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Rationale: Mechanical ventilation with O2-rich gas (MV-O2) offers
life-saving treatment for respiratory failure, but also promotes lung
injury. We previously reported that MV-O2 of newborn mice in-
creased lung elastase activity, causing elastin degradation and re-
distribution of elastic fibers from septal tips to alveolar walls. These
changes were associated with transforming growth factor (TGF)-b
activation and increased apoptosis leading to defective alveolariza-
tionand lunggrowtharrest, as seen inneonatal chronic lungdisease.
Objectives: To determine if intratracheal treatment of newbornmice
withtheserineelastase inhibitorelafinwouldpreventMV-O2–induced
lung elastin degradation and the ensuing cascade of events causing
lung growth arrest.
Methods: Five-day-old mice were treated via tracheotomy with
recombinant human elafin or vehicle (lactated-Ringer solution), fol-
lowed byMVwith 40%O2 for 8–24 hours; control animals breathed
40%O2 without MV. At study’s end, lungs were harvested to assess
key variables noted below.
Measurements and Main Results: MV-O2 of vehicle-treated pups in-
creased lung elastase andmatrix metalloproteinase-9 activity when
compared with unventilated control animals, causing elastin degra-
dation (urine desmosine doubled), TGF-b activation (pSmad-2 tri-
pled), andapoptosis (cleaved-caspase-3 increased10-fold).Quantitative
lung histology showed larger and fewer alveoli, greater inflammation,
and scattered elastic fibers. Elafin blocked these MV-O2–induced
changes.
Conclusions: Intratracheal elafin, by blocking lung protease activity,
prevented MV-O2–induced elastin degradation, TGF-b activation,
apoptosis, and dispersion of matrix elastin, and attenuated lung
structural abnormalities noted in vehicle-treatedmice after 24hours
of MV-O2. These findings suggest that elastin breakdown contrib-
utes to defective lung growth in response to MV-O2 and might be
targeted therapeutically to prevent MV-O2–induced lung injury.
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Mechanical ventilation with O2-rich gas (MV-O2) offers life-
saving treatment for patients with respiratory failure. Such
treatment, however, when prolonged can cause or aggravate
lung injury, leading to chronic lung disease (CLD) in neonates
whose lungs are incompletely developed, or to ventilator-
induced lung injury (VILI) in older children and adults. Neonatal
CLD, a variant of what Northway and coworkers (1) initially
described as bronchopulmonary dysplasia, is characterized by
failed formation of alveoli and lung microvessels, coupled with
disordered lung elastin, resulting in structural and functional ab-
normalities that resemble pulmonary emphysema, as seen in
adults with chronic obstructive pulmonary disease.

Elastin plays a critical role inmammalian lung development. A
network of elastic fibers within the lung helps to provide structural
integrity and distensibility to conducting airways, while enabling
expansion and contraction of alveoli, pulsation of blood vessels,
and elastic recoil of the surroundingmatrix. Mutant mice that lack
the elastin gene die soon after birth from cardiorespiratory failure
linked to smooth muscle overgrowth in pulmonary arteries, defec-
tive airway branching, and loss of alveolar septation (2, 3).

It was reported that lungs of infants who died with CLD dis-
played thickened, tortuous, and irregularly distributed elastic
fibers in the connective tissue matrix surrounding distal airspaces
(4–6). These changes were associated with reduced secondary
septation and fewer alveoli than in lungs of infants who died
without CLD. Urinary excretion of desmosine, a biomarker of
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Mechanical ventilation with O2-rich gas (MV-O2) offers
life-saving treatment for respiratory failure, but also pro-
motes lung injury. In neonates MV-O2 causes increased
elastase activity and disordered elastin, leading to lung
growth arrest. These features are recapitulated in newborn
mice in which MV-O2 increases lung elastase activity,
causing dysregulated elastin synthesis and assembly,
transforming growth factor-b activation, apoptosis, and
defective alveolarization.

What This Study Adds to the Field

This study shows that intratracheal treatment with the
serine elastase inhibitor elafin, by blocking lung elastase and
matrix metalloproteinase-9 activity, protects newborn mice
from the adverse pulmonary effects of MV-O2. This study
offers new insights on the pathogenesis and potential
treatment of ventilator-induced lung injury, which is a ma-
jor contributor to chronic lung disease in newborn infants,
and to adult respiratory distress syndrome morbidity and
mortality in older children and adults.
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elastin degradation, increased during the first week of MV-O2 in
infants with evolving CLD (7), suggesting that scattered elastin
deposition reflects an aberrant matrix remodeling response to
MV-O2. Breakdown of elastin in this disease has been attrib-
uted to inflammation linked to increased elastolytic activity in
lung (8–10), resulting from infection or hyperoxia, conditions
that often complicate the course of infants who are born very
prematurely (11). Authentic animal models of CLD also
exhibit lung inflammation and increased protease activity in
response to lengthy MV-O2, resulting in lung growth arrest
(12–16).

