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pulmonary epithelial glycocalyx, an anionic cell surface layer enriched in glycosaminoglycans such as heparan sulfate and chondroitin
sulfate, contributes to the alveolar barrier. Direct injury to the pulmonary epithelium induces shedding of heparan sulfate into the air space;
the impact of this shedding on recovery after lung injury is unknown.
Using mass spectrometry, we found that heparan sulfate was shed into
the air space for up to 3 wk after intratracheal bleomycin-induced lung
injury and coincided with induction of matrix metalloproteinases
(MMPs), including MMP2. Delayed inhibition of metalloproteinases,
beginning 7 days after bleomycin using the nonspecific MMP inhibitor doxycycline, attenuated heparan sulfate shedding and improved
lung function, suggesting that heparan sulfate shedding may impair
lung recovery. While we also observed an increase in air space
heparanase activity after bleomycin, pharmacological and transgenic
inhibition of heparanase in vivo failed to attenuate heparan sulfate
shedding or protect against bleomycin-induced lung injury. However,
experimental augmentation of airway heparanase activity significantly
worsened post-bleomycin outcomes, confirming the importance of
epithelial glycocalyx integrity to lung recovery. We hypothesized that
MMP-associated heparan sulfate shedding contributed to delayed lung
recovery, in part, by the release of large, highly sulfated fragments
that sequestered lung-reparative growth factors such as hepatocyte
growth factor. In vitro, heparan sulfate bound hepatocyte growth
factor and attenuated growth factor signaling, suggesting that heparan
sulfate shed into the air space after injury may directly impair lung
repair. Accordingly, administration of exogenous heparan sulfate to
mice after bleomycin injury increased the likelihood of death due to
severe lung dysfunction. Together, our findings demonstrate that
alveolar epithelial heparan sulfate shedding impedes lung recovery
after bleomycin.
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INTRODUCTION

First described by Ashbaugh and colleagues in 1967 (3), the
acute respiratory distress syndrome (ARDS) is a critical illness
characterized by disruption of the alveolar-capillary barrier,
leading to pulmonary edema and hypoxemic respiratory failure. ARDS accounts for nearly a quarter of patients in intensive
care units requiring mechanical ventilation and, despite advances in our clinical and scientific knowledge, continues to be
associated with significant morbidity and mortality (4).
ARDS occurs in response to either direct injury to the
pulmonary epithelium (e.g., pneumonia) or indirect injury to
the lung via a systemic illness that damages the alveolar
endothelium (e.g., nonpulmonary sepsis) (36). While direct and
indirect insults induce lung injury via distinct pathogenic
processes (9), both forms of injury are capable of damaging the
glycocalyces of alveolar cells, leading to alveolar-capillary
barrier dysfunction. The glycocalyx is an anionic matrix consisting of sulfated glycosaminoglycans anchored to the apical
cell surface by membrane-bound proteoglycans (25). Indirect
pulmonary insults cause lung injury by selectively damaging
the glycocalyx of the alveolar endothelium (38), while direct
pulmonary insults induce shedding of glycosaminoglycans
from the alveolar epithelial surface (16). In a murine model of
direct lung injury [intratracheal lipopolysaccharide (LPS)], we
previously observed that matrix metalloproteinases (MMPs)
rapidly cleaved epithelial glycocalyx proteoglycans, shedding
full-length glycosaminoglycans such as heparan sulfate (HS)
and chondroitin sulfate (CS) into the air space (16).
While MMPs have been long appreciated as key contributors
to lung injury and repair, the dynamic control of MMP signaling is highly complex, being influenced not only by MMP
expression but also by coexpression of endogenous inhibitors/
activators of MMPs, as well as temporal shifts in these factors
throughout the processes of injury onset and resolution (12).
There exists remarkable structural and functional redundancy
across different MMPs, as evidenced by the relative lack of
MMP-selective pharmacological inhibitors (41). Furthermore,
the biological impact of MMP signaling during lung injury can
vary according to the cellular localization of MMP expression,
with MMP9 expression from some cell types leading to lung
injury (5) and expression of other MMPs leading to lung
protection (6).
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Despite these complexities, MMPs have been extensively
studied in the lung, commonly through the use of the bleomycin model of lung injury (7, 27, 45). However, little is known
about the functional consequences of MMP-mediated pulmonary epithelial glycosaminoglycan shedding. The mechanisms
responsible for this shedding are likely directly relevant to the
processes of lung recovery, reflecting the potential influence of
shed glycosaminoglycans on the local signaling environment.
Full-length, negatively charged glycosaminoglycan polysaccharides are capable of sequestering positively charged proteins such as growth factors, thereby impacting downstream
signaling pathways (19, 46). Accordingly, direct lung injuryinduced glycosaminoglycan shedding into the air space may
impede the availability of epithelial-reparative growth factors
to the alveolar surface, potentially impairing the pace and
efficacy of lung recovery.
In this study we sought to determine the mechanisms underlying alveolar epithelial glycocalyx shedding and their impact on lung recovery after intratracheal bleomycin, an insult
that produces an early inflammatory response followed by a
prolonged period of recovery amenable to experimental manipulation. We hypothesized that MMP-mediated shedding of
air space HS sequesters lung-reparative growth factors such as
hepatocyte growth factor (HGF) (20, 43, 48), impeding alveolar recovery after bleomycin exposure.
METHODS

