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Abstract

Background: Gastric contents aspiration is a high-risk condition for acute lung injury (ALI). Consequences range from
subclinical pneumonitis to respiratory failure, depending on the volume of aspirate. A large increment in inflammatory
cells, an important source of elastase, potentially capable of damaging lung tissue, has been described in experimental
models of aspiration. We hypothesized that in early stages of aspiration-induced ALl, there is proteolytic degradation of
elastin, preceding collagen deposition. Our aim was to evaluate whether after a single orotracheal instillation of gastric
fluid, there is evidence of elastin degradation.

Methods: Anesthesized Sprague-Dawley rats received a single orotracheal instillation of gastric fluid and were
euthanized 4, 12 and 24 h and at day 4 after instillation (n = 6/group). We used immunodetection of soluble elastin in
lung tissue and BALF and correlated BALF levels of elastin degradation products with markers of ALI. We investigated
possible factors involved in elastin degradation and evaluated whether a similar pattern of elastin degradation can be
found in BALF samples of patients with interstitial lung diseases known to have aspirated. Non-parametric ANOVA
(Kruskall-Wallis) and linear regression analysis were used.

Results: We found evidence of early proteolytic degradation of lung elastin. Elastin degradation products are detected
both in lung tissue and BALF in the first 24 h and are significantly reduced at day 4. They correlate significantly with AL
markers, particularly PMN cell count, are independent of acidity and have a similar molecular weight as those obtained
using pancreatic elastase. Evaluation of BALF from patients revealed the presence of elastin degradation products not
present in controls that are similar to those found in BALF of rats treated with gastric fluid.

Conclusions: A single instillation of gastric fluid into the lungs induces early proteolytic degradation of elastin, in
relation to the magnitude of alveolar-capillary barrier derangement. PMN-derived proteases released during ALl are
mostly responsible for this damage. BALF from patients showed elastin degradation products similar to those found in
rats treated with gastric fluid. Long-lasting effects on lung elastic properties could be expected under conditions of
repeated instillations of gastric fluid in experimental animals or repeated aspiration events in humans.
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Background

Gastric contents aspiration is a high-risk condition for
lung injury. Consequences range from subclinical pneu-
monitis to diffuse alveolar damage and progressive re-
spiratory failure, depending on the volume of aspirate,
with fibrosis development in some patients [1, 2].

Various experimental approaches have been used to
gain insight into the pathogenesis and pathophysiology
of aspiration-induced lung injury. Instillation of individ-
ual components of gastric fluid has contributed to the
understanding of their relative roles in lung injury [3].
Whereas hydrochloric acid instillation results in de-
rangement of the alveolar-capillary barrier with edema
and an intense inflammatory reaction [4—14], instillation
of acid-free gastric food particles induces a delayed in-
flammatory reaction, followed by granuloma formation
without significant edema [15-17]. Synergistic effects
have been reported when acid and gastric food particles
are instilled in combination [4, 9]. Few studies have used
the whole gastric fluid to study the pathogenesis of as-
piration. Those studies have used small volumes of gas-
tric fluid instilled into small areas of the lung with the
aim of answering questions regarding lung transplant re-
jection [15-17].

Our group has addressed the study of the continuum
of changes after a single event of bilateral aspiration of
whole gastric contents and has shown that a single oro-
tracheal instillation of gastric fluid in the rat lung results
in severe acute lung injury with several histological simi-
larities to diffuse alveolar damage (DAD), that evolves to
an organization process involving intraluminal plugs of
myofibroblasts and collagen fibers, affecting small bron-
chioles, alveolar ducts and peribronchiolar alveolar
spaces, associated with particle-containing foreign-body
giant cells either isolated or forming granulomas that
later resolves [18]. This sequence of events reflects im-
portant remodeling of lung extracellular matrix (ECM)
involving deposition and degradation of its components.
Most studies regarding mechanisms involved in ECM re-
modeling after acute insults to the lung have focused on
deposition of new ECM components, mainly collagen
deposition [8, 15] but very few have evaluated ECM deg-
radation [19-21]. Elastin, a polymer of tropoelastin is a
major component of the lung ECM providing the lung
with elasticity, tensile strength, and stability [22]. Increased
catabolism of elastin can be detected by a reduction in ma-
ture elastin content or by the release of elastin-degradation
products after mature elastin breakdown. In this regard,
evidence for a reduction in mature elastin content has been
unexpectedly obtained in fibrotic diseases such as usual
interstitial pneumonia (UIP) and cryptogenic organizing
pneumonia (COP) using modern non-invasive microscopy
technology [23], whereas elastin-degradation products have
been documented in animal models of acute lung injury
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ending in fibrosis [19, 20] and in human diseases as diverse
as chronic obstructive pulmonary disease (COPD) [24],
acute respiratory distress syndrome (ARDS) [25] and, idio-
pathic pulmonary fibrosis (IPF) [26]. Interestingly, all these
disease conditions have also been associated with gastric
contents aspiration [4, 27].