Consistent with the previously mentioned clinical and exper-
imental findings, we discovered that newborn mice exposed to
MV with 40% O2 (MV-O2) for up to 24 hours exhibited in-
creased pulmonary elastase activity, causing lung elastin degra-
dation and remodeling of the extracellular matrix (ECM) (17).
These changes were associated with activation of transforming
growth factor (TGF)-b and increased apoptosis, resulting in
failed formation of alveoli and pulmonary capillaries, and scat-
tered deposition of lung elastin (17–19). Based on previous
studies showing that mice overexpressing the human serine elas-
tase inhibitor elafin were protected against several forms of lung
and cardiovascular injury, including hypoxia-induced pulmo-
nary hypertension (20), myocardial infarction (21), viral myo-
carditis (22), and models of vascular injury (23, 24), we tested
the hypothesis that intratracheal treatment of newborn mice
with recombinant human elafin, given immediately before
MV-O2 for 24 hours, would inhibit lung elastase activity and
thereby prevent the adverse effects of MV on matrix elastin
and lung growth. Elafin treatment prevented MV-O2–induced
degradation of lung elastin, influx of inflammatory cells, TGF-b
activation, apoptosis, and maldistribution of elastic fibers, and
attenuated the defective formation of alveoli seen in the lungs
of vehicle-treated control animals after MV-O2 for 24 hours.
These findings, some of which were previously reported in the
form of an abstract (25), point to a mechanistic link between
increased elastolytic activity, inflammation, maladaptive TGF-b
signaling, and lung growth arrest induced by prolonged MV
with O2-rich gas.

METHODS

Experimental Design

We used full-term 5-day-old CD-1 mice that weighed 3.4 6 0.5 g. For
each study, littermates were randomly assigned to one of three treat-
ment groups: (1) intratracheal instillation of recombinant human ela-
fin (Proteo-Biotech-AG, Kiel, Germany), 40 ng/g body weight (bw),
in 10 ml/g bw of lactated-Ringer solution (L/R), followed by MV with
40% O2 (MV-O2); (2) L/R (vehicle) alone, 10 ml/g bw, followed by
MV-O2; or (3) untreated, followed by 40% O2-breathing without
MV.

Mice selected for MV underwent a tracheotomy after intramuscular
ketamine (z 60 mg/g bw)/xylazine (z 12 mg/g bw), followed by MV-O2

at 180 breaths per minute (MicroVent 848; Harvard Apparatus,
Holliston, MA) for either 8 or 24 hours. Tidal volumes averaged 7–8 ml/g
bw. Routine care and physiologic monitoring (19) are briefly described in
the online supplement. All surgical and animal care procedures and
protocols were approved by Stanford University’s Institutional Animal
Care and Use Committee.

Serine Elastase and Matrix Metalloproteinase-9

Activity Assays

Lung tissue was stored at 2808C for later measurement of serine elas-
tase activity using DQ-elastin substrate (16, 17, 24) (EnzChek; Invitro-
gen, Camarillo, CA), and matrix metalloproteinase (MMP)-9 activity
by gelatin zymography (24), as detailed in the online supplement.

Postmortem Processing of Lungs for

Quantitative Histology

Lungs were fixed intratracheally with buffered 4% paraformaldehyde
overnight at 20 cm H2O (17). Fixed lungs were excised, their volumes
measured by fluid displacement (26), and then paraffin-embedded for
isotropic uniform random sectioning. Alveolar area was measured on
random hematoxylin and eosin–stained 4-mm sections using the Bio-
quant image analysis system (R&M Biometrics, Nashville, TN); radial
alveolar counts provided an index of alveolar number (19). Relative
amount and distribution of insoluble lung elastin was assessed by quan-
titative image analysis of Hart’s-stained tissue sections. The online
supplement details isotropic uniform random sampling, morphometric
analysis, and elastin quantification.

Assessment of TGF-b Activation and Apoptosis

To assess nuclear localization of pSmad-2, a marker of TGF-b activa-
tion, random tissue sections were pretreated for antigen retrieval
(Dako, Carpinteria, CA), followed by blocking serum and application
of primary antibody (rabbit anti-pSmad-2, 1:500; Cell Signaling, Bos-
ton, MA), with overnight incubation at 48C. Immune complexes were
visualized with the relevant peroxidase-coupled secondary antibody
using the Vectastain Kit (Vector, Burlingame, CA). Apoptosis was
detected by terminal uridine deoxynucleotidyl transferase dUTP ter-
minal nick end labeling (TUNEL) assay using the ApopTag In Situ
Apoptosis Detection kit (Chemicon, Temecula, CA) applied to
paraformaldehyde-fixed sections. The Bioquant image analysis system
(R&M Biometrics) was used to quantify stained nuclei/total nuclei in
10–15 3400 fields in two random sections per animal.

Immunohistochemistry for Inflammatory Cells

Zinc-fixed (BD-Pharmingen, San Jose, CA) lung sections were incu-
bated with blocking serum, then primary rat anti-F4/80 antibody
(1:400; Abcam, Cambridge, MA) to stain monocytes, or rat anti-Ly-
6G (1:200; eBioscience, San Diego, CA) to stain neutrophils. Sections
were then incubated with biotinylated goat anti-rat antibody (1:200;
Santa Cruz Biotech, Santa Cruz, CA), followed by streptavidin–
horseradish peroxidase and diaminobenzidine (Dako). Monocytes–
neutrophils were counted in 20 3400 fields in two random sections
per animal.

RNA Extraction and Quantitative Reverse Transcriptase

Polymerase Chain Reaction for Cytokines and Chemokines

RNA was extracted from frozen lung samples, and quantitative reverse
transcriptase polymerase chain reaction was performed using TaqMan
primer/probe sets (ABI, Foster City, CA) on a CFX384 Real Time ther-
mal cycler (Bio-Rad Labs, Hercules, CA), as previously described (19).
DDCt analysis was used to determine the expression level of each gene
normalized to 18S using CFX384 analysis software (Bio-Rad).