Materials
Bleomycin (Enzo Life Sciences, Farmingdale, NY) was dissolved
in phosphate-buffered saline (PBS) and stored at 4°C. Heparinase I/III
from Flavobacterium heparinum (Millipore-Sigma, St. Louis, MO)
was reconstituted in PBS. Reconstituted enzymes were stored at 4°C
and used within 2 wk of resuspension. For controls, heparinase I/III
was heat-inactivated at 100°C for 10 min. The broad-spectrum MMP
inhibitor doxycycline hyclate (Millipore-Sigma) was reconstituted in
deionized water and stored at 4°C according to the manufacturer’s
instructions. MLE-12 murine pulmonary epithelial cells (American
Type Culture Collection, Manassas, VA) were cultured and passaged
according to the manufacturer’s instructions and grown in HITESsupplemented DMEM culture medium (American Type Culture Collection) unless otherwise specified. Heparin and chondroitin sulfate
(CS)-A were purchased from Galen Laboratory Supplies (North
Haven, CT). Tamoxifen for in vivo transgenic approaches was purchased from Millipore-Sigma.
Animals
Experiments were approved by the University of Colorado Institutional Animal Care and Use Committee and conducted in accordance
with the National Institutes of Health guidelines. Wild-type 8- to 12-wkold male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were
used for the experiments. To generate heparanase (HPSE) FLEx switch
mice (39), Hpse (Hpse-FNF-Tom-TK) embryonic stem cell clones,
created by the Gates Stem Cell Center Bioengineering Core at the
University of Colorado Anschutz Medical Campus, were injected into
blastocysts derived from C57BL/6 mice to produce chimeras. Transmitting chimeric mice were backcrossed to C57BL/6 mice to establish
founder lines. Male and female Hpsefl/wt offspring were crossed to yield
homozygous Hpse FLEx switch lines. The homozygous Hpsefl/fl line was
backcrossed to B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J to yield Hpsefl/wtUBC-Cre-ERT2!/" mice. These animals were backcrossed more than
five generations to a C57BL/6 background, yielding experimental Hpsefl/
!/"
fl-UBC-Cre-ERT2
and control Hpsefl/fl-UBC-Cre-ERT2"/" (i.e., no
Cre recombinase) lines. The UBC-Cre-ERT2 line will only yield wild-

L1199

type or hemizygous animals; therefore, male or female offspring from
Hpsefl/fl-UBC-Cre-ERT2!/" # Hpsefl/fl-UBC-Cre-ERT2"/" cross were
used in the subsequent studies. Genotype and tamoxifen-activated Cre
recombination were confirmed by PCR using primers as indicated in
Table 1.
Mouse Treatment and Respiratory Mechanics
Intratracheal bleomycin-induced lung injury mouse model. Mice
were anesthetized with inhaled isoflurane, given a single weightadjusted dose of intratracheal bleomycin (1.2 $g/g body wt), as
previously described (28), and followed for 3, 7, 14, or 21 days.
Respiratory mechanics and sample collection. Mice were sedated
via intraperitoneal ketamine (80 –100 $g/g)-xylazine (7.5–16 $g/g).
After surgical exposure and cannulation of the trachea, mice were
paralyzed with succinylcholine (0.24 mg/kg) for 3 min and the
cannula was connected to a ventilator (flexiVent, Scireq, Montreal,
PQ, Canada) for pulmonary function testing, as previously described
(33). Next, anesthetized mice were terminally exsanguinated via
inferior vena cava venipuncture. Bronchoalveolar lavage (BAL) was
performed by delivery of three serial lavages with 1 ml of ice-cold
sterile PBS through the tracheal cannula. Total cell number in BAL
fluid was measured via manual hemocytometry. The BAL fluid was
then centrifuged at 1,200 rpm for 5 min, and the supernatant was
collected for later use (i.e., quantification of BAL protein, HS/CS
mass spectrometry, Western blotting, and gelatin zymography). The
pellet was resuspended in 400 $L of PBS for BAL differential cell
counts. The suspended cells were deposited on a glass slide via
centrifugation at 600 rpm for 2 min (Cytospin, Thermo Fisher,
Waltham, MA), and the slides were stained with the PROTOCOL
Hema 3 staining kit (Fisher Scientific, Hampton, NH) for BAL
differential cell counts. Neutrophils, monocytes, lymphocytes, and
erythrocytes were later counted in five distinct fields of view. Finally,
the right lung was resected and snap-frozen in liquid nitrogen for
protein and RNA isolation, while the left lung was inflated with 1%
low-melt agarose and fixed in 10% buffered formalin phosphate
(Thermo Fisher Scientific, Waltham, MA) for paraffin embedding and
histological analysis.
In vivo MMP inhibition. Mice were treated with intratracheal
bleomycin as described above. Beginning 7 days after intratracheal
bleomycin treatment, once-daily weight-adjusted (70 $g/g body wt)
doses of doxycycline were administered via oral gavage for 14 days
until the mice were euthanized (21 days after intratracheal bleomycin
treatment). This dose of doxycycline has been demonstrated to be
sufficient to inhibit MMP2 and MMP9 activity within the injured lung
(13, 35). BAL, blood, and lung tissue samples were collected and
processed as described above.
Intrabronchial administration of glycosaminoglycans or bacterial
heparinase. To administer experimental agents directly to the distal
airways (avoiding tracheal contact), we intrabronchially (28) administered glycosaminoglycans similar in size and sulfation to endogenous shed HS (full-length, highly N-sulfated heparin) or CS (highly
4-O-sulfated CS-A). Similarly, we administered active or heat-inactivated heparinase I/III via intrabronchial injection. As previously
described, we adjusted the dosing of intrabronchial administration to
provide 60% of volume to the larger right lung and 40% to the smaller
left lung, ensuring more homogeneous distribution of agents across
both lungs (28).
Purification, Quantification, and Size Measurement of HS from BAL
Fluid
Isolation and purification of HS for size analysis. HS fragments
were isolated from BAL fluid harvested from mice at multiple time
points after intratracheal bleomycin, as previously described (16).
Briefly, BAL fluid samples were concentrated via lyophilization,
resuspended in a solution containing 10 mg/mL actinase E (MilliporeSigma, St. Louis, MO) and digestion buffer (0.005 M Ca2! acetate
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Table 1. PCR primers
Primer

Gene Target

Primer Type

Sequence

Position

Hpse-GT-F20
Hpse-GT-R20
oIMR7338

Hpse forward
Hpse reverse
Ub-Cre WT forward

Genotyping
Genotyping
Genotyping

GGA TTC CAA GGG TAG TTG CTT G
CTC TGC CCA GGA TCT CAG GTA
CTA GGC CAC AGA ATT GAA AGA

oIMR7339

Ub-Cre WT reverse

Genotyping

GTA GGT GGA AAT TCT AGC ATC

25285

Ub-Cre transgene
forward
Ub-Cre transgene
reverse
Hpse FLEx switch
forward
Hpse FLEx switch
forward
GAPDH (mouse)

Genotyping

GAC GTC ACC CGT TCT GTT G

Hpse promoter
Hpse 3=-UTR
Internal positive
control forward
Internal positive
control reverse
UBC promoter

Genotyping

AGG CAA ATT TTG GTG TAC GG

Cre transgene

Recombination

GCT GTG TGT GCT ATG TGA AAT G

Hpse promoter

Recombination

GGG AAG GAC AGC TTC TTG TAA T

tdTomato

CCC ATC ACC ATC TTC CAG GAG C

Forward

CCA GTG AGC TTC CCG TTC AGC

Reverse

GTG AGG ACG CAG GAG TGA AC

Spans exons 4
and 5
3=-UTR exon 6

oIMR9074
Hpse RecombF
Set 3
Hpse RecombR
Set 3
Housekeeping
gene for MMP7 PCR
Housekeeping
gene for MMP7 PCR
MMP7*
MMP7*