In our model, a 15- to 20-fold increase in bronchoal-
veolar lavage fluid (BALF) total cell count was found in
the first 24 h after a single instillation of gastric fluid,
with polymorphonuclear (PMN) cell predominance [18],
an important source of elastase and free radicals, with
the potential of damaging lung elastic tissue [28]. In
addition to the inflammatory reaction induced by aspir-
ation, elastic tissue damage could be produced by the direct
effect of gastric fluid or could be part of the changes that
take place in the remodeling of lung ECM after aspiration.

We hypothesized that in gastric fluid aspiration-induced
ALI there is proteolytic degradation of elastin preceding
collagen deposition.

Our aim was to evaluate at different time points dur-
ing the course of ALI induced by a single instillation of
gastric fluid whether there is evidence of elastin degrad-
ation in lung tissue and BALF. We used Western blot
analysis to detect lung elastin degradation products and
correlated the presence of these products in BALF and
lung tissue with markers of acute lung injury. In
addition, we studied if these degradation products are
present in BALF samples of human patients with inter-
stitial lung diseases (ILDs) that have evidence of
aspiration.

We found that a single orotracheal instillation of gastric
fluid into the rat lung is associated with early degradation
of lung elastin. The significant positive correlation found
with PMN cell count in BALF suggests that neutrophil
elastase could be involved, since exogenous elastase pro-
duces a similar pattern of elastin degradation products.
Evaluation of BALF from patients with ILD who have evi-
dence of aspiration revealed the presence of elastin deg-
radation products similar to those found in BALF of rats
treated with gastric fluid.

These results are important to be considered, since re-
petitive aspirations of gastric contents could result in
long-lasting alterations of lung elastic properties.

Methods

The study was performed according to a protocol submit-
ted to and approved by the Animal Research Ethics Com-
mittee of the Pontificia Universidad Catoélica de Chile in
adult male Sprague-Dawley rats (270-300 g).

Rat model of single orotracheal instillation of gastric fluid
Gastric contents pool

Adult male Sprague-Dawley rats fasted overnight were anes-
thetized ip. with xylazine-ketamine (5.1 and 55.1 mg/kg,
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respectively) to obtain gastric fluid through a gastrotomy.
Gastric fluid samples were pooled, filtered through a 100
um mesh, and kept at -80 °C. Animals were euthanized
thereafter by exsanguination under anesthesia.

Orotracheal instillation of gastric fluid

Under the same anesthetic protocol, another set of ani-
mals was orotracheally intubated with a 22 gauge wire-fed
catheter. A modified human otoscope (Welch Allyn,
Skaneateles Falls, NY) was used to visualize the glottis. A
volume of gastric fluid previously determined by the au-
thors (data not shown) to distribute evenly (1.5 mL/kg,
pH 1.69) was instilled, and animals were allowed to re-
cover spontaneously from anesthesia.

Study groups

Histological and biochemical studies were performed at
4, 12 and 24 h and at day 4 after instillation (n =6 per
group). Animals without intervention (1 =6) served as
controls since they did not differ significantly from saline
treated animals. Diagram in Fig. 1 shows animal groups,
tissue sampling and analysis.

Sample collection

Lungs were excised en bloc, and the left main bronchus
was cannulated for bronchoalveolar lavage (BAL). For
each animal, three aliquots of 0.15 M saline (1 mL each)
were instilled, immediately aspirated and pooled. Total
and differential cell count was obtained using a Neubauer
chamber and a cytospin slide centrifuge (StatSpin Cyto-
fuge 2; Iris, Westwood, MA). Cytoslides were stained with
DiffQuik (QCA, Tarragona, Spain). After centrifugation,
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BALF was stored at -80 °C until used for the measurement
of hemoglobin concentration, total protein content, and
western blot analysis of soluble elastin. The right middle
lobe was excised, frozen and later homogenized for west-
ern blot analysis of soluble elastin and for matrix
metalloproteinase-9 (MMP-9) and - 2 (MMP-2) activities
by zymography. The right lower lobe was fixed at 20 cm
H,O with 10% buffered formaldehyde solution and paraf-
fin embedded for histological studies. The caudate lobe
was used to obtain the wet/dry weight ratio.

Histologic evidence of tissue injury

For each animal, four right lower lobe longitudinal sec-
tions were embedded in paraffin, sectioned at 5 um, and
stained with hematoxylin-and-eosin. A board-certified
pathologist (M.M.) scored samples according to ATS
statement [29]. Scores for PMN cells in alveolar spaces,
PMN cells in the interstitium, proteinaceous debris and
alveolar septal thickening were used to correlate with
soluble elastin. In addition, sections underwent specific
staining of the elastic system using the Unna-Taenzer
acid orcein stain [30].