Immunoblots for Cleaved Caspase-3

Lungs were frozen at280˚C for later protein extraction and immunoblot
analysis of cleaved caspase-3 (17), as detailed in the online supplement.

Nuclear Extracts and Immunoblots for Nuclear

Factor-kB–p65

Harvested lungs pretreated with protease inhibitor (cat #78410; Pierce
Biotech, Rockford, IL) were homogenized in ice cold collection buffer
supplied in a nuclear protein extraction kit (NE-Per Kit, cat #78833;
Pierce Biotech). Nuclear extracts, obtained according to the manufac-
turer’s instructions, were incubated overnight with nuclear factor (NF)-
kB–p65 primary antibody (1:700, cat #sc-372; Santa Cruz Biotech).

ELISA for Active TGF-b

Lung tissue was homogenized in phosphate-buffered saline with added
protease inhibitor (Pierce) and processed for analysis of TGF-b activity
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using an ELISA kit (MB100B; R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. Additional details are in
the online supplement.

Urinary Desmosine

The 24-hour urine specimens were frozen for later radioimmunoassay of
desmosine and creatinine concentrations, as previously reported (27).

Statistics

Data are mean 6 SD. We used one-way analysis of variance and Bon-
ferroni or Dunn multiple comparison test to compare results between
groups. Datasets with marked variability were compared using the
Kruskal-Wallis test with Dunn post hoc analysis (28). We used
Prism-5 software (GraphPad, San Diego, CA) for statistical analysis.
P less than 0.05 denoted significant differences.

RESULTS

The purpose of this study was to determine if intratracheal in-
stillation of the serine elastase inhibitor elafin would preserve
matrix elastin and enable alveolar septation in lungs of newborn
mice exposed to MV-O2 for up to 24 hours. We applied MV
with 40% O2, rather than with air, based on earlier studies that
showed a significant increase in lung elastase activity after
8 hours of MV with 40% O2, but not with air (17). We did
studies of 8-hour duration to harvest lungs for measurement
of elastase and MMP-9 activity, inflammatory cytokine and che-
mokine expression, and nuclear NF-kB–p65 protein. Lungs har-
vested at the end of 24-hour studies were used to assess all other
end points. Pilot studies revealed that pulmonary responses to
MV-O2 were virtually identical in 5-day-old untreated pups ex-
posed to MV-O2 via tracheotomy for 24 hours when compared
with 5-day-old mice treated via tracheotomy with L/R solution
(see Figures E1–E6 in the online supplement).

Elafin Blocks Increased Lung Elastase and MMP-9 Activity,

Thereby Preventing Elastin Degradation and Dispersion

of Lung Elastin Induced by MV-O2

MV-O2 for 8 hours caused a doubling of serine elastase activity in
lungs of vehicle-treated mice, an effect that was fully suppressed
in pups treated with elafin (Figure 1A). Elafin treatment also
resulted in suppression of the increased MMP-9 activity mea-
sured in lungs of vehicle-treated mice after 8 hours of MV-O2

(Figure 1B). Although elastase inhibitors are not known to sup-
press MMPs directly, they have been shown to block activation of
the proform of these enzymes and to prevent inactivation of
tissue inhibitors of MMPs (29).

Todetermine if suppressing the increasedelastase activity induced
by MV-O2 prevented the breakdown of lung elastin, we assessed
urinary excretion of desmosine, a surrogate marker of elastin deg-
radation. Elafin treatment fully suppressed the twofold increase in
cumulative urinary excretion of desmosine that was observed in
vehicle-treated mice after 24 hours of MV-O2 (Figure 1C).

To see if blocking elastin breakdown helped to preserve the
normal distribution of elastic fibers at the tips of secondary septa
in lungs exposed to MV-O2 for 24 hours, we used quantitative
image analysis to assess the amount and distribution of elastin in
lung tissue sections treated with Hart’s elastin stain. MV-O2

caused redistribution of elastin from the tips of secondary septa,
resulting in elastic fibers being scattered throughout the walls of
distal airspaces in vehicle-treated pups (Figure 2A). In contrast,
lungs of elafin-treated mice exhibited a normal distribution of
elastin at the septal tips, with considerably less dispersion of
elastic fibers in alveolar walls after MV-O2 for 24 hours. Quan-
titative image analysis confirmed that lung content of elastin,
expressed as a percent of lung tissue surface area, was similar in
elafin-treated and unventilated control mice (Figure 2B). In
contrast, lungs of vehicle-treated mice showed increased
amounts of elastin that was fragmented and widely dispersed
after MV-O2 for 24 hours.

Elafin Inhibits the Inflammatory Response to MV-O2

MV-O2 typically induces a leukocytic response in the lungs,
which is amplified by the release of elastin degradation products
(30). Elastic fiber fragments can recruit inflammatory cells to the
lung, which in turn can generate increased elastase and MMP-9
activity, thereby contributing to further elastin breakdown (31).
We therefore assessed the effect of elafin treatment on the num-
ber of neutrophils and monocytes that accumulated in the lungs
of newborn mice after 24 hours of MV-O2. As noted in Figure 3,
there was a threefold increase of both neutrophils and monocytes
in the lungs of vehicle-treated pups exposed to 24 hours of MV-
O2. Intrapulmonary elafin treatment blocked this response.