MMP7, reverse

Mm00461768

Hpse TaqMan

RT-PCR gene
expression
RT-PCR gene
expression
RT-PCR gene
expression
RT-PCR gene
expression
Hpse mRNA

Mm01208359

Hpse TaqMan

Hpse mRNA

Commercial

Mm03302254

Ppia TaqMan

Mm00439498
Mm00442991

Mmp2
Mmp9

Cyclophilin
mRNA
MMP2 mRNA
MMP9 mRNA

GAPDH (mouse)
MMP7, forward

ACA GGT GCA GCT CAG GAA GG
Commercial

Amplicon Length, bp

Wild type: 236
Floxed: 348
324

475

2,381

473

Commercial

Exon boundary
1–2
Exon boundary
7–8
Exon 5

88

77

Commercial
Commercial

Exon 2–3
Exon 12–13

62
76

80

Hpse, heparanase; MMP, matrix metalloproteinase; Ppia, cyclophilin A; UB, ubiquitin; UTR, untranslated region; WT, wild-type. *Data from Wilson
et al. (44).

and 0.01 M Na! acetate, pH 7.5), and placed in a 55°C water bath for
48 –72 h. Samples were then loaded and run through an Amicon
3,000-molecular weight cutoff (MWCO) column (Millipore-Sigma,
St. Louis, MO) to remove cellular debris. Samples were lyophilized
again and resuspended in 400 $L of 8 M urea-2% (wt/vol) CHAPS
aqueous solution and run through a Vivapure Q Mini H cationexchange column (Sartorius-Stedim Biotech GmbH, Goettingen, Germany), washed, and eluted in 16% NaCl. Eluate was loaded onto
another Amicon 3,000-MWCO column and then washed three times
with 400 $L of deionized water for desalting and concentration. For
isolation of chondroitin sulfate, 350 $L of digestion buffer (50 mM
ammonium acetate with 2 mM calcium chloride adjusted to pH 7.0)
and 5 $L of dissolved chondroitinase ABC (provided by Dr. Robert
Linhardt, Rensselaer Polytechnic Institute, Troy, NY) were added to
the eluted samples. Samples were placed in a 37°C incubator and
allowed to digest for 1 h. Finally, CS disaccharides were isolated
using Amicon 3,000-MWCO columns, and HS fragments were concentrated via lyophilization in preparation for PAGE.
Size measurement. Polyacrylamide gels were assembled as previously described (1). Briefly, the resolving gel (22% acrylamide) was
poured into the gel cast, overlaid with deionized water, and allowed to
polymerize for 30 min. The water was removed, and the stacking gel
was poured and allowed to polymerize. Purified, lyophilized HS from
BAL fluid and commercially purchased synthetic HS oligosaccharides
of known size (Galen Laboratory Supplies, North Haven, CT) were
then mixed 1:1 with a 50% sucrose solution with phenol red and
loaded into the gel. The gel was run at 100 V for 5 min and then at 200
V for 40 – 45 min. The gel was then removed from its cast and stained
with Alcian blue for 5 min and washed overnight in deionized water.
On the next day, the gel was washed in 50% methanol for 40 min,
washed in water for 2 h, and then placed in a silver nitrate (MilliporeSigma, St. Louis, MO) staining solution for 30 min. Thereafter, the gel

was washed in deionized water and developed until bands were
visible, at which point the reaction was terminated and the gel was
imaged.
HPLC-mass spectrometry. Glycosaminoglycans isolated from
BAL fluid were analyzed via HPLC-tandem mass spectrometry (MS/
MS) with multiple-reaction monitoring, as previously described (40).
To estimate the native concentration of HS and CS in the alveolar
lining fluid, we uniformly multiplied the concentration of HS recovered in the BAL by 37.92, a correction factor derived from the
concentration of urea in BAL fluid relative to urea concentration in
whole blood, as measured in previous experiments (16).
Molecular Biology Analyses
Western blotting. We first used a bicinchoninic acid-based protein
assay (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions to quantify BAL protein concentrations. BAL sample aliquots were adjusted to equal protein concentrations, mixed with 5#
Laemmli buffer, and then heated to 100°C for 10 min. Two micrograms of total protein per sample were loaded into 4 –20% gradient
Criterion Tris·HCl gels (Bio-Rad), subjected to gel electrophoresis,
and transferred to a polyvinylidene difluoride membrane. The membranes were blocked, stained for MMP2 (1:1,000 dilution; Abcam,
Cambridge, MA) or ERK1/2 and phosphorylated (T202/Y204)
ERK1/2 (1:1,000 dilution; Cell Signaling, Danvers, MA), and developed using enhanced chemiluminescence. The developed film was
scanned, and band intensity was quantified by ImageJ.
Zymography. BAL MMP2 and MMP9 gelatinolytic activity was
quantified by zymography. Equal volumes of BAL fluid were added to
4# Laemmli buffer without reducing agents and loaded on Novex
10% gelatin protein zymogram gels (Invitrogen, Carlsbad, CA). After
electrophoresis, the gel was renatured, developed at 37°C overnight,
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and stained for 1 h with Bio-Safe Coomassie G-250 stain (Bio-Rad).
The gel was then scanned, and band intensity was quantified by
ImageJ.
In vitro HGF signaling assay. To measure the effect of soluble HS
on HGF-mediated cell signaling, immortalized MLE-12 mouse type II
alveolar epithelial cells were grown to ~75% confluency in HITESsupplemented DMEM with 10% FBS. The medium was then aspirated
and replaced with DMEM supplemented with 1% FBS to induce
serum starvation. After 8 h, cells were treated with 10 ng/mL recombinant mouse HGF (Sigma-Millipore, St. Louis, MO) and 1 $g/mL
full-length HS, chondroitin sulfate-A (CS-A), or 6-, 10-, or 20saccharide-long (dp6, dp10, or dp20) synthetic HS oligomers (Galen
Laboratory Supplies, North Haven, CT) for 30 min. The cells were
then washed and collected in ice-cold radioimmunoprecipitation assay
buffer for Western analysis.
Heparanase activity assay. The ELISA-based heparanase activity
assay (Genway Biotech, San Diego, CA) was performed according to
the manufacturer’s instructions, as previously described (38).
Glycoarray. The ability of HGF to bind to different glycosaminoglycans was tested using a commercially available glycosaminoglycan
binding array (Z Biotech, Aurora, CO) according to the manufacturer’s instructions. Briefly, HGF (20 $g/mL) was applied to a slide onto
which glycosaminoglycans (HS, CS, or hyaluronic acid) of different
sizes were affixed. After 3 h of incubation, the washed slides were
stained with an Alexa Fluor 555-conjugated anti-HGF polyclonal
antibody (5 $g/mL; catalog no. bs-1025R-A555, Bioss Antibodies,
Woburn, MA). Slides were then washed and imaged using a fluorescence microscope. Slides exposed to antibody alone served as a
negative control.
Quantitative real-time PCR. Heparanase (Hpse) expression in
Hpsef/f mice was measured via quantitative real-time PCR (qRTPCR). Briefly, QIAzol and the RNeasy mini kit (Qiagen, Germantown, MD) were used, according to the manufacturer’s instructions, to
isolate RNA from whole lung tissue. cDNA was synthesized using the
iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was
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performed using TaqMan probes (Thermo Fisher, Waltham, MA) and
the Applied Biosystems (Foster City, CA) 7300 real-time PCR system. Cyclophilin was used as a housekeeping gene, and data were
analyzed using the 2"%%Ct method, as described by others (29).
Probes are described in Table 1 (44).
Statistical Analyses
All treatments were administered to mice randomized to control or
treatment groups, and experiments were performed across multiple
days (with contemporaneous controls) to account for any unanticipated temporal confounders. For comparisons of two groups across
multiple time points, we performed mixed-effects modeling (as opposed to 2-way ANOVA), given unequal numbers of replicates per
group. Single comparisons were performed using a Student’s t test (if
data were in a normal distribution) or the Mann-Whitney test (nonparametric data). Multiple comparisons were performed using oneway ANOVA (followed by a Holm-Sidak correction), provided that
standard deviations were similar across groups as determined by
either Brown-Forsythe or Bartlett testing. Results were deemed statistically significant if P & 0.05. Statistical testing was performed
using Prism (GraphPad, San Diego, CA).
RESULTS