Western blot analysis of soluble elastin

Equal amounts of protein extracts from lung homogenates
or BALF were heat-denatured in Laemmli sample buffer with
2-mercaptoethanol (5%), resolved in 10% SDS-PAGE gel and
transferred to nitrocellulose membranes (Thermoscientific,
Rockford, IL, USA). Next, blots were blocked with 5%
PBS-nonfat dry milk for 1 h at room temperature and then
incubated with a goat polyclonal anti-elastin primary detec-
tion antibody (1:1000) (sc-17,580 Santa Cruz Biotechnology,

Experimental groups
n=6/group
om0 -l
( = O [
4 hours 12 hours 24 hours 4 days
[ | ] |
Left lung Right middle lobe Right lower lobe Caudate lobe
Bronchoalveolar lavage for: .
- PMN cell count Homogenate for: E;)rr‘maldehyde fixation
- Western blot soluble elastin -Western blot ) . - Dry/wet
. - H-E staining . .
- Hemoglobin content - Zymography s . .. weight ratio
. - Elastic fibers staining
- Total protein content . .
- Immunohistochemistry
Fig. 1 Diagram showing animal groups, timing of tissue sampling and analysis




Ayala et al. Respiratory Research (2018) 19:165

Dallas, Texas, USA) overnight at 4 °C. After thoroughly
washing with PBS 0.05% Tween-20, membranes were incu-
bated for 2 h at room temperature with a rabbit anti-goat
HRP-conjugated secondary antibody (1:5000) (Thermo
Scientific, Rockford, IL, USA). Elastin fragment immunoreac-
tivity was visualized by enhanced chemiluminescence (Super-
Signal™ Pico Chemiluminescent Substrate kit; Thermo
Scientific, Rockford, IL, USA). C-DiGit Blot Scanner (Li-Cor,
Lincoln, NE, USA) was used to image chemiluminescent sig-
nals by scanning. Densitometric analysis was performed
using the Image] software version 146 m (NIH, Bethesda,
MD). B-tubulin was used to control for equal loading.

Animal and human samples were studied using this
method. In addition, samples from control rats treated “in
vitro” with HCI (pH: 1.69, 37 °C, for 2,4,6 or 8 h) or pan-
creatic elastase (0.5 pM, pH:8 and 10 min incubation)
were also studied.

Acute lung injury markers

Lung wet/dry weight ratio of the caudate lobe was ob-
tained using an oven at 60 °C until stable dry weight was
achieved.

Total protein concentration in BALF was measured
using the Bradford assay.

Hemoglobin concentration in BALF was measured
by light absorbance at 510- to 650-nm wavelength using
a spectrophotometer (Shimadzu, Kyoto, Japan).

Lung tissue MMP-9 and MMP-2 activities: Gelati-
nolytic activity of these lung tissue MMPs was studied
using zymography [31]. Equal amount of lung tissue
homogenate total protein (30 pg) were loaded into a
gelatin-containing electrophoresis gel (10% polyacrylamide
and 1% gelatin under non-reducing conditions). After elec-
trophoresis, gels were washed in 2.5% TritonX-100
(Sigma-Aldrich, St. Louis, MO) to remove SDS, incubated
overnight at 37 °C in a calcium containing developing buffer,
stained with 0.1% Coomassie Brilliant Blue and destained
until areas of gelatinolytic activity became evident. Densito-
metric analysis was performed using Image] software ver-
sion 1.46 m (NIH, Bethesda, MD).

Analysis of BALF samples from patients with exacerbation
of interstitial lung diseases

BALF samples obtained from six patients with an acute
exacerbation of their ILD as part of their routine clinical
evaluation were studied in a similar way as the rat sam-
ples. They all exhibited evidence of gastric contents as-
piration, since they all had high levels of BALF pepsin.
As controls for this part of the study, we used six BALF
samples from patients without interstitial lung disease
who required bronchoscopy for the study of a pulmon-
ary nodule and had no evidence of aspiration, since they
all had negative BALF pepsin levels.
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Statistical analysis

Non-parametric analysis of variance (Kruskall-Wallis) was
used because of the small sample size. Linear regression ana-
lysis and Spearman’s rank correlation were also used [32].
Unless otherwise noted, the results are expressed as median
values, interquartile range and range. A p value <0.05 was
considered statistically significant. Analyses were performed
using GraphPad Prism 5.0 software.

Results

Histological evaluation of acute lung injury in the first

4 days after a single orotracheal instillation of gastric
fluid

Histological changes in the first 4 days after instillation
are shown in Fig. 2. Figure 2a shows the time course of
changes with H-E staining. At 4 h there is increased alveo-
lar thickening by interstitial edema and inflammatory cell
infiltration, along with abundant protein-rich intra-alveolar
exudate containing neutrophils and red blood cells, adopt-
ing a peri-bronchiolar distribution. These changes become
more intense at 12 and 24 h, with patchy consolidation,
due to coalescence of affected areas. At day 4, markers of
ALl as those described in the first 24 h are no longer ob-
served. Instead, intra-alveolar buds of granulation tissue,
characteristic of organizing pneumonia (OP) are seen,
sometimes containing granulomas and giant cells.