To further assess elafin’s inhibitory effects on the inflammatory
response to MV-O2, we measured lung mRNA expression of
various cytokines and chemokines after 8 hours of MV-O2. Elafin
treatment fully suppressed the increased expression of IL-1b and
interferon-g–induced protein-10 (CXCL10) noted in lungs of
vehicle-treated pups after MV-O2 for 8 hours, and also reduced
levels of tumor necrosis factor-a and monocyte chemotactic
protein-1 (CCL2) below levels of control and vehicle-treated pups
(see Figure E8).

Because elafin has been reported to suppress activation of the
inflammatory transcription factor NF-kB in endothelial cells and
macrophages exposed to endotoxin and other atherogenic stimuli

Figure 1. (A) Mechanical ventilation with O2-rich gas

(MV-O2) for 8 hours increased serine elastase activity in

lungs of 5-day-old lactated-Ringer solution (L/R)–treated
mice (gray) compared with unventilated control mice that

breathed 40% O2 for 8 hours (white). Treatment with elafin

fully suppressed this effect (black). (B) MV-O2 for 8 hours
increased matrix metalloproteinase (MMP)-9 activity in

lungs of 5-day-old L/R-treated mice (gray) compared with

unventilated control mice (white). Elafin treatment fully sup-

pressed this MV-O2–induced effect (black). (C) MV-O2 for
24 hours increased urinary excretion of desmosine, a marker

of elastin degradation, in 5-day-old L/R-treated mice (gray)

compared with unventilated control mice (white). Elafin

treatment suppressed this effect (black). Mean and SD.
n ¼ number noted at the base of each bar. *Significant

difference, P , 0.05. Rx ¼ treatment.
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(32), we measured lung content of p65 protein, a subunit of the
NF-kB transcription factor complex, which plays a key role in

inflammatory and immune responses. We indeed discovered that

elafin treatment markedly suppressed lung abundance of p65 after

8 hours of MV-O2 when compared with unventilated control ani-

mals and vehicle-treated pups (see Figure E9). Lung p65 protein

did not increase in vehicle-treated pups that received MV-O2.

Elafin Inhibits MV-induced Up-regulation of Lung

TGF-b Activity and Apoptosis

We previously found that MV, with or without associated hyper-
oxia, increased TGF-b signaling in the newborn lung (16, 18). A
recent report indicates that degradation of elastic fibers can
trigger the release of active TGF-b from the ECM, which in
turn can contribute to overproduction of aberrant elastic fibers

Figure 2. Mechanical ventilation with O2-rich gas (MV-

O2) for 24 hours disperses lung elastin from septal tips to

the walls of distal air spaces in 5-day-old mice. (A) Lung
sections stained for elastin (arrows) showing elastin mainly

at septal tips in the unventilated control lung (left), with

elastic fibers dispersed along alveolar walls in the lactated-

Ringer solution (L/R)–treated lung (middle) exposed to
MV-O2 for 24 hours. Elafin treatment stabilized elastin at

the septal tips (right). (Hart’s stain; original magnification

3400.) (B) Summary data for quantitative image analysis

of lung elastin showing that 24 hours of MV-O2 increased
elastin deposition in L/R-treated lungs (gray), but not in

elafin-treated lungs (black) compared with unventilated

control lungs exposed to 40% O2 for 24 hours (white).
Mean and SD. n ¼ number noted at the base of each

bar. *Significant difference, P , 0.05. Rx ¼ treatment.

Figure 3. Mechanical ventilation with O2-rich gas (MV-

O2) for 24 hours increases lung inflammation in 6-day-
old mice, an effect that treatment with elafin inhibits. Lung

images (original magnification 3200) showing immuno-

histochemistry (IHC) for (A) neutrophils stained with rat

anti-Ly-6G (arrows), and (B) monocytes–macrophages
stained with rat anti-F4/80 antibody (arrows), in sections

of lung obtained from an unventilated, untreated control

mouse that breathed 40% O2 for 24 hours (left), a lactated-
Ringer solution (L/R)–treated pup that had MV-O2 for

24 hours (middle), and an elafin-treated pup that had

MV-O2 for 24 hours (right). Summary data showed a three-

fold increase of neutrophils (C) and a fourfold increase of
monocytes–macrophages (D) in lungs of L/R-treated mice

(gray) after MV-O2 for 24 hours compared with unventi-

lated control mice that breathed 40% O2 for 24 hours

(white). These effects were blocked in mice treated with
elafin (black). Mean and SD. n ¼ number noted at the base

of each bar. *Significant difference versus control (no MV),

P , 0.05. Rx ¼ treatment.
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in the lung during postnatal development (33). Moreover, infla-
mmatory cells that are recruited to the lung in response to
degradation of matrix proteins can contribute to the increased
TGF-b activity observed in the lungs after lengthy MV-O2 (34).
We therefore assessed lung expression of pSmad-2, a marker of
TGF-b activity, in newborn mice exposed to MV-O2 for 24
hours. The twofold to threefold increase in pSmad-2–expressing
cells seen in lungs of vehicle-treated pups was completely sup-
pressed in elafin-treated mice after 24 hours of MV. Consequen-
tly, lung abundance of pSmad-2–expressing cells was similar in
mechanically ventilated pups treated with elafin compared with
unventilated, untreated control mice that breathed 40%O2 for 24
hours (Figure 4).