Intratracheal Bleomycin Induces Lung Injury and
Glycosaminoglycan Shedding
We administered a single weight-based dose of intratracheal
bleomycin (1.2 $g/g) to isoflurane-anesthetized C57BL/6
mice. After 3, 7, 14, or 21 days, we anesthetized the mice again
and measured pulmonary function (inspiratory capacity and
dynamic respiratory system compliance); then we terminally
sedated the mice and collected bronchoalveolar lavage (BAL)
fluid and lung tissues (Fig. 1A). Consistent with the well-

Fig. 1. Intratracheal bleomycin induces lung injury and glycosaminoglycan shedding. A–C: intratracheal bleomycin treatment (A) induced a neutrophilic alveolitis
(B) with persistent elevations of bronchoalveolar lavage (BAL) fluid protein (C). D and E: pulmonary function testing revealed persistent impairment of
inspiratory capacity (D) and dynamic compliance (E) in bleomycin-treated mice. F and G: bleomycin additionally induced persistent shedding of heparan sulfate
(HS) and chondroitin sulfate (CS) into the air space, indicative of alveolar epithelial glycocalyx shedding. To guide later in vitro experiments, glycosaminoglycan
(F and G) concentrations (measured by mass spectrometry) were corrected for BAL dilution (from pilot studies that determined a 38.97-fold dilution of BAL
urea vs. blood urea) and reported as alveolar lining fluid concentrations. Numbers of experimental replicates are shown in parentheses for each data point. Given
unequal numbers of replicates per group, mixed-effects analysis, as opposed to a 2-way ANOVA, was used for comparisons of bleomycin with saline over time;
Holm-Sidak testing was used for multiple comparisons. *P & 0.05. For glycosaminoglycan analyses, testing was performed only on time points with ' 3 saline
replicates. Error bars represent SE.
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described injurious effects of bleomycin (32), we observed
early (day 7) alveolar neutrophil influx (Fig. 1B) and persistent
(days 3, 7, 14 , and 21) elevations in alveolar protein (Fig. 1C).
As anticipated, this injury resulted in progressive impairment
of lung physiology, as demonstrated by decreased inspiratory
capacity and lung compliance (Fig. 1, D and E).
To determine the presence of alveolar epithelial glycocalyx
shedding after bleomycin-induced lung injury, we used LCMS/MS to measure the concentration of heparan sulfate (HS)
and chondroitin sulfate (CS) in BAL fluid. To guide dosing for
subsequent in vitro studies (as described in Fig. 6E) of the
effects of HS and CS on epithelial growth factor signaling, we
converted BAL concentrations of glycosaminoglycans to estimated alveolar lining fluid concentrations by correcting for
BAL dilution, as determined by the ratio of BAL urea to blood
urea calculated in pilot studies (16). We found that the onset of
air space glycosaminoglycan shedding after intratracheal bleomycin coincided with neutrophil influx (day 3), peaked at 7–14
days, and persisted for !21 days after injury (Fig. 1, F and G).
This prolonged shedding of HS and CS after intratracheal
bleomycin is in contrast to the relatively brief (& 5 days)
shedding of alveolar glycosaminoglycans that we previously
observed (16) after intratracheal LPS, a more rapidly resolving
model of direct lung injury.
Bleomycin-Induced Glycosaminoglycan Shedding Is
Mediated by MMPs and Impedes Lung Recovery
In a previous study (16) we determined that intratracheal
LPS-induced shedding of alveolar HS was mediated by the
MMP family of enzymes, which target proteoglycans that
anchor HS and CS to the apical cell membrane (31). Consistent
with these studies, we observed that intratracheal bleomycin
similarly induced an increase of MMP2 in BAL fluid, as
measured by Western blotting (Fig. 2A) and supported by
gelatin zymography (Fig. 2B). Similarly, qRT-PCR of lung
homogenates showed progressive induction of MMP2 (Fig.
2C) after bleomycin and only a transient (and not statistically
significant) increase in MMP9 (Fig. 2D). RT-PCR conversely
revealed only subtle induction of MMP7, which peaked at
day 21 (Supplemental Fig. S1, see https://doi.org/10.6084/
m9.figshare.12137331.v1). Notably, induction of BAL MMP2
expression and activity correlated with the temporal course of
air space HS shedding (Fig. 1). To determine if MMP family
proteins were responsible for persistent alveolar glycosaminoglycan shedding after bleomycin, we administered daily doses
of doxycycline hyclate (70 $g/g body wt), a broad-spectrum
MMP inhibitor with known efficacy in vivo (35), by gavage
(Fig. 2E) beginning 7 days after bleomycin. We elected to
pursue this delayed approach to protease inhibition to avoid
any confounding impact of doxycycline on the magnitude of
the inciting lung injury, as well as to focus on the mechanisms
responsible for persistent glycosaminoglycan shedding that
may influence lung recovery after bleomycin. At 21 days after
injury, delayed doxycycline treatment had no effect on BAL
fluid protein levels (Fig. 2F) but attenuated cell surface HS
shedding (Fig. 2G), suggesting that MMPs are responsible for
mediating bleomycin-induced HS shedding. There was a nonsignificant attenuation of CS shedding (Fig. 2H), potentially
suggesting that doxycycline-sensitive proteases preferentially
targeted proteoglycans predominantly decorated with HS.