Figure 2b shows alpha-SMA immunostaining of both,
control lung and lung of animals studied at 24 h and at
day 4 after gastric contents instillation. The control and
24-h samples exhibit alpha-SMA (brown) staining local-
ized only to the wall of bronchioles and blood vessels,
without intra-alveolar alpha-SMA-positive structures,
which are only seen at day 4.

Evidence of damage to the lung elastic fiber system in
animals treated with a single instillation of gastric fluid and
studied at 4, 12 and 24 h and at day 4 after instillation
Figure 3 shows the elastic fiber system distribution in
lung samples from a control animal and from animals
with acute lung injury induced by gastric fluid. The con-
trol sample shows preserved architectural pattern of the
elastic system. Samples in the first 24 h after instillation
show sparce and fragmented bundles of elastic system
fibers.

At each of the time points studied, we observed elastic
fiber fragmentation in areas with inflammatory reaction
and not in preserved areas.

At day 4, with significantly less inflammatory cells,
elastic fiber fragmentation was less evident and localized
only to the alveolar septa adjacent to intra-alveolar fibro-
sis. Interestingly, elastic fiber fragmentation was not ob-
served inside Masson bodies.
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Control

observed only at day 4. Original magnification: 200X

24 hours

Fig. 2 Histological evaluation of acute lung injury in the first 4 days after a single orotracheal instillation of gastric fluid. a Light microscopy (hematoxylin
and eosin stain) of lung from a control animal and from animals studied 4, 12 and 24 h and at day 4, after gastric fluid instillation. Polymorphonuclear
neutrophils and red blood cells with abundant intra-alveolar proteinaceous material are seen at 4 h. A more intense reaction is seen at 12 and 24 h. At
day 4, markers of AL, as seen in the first 24 h, are no longer observed. Instead, intra-alveolar buds of granulation tissue, characteristic of OP containing
giant-cell granulomas are seen. Arrow: giant-cell granuloma inside a Masson body. Original magnification: 200X. b Light microscopy (alpha-SMA
immunostaining) of control lung and lung of animals studied at 24 h and at day 4 after gastric fluid instillation. The control and 24-h samples exhibit
alpha-SMA (brown) staining localized to the wall of bronchioles and blood vessels only. Intra-alveolar alpha-SMA-positive structures (myofibroblasts) are

BALF total and differential cell count in the first 4 days
after a single orotracheal instillation of gastric fluid
Changes in total and differential cell count in BALF are
shown in Table 1. A 15- to 20-fold increase in total cell
count was seen in the first 24 h, with PMN cell predom-
inance. By day 4, there was a return to mononuclear cell
predominance.

Soluble elastin in lung tissue homogenate and BALF after
gastric fluid instillation

Figure 4 shows the results of soluble elastin immunode-
tection in lung tissue homogenate. In Fig. 4a, the immu-
noblot of the control sample shows a 70 kDa band,
likely corresponding to tropoelastin, whereas smaller
molecular weight bands in the 35-50 kDa range corre-
sponding to elastin degradation products are barely de-
tectable. In treated animals, the 70 kDa band exhibits

variable size and is accompanied by bands in the 35—
50 kDa range, with variable densities depending on time
after instillation. Figure 4b and c¢ show the densitometric
analysis of these bands. In Fig. 4b, the 70 kDa band at 4 h
exhibits a peak increment in density of 2.2 times the con-
trol band (p < 0.01). Later on, this band decreases progres-
sively to become similar to the control band at day 4 (rs, —
0.6515; p <0.01). In Fig. 4c, the 35-50 kDa bands show a
progressive increment up to 24 h (rs: + 0.7376; p <0.001)
and although these bands decrease in size at day 4, they are
still detectable.

Figure 5 shows the results of soluble elastin in BALF. In
Fig. 5a, the immunoblot of the control sample shows a
single band of soluble elastin with a molecular weight of
70 kDa. Bands in the 35-50 kDa range are non-detectable.
As in lung tissue homogenate, in treated animals, the size
of the 70 kDa band is variable depending on time after
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Fig. 3 Evidence of damage to the lung elastic fiber system in animals treated with a single instillation of gastric fluid and studied at 4, 12 and
24 h and at day 4 after instillation. Representative fields illustrating elastic fiber system distribution in lung samples from control and acute lung
injury induced by gastric fluid. Elastic fibers are stained in deep violet within alveolar walls (arrows). Photographs were taken at an original

24 hours
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Table 1 BALF total and differential cell count

Total cell count (mean + SD) % PMN % MN
Control 82+3.1x10* 08 99.2
4h 17+09x10° 82 18
12h 78+39%10° 82 18
24 h 12+05x10° 77 13
4d 1.5+07x10° 12 88

SD standard deviation, PMN polymorphonuclear, MN mononuclear

instillation and is accompanied by small molecular weight
bands in the 35-50 kDa range. Figure 5b and c show the
densitometric analysis of these bands. In Fig. 5b, the
70 kDa band at 4 h exhibits a peak increment in density of
10 times the control band (p <0.001). Later on, it de-
creases progressively to become similar to the control
band at day 4 (rs. — 0.5599; p < 0.01). In Fig. 5¢, band dens-
ities in the 35-50 kDa range are visible 4 h after instilla-
tion. Later on, these bands decrease progressively in
density to become similar to the median density of the
control samples at day 4 (rs. — 0.6676; p < 0.001).