To complement immunohistochemical assessment of pSmad-
2 in peripheral lung as an index of TGF-b activation, which elafin
inhibited during MV-O2, we used an ELISA assay to measure
active TGF-b in whole lung homogenates obtained from the
three groups of mice. Although the results were consistent with
a suppressive effect of elafin on TGF-b signaling (see Figure
E10), apparent differences in TGF-b activity between elafin-
treated and control groups did not reach statistical significance
(P ¼ 0.08), perhaps related to small sample size (n ¼ 4 per
group), considerable variability in the control and vehicle-
treated groups, and regional differences in TGF-b activity that
may be obscured by measurements made on protein extracts of
whole lung tissue.

Because activation of TGF-b signaling can induce apoptosis
of both alveolar epithelial cells (35) and microvascular endothe-
lial cells (36), we assessed apoptosis in lungs of mice that had
received 24 hours of MV-O2 with or without prior elafin treat-
ment. Measurement of cleaved caspase-3 protein, a marker of
apoptosis, showed nearly a 10-fold increase in lungs of vehicle-
treated mice, whereas MV-O2 yielded no significant change of
cleaved caspase-3 in lungs of elafin-treated pups (Figure 5A).
Elafin inhibition of apoptosis was confirmed by quantitative IHC
for TUNEL assay in lung sections from vehicle-treated mice com-
pared with elafin-treated mice exposed to MV-O2 for 24 hours
(Figures 5B and 5C).

Elafin Enables Lung Septation during MV-O2

Previous studies showed that prolonged MV of newborn mice
with either air or 40% O2 inhibits alveolar septation leading
to lung growth arrest (18, 19). To determine if blocking lung
elastase activity would help to preserve lung growth during MV-
O2, we used quantitative morphometry to assess lung structure
in elafin-treated mice compared with vehicle-treated mice after
MV-O2 for 24 hours. Lung morphometry showed that distal
airspace size was greater and radial alveolar counts were re-
duced after 24 hours of MV-O2 in vehicle-treated mice when
compared with unventilated control animals (Figure 6). Elafin
treatment attenuated these changes in lung structure.

DISCUSSION

This study shows for the first time that intratracheal instillation of
the serine elastase inhibitor elafin, by blocking lung protease ac-
tivity, can protect newborn mice from the adverse pulmonary
effects of MV with O2-rich gas. Elafin delivered directly into
the lungs via the airways fully suppressed the increased elastase
and MMP-9 activity measured in the lungs of untreated pups
after 8 hours of MV-O2. Inhibition of proteolytic activity pre-
vented degradation and dispersion of lung elastin, and the in-
creased TGF-b activation, apoptosis, and influx of neutrophils
and monocytes noted in the lungs of vehicle-treated mice after
24 hours of MV-O2. Elafin treatment also attenuated the

MV-induced emphysematous changes in alveolar structure seen
in lungs of untreated mice after 24 hours of MV-O2. These
findings offer new insights on the pathogenesis and potential
treatment of CLD in neonates.

Elafin Inhibition of Lung Inflammation and Injury

Elafin is a low molecular weight (z6 kD) inhibitor of human
neutrophil elastase (NE) and proteinase-3. It is expressed in
several human tissues, including skin and lung (37), where it is
secreted by pulmonary epithelial cells and detected in bronchial
secretions (38, 39). Elafin is secreted as a proform, termed “pre-
elafin” (also known as “trappin-2”), which contains a transgluta-
minase domain that facilitates its binding to ECM proteins and
helps to preserve its antiproteolytic function (40). Lung epithe-
lial cell secretion of elafin increases in response to human NE
(41). Elafin is not expressed in rodents (42), but transgenic mice
engineered to express elafin in the lung were protected against
injury induced by intratracheal injection of Pseudomonas aeru-
ginosa (43). In another study, mice that were pretreated via the
airways with recombinant pre-elafin exhibited less lung inflam-
mation than did vehicle-treated control animals 6 hours after
intranasal delivery of LPS (44). A more recent report by the
same group of investigators described a beneficial effect of in-
tranasal treatment with recombinant pre-elafin in reducing the
acute lung inflammatory response after intranasal delivery of
porcine pancreatic elastase, and in attenuating the emphysema-
tous changes in lung structure seen after 2 weeks of repeated
porcine pancreatic elastase doses coupled with recombinant
pre-elafin treatment (45).

In our study using newbornmice, we injected recombinant human
elafin directly into the lungs through a tracheotomy immediately be-
fore MV-O2. Our elafin dose of 40 ng/g bw in 10 ml/g bw was based
on preliminary dose–response studies that showed complete sup-
pression of the increased serine elastase activity measured in the
lungs after 8 hours of MV-O2 (data not shown). These studies also
demonstrated uniform distribution of elafin within the lungs after 24
hours of MV-O2, as assessed by IHC localization of elafin in lung
sections taken from treated mice (Figure E7).