Doxycycline treatment improved lung function 21 days after
bleomycin (Fig. 2, I and J), suggesting that persistent induction
of MMP activity impairs lung recovery, potentially by mediating the release of alveolar epithelial surface glycosaminoglycans into the air space.
Heparanase Is Upregulated in the Air Space After
Bleomycin Treatment, But Does Not Impact Lung Recovery
While MMPs have been implicated as enzymes responsible
for alveolar glycosaminoglycan and proteoglycan shedding
after direct lung injury (16, 27), other modes of lung injury
(e.g., sepsis-induced, “indirect” lung injury) may induce alternative “sheddases,” such as heparanase, a HS-specific glucuronidase that directly degrades HS polysaccharides on the cell
surface as well as in the extracellular matrix (42). While we
previously observed that heparanase was not responsible for air
space HS shedding (16) or lung injury (34) in the intratracheal
LPS model of direct lung injury, we sought to confirm that this
glucuronidase did not contribute to bleomycin-induced HS
shedding or lung injury. Surprisingly, we found that BAL fluid
heparanase activity (Fig. 3A) and lung homogenate heparanase
expression (Fig. 3B) were elevated after bleomycin, suggesting
that heparanase may contribute to air space HS shedding after
bleomycin. However, pharmacological inhibition of heparanase (150 $g of N-desulfated, re-N-acetylated heparin, administered subcutaneously 3 times/day beginning 7 days after
bleomycin; Fig. 3C) had no impact on BAL protein (Fig. 3D)
or lung function (Fig. 3, E and F), as measured 21 days after
bleomycin.
Pharmacological inhibitors of heparanase (including N-desulfated, re-N-acetylated heparin) are HS-based and, thus, confound mass spectrometry quantification of HS shedding. To
determine if heparanase indeed contributes to HS shedding
after bleomycin, as well as to confirm the findings of our
pharmacological approach to heparanase inhibition, we created
a transgenic, inducible heparanase (Hpse) knockout mouse. We
used the FLEx switch approach (39) to establish a floxed
heparanase mouse (C57BL/6 background), in which activation
of Cre recombinase deletes exon 1 of Hpse and replaces it with
a fluorescent marker (tdTomato) under the control of the
endogenous heparanase promoter (Fig. 4A). We bred these
mice to ubiquitin-Cre-ERT2 mice (C57BL/6 background, purchased from Jackson Laboratories), in which tamoxifen administration activates Cre recombinase in all tissues. As with our
previously described pharmacological inhibitor experiments
(Figs. 2E and 3C), we sought to antagonize heparanase expression after peak lung injury, thereby allowing us to study the
effects of heparanase on lung recovery while avoiding any
confounding attenuation of the inciting lung injury. We therefore administered daily tamoxifen intraperitoneally 7–11 days
after bleomycin (Fig. 4B), an approach that led to successful
recombination (Fig. 4C) and knockdown of heparanase expression (Fig. 4D) by day 21. Delayed heparanase knockdown
again had no impact on BAL protein (Fig. 4E), alveolar HS
shedding (Fig. 4F), or lung function (Fig. 4, G and H) 21 days
after bleomycin.
The lack of impact of pharmacological or transgenic heparanase inhibition on HS shedding and lung function after
bleomycin could reflect a relatively modest degree of endogenous heparanase induction within the air space of the lung.
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Fig. 2. Persistent activation of matrix metalloproteinases (MMPs) mediates ongoing shedding of heparan sulfate (HS) and lung dysfunction after bleomycin. A
and B: intratracheal bleomycin treatment induces MMP2 expression (A; Western blot, 2 $g of protein loaded per well) and activity (B; gelatin zymography, 15
$L of fluid loaded per well) within bronchoalveolar lavage (BAL) fluid after bleomycin. CTRL, control; d0, d3, d7, d14 , and d21, days 0, 3, 7, 14 , and 21. C
and D: quantitative real-time PCR of whole lung homogenates from bleomycin-treated mice similarly demonstrates induction of MMP2 (C) but not MMP9 (D).
E–G: inhibition of MMPs with doxycycline beginning 7 days after intratracheal (IT) bleomycin (E), a time course designed to avoid interference with the inciting
lung injury, had no effect on BAL protein (F) but suppressed HS shedding (G) 21 days after bleomycin. Loss of HS shedding remained significant even if a single
high-HS outlier in the saline group was excluded. H: doxycycline treatment induced a nonsignificant trend toward decreased chondroitin sulfate (CS) shedding
21 days after bleomycin. I and J: doxycycline treatment hastened lung recovery after intratracheal bleomycin, as shown by improved inspiratory capacity (I) and
dynamic compliance (J). Mann-Whitney nonparametric testing was used for single comparisons (G and H); 1-way ANOVA with Holm-Sidak testing was used
for multiple comparisons (A–D, F, I, and J). *P & 0.05, †P ( 0.054. Error bars represent SE.
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Fig. 3. Delayed pharmacological inhibition of heparanase does not improve pulmonary function after intratracheal bleomycin. A and B: intratracheal bleomycin
treatment induces heparanase activity [A; in bronchoalveolar (BAL) lavage fluid] and expression (B; quantitative PCR in lung tissue) in C57BL/6 mice. C: to
determine if delayed heparanase induction contributes to persistent pulmonary dysfunction after intratracheal bleomycin, we inhibited heparanase with
subcutaneous injections (3 times/day) of N-desulfated, re-N-acetylated heparin beginning 7 days after intratracheal bleomycin, a time course designed to avoid
interference with the inciting lung injury. D–F: pharmacological heparanase inhibition had no effect on BAL protein (D), inspiratory capacity (E), or dynamic
compliance (F). Mann-Whitney nonparametric testing was used for single comparisons (B); 1-way ANOVA with Holm-Sidak testing was used for multiple
comparisons (A, D, E, and F). *P & 0.05. Error bars represent SE.