The time course of changes in band densities shows
that changes in tropoelastin slightly precede changes in
small molecular weight elastin-derived peptides, mainly
in lung tissue homogenates. Whereas the peak incre-
ment for the 70 kDa band in lung tissue homogenates is
observed at 4 h, the peak increment for the 35-50 kDa
bands is seen between 12 and 24 h after instillation.

In vitro effect of acid and exogenous elastase on the
pattern of lung tissue elastin degradation

Figure 6 shows a representative Western blot of soluble elas-
tin illustrating the effects of acid and exogenous elastase on
the pattern of elastin degradation in samples of control lung
in vitro. Lane 1 corresponds to lung tissue homogenate from
a control rat sample exposed to saline, showing only the
70 kDa band, likely corresponding to tropoelastin. Lanes 2
to 5 correspond to lung tissue homogenate from a control
rat sample treated with hydrochloric acid at 37 °C to a final
pH:1.6, for 2, 4, 6 and 8 h, showing only the 70 kDa band,
without evidence of elastin degradation over time. Lane 6
corresponds to lung tissue homogenate from a control rat
sample treated with porcine pancreatic elastase showing the
70 kDa band and a pattern of elastin degradation that is
similar to that seen in lane 7, corresponding to lung tissue
homogenate from a rat studied 12 h after gastric fluid instil-
lation. The small molecular weight elastin-derived fragments
(35-50 kDa) observed in this lane are similar to those ob-
tained when using exogenous elastase in normal rat lung.

Correlations between soluble elastin and markers of
acute lung injury

Table 2 and Fig. 7 illustrate the correlations between sol-
uble elastin as determined by Western blotting and
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several markers of ALI . Table 2 shows no correlation
between any of the bands corresponding to soluble elas-
tin and both the wet/dry weight ratio and MMP-9 activ-
ity. Only MMP-9 data was used for correlations since
MMP-2 activity did not change in the study period.
Figure 7a shows significant positive correlations between
the 70 kDa band density found in BALF and: a) the
PMN cell count (r = 0.8181, p < 0.0001) b) the hemoglobin
content (r =0.777, p <0.0001) and c) the total protein
content (r = 0.6445, p < 0.0001) in BALF. Figure 7b shows
significant positive correlations between the 35-50 kDa
band densities found in BALF and: a) the PMN cell count
(r =0.8026, p <0.0001), b) the hemoglobin content
(r =0.8673, p <0.0001) and c) the total protein con-
tent (r =0.5120, p <0.001) in BALF. In addition, sig-
nificant positive correlations were found between the
70 kDa band and several histological markers of acute
lung injury and between the 35-50 kDa bands and
the same histological markers (Table 2).

Elastin degradation products in BALF of patients with
exacerbated interstitial lung diseases and evidence of
aspiration

To assess the possibility of lung elastin degradation in
humans with high probability of gastric contents aspir-
ation, we studied BALF samples obtained from patients
with an exacerbation of interstitial lung disease and high
levels of pepsin (n =6) Fig. 8 shows a representative
Western blot of soluble elastin in BALF samples from
these patients and from patients without interstitial lung
disease and no evidence of aspiration who required
bronchoscopy for the study of a lung nodule) (n = 6) and
served as controls for this evaluation. BALF samples
from subjects without interstitial lung disease and nega-
tive pepsin) (lanes 1 to 6) show a single band in the
70 kDa range, without evidence of smaller molecular
weight elastin-derived peptides.