Other studies have explored the possible role of NE in the
pathogenesis of lung injury associated with MV, with apparently
conflicting results. One study examined the impact of the syn-
thetic NE inhibitor sivelestat in protecting mice fromVILI. Mice
treated with sivelestat exhibited less lung injury, as assessed by
neutrophil influx, cytokine release, apoptosis, and edema, than
did untreated control animals afterMVwith high (20ml/kg) tidal
volumes for 4 hours (46). However, a human trial of sivelestat
administered intravenously to mechanically ventilated patients
with acute lung injury showed no apparent benefit in terms of
mortality or MV-free days, although the report showed no ev-
idence that the given treatment regimen blocked lung elastase
activity or elastin degradation (47). In a study comparing the
effects of MV in wild-type versus mutant mice that were de-
ficient in NE (NE2/2), lung injury was greater after 3 hours of
MV in mice that lacked NE, despite the presence of fewer
neutrophils in their alveoli (48). Based on in vitro studies using
neutrophils from wild-type and NE2/2 mice, these investigators
concluded that NE, through its capacity to cleave intercellular
adhesion molecule-1, enables migration of neutrophils from the
pulmonary circulation into alveoli, and that inhibiting this pro-
cess promotes VILI.

In contrast to the NE knockout studies described previously,
our study of elafin treatment did not abolish elastase activity in
lung (Figure 1A), but merely inhibited the increased activity
during MV-O2. Our finding that intratracheal treatment with
elafin during MV-O2 not only reduced lung inflammation, but

Hilgendorff, Parai, Ertsey, et al.: Elafin Prevents Ventilator-induced Lung Injury 541



also reduced apoptosis and helped to preserve alveolar struc-
ture, suggests that increased elastase activity plays a prominent
role in the pathogenesis of neonatal lung injury from MV-O2.

Inhibition of MV-O2-Evoked Elastase Activity Prevents Lung

Elastin Degradation

Our previous study showed that MV-O2 caused serine elastase
activity to increase four-fold in lungs of 4-day-old Balb/c mice,
leading to increased synthesis of tropoelastin and dispersion of
elastic fibers throughout the walls of distal air spaces (17). These
changes occurred in the absence of apparent inflammation,
which prompted speculation that lung parenchymal cells may
have been the source of the increased elastase activity, notably
smooth muscle cells or fibroblasts, in which elastase activity can
be evoked (49–51).

In this study, using 5-day-old CD1 mice, MV-O2 caused
a twofold to threefold increase of serine elastase activity and
a similar increase in MMP-9 activity in lung, with a correspond-
ing twofold to threefold increase in urinary excretion of desmo-
sine, a biomarker of elastin degradation. These changes were
accompanied by increased lung inflammation, as assessed by
increased expression of proinflammatory cytokines and chemo-
kines, and alveolar influx of neutrophils and monocytes during
24 hours of MV-O2. Such an inflammatory response has been
well documented in newborn infants with evolving CLD (8) and
in authentic animal models of this disease (15, 16). Elafin treat-
ment of newborn mice blocked the increased lung elastolytic
activity and desmosine excretion that occurred in response to
MV-O2. Elastase inhibition was associated with diminished dis-
persion of elastic fibers and reduced apoptosis. Elastin degra-
dation products have been shown to trigger lung inflammation

Figure 5. Mechanical ventilation with O2-rich gas (MV-

O2) for 24 hours increases lung cell apoptosis in newborn

mice, an effect that elafin treatment inhibits. (A) Immuno-

blots of cleaved caspase-3 protein, a marker of apoptosis,
showing a nearly 10-fold increase in lungs of 5-day-old

lactated-Ringer solution (L/R)–treated mice exposed to

MV-O2 for 24 hours (gray) compared with unventilated

control animals (white). Elafin treatment attenuated the
MV-O2–induced increase in lung content of cleaved

caspase-3 (black). (B) Terminal uridine deoxynucleotidyl

transferase dUTP terminal nick end labeling (TUNEL) assay
stained lung sections (original magnification 3400) show-

ing abundant apoptotic cells (arrows) in 5-day-old L/R-

treated mice after 24 hours of MV-O2 (middle), compared

with unventilated control animals that breathed 40% O2

(left). Elafin treatment prevented the increased apoptosis

(right). (C) Summary data showing that MV-O2 for 24

hours caused a threefold increase in TUNEL-stained cell

nuclei relative to total cell nuclei in L/R-treated mice (gray)
compared with unventilated control mice (white). Elafin

treatment prevented the increased apoptosis (black).

Mean and SD. n ¼ number noted at the base of each

bar. *Significant difference, P , 0.05. Rx ¼ treatment.

Figure 4. Mechanical ventilation with O2-rich gas (MV-

O2) increases transforming growth factor (TGF)-b activa-

tion in lungs of 5-day-old mice, which treatment with
elafin inhibits. (A) IHC for pSmad-2 protein in paraformal-

dehyde-fixed lung sections (original magnification 3400)

showing increased nuclear staining (arrows), indicative of
TGF-b activation, in lactated-Ringer solution (L/R)–treated

mice exposed to MV-O2 for 24 hours (middle), compared

with unventilated control mice that breathed 40% O2 for

24 hours (left). Elafin treatment prevented the increased
TGF-b signaling caused by MV-O2 (right). (B) Summary

data showing that MV-O2 for 24 hours caused a greater

than twofold increase in pSmad-2 protein in lungs of L/R-

treated mice (gray) compared with unventilated control
mice (white). Elafin treatment blocked this effect (black).

Mean and SD. n ¼ number noted at the base of each bar.