This would be consistent with the undetectable level of tdTomato expression in the lungs of our heparanase knockout/
reporter mouse 21 days after bleomycin (data not shown),
suggesting either rapid clearance of the fluorescent protein or
lack of significant heparanase promoter activation [consistent
with the modest 21-day increase in lung Hpse mRNA (Fig.
3B)]. We therefore sought to determine if pharmacological
augmentation of HS degradation within the distal air spaces
would increase alveolar HS shedding and impair lung recovery
after bleomycin. At 10 –16 days after bleomycin, we administered bacterial heparinase I and III [which specifically degrade
HS (38)] to both lungs by direct intrabronchial installation
(Fig. 5A) at a dose sufficiently low to avoid persistent alveolar
epithelial permeability in naïve lungs (16). Intrabronchial administration of low-dose heparinase I/III dramatically worsened outcomes after bleomycin (Fig. 5B). Mortality was defined by either death or moribund status, defined by lethargy
and loss of ' 20% body weight, as measured by a blinded
observer. All five mice receiving heparinase I/III after bleomycin progressed to meet moribund criteria; before euthanasia,
these mice were anesthetized, and pulmonary function was
tested and BAL was collected. These mice demonstrated elevated BAL protein (Fig. 5C), impaired lung function (Fig. 5, D
and E), and neutrophilic alveolitis (Fig. 5F) compared with
bleomycin mice treated with heat-inactivated heparinase I/III.
Together, our pharmacological and transgenic manipulations
of heparanase indicate that endogenous induction of pulmonary

heparanase after bleomycin is likely insufficient to mediate air
space HS shedding or impede lung recovery. However, exogenous augmentation of HS degradation activity within the
distal air spaces significantly worsened inflammatory lung
injury and survival.
HS Fragments Shed After Bleomycin Impair Reparative
Growth Factor Signaling In Vitro
While loss of the alveolar epithelial glycocalyx can induce
local epithelial injury and alveolar dysfunction, the release of
biologically active glycosaminoglycan fragments into the air
space may also impact growth factor-mediated processes necessary for lung recovery (46). At 3–14 days after bleomycin,
HS fragments released into the air space were ' 20 saccharides
long (dp20) (Fig. 6A), a size sufficient to bind to HGF and
other growth factors (48). By 21 days after bleomycin, HS
fragment size had decreased independently of heparanase activity (Fig. 6B), further suggesting that endogenous heparanase
exerts a minimal effect on air space glycosaminoglycans after
intratracheal bleomycin. Air space HS fragments were highly
sulfated at the amino (N-) position of glucosamine (Fig. 6C),
another structural requirement necessary for HGF binding (48).
Shed CS was largely 4-O-sulfated (30.95 ) 3.53% in saline
controls and 69.61 ) 8.43% at day 14 , P & 0.05, n ( 9 –12 per
group), a sulfation pattern associated with minimal binding to
HGF (48). Using a glycoarray approach, we confirmed our
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Fig. 4. Delayed, inducible global deletion of heparanase does not improve pulmonary function after intratracheal bleomycin. A: FLEx switch approach was used
to create a genetic construct in which Cre recombinase excises exon 1 of heparanase (Hpse) and inserts a tdTomato reporter under control of the endogenous
Hpse promoter. KO, knockout; FRT, Flp recombination target. B: to induce delayed loss of heparanase expression, we administered intratracheal bleomycin to
mice that expressed tamoxifen-inducible Cre recombinase under the ubiquitin promoter (UBC-Cre-ERT2) and the floxed Hpse transgene (Hpsef/f; genotyping
shown in C) or mice expressing Hpsef/f only (i.e., no Cre recombinase). BAL, bronchoalveolar lavage. C and D: beginning 7 days after bleomycin, we
administered tamoxifen daily for 5 days to induce a delayed (day 21) loss of heparanase expression in the UBC-Cre-ERT2 Hpsef/f mice, as demonstrated by
genomic DNA recombination (C) as well as loss of heparanase mRNA (D) using primers at the site of recombination (exon 1) as well as distal to recombination
(exons 8 –9). E–H: delayed loss of heparanase had no effect on BAL protein (E), air space HS shedding (F), inspiratory capacity (G), or dynamic compliance
(H) 21 days after bleomycin. Mann-Whitney nonparametric testing was used for single comparisons. *P & 0.05. Error bars represent SE.

previous surface plasmon resonance findings that HGF preferentially bound long (' dp20) N-sulfated heparins but not 4-Osulfated CS (Fig. 6D). Low-level binding of HGF occurred
with chondroitin sulfate D (' 20 saccharide fragments), a
2-O-sulfated subtype of CS not enriched within post-bleomycin BAL.
To determine if HS binding to HGF impeded epithelial
growth factor signaling, we treated MLE 12 cells (a mouse
alveolar type II epithelial cell line) with HGF in the presence
or absence of full-length N-sulfated HS. CS-A, which did not
bind HGF, was used as a comparator glycosaminoglycan also
shed into the air space after bleomycin. HGF induced ERK
phosphorylation in MLE 12 cells, indicative of activation of
epithelial growth factor signaling (Fig. 6E). This activation of
growth factor signaling was inhibited by cotreatment with HS
at concentrations relevant to the alveolar lining fluid in bleomycin-treated animals. Treatment with 4-O-sulfated CS had no
impact on HGF-induced ERK phosphorylation.
Administration of Exogenous HS Increases the Risk of Lung
Injury-Associated Mortality After Bleomycin
Given the results of our in vitro experiments, we sought to
determine if air space HS, potentially via sequestration of
proreparative epithelial growth factors such as HGF, is sufficient to impede lung recovery after bleomycin. We administered HS or CS to mice via bilateral intrabronchial injection 10
and 16 days after bleomycin (Fig. 7A). Administration of HS,

but not CS, worsened survival after bleomycin (Fig. 7B). Of
the five (out of 21) HS-treated mice that did not survive, four
met our moribund criteria (as described above and assessed by
a blinded observer) and were removed from the study. These
four mice were anesthetized, subjected to pulmonary physiology assessment and BAL, and then euthanized under terminal
sedation. No evidence of pulmonary hemorrhage was noted in
any of the HS-treated mice, arguing against a heparin-like
anticoagulant effect. Notably, there were no differences in
overall BAL protein (Fig. 7C, also supporting the absence of
bleeding), inspiratory capacity (Fig. 7D), or dynamic compliance (Fig. 7E) across all CS- or HS-treated bleomycin mice.
However, when examined on an individual mouse level, HStreated mice that progressed to moribund status demonstrated
significant reductions in both inspiratory capacity (Fig. 7D)
and dynamic compliance (Fig. 7E). These findings suggest that
mice that did not survive the experiment died because of
progressive respiratory failure. Together, these findings indicate that augmentation of air space HS increased the risk of
death in the mice from progressive lung injury after bleomycin.
DISCUSSION