All six BALF samples from subjects with an exacerba-
tion of an interstitial lung disease, with no evidence of
infection and with high levels of pepsin (lanes 7 to 12)
show the 70 kDa band seen in control samples, and a
diffuse pattern of bands in the 50-70 kDa range. Five of
the samples (lanes 7 to 12) show small molecular weight
bands in the 35-50 kDa range as those seen in the rat
BALF obtained 12 h after gastric fluid instillation (lane
13). We had access to the total cell count of these hu-
man BALF samples. Whereas in control BALFs, total cell
count was homogeneously low (0.48 + 0.2 x 10° cells x
ml™%; range: 0.2 to 0.7), samples from exacerbated ILD
patients showed variable cell counts (2,1 + 1.3 x 10° cells
x ml™%; range: 0.8 to 4.0). Interestingly the sample with
the highest total cell count showed the greatest elastin
degradation.
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Fig. 4 Soluble elastin in lung tissue homogenate of control animals and animals treated with a single instillation of gastric fluid and studied at 4, 12
and 24 h and at day 4 after instillation, as determined by Western blotting. a The immunoblot shows that the control sample exhibits a single band of
soluble elastin with a molecular weight of 70 kDa, likely corresponding to tropoelastin. In samples from treated animals, this band is accompanied by
small molecular weight bands in the 35-50 kDa range. The 70 kDa band density increases at 4 h and shows a slight progressive reduction thereafter.
Band densities in the 35-50 kDa range are largely increased at 4 h, exhibit a further increase at 12 and 24 h and are significantly smaller at day 4. -
tubulin immunoblot shows equal protein loading. b Densitometric analysis of the 70 kDa Western blot band (n = 6) normalized to beta-tubulin and
expressed as times over control. After a significant increase in band density at 4 h, a progressive reduction to reach control level at day 4 is seen. Data
are presented as median values, interquartile range and range. **: p < 0.01; *: p < 0.05 with respect to controls and day 4. ¢ Densitometric analysis of
the 35-50 kDa Western blot bands corresponding to elastin-degradation fragments (n = 6) normalized to beta-tubulin and expressed as times over
control. These band densities increase significantly at 4 h, remain elevated at 12 and 24 h and decrease without reaching control levels at day 4. Data
are presented as median values, interquartile range and range. **: p < 0.01; ***p < 0.001 with respect to controls. h: hours, d: days
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Fig. 5 Soluble elastin in BALF from control animals and animals
treated with a single instillation of gastric fluid and studied at 4, 12 and
24 h and at day 4 after instillation, as determined by Western blotting.
a The immunoblot shows that the control sample exhibits only a
70 kDa band, likely corresponding to tropoelastin. This band is
significantly enlarged at 4 h, remains enlarged at 12 and 24 h and
returns to control level at day 4. The 35-50 kDa bands, not present in
the control sample, are present only at 4, 12 and 24 h after instillation.
b Densitometric analysis of the 70 kDa Western blot band (n = 6)
expressed as times over control. After a significant increase in band
density at 4 h, a progressive reduction to reach control level at day 4 is
seen. Data are presented as median values, interquartile range and
range. **: p < 0.01; **: p < 0.001 with respect to controls and day 4. ¢
Densitometric analysis of the 35-50 kDa Western blot bands
corresponding to elastin-degradation fragments (n = 6) expressed as
times over control. These band densities increase significantly at 4 h,
remain elevated at 12 and 24 h and return to control levels at day 4.
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Fig. 6 In vitro tropoelastin degradation pattern is not dependent on
acidity but it is associated with the presence of elastase. Representative
Western blot of soluble elastin illustrating the effect of acid and
elastase on the pattern of elastin fragmentation. Lane 1 corresponds to
lung tissue homogenate from a control rat showing only the 70 kDa
band, likely corresponding to tropoelastin. Lanes 2 to 5 correspond to
lung tissue homogenate from a control rat treated with hydrochloric
acid at 37 °C to a final pH:1.6, for 2, 4, 6 and 8 h, showing the 70 kDa
band, without evidence of smaller molecular weight elastin-derived
peptides. Lane 6 corresponds to lung tissue homogenate from a
control rat treated with commercially available porcine pancreatic
elastase showing the 70 kDa band and a pattern of fragmentation
similar to that seen in lane 7, corresponding to lung tissue
homogenate from a rat studied 12 h after gastric fluid instillation. 3-
tubulin immunoblot shows protein loading. h: hours

Discussion

Our results show evidence of degradation of lung elastin
during the early phase of ALI induced by a single instilla-
tion of gastric fluid, well before there is evidence of myofi-
broblasts in the alveolar structures. At this stage, there is
evidence of severe derangement of the alveolar-capillary
barrier and significant accumulation of PMN cells in the
alveolar spaces and the interstitium, capable of expressing
and discharging matrix-degrading enzymes into the extra-
cellular space. Contrary to what we observed in the early
phase (first 24 h), we did not find elastin degradation
products during the phase of organization of the exudate
(already evident at day 4), in which there is a marked re-
duction in PMN cells. These findings strongly suggest that
elastin degradation occurs as a consequence of the initial
injury and not as part of ECM remodeling in the context
of lung tissue repair. The pattern of elastin degradation
products found in our model is similar to that resulting
from the effect of exogenous elastase on normal rat lung
tissue in vitro. A similar pattern of elastin degradation was
found in BALF of patients with exacerbation of an ILD
without infection but with evidence of aspiration of gastric
contents.

