer potential side effects.

The human macrophage metalloelastase was generously provided by
Dr. S. Shapiro of Washington University Medical School.
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