*Significant difference, P , 0.05. Rx ¼ treatment.
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and apoptosis, and thereby contribute to air space enlargement
(30, 52). Inflammation can augment elastolysis and proteolysis.
Thus, by inhibiting elastase activity, and thereby preserving
elastin at septal tips where future alveoli are known to sprout,
elafin seems to have facilitated lung growth during MV-O2.

Besides suppressing lung protease activity and preventing
elastin fragmentation, elafin treatment inhibited activation of
NF-kB, as assessed by a marked reduction of nuclear p65 pro-
tein in response to MV-O2. This finding is consistent with earlier
reports citing elafin’s attenuation of NF-kB–dependent inflam-
matory responses to LPS in cultured human endothelial cells,
macrophages, and monocytes (32, 53). The fact that MV-O2 did
not cause an increase of nuclear p65 in vehicle-treated mice
suggests, however, that elafin inhibition of NF-kB activation is
not likely the primary mechanism by which elafin thwarted the
adverse pulmonary effects of MV-O2. It is possible, however,
that inhibition of NF-kB had an indirect effect of suppressing
lung inflammation in response to MV-O2, thereby contributing
to elafin’s lung protective role. Because NF-kB activity was
assessed only at a single time point (8 h), we cannot exclude
the possibility that its inhibition by elafin, either earlier or later
than 8 hours, could have contributed to protecting the lung from
MV-O2–induced injury. Our finding that MV-O2 did not in-
crease NF-kB activation is consistent with a previous report,
which showed that NF-kB activation did not occur in adult
mice exposed to MV-O2 except when very high tidal volumes
(30 ml/kg) and extreme hyperoxia (.95%) were applied (54).
MV-O2 with modest tidal volumes (6 ml/kg) yielded no signif-
icant increase in lung content of phosphorylated NF-kB.

Impact of Elafin on MV-O2–induced Changes

in TGF-b Signaling

Our previous study of preterm lambs showed that MV for 24
hours increased TGF-b in lung, resulting in dysregulated pro-
duction of lung elastin and failed alveolar septation (18). A
prior study with adult mice showed that increased elastase ac-
tivity can mediate the release of growth factors from lung,
among them TGF-b, which can increase tropoelastin produc-
tion in lung fibroblasts (55). TGF-b has been shown to boost
production of tropoelastin mRNA and soluble elastin protein
in cultured neonatal lung fibroblasts (56). TGF-b also can in-
duce endothelial cell apoptosis (57) and reduce expression of
vascular endothelial growth factor receptor 2 expression in vas-
cular endothelial cells (58). Other studies have shown that

overexpression of TGF-b1 in newborn rodent lungs caused ab-
normal formation of alveoli and microvessels, as seen in CLD
(59, 60).

In this study, it is likely that TGF-b inhibition in response to
elafin treatment played a key role in preventing at least some of
the adverse pulmonary effects of MV-O2, namely dysregulated
elastin production and apoptosis, both of which can contribute
to defective alveolar septation and lung growth. Thus, suppres-
sion of TGF-b activation may account, at least in part, for the
beneficial effects of elafin treatment in stabilizing lung elastin and
enabling alveolar septation in newborn mice during MV-O2.

Working Model of MV-O2–induced Lung Injury

and the Impact of Elafin Treatment

Figure 7 shows our working model, depicting how MV-O2

causes lung injury in newborn mice, and how intrapulmonary
treatment with recombinant human elafin helps to protect
against such injury. As illustrated in Figure 7A, cyclic stretch
with O2-rich gas stimulates increased serine elastase activity in
the lung, which leads to the breakdown and dispersion of matrix
elastin. Fragmented elastic fibers, possibly associated with NF-
kB activation, trigger an inflammatory response that further
stimulates both elastase and MMP-9 activity. Increased prote-
olysis causes TGF-b release from the lung matrix, followed by
TGF-b receptor coupling, phosphorylation, and nuclear transfer
of pSmad-2. Inflammatory cells, both neutrophils and mono-
cytes, are an additional source of active TGF-b. This series of
events causes apoptosis of lung endothelial and epithelial cells,
and matrix remodeling, culminating in failed alveolar septation
and lung growth arrest. As depicted in Figure 7B, inhibition of
serine elastase activity by elafin prevents the breakdown and
increase in abnormally dispersed elastin, abrogates the inflam-
matory response, and blocks the activation and release of
MMP-9. Inhibition of elastolytic activity also blocks activation
and release of TGF-b from the ECM, which in turn protects
against apoptosis and loss of alveolar septa, thereby enabling
lung growth during MV-O2. This is a working model, the val-
idity of which awaits further testing.

This model takes advantage of the fact that alveoli and lung
capillaries form mainly after birth at term gestation in mice, en-
abling us to examine the impact of lengthy MV-O2 on lung
growth and development, and to assess the potential benefit
of novel treatment strategies. To help render this model rele-
vant to conditions that prevail during development of CLD, we

Figure 6. Mechanical ventilation with O2-rich gas (MV-O2)

inhibits alveolar septation in newborn mice, an effect that
elafin treatment inhibits. (A) Lung sections showing reduced

alveolar septation and larger alveoli after MV-O2 for 24 hours

in lungs of 5-day-old lactated-Ringer solution (L/R)–treated

mice (middle) compared with unventilated control mice
(left). Elafin treatment attenuated these structural changes

(right). Lung volume was similar in the three groups (original

magnification 3200). (B) Summary data showing that MV-

O2 caused a threefold to fourfold increase in alveolar size in
L/R-treated mice (gray) compared with unventilated control

mice (white), but did not cause a significant increase of al-

veolar size in mice treated with elafin (black). (C) Summary

data showing that MV-O2 caused a 30–40% decrease in
radial alveolar count, an index of alveolar number, in lungs

of L/R-treated mice (gray) compared with unventilated con-

trol mice (white), but did not significantly decrease radial
alveolar count in lungs of mice treated with elafin (black).