Elastin, a polymer of tropoelastin is a major compo-
nent of lung ECM [21, 22]. In the normal healthy lung,
tropoelastin synthesis is restricted to periods of develop-
ment and growth in the perinatal life. Soluble monomers
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Table 2 Correlations between soluble elastin and markers of acute lung injury (ALI)

ALl marker 70 kDa band 35-50 kDa bands
Lung dry/wet weight ratio N.S. N.S.
Lung tissue MMP-9 activity N.S. N.S

BALF PMN cell count

BALF total protein content

BALF hemoglobin content

Score for PMN cells in alveolar spaces (histological evaluation)
Score for PMN cells in the interstitium (histological evaluation)
Proteinaceous debris (histological evaluation)

Alveolar septal thickening (histological evaluation)

r:0.8181; p <0.0001
r: 0.6445; p <0.0001
r. 0.777; p <0.0001
r:04572; p <0.05

. 04572; p <0.05
r:0.6153; p <0.001
r. 04074; p <0.05

r: 0.8026; p < 0.0001
r: 0.5120; p < 0.001
r: 0.8673; p < 0.0001
r: 0.78; p < 0.0001

. 0.785; p < 0.0001
r: 0.65; p < 0.0001

r: 0.7892; p < 0.0001

BALF bronchoalveolar lavage fluid, MMP-9 matrix metalloproteinase-9, PMN polymorphonuclear, N.S. non-significant

of tropoelastin are rapidly cross-linked into a network of
mature insoluble elastin molecules that provides the
lung elasticity, tensile strength, and stability [21]. Elastic
fibers are very long-lasting and have little turnover. Al-
though expression of the tropoelastin gene is normally
absent from most adult tissues, its reactivation in severe
lung injury has been recognized [33—36] consistent with
the concept that mature elastin fibers that have been

broken down in the lung are replaced with often excess
deposition of immature elastin fibers and elastin precur-
sors, in an unsuccessful effort to restore damaged ma-
ture elastin [23]. Alpha-SMA positive cells have been
described as the site of new tropoelastin synthesis [33].
Various proteases are able to cleave elastin fibers by
damaging the microfibrils and the elastin core, resulting in
loss of elasticity [28, 37-39]. Markers of mature elastin
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e 4h n=6
O 12h n=6
O 24h n=6
a vV 4d n=6
(1) (i) (iii)
20 ig?)(l)gi 20 r=0.777 20 r=10.6445
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Fig. 7 Correlations between soluble elastin and markers of acute lung injury in BALF. Panel a: Significant positive correlations between the
70 kDa band density found in BALF and: i) the PMN cell count, ii) the hemoglobin content and iii) the total protein content in BALF. Panel b:
Significant positive correlations between the 35-50 kDa band densities found in BALF and: i) the PMN cell count, i) the hemoglobin content and
iii) the total protein content in BALF
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with high levels lung

of pepsin in BALF
Fig. 8 Elastin degradation products in patients with interstitial lung
diseases and evidence of aspiration. Representative Western blot of
soluble elastin in BALF samples obtained from patients with interstitial
lung diseases and controls. Lanes 1 to 6 correspond to BALF samples
from subjects without interstitial lung disease and no evidence of
aspiration (negative pepsin). A single band in the 70 kDa range is
detected in all samples, without evidence of smaller molecular weight
elastin-derived peptides. Lanes 7 to 12 correspond to BALF samples
from subjects with an exacerbation of an interstitial lung disease, with
no evidence of infection and with high levels of pepsin. The 70 kDa
band corresponding to tropoelastin is present in all samples, whereas
the 35-50 kDa bands are detected in 5 out of 6 samples. In addition, a
diffuse pattern of bands in the 50-70 kDa range is seen in all samples.
Lane 13 corresponds to a BALF sample from a rat that received a
single instillation of gastric fluid and was studied 12 h later (a time
point at which elastin degradation products exhibit maximum levels).
ILD: interstitial lung disease; h: hours

degradation, mainly desmosine and isodesmosine have
been commonly used and found to be present in chronic
conditions such as aging, COPD [24, 40] and idiopathic
pulmonary fibrosis [26]. Little is known about the role of
elastic tissue destruction in acute lung injuries. There is evi-
dence that elastin degradation can occur in association with
acute lung injury characterized by fibrotic repair in experi-
mental animals. In this regard, in the bleomycin-induced
lung injury, we have described proteolytic fragmentation of
the alveolar septa and enlargement of the peribronchiolar
air spaces, changes that become apparent only after reso-
lution of DAD [41]. In the same line, high levels of desmo-
sine in BALF of animals treated with bleomycin have been
documented [19, 42]. With regard to human studies, Mc
Clintoch et al. [25] showed that elevated levels of urine des-
mosine, early in the course of ALI are associated with higher
mortality rates. They also showed that ventilator-induced
extracellular matrix breakdown relates to the type of ventila-
tion used. Among patients with acute lung injury, those ven-
tilated with less injurious ventilatory modalities had lower
urine desmosine levels than those ventilated with more in-
jurious forms of ventilation [25].

The use of antibodies to identify tropoelastin and its
degradation products according to their molecular weight
is very recent and most of the investigations refer to or-
gans other than the lung [37, 43, 44]. These investigations
have shown small amounts of soluble elastin with a mo-
lecular weight of 70 kDa corresponding to the tropoelastin
monomer present in normal tissues [37, 43, 44] without
evidence of elastin degradation. With a similar approach
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we were able to detect lung soluble tropoelastin (70 kDa
band) in lung tissue and BALF of control animals in the
present study.