Consistent with our previous study (16), we found that direct
lung injury caused shedding of the alveolar epithelial glycocalyx into the air space. However, in contrast with the LPS model
of lung injury (16), bleomycin induced shedding that persisted
well beyond the initial inflammatory injury and extended as
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Fig. 5. Delayed, pharmacological augmentation of air space heparan sulfate (HS) degradation activity worsens bleomycin (Bleo)-induced lung injury. A: to
augment air space HS degradation (i.e., heparanase) activity, a mixture of bacterial heparinase I/III (HepI/III; at a dose designed to avoid disruption of alveolar
barrier function in control mice) was administered (via bilateral intrabronchial injection) 10 and 16 days after intratracheal bleomycin (or saline). Intrabronchial
heat-inactivated (HI) heparinase I/III was administered as a control. B: active heparinase I/III induced mortality in bleomycin-treated mice (log-rank test), which
met the moribund criteria as determined by a blinded observer. C–F: before euthanasia, heparinase I/III-treated mice demonstrated increased bronchoalveolar
lavage (BAL) protein (C), decreased pulmonary function (D and E), and increased lung inflammation (F). Heat-inactivated heparinase I/III had no effect on either
saline- or bleomycin-treated mice. One-way ANOVA with Holm-Sidak testing was used for multiple comparisons. *P & 0.05. Error bars represent SE.

long as 3 wk after treatment. Epithelial glycocalyx shedding
coincided with a progressive induction of MMP2, and treatment with doxycycline (a nonselective MMP and protease
inhibitor) beginning 7 days after injury reduced HS shedding
and protected lung function. These findings suggest that MMPs
may mediate ongoing HS shedding after bleomycin-induced
lung injury and that attenuation of shedding is protective
against the restrictive lung pathology that is a well-known
feature of the bleomycin injury model.
MMPs have a well-described role in the pathogenesis of
bleomycin lung injury (11, 23), largely as mediators of the
fibrotic remodeling of the extracellular matrix (ECM). However, MMPs can influence other functions in the inflammatory
response to injury, independent of fibrotic collagen deposition
(15). MMP7 has been shown to mediate shedding of the HS
proteoglycan syndecan-1, which promotes the alveolar influx
of neutrophils during the inflammatory response to bleomycin

injury (27). Furthermore, MMP7-induced shedding of E-cadherin attracts immunosuppressive leukocytes in the resolution
phase of the injury response (30). While MMP2 is less wellstudied than other members of the MMP family, it is known to
be produced by alveolar epithelial cells, and its expression
increases steadily over time after bleomycin treatment (24)
and, along with MMP9 (10), has been shown to contribute to
chemokine gradients that mediate the immunologic response to
injury. While we did not observe significant induction of
MMP7 (Supplemental Fig. S1) or MMP9 (Fig. 2D) in our
model, we elected to broadly block all MMPs with the nonspecific inhibitor doxycycline, so as to avoid compensatory
overexpression of MMPs that may occur in MMP-specific
knockout mice (16). Other groups have shown a protective
effect of doxycycline administered early after bleomycin (13),
consistent with the known contributions of MMPs to the onset
of lung injury. Our findings now demonstrate a protective
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Fig. 6. Heparan sulfate (HS) fragments released into the air space after bleomycin (bleo) are of sufficient size and sulfation to bind and inhibit hepatocyte growth
factor (HGF). A: PAGE reveals that HS fragments, released into the air space 3–14 days after bleomycin, are ' 20 saccharides long [degree of polymerization ( 20
(dp20)]. B: at 14 and 21 days after bleomycin, HS fragment size decreases to ~dp10, a process that is independent of heparanase. Each lane represents !3 pooled
samples. BAL, bronchoalveolar lavage. C: HS fragments shed after intratracheal (IT) bleomycin are highly sulfated at the amino position of glucosamine
(N-sulfated), suggesting the ability to bind to positively charged residues of growth factors. D: glycoarray approaches confirm that HGF (representative of an
epithelial-reparative growth factor) binds N-sulfated fragments as a function of HS length. Conversely, HGF does not bind hyaluronic acid (HA), chondroitin
sulfate (CS), or 2-O-sulfated CS. Top: raw glycoarray image; bottom: annotated array image. E: concordant with the ability to bind HGF, HS (but not CS) impedes
HGF-mediated activation of epithelial growth factor signaling, as measured by ERK phosphorylation (p-ERK). Experiments were repeated 3 times; 1
representative blot is shown. ANOVA with Holm-Sidak testing was used for multiple comparisons. *P & 0.05.

effect of a delayed initiation of doxycycline, even when administered after peak inflammatory injury. It is important,
however, to note that the protective effects of doxycycline may
be alternatively attributed to other doxycycline-sensitive proteases [such as a disintegrin and metalloproteinase (ADAM)
family of proteases] (41), reflecting the broad ability of tetracycline antibiotics to chelate divalent cations (47). Indeed, the
shared structural characteristics and functional redundancy of
different MMPs, as well as similarities to ADAM family and
aggrecanase proteases, have been a long-standing obstacle to
the development of MMP-selective pharmacological inhibitors
(41). Use of constitutive MMP2 knockout mice is similarly
limited by abnormal pulmonary phenotypes (2, 18, 22), reflecting the importance of this MMP in lung development. Given
these limitations, it is important to emphasize that our findings
do not definitively prove a causal role for MMP2 as the
mediator of bleomycin-induced alveolar HS shedding.
Regardless of the causal protease, persistent shedding of air
space HS after lung injury may inhibit lung recovery via
multiple mechanisms. We previously showed that the epithelial
glycocalyx is necessary for maintenance of the alveolar barrier
during lung homeostasis (16); accordingly, persistent degrada-