Mean and SD. n ¼ number noted at the base of each bar.

*Significant difference versus control (no MV), P , 0.05.
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applied a ventilation strategy similar to the clinical approach
adopted in many newborn intensive care units to treat respira-
tory failure in tiny infants. This approach uses relatively small
tidal volumes, low inflation pressures, and modest concentra-
tions of inspired O2 to maintain adequate respiratory gas ex-
change while minimizing the risk of lung injury.

There are, however, important differences between newborn
mice that receiveMV after birth at term gestation compared with
premature infants and experimental models of CLD that have
been created in premature baboons (13–15) and lambs (12,
16). These include a more fully developed respiratory drive,
a more competent surfactant system, and the need for a trache-
otomy rather than an endotracheal tube to deliver MV-O2 in
newborn mice. Other limitations of this model include the chal-
lenge of maintaining newborn mice on MV for 24 hours (z80%
success rate) with limited monitoring capabilities; inability to
apply more than 1 cm H2O positive end-expiratory pressure
because of impaired cardiac output in the face of high heart
rates (z500 per min) and miniscule stroke volumes; and tiny
lungs (z50 mg), which limits the number of assays that can be
done per animal.

Clinical Implications

Each year tens of thousands of intensive care patients incur
acute lung injury caused by positive-pressure MV, typically as-
sociated with increased concentrations of inspired O2. MV-O2

treatment of patients with ARDS has been linked to pulmonary
inflammation and increased elastolytic activity, resulting in
breakdown of lung elastin and increased mortality (61–63). Con-
sistent with this notion, a genome-wide expression analysis of
blood samples taken from patients with ARDS showed a three-
fold decrease in the expression of peptidase inhibitor 3 (PI3,

encoding elafin, a potent inhibitor of NE) during the acute phase
compared with the recovery phase of the disease (64). A follow-
up case-control study showed that polymorphisms in the PI3
(elafin) gene were linked to low circulating levels of elafin
and increased risk of ARDS (65). These findings elicited spec-
ulation that endogenous elafin might help prevent or reduce the
severity of ARDS.

In newborns whose lungs are not yet fully developed, a
prolonged course of MV-O2 often leads to a chronic form of
respiratory distress that has been called “the new bronchopul-
monary dysplasia,” herein described as CLD. Most infants with
this disease have a history of extreme prematurity and resultant
risk of RDS, for which they receive surfactant treatment that
enables adequate respiratory gas exchange in response to gentle
MV using small tidal volumes and modest amounts of supple-
mental O2. Development of CLD in preterm infants has been
linked to increased lung inflammation and elastase activity,
leading to degradation of lung elastin, documented by increased
urinary excretion of desmosine (7, 8). These findings prompted
a clinical trial of a1-proteinase inhibitor (a1-PI) treatment to
prevent CLD in high-risk, extremely premature infants (66).
Although there was not a statistically significant difference in
the incidence of CLD in infants treated intravenously with a1-PI
compared with infants that received placebo, there was a trend
toward less CLD with a1-PI treatment (P ¼ 0.06), and a signif-
icant reduction in the incidence of pulmonary hemorrhage.
Despite this report’s intriguing results, no further clinical trials
have been pursued to test the potential benefit of either a1-PI
treatment or a more potent, specific elastase inhibitor, such as
elafin, in protecting against the adverse effects of MV-O2. This
study, which demonstrates the feasibility and efficacy of direct
delivery of elafin into the lungs of newborn mice to combat VILI,
supports consideration of such a trial.

Figure 7. Our working model, depicting how mechanical ventilation with O2-rich gas (MV-O2) causes lung injury in newborn mice (A), and how
intratracheal instillation of recombinant human elafin helps to protect against such injury (B). As illustrated in (A), cyclic stretch with O2-rich gas

stimulates increased serine elastase activity in the lung, which leads to the breakdown and dispersion of extracellular matrix elastin. Fragmented

elastic fibers, perhaps coupled with nuclear factor-kB activation, triggers an inflammatory response that further stimulates both elastase activity and

matrix metalloproteinase (MMP)-9 activity. Increased proteolysis causes transforming growth factor (TGF)-b release from the lung matrix, followed
by TGF-b receptor coupling, phosphorylation, and nuclear transfer of pSmad-2. Inflammatory cells, both neutrophils and monocytes, are an

additional source of active TGF-b. This series of events causes apoptosis of pulmonary endothelial and epithelial cells, culminating in failed alveolar

septation. As depicted in (B), inhibition of serine elastase activity by elafin prevents elastin breakdown and the increase in abnormally dispersed

elastic fibers, abrogates the inflammatory response (including suppression of nuclear factor-kB activity), and blocks activation and release of MMP-9.
Inhibition of elastolytic activity also blocks activation and release of TGF-b from the extracellular matrix, which in turn protects against apoptosis and

loss of alveolar septa, thereby enabling lung growth during MV-O2. The validity of this working model remains to be tested.
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