After gastric fluid instillation, the density of the
70 kDa band changes with a similar pattern both in lung
tissue and in BALF, with a peak at 4 h after instillation,
and a progressive decline thereafter, in parallel with the
progressive reduction in PMN cells. The few studies that
use SDS-PAGE in other tissues in more chronic conditions,
interpret the increment in the 70 kDa band density as sec-
ondary to an increment in tropoelastin synthesis [43, 44].
However, in our model it is likely that the very early incre-
ment in this protein content, that takes place well before
there is evidence of myofibroblasts in the alveolar struc-
tures may represent a large initial breakdown of mature
elastin, rather than proof of an early increase in tropoelastin
synthesis. Myofibroblasts are considered to be the source of
reactivation of tropoelastin gene expression [33] and they
are seen at day 4. Thus, the very early increment in the
70 kDa band density can be seen in itself as a degradation
product of mature elastin. Further support to this interpret-
ation is provided by our finding of elastic fiber system dam-
age when using histochemical staining.

With regard to elastin degradation products of smaller
molecular weight (50 and 35 kDa), in some disease condi-
tions not affecting the lungs, these have been interpreted
as the result of tropoelastin degradation [37, 43, 44],
mainly by elastolytic enzymes produced by neutrophils
and macrophages. Differences in the time course of
changes of both tropoelastin and small molecular weight
degradation products suggest that indeed in our model,
the small molecular weight degradation products result
from tropoelastin degradation.

Possible mechanisms involved in elastin degradation in
our model include a number of enzymes and acidic hy-
drolysis, among others [45—47]. However, according to
our results, the acidic pH of gastric fluid is likely not
responsible for elastin degradation. Instead, the destruc-
tive effects of inflammatory cells on the ECM seem to
be the main factor responsible for elastin degradation.
Although several enzymes are capable of elastin degrad-
ation, several pieces of evidence support a major role for
neutrophil elastase in lung elastolysis in our model: a)
the significant positive correlation found between elastin
degradation products and the PMN cell count in BALF
and in histological sections during initial ALI, b) the lack
of elastin degradation products during the organization
phase of the exudate, a period of time in which the num-
ber of PMN cells is significantly reduced, c) the lack of
correlation between soluble elastin and lung tissue
MMP-9 activity, and d) the pattern of degradation prod-
ucts found in our model, which is similar to that result-
ing from the effect of exogenous elastase on normal rat
lung tissue in vitro. These associations will require
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further experiments like PMN depletion in order to con-
firm the role of these cells in the elastinolytic process
that we have described.

Studies have revealed that elastin is not only a struc-
tural protein influencing the architecture and biomech-
anical properties of the ECM but also plays an active
role in various physiological processes [48]. In fact,
elastin-derived peptides are not only degradation prod-
ucts, but also bioactive moieties evoking reactions in the
surrounding tissues. Thus, it has been shown that they
participate in the regulation of cell adhesion, chemo-
taxis, migration, proliferation, protease activation, and
apoptosis [48]. Although we did not study the bioactive
properties of the elastin degradation products generated
in our model, the molecular weight of these products is
similar to that of elastase-derived peptides described as
capable of inducing chemotaxis, migration, etc. in other
models [49, 50]. In this sense, the elastin degradation
products detected in our model are not just end prod-
ucts of elastin damage, but could be regarded also as im-
portant contributors to the cascade of events in the
pathogenesis of lung tissue injury after gastric contents
aspiration.

The present investigation provides evidence that a
similar but distinct pattern of elastin degradation is
present in BALF samples from patients with exacerba-
tion of ILD with evidence of aspiration.

We speculate that in disease states in which gastro-
esophageal reflux is prevalent [27, 51] and possibilities
of aspiration into the lung are high, the cascade of
events triggered by gastric contents aspiration may be
an important mechanism contributing to the elastin deg-
radation reported in these conditions. Thus, protection
of lung elastic tissue from the effects of inflammatory
cell-derived proteases could be an important therapeutic
target to modulate injury severity induced by gastric
contents aspiration.

Conclusions

A single instillation of gastric fluid into the rat lung in-
duces early proteolytic degradation of elastin, in relation
to the magnitude of alveolar-capillary barrier derange-
ment. Our data suggests that PMN-derived proteases re-
leased during ALI and not the acid component of gastric
fluid, are mostly responsible for this damage. Evaluation
of BALF from patients with ILDs who have evidence of
aspiration showed elastin degradation products similar
to those found in BALF of rats treated with gastric fluid.
Based on our findings and since there is consensus in that
chronic damage to the elastic system of the lung can pro-
duce irreversible damage to lung architecture and loss of
lung function, repeated instillations of gastric fluid in ex-
perimental animals or repeated aspiration events in
humans, could contribute to long-lasting effects on lung
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elastic properties. We propose that protection of lung
elastic tissue from the effects of inflammatory cell-derived
proteases could be an important therapeutic target to
modulate injury severity induced by gastric contents
aspiration.
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