tion of the alveolar glycocalyx after bleomycin may delay
recovery of normal alveolar-capillary integrity. However, persistent shedding of the cell surface glycocalyx can also release
biologically active HS fragments capable of influencing growth
factor signaling locally (46) and systemically (19). We found
that bleomycin-induced epithelial glycocalyx degradation released long (' 20 saccharides), highly sulfated HS fragments
into the air space. Given that HS binding affinity for lungreparative growth factors such as HGF (8, 14, 26) increases
with HS fragment size and sulfation (48), the persistence of
long, highly sulfated HS in the air space after bleomycin could
lead to sequestration of HGF and other growth factors, impeding their availability to the recovering alveolar surface. Indeed,
we found that highly N-sulfated, full-length HS fragments
interfered with HGF activation of an alveolar type II epithelial
cell line in vitro, providing mechanistic support for the hypothesis that air space HS fragments may sequester growth factors
that contribute to lung repair. In further support of this hypothesis, intrabronchial administration of HGF-binding HS fragments after bleomycin increased the risk of progressive (and
fatal) lung injury, while intrabronchial administration of nonHGF-binding CS had no deleterious effect on recovery after
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Fig. 7. Intrabronchial administration of full-length, highly N-sulfated heparan sulfate (HS) increases the risk of fatal lung injury after bleomycin. A: full-length,
highly N-sulfated HS (heparin) or highly 4-sulfated chondroitin sulfate (CS-A) was administered via bilateral intrabronchial injection 10 and 16 days after
bleomycin to determine if air space HS or CS is sufficient to worsen outcomes after intratracheal bleomycin. BAL, bronchoalveolar lavage. B: administration
of exogenous HS, but not CS, increased the risk of mortality after bleomycin. Mortality was defined as death (n ( 1) or meeting moribund criteria as determined
by a blinded observer (n ( 4). All surviving mice, as well as moribund mice before euthanasia, underwent terminal sedation and pulmonary function testing/BAL
collection. C–E: while overall there were no differences in BAL protein or pulmonary function between mice randomized to HS or CS, HS-treated moribund
mice (Œ) demonstrated profound reductions in pulmonary function (D and E), suggesting that exogenous HS increased the risk of progressive, fatal lung injury
after bleomycin. Mann-Whitney testing was used for single comparisons; log-rank testing was used for survival analysis.

bleomycin. While the net sum of HS shedding appears to
suppress reparative growth factor shedding, it is possible that a
fraction of air space HS polysaccharides contains sulfation
sequences that could potentially activate growth factor signaling, akin to heparin activation of anti-thrombin III or circulating HS activation of endothelial-reparative fibroblast growth
factor 2 (46). Dissection of the individual sulfation patterns of
shed alveolar HS and their sequence-dependent impact on
alveolar function will require future mechanistic study (and the
development of additional novel glycoanalytical technologies).
Our findings that bleomycin induces pulmonary MMPs (Fig.
2) concordant with the release of long, undegraded HS into the
injured air space (Fig. 6) suggest that bleomycin induces
expression of doxycycline-sensitive (Fig. 2) proteases that
target the proteoglycans anchoring HS to the epithelial surface
(and not HS itself). However, we (38) and others (17) previously demonstrated that nonpulmonary sepsis (an endothelialtargeted, indirect mode of lung injury) induces direct, heparanase-mediated cleavage of HS within pulmonary endothelial
glycocalyx, leading to glycocalyx collapse and the release of
degraded (octasaccharide) HS fragments into the circulation
(37). Despite an increase in heparanase expression after bleomycin (Fig. 3), our pharmacological (Fig. 3) and transgenic
(Fig. 4) studies indicate that this endogenous heparanase induction is not necessary for air space HS shedding after direct,
alveolar epithelial-targeted modes of lung injury, corroborating
previous studies of intratracheal LPS-induced injury (34). The
absence of effect could suggest that the magnitude of endogenous heparanase induction within the air space after bleomycin was insufficient to induce pathogenically significant HS

shedding. In support of this hypothesis, exogenously augmenting distal air space heparanase activity after bleomycin with
intrabronchial administration of bacterial heparinases dramatically worsened injury. Together, these findings suggest a
mechanistic compartmentalization of glycocalyx shedding
(i.e., air space vs. intravascular) during lung injury and recovery.
Our study has several limitations in addition to the nonspecific inhibitory effects of doxycycline as discussed above. Our
in vivo measures of outcome, pulmonary function, BAL fluid
content, and all-cause mortality are incomplete reflections of
the complex processes of recovery after lung injury. This is
demonstrated in the discrepancy between the lung function and
BAL fluid protein content in doxycycline-treated mice after
bleomycin. While doxycycline attenuated HS shedding and
improved lung restriction, it did not alter BAL fluid protein
content compared with vehicle controls. However, this discrepancy may be consistent with previous studies of the bleomycin
injury model (21) that suggest protein BAL fluid content is
reflective of ongoing dysfunction of the alveolar-capillary
barrier and is independent of bleomycin-induced restrictive
lung disease. A further limitation is our focus on HGF as
representative of all lung-reparative growth factors. As HS
may electrostatically interact with numerous alveolar proteins,
we cannot exclude disparate effects of HS shedding on other
processes implicated in lung repair. Further studies to investigate the impact of HS and other shed glycosaminoglycans on
the postinjury signaling environment are therefore warranted.
In conclusion, we found that bleomycin treatment causes
protracted, protease (possibly MMP)-mediated shedding of the
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pulmonary epithelial glycocalyx, leading to alveolar barrier
dysfunction and impaired recovery from lung injury. These
findings contrast with our previous study using the LPS injury
model, in which acute injury leads to brief shedding of the
alveolar glycocalyx and relatively rapid recovery. These shed
HS fragments were biologically active and able to inhibit
proreparative HGF signaling in vitro, suggesting that the prolonged shedding of glycocalyx HS may interfere with normal
recovery from injury in the bleomycin mouse model. Furthermore, while endogenous induction of air space heparanase was
insufficient to mediate persistent alveolar HS shedding or lung
dysfunction after bleomycin, exogenous augmentation of distal
air space heparanase activity significantly worsened post-bleomycin outcomes. These findings highlight the mechanistic
importance of shed HS fragments to the pathogenesis of lung
injury and may inform future efforts to improve therapeutic
options for patients with ARDS.
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